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Appendix A: TECHNICAL SUPPORT MATERIAL

Sections A.1-A.8 of this Appendix contain technical discussions of
the application elements and describe methods of treating them in models.
Brief discussions of the rationale for the importance ratings are given in

Section A.9.
A.1 EMISSION CHARACTERISTICS

A.1.1 General

To predict the concentration of a pollutant, a model must treat the
emissions of that pollutant and its precursors, if any, as well as the
emissions of those substances which react with the pollutant or its precursors.

The emissions and their distribution can be characterized by specifying the:
* Source-receptor relationships,
* Emission rates, and
* Composition of the emissions.

These three application elements are discussed together here but the user

should make separate comparisons of their treatments.
The source-receptor relationship includes:
* Source location,

* Height at which emissions are released into the
atmosphere,

* Receptor location,
* Receptor height,

* TFor line and area sources, the orientation of the
source to a fixed direction, and

* Downwind and cresswind distances between source-receptor
pairs.
Thus defined, source-receptor relationship comprises the positional factors
which determine the extent to which dispersive, chemical, and removal pro-
cesses affect pollutant concentrations. Once released at a particular loca-

tion and height, pollutants travel downwind and are dispersed, ultimately to
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be detected at the receptors of interest. 1t is during this time of travel
that dispersion, secondary generation, and removal processes are active in

altering the concentrations of the pollutant of interest.

Emission rates are clearly important because they determine the total
quantities of materials emitted into the atmosphere during the time of in-
terest. A source's emission rate generally varies with time. For example,
emission rates from a stack generally vary over time scales ranging from
minutes to years. For line and area sources, spatial variation within a
single source may also be important. The treatment of these temporal and
spatial variations must be considered when two models are compared and are

discussed in Appendix A.1.3 dealing with the treatment of emission rates.

Finally, the composition of emissions must be considered in some
applications. Chemical composition is important for secondary or reactive
pollutants and in some situations where several species of particulate
matter are of interest. The size distribution of particulate emissions is
also important wheh fallout, deposition, or precipitation scavenging must
be considered. It should be noted that the identification of possible sinks
and secondary production mechanisms can depend upon knowing the composition

of emissions other than those with which the user is mainly concerned.

The following three subsections describe the treatments of these

application elements.

A.1.2 Treatment of Source-~Receptor Relationship

In this discussion, location means a specification of the source's
horizontal position. The release height specifies the vertical position of
the release of emissions to the atmosphere, and does not include a specific
discussion of treatments of plume rise, which are discussed as a separate

element, plume behavior, in Appendix A.Z.

For point sources, there are basically two levels of detail with which
horizontal location can be tr2ated. The first allows each source to be
accurately located at its frue position with respect tc some horizontal grid
system, thus allowing a maximum degree of spatial resoluticn. The second and
less detailed approach locates each point source only to the extent of identi-
fying a grid cell containing the source, thus sacrificing some degree of spa-
tial resolution. This latter treatment is used by numerical models that treat

all point sources lying within a given basic grid cell without regard to their
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precise location but that do distinguish between sources located in different
cells. The loss of resolution between the first and second levels is essen-
tially the same as that incurred in developing an emissions inventory when
small point sources are aggregated to aréa sources. For the purpose of this
workbook, however, the inventory is assumed to be given and the less detailed
treatment then involves the assignment of the point sources to grid cells
despite the availability of more precise information. If the aggregation to
area sources is part of the inventory, it should not be considered when com-
paring models. The comparison should be based on the treatments of the point,

area, and line sources given in the inventory.

The location of point sources by grid cell can, of course, be treated
at various levels of detail. The most detailed treatments preserve signifi-
cant spatial resolution on a relatively fine grid. The least detailed
sacrifice all spatial resolution and do not distinguish between sources
regardless of their location within the region of interest. Models using the
least detailed treatment cannot adequately treat situations involving altera-
tions in the spatial distribution of emissions. Detailed treatments also
frequently permit a finer grid to be used in areas where the user desires a
high degree of spatial resolution. This treatment is somewhat more detailed
than one using a fixed grid size, if the block size is smaller while allowing
the user the added flexibility of matching the degree of resolution to the

needs of the specific application.

Occasionally, a model may aggregate sources on a basis not directly
related to location. This occurs when sources are aggregated, for example,
by industrial category. Unless this type of treatment is used in conjunction
with one of the locational treatments described above, it provides no infor-
mation on the location of sources and is equivalent to the least detailed

treatment of horizontal location.

The release height of point sources is treated in its most detailed
form when both the physical stack height (without plume rise) and the elevation
of the base of the stack above some reference elevation can be specified for
each source. A less detailed treatment assumes flat terrain and considers only
the physical stack height or release height above grade. These treatments can
be used even when the horizontal locations of the sources are ''gridded" by the

model onto subareas of the region of interest. Less detailed treatments are
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frequently used when the model grids the point sources. These involve
specifying one or several representative release heights, which may include
an elevation correction, for each subarea of the grid. Less detail is
available when the same release heights are applied to all the subareas.
(When representative release heights must be assigned, the user frequently
calculates a representative plume rise and adds it to the physical release
height, since models using such treatments generally make no provision for
the internal calculation of a typical plume rise.) At the least detailed
level release height is not treated explicitly; all emissions are treated as
if they are released at the same height. This non-explicit treatment is used
in numerical models in which all emissions are treated as part of the boundary

condition at ground level.

Before proceeding, it is convenient to discuss receptor location
because receptors are usually taken as points. As is the case with point
sources, the horizontal locations of receptors can be specified as precise
points or as locations in some grid block. When the receptors are located
precisely two methods or a combination of the two are generally used. The
first allows the user to locate the receptors arbitrarily. The second places
the receptors at the intersections of a grid network, the spacing or scale
of which may be fixed or under the user's control. Both methods may provide
equivalent levels of detail and the user must decide which is better suited
to the particular application. It may also be, of course, that specifying
receptor locations by subarea only is sufficient to the user's purpose, but
here such treatments will be rated as less detailed than treatments that
locate receptors precisely in the horizontal. The level of detail of receptor
locations also depends upon whether the elevation of the receptor can be spe-
cified. Given comparable specification of horizontal receptor locations, a
treatment which allows the user to specify arbitrary receptor heights is more
detailed than one which assumes that all receptors are at the same height

(usually ground level).

In the context of source and receptor locations, it must be stressad
that the user should not always rate one treatment against another solely
on the level of detail. Consideration should also be given to whether the
level of detail provided is necessary in the particular application. For

instance, if the application involves the impact of a single source at a
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specific location, the ability to locate numerous sources and receptors
precisely is irrelevant as long as the pair to be studied can be located

as desired. Thus, the comparisons made by use of the tables in the workbook
should be modified to reflect the specific requirements of the application of
interest. The table assumes that it is desired to locatre a number of sources
and receptors at arbitrary locations. Since all required cases could not be
foreseen, the user must modify this general 1ist to reflect the application of

interest.

For area sources, the treatments of source locaticn and release height
follow the same general progression as for point sources, that is, a full
specification in three dimensicns (both horizental location and release
height) at the most detailed level and a complete lack of explicit recognition
of different source locations and heights at the least detailed level. Two
additional considerations must be given to area sources, however, because of
their two dimensional nature. First, a model which accepts area sources at
arbitrary locations provides more detail than one which places all area
sources on a fixed grid even if the size of the grid can be changed by the
user. In the latter case, the user's area sources must be mapped onto the
model's gridded areas and hence the differences between areas tend to be
averaged out. Such a loss of detail may be unimportant when the difference
in emission rates in adjacent areas is small. The user must decide this
based on his knowledge of the situation of interest. Second, models which
treat arbitrarily sized area sources generally allow greater flexibility

than those which limit area sources to one or several set sizes. This can be
particularly important when dealing with "true" area sources such as open pit
mines or dusty fields. Again the user must decide when comparing models
whether this consideration is important in the particular application of

interest,

Another difference between point and area sources arises because an
area can have an arbitrary orientation with respect to the wind directiocn.
Most models treat area sources on some type of grid system that is fixed in
space and hence the orientation of an area cannot be adjusted even when the
real physical source is tilted with respect to the model grid. For computa—
tional purposes, some models assume a specific orientation which may be

unrelated to the actual orientation of the source. This assumption is
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frequently reasonable when the area sources are aggregates of many small
point or line sources. A somewhat meore detailed treatment permits the area
sources to assume an arbitrary orientation; such treatments may be useful
when dealing with true area sources where the orientation of the actual

sources can be arbitrary.

The most detailed treatment of line sources specifies the precise
location and orientation of the line by, for example, using its endpoints
and provides for some width and height for the line (thus really treating
it as an elongated volume source). For infinite lines, only the orientation
of the line is specified. Curved lines are usually approximated as series
of straight line segments and for highways some width can be provided by
allowing the number of lanes, medial strip width, and roadway width to be
specified. Less detailed treatments specify only the horizontal location
and fail to allow for width; a release height may be specified. Care must be
taken with line source models to ascertain whether they allow the line to
assume an arbitrary orientation with respect to the receptor. Some models,
for example, require that the receptor be located near the perpendicular
bisector of the line and will not properly treat a receptor lying near the
axis of the line source. As with point and area sources, increasing degrees

of aggregation within the model produce less detailed treatments.

In applications involving a combination of source types, the degree
of detail of the treatment can be different for different source types.
However, an overall evaluation can still be made by comparing the reference
model treatment with the study model treatment for each source category and
making some assessment of the importance of each category to the particular

application.

Some modeling parameters determined by the source-receptor relation-
ship may depend explicitly on the downwind or crosswind distances between
source-receptor pairs. For instance, in Gaussian plume models the dispersion
parameters are normally functions of the downwind distance. When this is the
case, these distances must be calculated. It should be noted, however, that
a model may not ever need to calculate the downwind or crosswind distance
explicitly. For example, a numerical dypamic model may move an air parcel
along a trajectory but never use the distance along the trajectory. In such

cases, the downwind/crosswind distances are not calculated and their treatment
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can be ignored. When required by the model these distances are usually assumed
to be determined by the horizontal separation between pairs and hence do not
depend upon release height or receptor height. When point sources are involved
and both the sources and receptors are located as points, the capability exists
to calculate a unique downwind and crosswind distance for each source-receptor
pair either along a curved trajectory or assuming a steady-state wind in a
single direction. When a model grids either sources or receptors, less detail
is available, since only average or representative separations can be determined.
This is also the case for area and line sources. Finally, no downwind or cross-
wind distances can be determined if no distinctions between socurces and recep-
tors ave made on the basis of location. This is the case, for instance, when a

box model includes an entire region in a single box.

These treatments of source-receptor relationship are listed by their
level of detail im Table 5.1. Treatments by suggested reference models are

given in Table B.2.

A.1.3 Treatment of Emission Rate

Once the positional relationships between sources and receptors have
been determined, the emission rate of each source must be specified. Two aspects

of the element emission rate are important:
- Spatial distribution of emissions and
- Temporal variation of emissions.

The treatment of the spatial distribution of emissions is closely related
to the treatment of horizontal location discussed in Appendix A.l1.2, since the
degree of spatial resolution available depends upon how close to their real
positions the model locates sources. For point sources, no additional infor-
mation is required to describe the spatial distribution beyond what is already
given in the treatment of source-receptor relationship. In the case of line or
area scurces, however, the manner in which the distributed nature of the source
is taken intc account requires consideraticn and is discussed in this section.
Twe points of view exist regarding the treatment of distributed sources. In
determining the treatment of distributed sources by a model it is useful to
identify which point of view is adopted simply in order to clarify the treatment.
In many cases, there is no intrinsic difference in the level of detail associated

with the two possibilities.
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From the first point of view, the total contributicn of the entire
emission distribution is estimated by adding up estimates of the contributions
from many individual parts, each consisting of a uniformly emitting area or
line segment. For example, sulfur dioxide emissions from residential space
heating in an urban area are most commonly represented as a rectangular array
of square area sources, each characterized by a given emission rate per unit
area. Another example is the representation of automotive emissions as a set
of finite line sources, each of which is characterized by a given emission
rate per unit length. Each part is considered to be a separate source, and
the contribution from each of these parts to the pollutant concentration is
estimated. The total contribution from the entire distribution is then esti-

mated by summing all these individual contributions.

From the other point of view, the overall distribution is regarded as a
single entity in which, however, the local emission rate may vary from point to
point. A single estimate of the total contribution from the given emission
distribution is made without explicitly estimating the contribution from each
of the individual parts comprising the source inventory, even though the source
inventory may have exactly the same form as before. This point of view may be '
adopted for an array of square area sources as in the first example above, as
well as in cases in which only one line or area source is c¢f interest. In the
latter situation, the emission rate per unit length or per unit area may be

allowed to vary within the source itself.

There is no intrinsic difference in the levels of detail associated with
these two points of view if only the total contribution to the estimated pollu-
tant concentration is of interest. 1If the individual contributions are desired,
a treatment which adopts the first point of view is likely to be superior to one
which adopts the second. However, much depends upon the level of detail of the
methods used to make the individual estimates in the two treatments. 1In order
to estimate individual contributions within a model adopting the second approach,
an algorithm for allocating the total calculated contribution among the indivi-
dual parts must be incorporated. In the first approach the individual conuri-

butions are independently estimated.

Whatever peint of view is adopted, some technique must be used to esti-
mate the contribution of either the overall distribution or of each of its

component parts. The rest of the discussion addresses methods of making these
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estimates. The various possible methods fall into two general categories:
- Analytic or numerical integration, and

- Source substitution - the replacement of g line or area
source with a small number of point sources.

In principle, the most detailed treatment of the spatial distribution
of emissions involves the integration over the given distribution of the con-
tribution from an infinitesimal area or line segment, assumed to contribute as
a point source. If the spatial distribution and the infinitesimal contribution
have a sufficiently simple form, the integral mav he evaluated analvtically.
Thus, for example, the pollutanti concepiration downwind of a uniform horizontal
line source of specified length oriented perpendicular to the wind may be esti-
mated by means of a formula obtained by integrating the Gaussian plume expression
for the contribution from each infinitesimal segment of the line. In general,
however, the spatial distribution and the point source concentration estimates
are sufficiently complicated that such an analytic expression cannot be derived.

In such cases, alternative methods must be used.

One alternative is to evaluate the integral by some appropriate numerical
procedure. If the numerical procedure is sufficiently detailed that the spatial
variation present in both the emissions and the point source formula is taken
into account, the result may be equivalent to that which would be obtained by an
analytic integration. The level of detail of the treatment is directly related
to the distance between sampling points at which the emission rate and point
source estimate are evaluated; the smaller the distance, the higher the level
of detail. Since for a given receptor the nearby emissions are expected to
contribute more heavily than those futher away, treatments which incorporate
high resolution near the receptor and progressively lower resolution at greater

distances involve a relatively high level of detail.

Another alternative is to simplify the integration by introducing
additional approximations so that either an analytic expression may be derived
or the numerical integration is made significantly easier. For example, a
common approximation used in dealing with an array of area sources is to assume
that emissions are uniformly distributed in the crosswind direction. 1In most
urban areas, this may be a reasonable assumption; in general, the level of

the treatment depends upon the appropriateness of the assumptions in the user's
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specific application. The example just given corresponds to what is often
called the narrow plume approximation. In this approximation, only the
emissions from those area sources which are directly upwind of the receptor,
or in general those which are intersected by a trajectory which subsequently
passes through the receptor location, have an effect on the estimated pollu-

tant concentration. Further discussion may be found in Appendix A.4.2.

The least detailed treatments involve the replacement of a line or
area source by a small number of point sources having a combined emissicn
rate equal to that of the source they are replacing. The smaller the number
of effective point sources is, the less detailed is the treatment: a treatment
involving the use of a large number of points amounts to the use of a numeri-
cal integration procedure. The position of the effective points may be chosen
to approximate the spread of emissions within the source being replaced, and

the strength of each may depend upon their position.

There are two components to the treatment of temporal variation of
emission rates:

~ The degree of temporal resolution which the model allows
and

- The suitability of the technique for treating the variations
to the particular application.

The degree of temporal resolution is determined by the interval at which
emission rates can be changed in the model. Even the most detailed treatments
can usually handle properly at most hourly variations in emission rates. The
overall temporal resolution of a model is often limited by the temporal reso-
lution of the meteorological data. The emission data should reflect a similar
resolution at the most detailed level. If a large number of time intervals
must be treated, say all 8760 hours in a year, some models take a sample of all
the hours and thus treat only a subset of all available time intervals. This
approach provides somewhat less detail than accounting for all time intervals
but may give results which are equivalent to those obtained from a fully de-
tailed treatment particularly when the accuracy of the model 1s considered.
Less detail is offered by treatments which allow no temporal variation, per-
mitting only constant emission rates to be specified. Within these limits, the
shorter the interval over which changes in emission rates can be specified, the

more detailed the treatment.
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For those models which allow some temporal variation in emission
rates, the suitability of the technique of handling the variations must also
be considered. One technique is commonly used in dynamic models. The total
time period of interest is divided into intervals. Each time interval is
modeled in succession, the pollutant distribution at the end of one interval
serving as the initial distribution for the next. This type of detailed
approach is necessary when significant variations in emission rates occur
over the averaging time of interest. In simpler situations, a second tech-
nique treating the situation as a set of steady states is applicable; the
steady-state approach is generally simpler to implement. This approach looks
at each time period separately. It can account for the time sequence, but it
ignores the pollutant distribution remaining at the end of each interval when
a new interval is considered. The steady state treatment is the more common.
Some models allow the entire set of steady-state situations to be treated.
Others simulate only a single situation at a time and must be applied repeti-

tively when longer time periods are of interest.

The repititious application of a model allows temporal variations in
emission rates to be treated using only constant rates. For example, if it
is desired to use a climatological model designed to estimate annual averages
from average emissions rates and the sources have significant monthly varia-
tions, the model could be run twelve times with emission rates appropriate for
each month and the twelve individual results averaged. It would, of course,
also be necessary to use meteorological data appropriate to each month in

the individual runs.

As was the case with spatial variation, a model that aggregates sources
is inherently less detailed than one which treats each source individually.
In aggregating, each source's emission pattern is masked in an average value

and some details of the situation are lost.

One further aspect of emission rate must be discussed: the treatment
of the amount of emissions based on other input parameters such as vehicle miles
traveled (VMT), vehicle mix, or population. When actual emission rates (or a
sequence of rates) are supplied to the model, the degree of detail depends upon
the degree of detail used in generating these numbers and is not limited by the
model itself. When the model itself calculates the emission rates, a model requir-

ing more detailed input generally provides a more detailed treatment. For example,
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a model which estimates vehicular emissions based on VMT, average speed, and
vehicle mix is less detailed than one which uses VMT, vehicle mix, and allows a
different average speed to be assigned to each class of vehicles. Since the
nomber of possibilities is large, no attempt to rank treatments will be made
here. As a general guideline, the user should cowpare the levels of detail
required in the inputs of the models being evaluated. It should alsoc be noted
that evaluating this aspect of emission rate may be impossible; for example,
one model might require specific emission rates to be input, while a second

model calculates emission rates from other information.

Table 5.2 gives the general treatments of emission rates in order of
decreasing level of detail., Specific tfreatments used by suggested reference

models are given in Table B.3,

A.l.4 Treatment of Composition of Emissions

Chemical Composition

In applications involving chemical reactions (secondary generation or
reactive pollutants), the chemical composition of emissions is important. At
the most detailed level, the emissions of all relevant individual compounds
are treated. Somewhat less detail is obtained when several or many related
compounds are "lumped" together into a single class and ouly the total
emissions of all members of the class are treated. Two things must be con-
sidered when a model treats the emissions of at least some of the relevant
compounds in terms of lumped classes. First, the criterion for determining
in which class a particular compound belongs must be appropriate for the
chemistry tq(be modeled. Second, the compound chosen to represent the class
must also be chosen appropriately; in some cases, it may not be an actual
compound but a hypothetical representative compound. For example, in the
case of photochemical oxidants, it would be impractical to use full detail and
treat the emission of every possible organic compound individually. Con-
sequently, they may be lumped into classes depending upon their degree of
photochemical reactivity. Thus, if five reactivity classes were used, each
source could have associated with it up te five different emission rates for
organic compounds, one emission rate for each reactivity class. This classi-
fication would also be appropriate to the oxidant problem whereas classifica-

tion by, for instance, molecular weight may not be. 1In general, the greater
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degree of classification into appropriate, distinct classes, the greater the
level of detail of the treatment. Less detail is available when assumptions
regarding the composition of emissions are built into the model, such as when
a photochemical oxidant model assumes a certain percentage of the organic
emissions to be reactive regardless of the actual nature of the sources in-
volved. till less detailed treatments describe the emissions of only one of

several compounds known to interact,

Model treatments must also be checked to ascertsain whether all relevant
emissions have been treated. For example, models ior shotochemical oxidants
that treat reactive organic compouuds but not NO und S emissions are inher-
ently less detailed than those which treat NO and/or NUZ, because NO can act
as an ozone scavenger and the NOyforganics ratdo is important in determining
the extent of ozone formation. Expert advice may be needed in making these
determinations. Witn regard to this last point, care must be exercised to
consider here only compounds which are actually "emitted" by the sources.
These may only be a subset of the total number of compounds which are in-
volved in the chemical kinetics and may not even include the pollutant of
interest. For example, ozone "emissions" are negligible or zero but the
emissions of the organic precursors must be treated in models for photochemical
oxidant. The user would not deem a photochemical model inappropriate because

ozone emissions are not treated.

Size Distribution of Particulate Matter

The most detailed treatment of the size distribution of emitted partic-—-
ulate matter would take into account a continuum of particle sizes by allowing
the functional form of the particle size distribution to be specified. 1In
somewhat less detail an appropriate distribution is assumed and the parameters
necessary to describe that distribution are input. Less detail is available
in treatments which treat all particles within a given range of sizes as if
they had the same representative size. This treatment is analogous to the
lumping of various chemical species described above. Similarly, a treatment
using smaller size intervals offers more detail (generally, more size intervals)
than a treatment that divides the total range of sizes into fewer, wider inter-
vals. Even less detail is contained in treatments that assume that some
fraction of the particulates are affected by the mechanism of interest. This

is really a two-class treatment: a fraction of the particulates, for example
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might be assumed large enough to fall out of a plume, while the remainder

are assumed to behave like a gas. The least detail, of course, is offered

by treatments which fail to treat the size distribution explicitly in
situations in which it may be important. Such is the case when 211 particulate
emissions are treated as a gas, including that fraction which is sufficiently

large to be subject to significant gravitational settling.

It should be noted that a complete characterization of the compesition
of emissions may require a joint treatment of chemical composition and the
gize distribution. In such cases, the appropriate size distribution may not
only vary from scurce te source but may also vary from chemlcal compound to
chemical compound. Such detail is beyond the level at which models presently
operate but the user should be aware of the complexity of a complete specifica-

tion of the application.

Tables 5.3 and B.4 give the treatments of the composition of emission

in general and by suggested reference models, respectively.

A.2 PLUME BEHAVIOR

A.2.1 General

Uoon release, an effluent generally has some upward momentum and buoy-
ancy. Mixing with the ambient air begins immediately and continues as the
effluent travels downwind and disperses. 1In the initial phases of this travel,
the plume centerline is determined simultaneously by the rise due to the
initial momentum and buoyancy and the downwind advection. As mixing continues,
the plume centerline is determined by the initial conditions to progressively
lesser degrees until it is determined predominantly by the downwind advection.

The height to which the initial momentum and buoyancy carry the effluent is
called the "plume rise" and this height plus the physical release height is termed

the "effective stack height."”

As these definitions indicate, some models treat plume rise only for
point scurces. When area and line sources are aggregates of small point
sources, the plume rise associated with each individual area or line scurce is
an average or representative value., This discussion focuses on plume rise
from point sources and certain other types of plume behavior. The user should
be aware, however, that the same factors as discussed herein must be considered

if a model explicitly treats plume rise from area or line sources.
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Many interacting factors affect plume behavior. When the stack exit
velocity is small compared to the wind speed, the plume may bend over immediately
after release and downwash may occur behind the stack. This is one of several
special situations to be considered when plume behavior is treated. If the
stack exit velocity is large, mixing of the effluent and ambient air will be
increased, rapidly dissipating the plume's buoyancy and momentum and causing
a low plume rise. Plume rise also depends on stability, atmospheric tempera-
ture gradient, plume buoyancy and wind speed. The buoyancy of a hot plume is

determined by the heat release rate; hotter plumes rise higher than colder

plumes, other counditions being the same. The heat release rate depends on the
stack exit veloczity: the effluent’s temperature, molecular weight, and specific
heat; the stack diameter; and the atmospheric temperature and pressure. A for-
mula relating these variables may be found in Moses and Kraimer (1972). In
addition, the relative humidity and moisture content of the plume may be impor-
tant. Many plumes contain some water and after release the condensation of
gaseous water or vaporization of liquid water adds or removes heat from the plume
and hence affects buoyancy. The condensation of water vapor can be large enough

to cause a very low plume rise, as can be the case with cooling tower plumes.

The momentum of the plume depends upon the mass of the effluent and the
stack exit velocity. The density of the plume is thus important and the product
of velocity and stack diameter is a measure of the square root of the momentum
release rate. For stacks with very high exit velocities, the momentum term may
be much larger than the buoyancy term. This "momentum only" case is not en-
countered in most common applications, in which the principal interest is in

buoyancy effects,
There are other factors which also affect plume rise:
* Terrain and nearby buildings,
* Number of nearby stacks and local heat sources,
* Shape of the stack opening,
* Wind direction in directionally inhomogenous situations,
* Wind shear, and

* Precipitation.
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No single treatment of plume rise deals with all these factors and there
is no generally accepted treatment; over twenty separate formulae are available
and new ones continue to appear. Most analytical formulations make the plume
rise directly proportional to the reciprocal of the wind speed at the top of
the stack. Twe terms, one proportional to the square root of momentum and the
other to some power of the heat release rate, are also included but the momentum
term is frequently omitted, its effect being negligible in many common situations.
When plume rise is treated as a function of distance, data for power plant plumes
indicates that the plume rise varies as the 2/3 power of the downwind distance.
There may be separate fcrmulae for different sized stacks and different stabi-
lities but the treatment of special plume behavior is geaerally not included in

the treatment of plume rise.
The special plume behaviors usually considered include:
* Downwash
* Plume trapping, and
* Inversion breakup fumigation.

The conditions leading to downwash were noted above. A rule-of-thumb says that
downwash should be considered whenever the physical stack height is less than
about 2 1/2 times the height of the building it is on or the height of nearby
obstacles to airflow or whenever the stack exit velocity is less than about

1 1/2 times the windspeed at the top of the stack. This rule-of-thumb is only
a rough guide and in many situations, for instance, with a cold plume having
little buoyancy, downwash may need to be considered even for stacks whose
heights exceed those indicated. Plume trapping occurs when a stable layer
exists above a neutral or unstable layer. A plume emitted into the lower neutral
or unstable layer will rise until it reaches the base of the stable layer where
it becomes trapped between the stable layer and the ground. Very hot

plumes may be able to "punch through" the stable layer and thus may not be
trapped. Fumigation occurs when a stable surface~based inversion is brokem up
by heating from the ground. Pollutants that were emitted into the stable layer
are then thermally mixed in the vertical and relatively high ground level con-

centrations can result, as discussed in Appendix A. 4.
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A.2.2 Treatment of Plume Behavior

As noted previously, there is no generally accepted method of treating
plume rise. Several types of treatments of various degrees of detail exist.
Within each type, the appropriateness of a given treatment depends upon whether
the method has been verified in the field for the application of interest. In
fact, the best comparison of two plume rise formulae is obtained by comparing
their predictions with observed plume rise values under the conditions of in-

terest.

The most detailed level of treatment would account for the simultanecus
rising and dispersing of the plume. This problem is extremely complex and has
been treated only in very specialized applications such as self-contamination of
buildings where the behavior of the plume immediately after release is of pri-

mary concern.

Most models are unable to handle dispersion during the initial rising
phase of plume travel and usually treat the situation by separating the rising
plume from the dispersing plume and considering two distinct steps:

First, the plume rise is determined based on stack and

meteorological parameters. This plume rise may be a function
of the downwind distance.

Second, dispersion is treated by assuming a virtual source

emitting at an effective stack height equal to the physical

release height plus the plume rise.
This is the type of treatment found in most dispersion models for primary
pollutants. However, many formulae are used to estimate the plume rise. As
noted above, comparison to a reference model's treatment should be based upon
which treatment gives better agreement with observed plume rises for the
application under consideration. Such comparative results are scanty and

another method must normally be used if a comparison is to be made.

Without prejudice to other treatments, models using the following
plume rise formulae can be considered applicable in many situations, unless

comparative field studies indicate otherwise for the case at hand:
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+ Briggs' 2/3 power law,

*+ Holland,

+ CONCAWE or CONCAWE simplified, and
» ASME.

The Briggs' and Holland formulae have been '"verified" for power plants.
Only Holland has a separate momentum term and correction factors have been
suggested to account for stability. Briggs uses separate formulae for
different stability classes and is the only one that treats plume rise as a
function of downwind distance. The CONCAWE formulations censist of single
formulae and are the only ones in which plume rise is inversely proportional
to & fractional power of the wind speed, axcept for the Briggs (stable) formula.
It must be stressed that this list does not mean that other formulae should
not be used. These four are widely used and do a fairly good job of prediction
in many cases. Other formulae may be better in specific applications, but the

only valid evidence of this is direct comparison with observations.

If the user has an unverified formula in a study model, the following
general guidelines, valid for hot, buoyant plumes only, mey be helpful:
e Plume rise should be proportional to the reciprocal of
wind speed to some power between 1.0 and 0.70 for nonstable

conditions. Calm conditions require the omission of wind
speed from the formulae used.

« A buoyancy term must be included (heat release rate should
be raised to a power between 1/3 and 1).

+ Other things being equal, a formula with a momentum term
would be preferred.

= Other things being equal, a formula giving plume rise as
a function of downwind distance would be preferred. (This
consideration is more important for low level sources than
for elevated sources.)
It must again be stressed that verification in the field foxr the application
of interest is the preferred decision parameter. Use of the above guidelines

is recommended only as a last resort. For ease in comparison, the widely

used formulae are compared in Table A.1.
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The next lower level in detail still uses the two-step procedure but
does not attempt to estimate a specific plume rise based on stack parameters.
Instead, the user specifies a value for the product of some power of the wind
speed and plume rise. The model then calculates a plume rise for each wind
speed. This method usually assumes that plume rise is inversely proportional
to the wind speed but does not allow differences between sources or other

meteorological parameters to affect the plume rise,

A still less detailed treatment allows plume rise to be considered

but cnly permits a small number cf specific values. Thies zreatment is used

weroce is common in the treatment of area

S

D

frequently for aggregate sources and

¢

sources in urban models. The vaiues of plume visa chosen are average or re-
presentative values and are often included in the release height (see

Appendix A.1.2).

The least detailed treatment does nct deal with plume rise explicitly.
This is the case, for example, in proporticnal models and models which treat

vertical dispersion by assuming uniform mixing.

There are only a limited number oi treatments of the special plume
behavior. Downwash is typically not treated explicitly. Treatments of down-
wash are normally developed expressly for that problem alone. Halitsky (1965,
1968) and Turner (1969) discuss downwash in general and should be consulted if
downwash is expected to be significant. More recent studies of downwash near
buildings are found in Huber and Snyder (1976) and Robins and Castro (1977).
Several techniques of accounting for building influences on plume dispersion
are presented by Huber (1977). In general, many additional studies are
necessary to thoroughly understand the complex effects of downwash on ground-

level concentrations.

Plume trapping can be accommodated in two-step models by assuming that
the plume is reflected from the base of the stable layer aloft and from the
ground. Repeated reflections lead to uniform mixing. The plume is assumed to
be unaffected by the inversion 1id until its vertical spread reaches the stable
layer and to be uniformly mixed after some suitable downwind distance there-
after. Between these two distances, interpolation of concentrations is used.

(See the discussion of boundary conditions in Appendix A.7.) Carpenter et al.
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(1971), Pooler (1965), Hales (1956) and Bierly and Hewson (1962) give treatments
that can be used for trapping. The formula developed independently in the
latter two papers, and included in Turner (1969), frequently is used in

Gaussian plume models.

Inversion breakup is generally not treated by models, Carpenter et al.
(1971), Turner (1969), and Pooler (1965) give feormulas which can be used to
estimate ground level concentraticns during inversion breakup 1f the user must

d

cousider this cendition. (See the discussion in Appendix A.4.)

One furiuer treatment ¢f plume behavioy rsed Lo irear the deposition
of particulate wmatter for which gravitational sefcriing i5 important should be
moted. This is ralled the "tilted plume® approwimation and is discussed in

Appendix A.6.2.

The various general treatments of plume rise are given in Table 5.4.
Treatments of spacial plume behavior are not rated. The user should note how
the study medel compares to the reference medel in the number of special cases
of plume behavicr each treats. These treatments should be compared to those
given in the references cited above. Treatments by suggested reference models

are described in Table B.5.
A.3 HORIZONTAL AND VERTICAL WIND FIELDS

A.3.1 General

The primary mechanism for the transport of pollution in the atmosphere
is advection, the horizontal motion of air which carries pollutants along from
one place to another. This transport of pollution by the wind must be accounted
for by any deterministic model which attempts to predict the spatial distribution
of some material being emitted from a sei of known scurces. 1In certain circum-
stance, there may also be a significant vertical component to the mean atmos-
pheric motion and in these cases pollutants may be transported in the vertical
direction as well. This appendix describes the general features of and methods

for treatment of the horizontal and vertical transport of pollution by the wind.
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Horizontal Wind Field

This term refers to the magnitude and direction of the horizontal compo-
nent of the wind velocity as functions cof horizontal position, height above
ground, and time. Hereafter, when the terms wind speed and direction are used

they will refer to the horizontal component, in accord with common usage.

The general properties of the wind speed and direction most relevant

for pollutant transport are:

* A systematic increase in speed and shift in direction with
height above ground which

- Is very pronounced within an inversion,

- Becomes less and less pronounced as the atmosphere
ranges from stable through neutral to unstable con-
ditions, and

- Is significantly affected by variations in surface
properties upwind and possibly downwind of the location
in question;

°* A sensitivity to the presence of topographic features such
as

- Hills or mountains
- River valleys, and
-~ Large bodies of water;

° A significant diurnal variation, reflecting the diurnal
variation of atmospheric stability; and

* Significant seasonal variations, reflecting seasonal

changes in the weather.

The variaticn with altitude is due to the frictional interaction between
wind and the surface of the earth. Its effects are most pronounced near the
surface and becomes less evident at higher elevations until at some zltitude
the surface effects become negligible. The effects of variations in atmos-—

pheric stability on the rate at which wind speed and direction change with

altitude simply reflect varistions in the extent to which the momentum of air
at different levels is being mixed by turbulence. Enhanced vertical mixing

such as exists under unstable conditions tends to smooth out and decrease the
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dependence of wind speed and direction on height. 1In stable conditions, ver-
tical mixing and with it the influence of one layer of air on another is
decreased. As a result, both wind speed and direction can have a significant

dependence on height in stable, and especially inversion, conditions.

The gross effect of hills, mountains, or river valleys on wind speed
and direction is to channel the airflow and to promote the formation of local,
organized circulation patterns. More subtle effects can occur as well, such
as mountain and valley breezes and drainage flows, and the possibilities are

umerous and varied. A useful summary and discussion is given by Slade (1968).

]

The principal effect of large bodies of water is similar ro some topographic

o€
x

=

ect
ec

3]

. A surface-based breeze, called a lake or sea breeze depending on the

v

o
rh

o2y 0

tda
R

water involved, tends to blow from the water toward the land during the
day as a result of differences in air temperature above adjeoining land and water
surfaces. This breeze may blow in a direction opposite to the prevailing wind
and may extend a considerable distance inland. In situaticns in which the lake
or sea breeze acts against the prevailing wind, a convergence zone in which
there are significant upward vertical motions is formed. Pollutants may be
transoorted inland near the surface, rise in the convergence zone, and be trans-
ported back out over the water at heights of several hundred meters. Situations
in which the lake or sea breeze acts in the same direction as the prevailing
wind are less complex and "circulation cells" such as were just described do

not form. Any movement of cool maritime air onto an adjacent, warm land sur-
face results in an elevated temperature inversion extending some distance
inland. Continuous fumigation of elevated plumes can occur during this condi-

tion, because the base of the inversion is eroded as the air moves onshore.

It should also be pointed out that urban areas themselves have a sig-
nificant effect on the wind field, ranging from modification of the flow when
regional wind speeds are high to the establishment of local circulation patterns
due to the urban heat island effect when regional winds are weak. Systematic
changes in wind direction and speed occur over urban areas. FEven in strong
regional flows there is a systematic tendency of the air to rise cver cities,

accompanied by a net inflow at low levels.

Both seasonal and diurnal variations in the mean wind speed and direc-
tion occur. We will not discuss seasonal variations except to point out that

they depend on the location of the region of interest and can be significant.



A30

Dramatic variations may also occur during frontal passages or other weather
changes. Diurnal variations zre related to the diurnal variation of stability
and the effect of stability on the variations of the wind field with altitude.
Diurnal variations are most important during periods of cloudless weather, in
which there are strong diurnal variaticns in stabiiity and correspondingly large
variations in the extent of atmospheric mixing. In stable conditions at night,
the wind speed near the ground may be very low while at the same time at heights
of a few tens of meters it is often quite high. In unstable conditions the wind
speed, although usually rather low, is not strongly dependent on altitude. Both
high and low wind speeds may cccur under neutral conditicns, although high wind
speeds tend to produce neutral conditions even on clear days and nights, as

discussed in Appendix A.4.

The horizontal wind speed and direction are in fact randomly fluctuating
quantities with fluctuations occurring over time scales from much less than a
second up to years and beyond. Qualitatively, short-term fluctuations are
perceived as turbulence while long-term fluctuations are perceived as part of
the day-to-day changes in the weather. For the purposes of describing the
transport of pollution, the interest is normally in the mean wind speed and
direction over some specific time interval, or over each of a sequence of
time intervals. The transport of pollutants by the mean wind is the opera-
tional definition of advection, and the transport of pollutants by the fluc-
tuations about this mean is the operational definition of dispersion. In any
given situation, the averaging time for which mean wind measurements are
available determines the distinction between advection and dispersion. Typical

averaging times in practice range from about 10 minutes up to about 3 hours.

Vertical Wind Field

The vertical component of the wind velocity is in many cases much less
important than the horizontal components, for the simple reason that in many
cases it is zero over the averaging time of interest. In some situations,
however, primarily those in which there are significant topographic features
in the region of interest, significant vertical wind components may be pre-
sent. When they are, they provide an effective mechanism for vertical trans-—

port of pollution and should be taken into account.
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A.3.2 Treatment of Horizontal and Vertical Wind Fields

The treatment of the wind field by an air quality model depends on the
type of model according to the classification scheme introduced in Appendix A.4.
For example, dynamic models treat the time dependence of the wind field in
addition to its spatial dependence, numerical models can generally handle more
complex spatial variations than semiempirical modele, and so on. Thus, treat-
ments of wind field may be classified by the way both spatial and temporal

variations are handled.

Spatial variation in eithevr horizontal or vertical directions is
usually handled in numerical models by specifying the wind velocity components
at discrete points defined by a suiiable grid, the grid spacing being chosen
to reflect the actual spatial resolution available in the data from which the
model wind field is calculated. This grid spacing then determines the spatial
resolution of the model as a whole. The grid may be one, two cr three-dimen-
sional depending on the model. Similarly, in dynamic models the temporal
variation in wind speed and direction at a given point is usually handled by
specifying a sequence of mean values representing averages over some basic

time step, typically one hour.

An alternative to the use of measured wind speeds and direction in
combination with an interpolation procedure is to model the wind flow within
the region of interest in a separate calculation using fluid flow modeling
techniques and to thereby determine the wind field in a manner suitable for
use in the air quality simulation model. This approach is often used with
dispersion models for complex terrain, and in principle allows great flexibility
in the spatiagl and temporal variations in the wind field that can be described
by the model. The user should be aware, however, that not only are simplifying
assumptions generally introduced in practice, but alsc that the manner in which
the basic equations are implemented in a computer code must be carefully con-
sidered in order to minimize numerical errvors. Expert advice may be necessary

&

tc properly take these comsiderations intc account.

Treatments at lower levels of detail involve progressively larger numbers
of simplifying assumptions regarding hoth spatial and temporal variations. Most
semiempirical models incorporate such assumption in their formulation and, if
sufficient information is available, the user should comnsider whether they are

appropriate or acceptable for the specific application of interest. Expert
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advice may be necessary in these considerations. Often the utility of a
semiempirical model designed for use in a limited set of circumstances is ex-
tended by making additional assumptions. An example illustrating this practice

will be given below.

The nature of the desired results may affect the amount of detail
necessary in the treatment of the wind field, particularly in regard to the
size of the region of interest and whether or not the entire spatial and tem—
poral distribution of pollutant is desired. It is more important, for example,
to be abie to describe the spatial variations ian the wind field over a large
arez than over a smaller one simply because thez variatious are expected to be
more significant in the formey case. Ancther example is trhe sityation in which
the maximum comcentration for a given averaging time is to be estimated, vathey
than the expected mean concentration value. In this case, assumptions or

information on wind persistence may be required.

Another major factor which determines the required level of detail in

treating the wind field is the extent to which it 1is necessary to describe the

n

vertical component. As mentioned above, it is often a reasomably gocd approxi-
mation to assume that the mear vertical component of the wind velocity is zero
over the averaging time of interest. If this szssumption is made, the practical
treatment of the wind field is very much simplified; only the horizontal wind
need be treated. The horizontal variation of the wind speed and direction is
constrained by the physical requirement that air cannot accumulate anywhere,
and normally the simplest possible approximation is made, i.e., that the wind
speed and direction are independent of horizontal position over the region of
interest and depend only on the height above ground. 1In practice, the depen~
dence of wind direction on height is often ignored as well. The dependence of
wind speed on height is usually given by an assumed functional form which may
depend on the surface roughness and atmospheric stability. The most common form

1

is a siwple power law devendence with differenv exponents for different stabi-

lities althcugh a logarvithmic form may be used wear the ground under neutval
condicions. Finally, the simpiesi treatment in the zero vertical component
case 1is to assume that the wind speed and direction are uniform within the
mixing layer over the region of interest. This treatment is cften adopted ir
semiempirical models. The wind speed is normally chosen to be that which would
be observed at a height equal to the emission height and this wvalue is often

estimated using a measured or assumed value at some lower reference height,
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usually 10 meters, in combination with an assumed wind profile., This proce-
dure results in a different effective wind speed for each different emission
height and potentially each different source as well. Alternatively, a single
effective wind speed can be used for all sources regardless of individual

differences in emission height.

If the vertical component of the wind cannot be assumed to be zero,
the treatment of the entire wind field is complicated again by the requirement
that air cannot locally accumulate, except that now there is no constraint on
the vertical component. In practice, this requirement provides a relationship
between the horizontal and vertical components which is used to calculate the
vertical wind speed, given measurements of the horizon components at several
lecations within the region of interest. Wind fields which satisfy this non-
accumulation requirement are often called "mass—consistent" wind fields because
the requirement is derived from the concept of the conservation of mass. Any
wind field used in a dispersion model should be mass-consistent; otherwise,
errors in the estimated concentration will result. Wind fields determined by
fluid-flow models are generally designed to satisfy the mass-consistency require-

ment.

It is relatively easy to satisfy the mass consistency requirement if the
vertical wind component may be assumed to be zero. In this case, for example,
if the wind speed and direction do not depend on the horizontal position coordi-
nates x and y, the mass consistency requirement is automatically satisfied

regardless of the dependence of either speed or direction on height above ground.

An air quality model designed for use in complex situations may either
require the wind field to be input and therefore place the burden of determining
the proper wind field on the user or require the necessary measurements so that
the wind field may be calculated internally. 1In the latter case, the wind field
may be determined prior to or concurrently with the actusl dispersicn calcula~
tions. As indicated above, simplifying assumptions are coften incorporated.

For example, a model designed for use in flat terrain may be combined with
assumptions regarding the flow of air over topographic features to produce a

new model which may give results of sufficient validity for the user's purpose.
Often such treatments of the vertical component are implicit, being Incorporated,
for example, in the form of assumptions about the height of the plume centerline

above the terrain without an explicit determination of the vertical component
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that would result in such behavior. For the purpese of this workbook, such
assumptions represent an implicit treatment of the vertical wind speed and

should be evaluated as such.

The situations in which treatment of the vertical component is desirable
are those in which the region of interest contains significant geographic
complexities such as mountains or hills, river valleys, large bodies of water,
and so on. In the first two cases, the usual problem is to describe the chan-
neling and vertical displacement efiects of the :zrrain oun the general wind

flow. Models which are capable of doing this fave been developed and are in

v

urreat use. Near large bodles of water, the proplewm iz to describe the effect

)

.

vf a temperature difference between adjscent surfaces. Alfbough models oi this

situation have been developed, they are piimarily of ¢ vresearch nature and

have not been incorporated intc a dispersion modetl.

O

In applications involving averaging times of a month or more, a
climatological approach is often used. The entire vange of possible wind
directions is divided into several {usually 16 or 36) sectors, and the entire
range of possible wind speeds is divided intv several {typically six) discrete
classes. At the same time, the possible range of atmospheric stabilities is
also divided into some number (usuvally six) of discrete classes. The proba-
bility of observing simultaneously the wind direction in a given sector, the
wind speed within a given class, and the stability within a given class is
determined from local observations for each possible combination of wind
direction, wind speed, and stability class. The resulting joint frequency
distribution is called a stability wind rose. FEach combination of the three
elements defines a particular meteorological situation for which dispersion
calculations are done, normally using a semiempirical model. The long-term
average pollutant distribution is obtained by muliiplying the results for
each meteorological situation by the probability ¢f observing that particular
situation and summing over all possibie zases. Thus., move Information about
the wind field than just the mean wind speed and direction over the avsraging
time of interesi is useg, although in each wmetesrological situation th

L
=

assumption is commonly made that the wind is uniform and constant. The
ciimatological approach is not necessarily resiricted to semiempirical models;
in principle, any type of model could be used to do the basic dispersion cal-

T

culations as long as discrete wind field '‘classes" could be suitably defined

and the probability of observing each determined.
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The varicus treatments of the horizontal wind field are listed in
Table 5.5 and the treatments of the vertical wind field are given in Table 5.6.
Treatments used by suggested reference models can be found in Tables B.6 and

B.7 for horizontal wind field and vertical wind field, respectively.

A.4 HCRIZONTAL AND VERTLICAL DISPERSION

A.4.1 General

One of the most important elements in assessing the impact of emissions

on air quality is the estimaticn of the extent to which the effluent
from sources is dispersed by the atmosphere. In comparing the treatments of

dispersion by two different models, the user should keep the following three

factors in mind:
* The operational definition of dispersion,

* The duration and size of the emission and the
source~receptor distance or travel time, and

* The connection between the extent or rate of
dispersion and the level of atmospheric turbulence.
These factors determine the applicability of the various treatments of
dispersion and the physical features of the problem which need to be taken

into account.

The term "diffusion" is used by some authors in exactly the same sense
that the term "dispersion" is used throughout this workbook. The term dis-
persion is used here to avoid any confusion with the process of molecular
diffusicor, in which the spread of one substance in another is the result of

entirely different phenomena than those responsible for atmospheric dispersion.

The operational definition of dispersion is interrelated with that

of advection and depends upon the averaging time of interest. The wind speed
and direction at a point are randomly fluctuating quantities; rapid fluctua-
tions are perceived as turbulence and very slow fluctuations as part of the
day-to--day variations in the weather. The operational definition of advection
io the transport of pollutent by the mean wind as measured over some specified
averapging time., The cperaticonal definition of dispersion is the transport of
pollutant by flu-tuatinns about this mean which occur over times less than the
averaging time. In other words, advection is the overall downwind movement

of the emission as a whole and dispersion is the spreading of the pollutant

about this overall morion.
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To fix these ideas, consider two photographs of the same continuous
plume taken from above: one is a snapshot and the other is a time exposure
(Figure A.1). The plume in the snapshot is observed to follow a meandering path
called the streakline. The width of the ﬁlume at any point is simply the actual
physical spread of material about the instantanecus position of the plume center-
line. In the time exposure, however, the plume appears to follow a much straighter
path and is characterized by a much wider and more smoothly varying cross-section.
The longer the exposure, the wider the cross-section appears. The time exposure
shows only the mean wind direction over the exposure time, and the observed dis-
persion about the apparent plume centerline represents not only the physical
spread but also the time-average effects of the meandering of the plume. Thus,
meanders in the plume which take place over periods of time shorter than the
exposure, or averaging, time are considered part of the dispersion. The snapshot
clearly exhipi.s the effects of the short-term wind fluctuations responsible for

meanderd ig.

The practical consequence is that for the horizontal case the extent of
the dispersicm about the mean plume centerline depends on the averaging time.
This effec. does not occur for vertical dispersion for averaging times longer
than about ten minutes due to absence of fluctuations in the vertical component

of the wind over these time scales.

The example just given considered the case of a continuous release. A

snapshot of the pollutant distribution following an instantaneous release during

non-calm conditions shows a cloud of material centered at some point downwind of
tha source, whereas a time exposure shows a meandering path originating at the
source. In both pictures, the observed extent of the dispersion represents the
actual crosswind spread of material in the cloud, although dispersion in the
downwind direction is not shown in the time exposure. Meandering in the path
followed by the cloud should clearly not be treafed as part of the dispersion

of the cloud.

Based on this type of concideration, and assuming that only the mean
wind speed and directicn are known over the averaging cune o1 interest
meandering should be -~onsidered part of the process of horiconcel dispersion

from a point source when both the following conditions are mer .
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» Tre duration of the release is greater than the
averaging time, and

*+ The averaging time is greater than the source-
receptor travel time.

If these conditicns are not met, more information about the wind field is
required so that a more realistic descriptiom of the actual trajectory
followed by the pollutant emission may be obtained. In particular, variations
in the wind which occur over times greater than the averaging time but less
than the travel time should be explicitly taken into account either by assump-
tion or by actual calculation of the trajectory. (See Appendix A.3 for a dis-

cussion of treatments of the wind field.)

The initial size of the emission determines the relative importance
of any further dispersion in either the horizontal or vertical direction.
The larger a plume or cloud of poliutant, the slower is the relative rate
of growth due to the action of atmospheric turbulence because as the plume
grows an increasingly large part of the turbulence acts over too small a
scale to be effective. The effect on the horizontal dispersion estimates
of changing the averaging time is also diminished for extended sources such

as lines and areas for the same reason.

In order to quantitatively estimate the extent or rate of dispersion
under specified conditions, the effect of those factors which determire the
intensity of atmospheric turbulence must be suitably parameterized  lecause
dispersion is a direct result of the action of turbuience. The most important

factors governing the production of turbulence are:
* The wind speed,
* The roughness of the ground surface, and

* The flux of heat being transferred between the
ground surface and the air.
The first two factors govern the mechanical generation of turbulence by friction
due to the variation of wind speed with height (wind shear), itself caused by
the frictional interaction between the general flow of the wind and the rough-
ness of the surface. The third governs the thermal generation of turbulence

due to surface heating. The surface heat flux itself depends on:
* The solar angle (during the day),

* The extent of cloud cover (both day and night),
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* Thermal properties of the ground surface, and

* The extent of anthropogenic heat generation
(in urban areas)..

X P

In discussing atmospheric turbulence and digpe;siqq, it is convenient
to introduce the concept 6f‘atmospheric stabilit§. At a given height, the
atmosphere may be classified as anstablé, neutral, or stable ac;btﬁiug to
whether the rate of decrease of temperature with height (the lapse rate) is
less than, equal. to, or greater than a critical value called the dty'adia%atic
lapse rate (equal to approximately 1°C/100 meters), as shown in Table A.2.
The significance of this classification is that near the ground, high levels of

turbulence and high rates of dispersion are generally associated with unstable
conditions and low levels of turbulence with stable conditions. The terms
used in the classification are in fact descriptive of the effects of the
different types of temperature gradient on vertical turbulent motions, vertical
motion being enhanced under unstable conditions and suppressed under stable
conditions. A temperature inversion is said to exist when the lapse rate is
negative (temperature increasing with height). The atmosphere is extremely
stable within an inversion and turbulence.is strongly suppressed. As a con-
sequence both the rate of vertical dispersion and the actual physical spread
of a plume in the horizontal direction are strongly suppressed, although o

considerable meandering of the plume can occur.

Table A.2. General Atmospheric Stability Classification According
to Temperature Lapse Rate?

Relation of Actual Lapse Rate to the Atmospheric Stability
Dry Adiabatic Lapse Rate Classification
RS
Greater than Unstable N
Equal to Neutral n
Less than Stable

aThis classification is not the same as the widely used Pasquill stability
classification scheme.

The temperature profile near the ground is itself determined by the
same factors listed above as being significant determinants of atmospheric
turbulence. At any given time, the difference between the actual lapse rate

and the dry adiabatic lapse rate is determined by the balance between two
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competing effects: 1) the addition to or removal from the air of heat energy
due to solar heating or fadiaﬁional cooling of the ground surface, tending to
produce unstable or stable copditions respectively, and 2) the tendency of the
turbulence itself, whether mechanically or thermally generated, to smooth out
“the vemperature profile and produce neutral conditions.

In 6tde§ tbt an atmosphetié dis?gt&iop wodel -to be yseful in a variety
of mstééroiogical situations. some copvenient measure of atmosphexic stability

_cg tutbuleace in:cnsity is used to determine the appropriate values of those
hmndel patauatets (such as c and 0 in Gaussian plume models) which determine
the predicted extent or. tate of dispersion. A number of different meteorolo-
gical parameters or classification schemes have been used for this puyrpbse and
‘an increasing numbér of models make use of the more fundamental measures of
turbulence intensity. Some of the more commonly used ones are given in

Table A.3. The user should consult a standard reference (e.g., Slade, 1968)
or an air pollution meteorologist for the definitions of the Richardson number
or the Monin-Obukhov length if the model being evaluated makes use of one of
these parameters. A discussion of the Pasquill-Gifford classification scheme
is given by Turner (1969) and the Brookhaven scheme is discussed by Singer
and Smith (1966) A review of variOus systems for characteriging turbulence
is given by Gifford (1976).

The basic factors which determine atmospheric stability near the
ground have already been mentioned. The dependence of these factors on the
time of day, the nature of the topography, and the nature of the ground sur-

face gives rise to certain characteristics of which the user should be aware.

Atmospheric stability near the ground undergoes very significant diurnal
variations due to the rising and setting of the sun. On sunny days, the ground
is warmed and heat is added tothe air near the surface, causing the air tempera-
ture to rise and producing unstable conditions. On clear nights, the ground cools
more rapidly than the air, heat is removed from the air near the ground, and a
ground-based ''radiation inversion' is produced. At any time, cloud cover tends

to balance the exchange of heat and produce neutral conditions.

There are important differences between urban and rural areas. Urban
areas are normally much rougher than the surrounding rural areas, and the heat
produced by anthropogenic activity in the city is an important factor at
night all year round as well as during the daytime in winter. The combination

of these factors results in substantially higher levels of turbulence, and
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Table A.3. Commonly Used Measures of Atmospheric Stability
and Turbulence Intensity

Continuous Measures

1. Temperature gradient or, equivalently, temperature difference between
two reference heights.

-8 96
2- S T 3;
30

5;-; (dryvadiabatic lapse rate)-(ambient lapse rate)
= (1°C/100m + 3T/9z)

g = acceleration due to gravity.

'I: ‘= ambient temperature.

(S is negative in unstable conditions, zero in neutral
conditions and positive in stable conditions.)

3. Standard deviation of the horizontal component of the wind direction
(O@) or of the vertical component (0¢).

Richardson number.

I~

5. Monin-Obukhov length.

Discrate Classification Schemes

1. Pasquill-Gifford stability classification.

2. Brookhaven gustiness classification.

correspondingly higher rates of dispersion, over cities during both day and
night. The frequency of surface inversions is much lower in cities than in
rural areas; when a surface inversion exists in the surrounding countryside,
the temperature préfile within an urban area generally corresponds to neutral

or weakly stable conditions.

Topography may significantly affect stability. The nocturnal in-
version within a valley, for example, may be much deeper and lenger lasting
in the morning than that over flat terrain. This is caused by a combination
of uneven heating of the ground surface due to the variable angle with which
the sun's rays strike the ground and the tendency of cooler air to settle in
low places in the terrain. The presence of fog also delays the heating of
the uround and prolongs the existence of stable conditions. TForested areas

and regicns of complex terrain also have surface roughness comparable to those
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of urban areas, and rates of dispersion>are correspondingly higher than over

gently rolling grassland, for example.

The stability of the atmosphere at hlgher elevatlons is also an im-
portant factor for atmospheric dispersion. At any given time the scability_
of the atmosphere at heights above a few hundred meters is determined mainly
by the large scale features of the weather as well as by the general propertiesa
of the atnosphete as a whole, Below 10-15 km, the atmosphere is on the average
slightly stable, so that tutbulence generated at the surface can propagate up-
wards only so far before it is damped out. This results in an upper limit,
called the mixing height, to the altitude to which pollutants will dispeise
over a short period of time. In the absence of an elevated inversion, this
mixing height is determined by the same variables thet determine the stability.
An elevated inversion may exist, however, usually in association with a large
high pressure area. Such inversions are called subsidence inversions and are
very effective in limiting vertical dispersion. Subsidence inversions exist
at altitudes of the order of 1000 m and the maximum mixing height on any given
day is limited by the height of the base of these inversions. Since relatively
low wind speeds are also associated with these large high pressure areas,

they cause some of the worst pollution episodes.

An additional factor, relating primarily to veértical dispersion, ‘is the
fact that the earth's surface forms a barrier which limits not only the extent
of mixing in the vertical direction but also the physical size of the<turbulent
fluctuations which cause the dispersion. The first effect is normally handled
as a boundary condition, but the second implies that the higher the altitude.
above ground, the greater the size of fluctuation that can exist. In addition,
the relative importance of mechanically generated turbulence compared to ther-
mally generated turbulence decreases with altitude. Thus, the rate of vertical
dispersion from elevated sources is somewhat different from that ground level

sources, at least until the emission from the elevated source reaches the ground.

Since horizontal and vertical dispersion are considered to be separate
elements in this workbook, and in order to tie the previous discussions together,
it is useful to summarize here those factors which relate specifically to either
horizontal or vertical dispersion, or both. These summaries are given in

Tables A.4 and A.5.
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Table A.4 TFactors Affecting the Level of Atmospheric Turbulence
and the Rates of Horizontal and Vertical Dispersion

+ Wind shear, itself dependent on
— Wind speed, and

- Surface roughness

*+ Surface heat flux, itself dependent on

Solar angle,

Cloud cover,

Surface thermal properties, and

Anthropogenic heat production.
- Orography (ground slope relative to solar angle)
*+ Atmospheric stability, itself dependent on

- The factors listed above, and

- Synoptic weather features (particularly above
a few hundred meters altitude)

Table A.5. Factors Determining Meandering Contribution
to Horizontal Dispersion

* Duration of pollutant release

* Source-receptor travel time

* Desired averaging time for pollutant concentrations
* Injtial size of the emission

* Orographic barriers

+ Street canyons

A.4.2 Treatment of Horizontal and Vertical Dispersion

In order tc evaluate the treatments of horizontal and vertical dis-

persion in a specific model, the user should know:

* The technical benefits and limitations of the
different types of treatments and

* The various ways of parameterizing the effects of
the important meteorological variables in each type.

The remainder of this section addresses these points.
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A.4.2.1 Treatment Classification

Treatments of dispersion may be usefully classified in the following

two ways:

1) According to the general modeling approach adopted:

* Numerical methods, which involve the numerical
solution of equations describing the conservation
of mass,

* Semiempirical methods, which assume a particular
functional form for the pollutant distribution, and

* Methods which do not treat dispersion explicitly;
and

2) According to the way the time dependence of the pollutant
distribution is treated:

* Dynamic treatments, which predict the pollutant cor-
centration as a function of time as well as position,

*+ Steady state treatments, which predict the average
pollutant concentration as a function of position only
for short averaging times, and

* (Climatological treatments, which predict the average
pollutant concentration as a function of position only
for long averaging times using a statistical distribution
of meteorological conditions.
Methods which do not explicitly treat horizontal dispersion, vertical dispersion,
or both may still in some cases be simulation models and examples will be

discussed below. Empirical or statistical models, which also do not generally

contain explicit treatments of dispersion, are discussed in Section 7.

Numerical Methods

The most advanced and sophisticated models of atmospheric dispersion

fall into this category. The current state of the art is represented by
"closure models" which consider both the concentration and the fl.ux of pollutant
as well as most of the meteorological variables as unknown functions of position
and time to be determined by numerical solution of the relevant equations. The
flux obtained in this approach is directly related to the rate of dispersion,.
This type of treatment is still in its formulative stage and has not yet been
used in practical applications. For this reason, closure models will not be

discussed further here.
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The usual approach in numerical mcdels is to describe the flux in
terms of the concentration distribution, so that the flux is no longer an

"eradient-transfer"

independent quantity. This is done by makiag the
approximation, which assumes that the poilutant flux is proportional to the
concentration gradient. The proporticnality facter is called the eddy
diffusivity and is usually symbolized by the letter K, hence this approach
is often referred to as "K-theory." The result of making this approximation

is an equation, called the advection-diffusion equation, which predicts the

pollutant concentration as a fun.tion of position and time. Treatments of the
wind field are discussed in Section A.3. The advection-diffusion equation
must usually be solved by any of a variety of numerical methods, including,
for example, finite-di:fecence or particle~in~cell techniques, but the user
should n¢- be too concerned with the details of the numerical method used by a
nodel beiny evaluated. There are certainly advantages and disadvantages with
the varaic:s approaches, but the focus here is more on the parameterization and

treatment of meteorological and other factors.

The eddy diffusivities for dispersion in different directions are not
necessarily equal, but this discussion will be restricted to what is by far the
most common case, that in which only two eddy diffusivities are used, one for
vertical dispersion and one for horizontal dispersion. The eddy diffusivity
values reflect the level of atmospheric turbulence and their parameterization
in terms of observable meteorological quantities should be considered by the

user in evaluating a numerical model.

Semiempirical Methods

This category includes all treatments in which an explicit functional
form is assumed for the concentration distribution. The assumed form may be
based on observation, theoretical considerations, numerical simylation, or a
combination of these. It may be a function determined elsewhere and assumed
appropriate for the given application or it may be determined specifically

for the application of interest in the prcvess of running the moedel dtself.

The most common example of a semiempirical meithod ‘= th.e “auzsian
plume treatment of dispersion from a continuous source as desc: ibet by
Turner (1969). This particular approach involives the assumption that tne

horizontal crosswind pollutant distribution from such a scurce may be
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described, on average, by a Caussian function and that, except ior the effects
of the ground, so can the vartical distribution. The only parameters beside
che wind speed which ¢ppear expiicitly in these functions and which reflect
the prevailing meteorclogical couditions are the horizontal and vertical
standard deviations, or dispersion coefficients, corresponding to the assumed

horizontal and vertical Gaussian distributions.

Another example of a semiempirical model is the simple box model,
which assumes a spatially uniform pollutant distribution within some
region. Dispersion is not explicitly treated in such a model, but additional
assumptions are implicitly being made. If the pollutant distribution is taken
to be uniform in the vertical direction up to some specified height, the
process of vertical dispersion is implicitly being assumed fast enocugh to
justify that treatment over the time scale of the problem. The assumption
of uniformity in the horizontal crosswind direction is often used and is
justified if the distribution of emissions is relatively uniform; this
approximation, when used in conjunction with the determinarion of pollutant
levels due to area source emissions, is called the narrow-plume approximation.
A type of narrow~plume approximation may also be used for treating pcint
sources in climatological models and will be discussed in that context later

in this section.

Dynamic Treatments

This category includes all methods in which the concentratioo is pre-
dicted explicitly as a function of time. Treatments in which one or more
trajectories of pollutant releases are calculated from wind field data, or
are simply assumed on any reasonable basis, are also included under the
definiticn of dynamic models followed in this <orkbock. Dvnamic treatments

may be either numerical or semiempirical in nature.

Dynamic models must be able to properly handiz sitiations involving
changing meteorologic:l conditions and the vesulting changes fn the rate of
dispersion. There is usualiy no difficulty in doing this in numerical models,
but if a time-dependent generalisation cf a semiempirical steady-state method
is used, problems can arise in making sure that the model parameters which
describe the extent of dispersion at any given time are continuous functions

of time. For example, if the horizontal crosswind pollutant distribution
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about some trajectory is assumed to be Gaussian, the horizontal standard
deviation should be a continuous function of time. Most commonly used

formulae or graphs give the standard deviation as a function of downwind
distance or travel time only for the case in which the meteorological con-
ditions are constant, and are not directly applicable under changing conditions.
A treatment which uses a description of the rate of change of the standard
deviation as a function of meteorological conditions is usually preferable

for dynamic models.

Examples of numerical/dynamic treatments are 1) those using the
numerical solution to the full time-dependent three-dimensional advection-
diffusion equation and 2) those using the narrow-plume approximation for a
grid of area sources over which a4 trajectory is calculated and treating
vertical dispersion by numerically solving the one-dimensional (vertical)
time~dependent diffusion equation. An example of a semiempirical/dynamic
treatment would be one in which a trajectory originating at the location of
a point source is calculated and the pollutant distribution about the tra-
iectory is assumed to be Gaussian. Gaussian puff models, in which a plume is
treated as a series of puffs which follow their own trajectories, are also

semiempirical/dynamic models.

Steady-State Treatments

This category includes all methods in which temporal variations of all
relevant quantities are ignored and in which the treatment of advection uses
only the mean wind speed and direction for the averaging time of interest.
This tvve of treatment predicts the average concentration as a function of
position only. Steady-state methods may be either numerical or semiempirical
in nature. The most familiar example of a semiempirical/steady-state treatment
is the basic Gaussian plume model and an example of a numerical/steady-state
treatment is one in which the time-independent version of the advection-diffusion

equation is solved numerically.

Climatclegical Treatments

This rategorv includos methods which predict the average pollutant
distribution for long averaging times, typically a month, season, or year,
using & jn.nt frequency distribucion which gives the probability of simulta-

neously observing specified wind speed, wind direction, and other meteorological
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variables. 1In this approach, more information about the wind field than just
the mean wind speed and direction over the desired averaging time is used in
order to avoid treating variations which occur over time scales less than the
averaging time as part of the horizontal dispersion process. Climatoleogical
models may in principle use either a numerical or semiempirical approach for
the individual calculations, although in practice semiempirical/steady-state

treatments are almost always used.

A.4.2.2 Benefits and Limitations

Numerical Methods

The main benefit to be gained by using a numerical approach is
flexibility in the specification of the wind field and the meteorological
variables determining atmospheric turbulence levels as functioas of position
and time and in the specification of boundary conditions. In principle,
numerical methods allow the description of dispersion for a realistic wind
field in complex situations. They are also, in principle, capable of treating
the spatial distribution and temporal behavior of chemically reactive pollu-

tants.

The main technical limitation is one of spatial resolution. Numerical
methods calculate concentration values at only a finite number of points in
space, normally corresponding to some conveniently defined grid, and the
resolution which can be achieved is fixed by the grid spacing. In addition,
the grid spacing should not be considered arbitrary, since it may be determined
to a large extent by the way the wind field is determined (see Appendix A.3).
Variations in the concentration distribution, in the wind speed and direction,
and in the emissions themselves which occur over distances smaller than the
grid spacing cannot be resolved. This lack of resoluticn has several conse-
quences:

*+ Emissions from point or line sources into a specific

grid cell are in effect dispersed instantaneously within

the cell, rather than described in terms of a sub-grid
scale distribution;

+ The value of the eddy diffusivity must reflect the intensity
of turbulent fluctuations up to the size oi the gria spacing
and is therefore partiaily detwermined bv that spacing; and
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* Pollutant concentrations cannot be predicted at arbitrary
receptor locations, except by interpolation from concen-
tration values at grid points.
The seriousness of these consequences depends on the specific application, and
on the existance of practical 1limits to the amount of computational effort
required and to the computer stcorage rvequirements. In general, however, the
numerical approach is inappropriate for the treatment of dispersion when the

size of the emission being dispersed is smaller than the grid spacing.

Another way of statiung tiis conclusion is that the numerical approach
using the eddy diffvsivity concept is inappropriate when the size of the
pollutant distribution being dispersed is smaller than or comparable to the
size of aiy turbalent eddies contributing significantly to the dispersion.

AS  restit. ihe eddy dii.vsivity approach is not fundamentally suitable for
decreiblivy nrrizontal dispersion, and in particular the meandering contribution,
but beeruse of constraints on the size of vertical fluctuations due to the
“y¢sance o poundaries at the ground and at the mixing height, can be justified
for the tveatment of vertical dispersion from ground level sources or from
elevated ~narceg after the plume has reached the ground. Treatments of hori-~
zontal dispersion using the eddy diffusivity approach do exist, however, in
spite of the physical fact that dispersion by meandering cannot be considered

a gradient-transfer process. Such treatments describe horizontal dispersion in
4 phenomenological way, rather than in a manner which reflects the basic
physical vrocesses, and the selection of an appropriate value for the horizontal
eddy diffusivity must be based on more empirical grounds than is the case for
the vertical diffusivity. (See the discussion of parameterization in numerical

nodels later in this appendix.)

It is cometimes possible to describe the pollutant distribution on a
scale smaller than the grid spacing in an empirical or theoretical way, and
use the numerical approach to describe the large scale distribution. This is
in fact desirable in the case of point sources in order to minimize the numer-

ical errors resulting from the poor resclution near the source.

Another limitation in most cases is the lack of fundaientzl kunowledge
and appropriate meteorological data upon which to base the preaiction of eddy
diffusivity wvalues, particularly at heights above 100 metersc or so This
means that further assumptions must be made rez.rding the appropriat- values to

use in a model.
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Semiempirical Methods

The principal technical benefit gained in this type of approach is
that the assumed shape of the pollutart distribution may be based upon actual
observational data. Furthermore, the distribution observed experimentally
may be assumed to be the same under similar meteorological and topographical
conditions, thus eliminating the need for new observations for each new
application. 1In some cases, the assumed distribution may be derived on the

basis of theoretical considerations.

The semiempirical approach has two advantages over the numerical
approach from a technical point of view:

* Better spatial resolution can often be achieved in
practice and

* The effect of meandering may be treated in a more
appropriate way.
The general limitation on this type of approach is that it should not
be used in situations in which there is insufficient observational data or
theoretical results from which to determine the proper functional form. If
the assumed shape is derived theoretically, its suitability depenlds on Lhe
nature of the assumptions made in the derivation. These may not Le apvoropriate

for the real situation.

As indicated above, the most common example of this type 57 approach
is the Gaussian plume treatment of continucus emissions. In their basic form,
Gaussian-plume based methods are inherently restricted tu:

* Flat or gently rolling iterrain for a coansiderahle
distance upwind and downwind of tle¢ source,

* Primary peollutants, and

¢ Conservative pollutants, i.e., no significant physical
or chemical sinks.

It is possible to extend the utility of Gaussian models to applications in-~
volving complex terrain by making various assumptions regarding the extent

to which the plume follows the terrain and bty making modifications to the basic
formulae. These models all fall within the category of semiempirical models
and in view of the wide range of possible modifications and interpretations
expert advice may be required in making a comparison. The only general guide-

line that can be given is that the basis or justification for the assumed
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pollutant distribution should be scientifically sound. Ideally, modifications

to the busic Caussian distribution should be based on appropriate observational
data, often in combination with theoretical considerations. If no information

is available regarding the basis for any particular assumed pollutant distribution,
it is impossible to accurately assess its validity except through an appropriate
field measurement program.

It should be point out that, given certain approximations, the standard
Gaussian plume formula represents the steady-state solution to the advection-
diffusion equation for a single point source. The conditions which have to be
met are that 1) the wind field wust be uniform, constant, and have no vertical
component, 2) the rate of pollutant dispersion along the direction of the wind
must be negligible compared to the rate of pollutant transport by advection, and
3) the horizontal and vertical eddy diffusivities must also be uniform and con-
stant. The extent to which the application of interest deviates from these
assumptions determines the need for modifications to the formula or for a different

modeling approach, e.g., a numerical model,

It is also possible to extend the basic Gaussian model to non-conservative

pollutants. (See Appendices A.5 and A.6 for discussions of possible treatments.)

Limitations to the basic Gaussian plume model also exist because of the
steady-state nature of the model. These are discussed in the subsection on

dynamic treatments.

The narrow plume approximation mentioned earlier deserves further comment
at this point. This approximation can be used for either point or area sources,
although its use for point sources is restricted to climatological models except
tor the short-term mode of the Valley Model. For area sources, the narrow plume
appreximation amounts to the assumption that emission rates from nearby sources
are sufficiently similar that the pollutant distribution may be assumed tc be
horizontally uniform. In the narrow plume approximation, pollutant concentrations
along somne well-defined trajectory are functions of height above ground and
nossibly travel time but not of horizontal crosswind position. The narrow plume
approximaticn may be used in either a steady-state or a dynamic approach and the
fraje.lory mev be a straight line, a constant path determined, for example, by
topography, or it may be determined from actual wind field data. The accompanying

treatment of vertical dispersion may be either semiempirical or numerical.
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Dynamic Treatments

The main benefits are:

* The ability to describe the temporal variation of
the pollutant concentration and

* The ability to treat the effects of time variations
in and correlations between emissions, meteorological
parameters, and removal processes.
Technical limitations depend upon how the time dependence is handled.
Time dependence may be incorporated in an empirical or ad hoc way, in which
case the suitability of the treatment in a given application depends on the
observational or theovetical basis for that particular treatment, as with the

empirical methods discussed above.

Time dependence is more commonly treated by dividing th~ total period
of interest into a number of sequential time steps. The variation of some
quantity such as an emission rate is then simulated by prescribing a sequence
of values, one for each time step. Such an approach predicts the concentration
at a finite number of points in time and the temporal resolution of the method
is determined by the size of the time step. Time variations more rapid than

the time step cannot be resolved.

Steady State Treatments

No significant technical benefits are gained by using a steady-state
model in preference to a dynamic approach. Steady-state models are generally
simpler and easier to use, however, and the decision to use such an approach
is based on these considerations as well as on the fact that the most widely
used semiempirical approach, the Gaussian plume method, is a steady-state

method.

Limitations include the assumptions of a constant emission rate and
a constant level of atmospheric turbulence. The specified averaging time
should be greater than the source-receptor travel time, as puiuted out in the
general discussion, so that the effect of meandering is properl: treated. The
assumption of constant emission rate guarantees that the duration of the re-
lease is longer than the averaging time, and the steady-state approach is
clearly limited to the treatment of those sources which satisfy this require-

ment. Instantaneous or very short releases must be treated using dynamic
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methods. Within its limitations, the steady-state approach is just as
applicable as the dynamic approach for the calculation of average concen-

tration wvalues.

Climatological Treatments

This type of approach iz used in practice only for the calculation of
long-term average concentraticns, the principal benefit being one of con-
venience compared with the alternatives of using a dynamic model or a sequence

of a large numbar cf steady-st:te calculations.

A caiculetion is deune for each set of meteorological conditions which
is represeanted in the joint distribution being used, and the average pollutant

distriburion i: obte ned vith the contribution from each set of conditions

L.imitations of the method may be divided into two categories:

» limitations of the model used to do each separate
calculation, and

Limitatious of the climatological approach, per se.

The former are described in cther parts of this section and the only additional
remark chat needs to be made here is that the model used must be of sufficiently
general applicability to be able to handle the variety of meteorological con-
ditions represented in the climatological frequency distribution. The latter
include the approximations incurred by representing the wide range of con-
divicns that occurs in nature by a finite number of specific situations, by

the suitabiliry of those situaticans which are used, and by the omission of
meteorolegical variables sach as precipitation aud mixing height {from the joint

frequency function.

In the treatment nf dispersion, at least one of the paiameters defining
the frequency function should be & measure of tne level of aimospheric tur-—
bulence. The measure of turbulence most cummounly used in climatological models
is the Pasquill stability clas.lirication, altlhough others coull be used. It
+& aleo commor te e the narrow plume approxivation for poin  zources.  This

approxim.tivn requires an assumpiion that the crosswind or angular distributics

of pollucant {.om o point souice over a suificiently long period of time is

given simply by the frequency distribution of the wind directinn. this



assumption is reasonable if the variation in the wind direction frequency func-
tion is negligible cver an aungular interval corresponding to the angular width
of the plume. Sirce the wind direction frequency function takes the form of
probabilities of observing wind from within well defined sectors (commonly 10°¢

or 22.5° wide), this apprcach is also referred to as "sector averaging."

A summary of the different general types of treatment is given in
Table 5.7. It should be pointed out that in any given model, horizontal
and vertical dispersion may be treated in completely different ways (although
both will be either dvnamic or steady-state) and the treatments in any case
should be evaluated separately. 1In Table 5.7, the treatments are ranked in

order of decreasing level of detail, but the user is cautioned that in the

cases of horizontal and vertical dispersion the relative level of detail of

two treatments is not by itself a reliable indication of their relative tech-

nical performance. As discussed above, there are limitations on the applica-

bility of certain approaches, and the user must determine for his specific
application if these are violated. If they are, those approaches should not
be used. If the two models being compared use the same, or two =aqually
applicable approaches, the relative level of detail may be used as a valid

indicator.

A.4.2.3 Parameterization

Atmospheric dispersion models are generally designed fov us« in a
variety of conditions, each characterized by a dilrerent level of atmospheric
turbulence and consequently different rates of dispersion. Various meteorolo-
gical conditions are handled within a given model by using different numerical
values for the relevant model parameters such as edldy aiffusivities or Gaussian

standard deviations. The determination of ihe appropriate values f{rom weteoro-

logical and other data is an importaut part of the total procedure by which
predictions of pollutant concautraticn- are made. TIn an evaluation, the user
should take into account any censtraints on these parameters that are inherent
in or built into the model, particularly if +hey clea.iy preclude the use of
the correct values. An c¢xamplz of such a constraint is a built-in eddy
diffusivity or standard deviation value which is not appropriate for the user's

application and which the user cannot conveniently modify. The determination



AR5

cf the appropriateness or ccrrectness of any such specific parameter value

may require expert assistance but a general guideline is that the value in
questiorn should be obtained from observations or theoretical analysis as
closely associated as practicable with the specific location and meteorological
conditions of interest. If sufficient information about the source of the
values useq i a given model is available, the appropriateness of those speci-
fic parameter values should be considered in making the evaluation. Table 5.10
provides a list of some of the pogsibilities for both numerical and semiempi-

rical models.

Some general remarks regarding the way in which atmospheric stability
and surface roughness are treated by various types of models are in order

here.

Numerical Models

Confining our attention to gradient—transfer models only, the horizontal
and vertical eddy diffusivities are the parameters through which the influences

of stability and surface r~ughness on dispersion are manifested.

As indicated above, the eddy diffusivity approach is not in general
appropriate for the treatment of horizontal dispersion. For this reason, the
basis for choosing a specific value of the horizontal diffusivity needs to be
considered furtner. It is possible, by appropriate selection of the time or
space dependence of the horizontal diffusivity, to force a numerical model to
reproduce approximarely the results of a more sophisticated calculation, or of
a semiempirical model. If this is the case, the parameterization of the
norizontal dirfusivity needs to be judged on the basis of the treatment being

reproduced.

In general, the horizontal diffusivity may be expected to be roughly
independent of horizontal position except when significant terrain features

are present.,

The vertical diffusivity near the ground may be reasonably estimated
in terms of the wind speed, surface roughness (given in terms of a parameter
cualled the "roughness length', see Slade (1968) or Pasquill (1974) for the
definition and eztimates for different situations), and parameters which
determine the rate of heat-exchange between the earth's surface and the air.

An experr should be consulted for the details of the formulation.
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At higher altitudes, there is very limited data and the exact para-
meterizaticn of the vertical diffusivity is a subject of current research.
Consequently, any parameterization must be based on further asswiptions and
it is not uncomwon to simply use a convenient functional form having the

desired qualitative behavior and having the correct behavior near the ground.

Semiempirical Models

Since the Gaussian plume model is by far the most common example,
the discussion will be restricted to this case. The user should be able to
follow a similar line of thought for other treatments. In the Gaussian plume
approach as described by Turner (1969), the horizontal and vertical standard
deviations need to be parameterized. Atmespheric stability is divided into
several discrete classes and the stability class to be used in a given
situation is determined from the wind speed, solar angle, aid the extent
of cloud cover. The horizontal and vertical standard deviations are then
prescribed functions of the stability class and downwind distance from the
source. The effects of surface roughness may be accounted for in the nature
of the prescribed functions or by additional modification of the basic stan-

dard deviation or may not be treated explicitly.

Tables 5.8 and 5.9 list various treatments of atmospheric stability
and surface roughness, respectively. Tables B.8 and B.9 list treatments
of horizontal and vertical dispersicn, respectively, used by suggested

reference models.

A.5 CHEMISTRY AND REACTION MECHANISM

A.5.1 General

There are two common situations in which chemistry plavs a role in
determining atmospheric pollution levels. On one hand., fre pollutant of
interest may undergo chemical reaction with some other avmospheric component;
that is, a chemical sink exists for that pollutant and it is refarred to as
being reactive. (If the pollutant undergoes no reaction, it is called ifnewr.}
On the other hand, tne »ollutant of interest may be produced in the stmosphere
by chemical reactions involving other pollutants (precurtors); such a substance

is called a secondary pollutant. (Tf the pollutant is directly emitted by
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sources, it is called primary.) Clearly, in each case the chemical reactions
involved affect the concentration of the pollutant of interest. 1In the first
case they provide a process for the removal of that pollutant and serve to
decrease its ambient concentratiuvn, while in the second case they serve to
generate the pollutant and increcse its concentration. FExamples of primary
reactive pollutants are the hvdrocarbor precursors of photochemical smog.
Examples of secondary, relatively inert matevials are sulfate and photochemical
aerosol. A pollutant may be both secondary and reactive; examples are nitrogen
dioxide (NOA) and ozone (03). If the pollutant of interest is both primary and
inert, the ;lement of atmespheric chemistry is irrelevant and does not need to

be considered.

As pointed out in Section 3.3, the decision to regard a pollutant as
being either reactive or inert depends upon the effective rate of reaction
compar: i to the length of time that the pollutant spends within the region
of it..~rest. If the user is interested in a short-range application involving
a slowly reacting material, that pollutant may be regarded as effectively inert
for the applicatiou even though cver a longer range this would be a poor approx-

imation. An example of such a pollutant is sulfur dioxide (SO ).
2

Iua the case of a secondary pollutant, some treatment of the chemical
reactions which produce that pollutant will be required. Otherwise, the
connection between precursor emissions and the concentration of the pollutant

of interest is completely lost.

The subject of atmospheric chemistry encompasses an extremely wide range
of topics and only those very basic or general aspects that are directly rele-
vaut can be described in this workbock. If atmospheric reactions play a signi-
ficant role in the user's application, the advice of an expert should be sought
regarding the level of detail with which the particular set ¢f chemical reactions

used by the model represents the system to be simulated.

This discussion will refer primarily to reactions between yaseous
materials. The extent te which atmospheric particulate matter actually
participates in chemical reactions witi gas=ous components is not at present
well wunderstood but if this possibility exists, the advice c¢f s5a ezpert should
again be sought. However, manv ¢f the same -~onsideratione apply as in the

ccumpletely gaseous cuse.
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The basic problem in mcdeling the dispersion of reactive systems is
tu describe the rates of production and removal of various pellutants,
Equally as important is the intleraction between the chemical reaction processes
and the dispersion process. In order to assess the treatment of chemical
reactions by a model, the user must consider two different aspects of that
treatment :

* The level of detail with which the chemical reaction
mechanism is described, and

* The manner in which the effects of spatial inhomogeneity

on the average rates of change of the pollutant concen-
trations are treated.

It will be useful for the user to understand a few basic facts re-
garding the general nature of chemical reaction rates. The rate of a chemical
reaction may be defined wirh sufficlent precision for the purpose of this
workbook as the magnitude of the time rate of change of the concentration of
a reactant or product of the reactioa in question. (The reactants are the
chemical species actually undergoing reaction.) The reac:ion ratc depends on
the concentrations of all of the atmospheric components participacing in the

reaction.

Reactions can be classified as either elementary or complex. An
"elementary reaction' is one in which the chemical reaction as wri¢:m reflects
the true sequence of events on the molecular level. For example, =i important
reaction in photochemical smog is that beiween ozone and nitrir c: = (O3,
This reaction involves the collision of a molecule ¢f NO with & wmoiecule of Og,
followed by a reaction and the separation of the products, cne mo” ecule cach éf
NO2 and oxygen (02). The most important property of elementary reactions is
that the race of éucn a reaction is a predictable, simple funcrion of the reactant
concentrations. In the example above, the rate of the reaction is simply equal
to a constant (the rate coastant) times the product of th2 czome aud nitric oxide
concentrations. On the otier h-nd, e "complex reaction' is essgentially a state-
ment of the net effect of some (possibly lirpe’l numher of elementary reactions
operating simultaneously, with only the init al reactazuts and final products

ceneral, the rate at which the initial reactants

lat i

being explicitly written. In

I3}

disappear is not equal to the rate at which the final products appear.
Neither rate is a predictable function of the concentrations of only the initial

and final chemical species. The sequence of elementary reactions whose net
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effect is of interest forms what is called the "reaction mechanism" and the
des.ripticn ¢f the pollutant concentrations as functions of time must usually
be made n terms ¢of what {s known about the reaction mechanism. It should be
pointed wut tihat, in addition to the main reactants and products of interest,
the micnandsm ¢t o complex reaction usually involves the existence of other

chemical species tna. shouuld also be treated.

An extreme example of a complex reaction is the generation of photo-
chemical smog from nitric oxide and hydrocarbons under the action of sunlight.
In this case the reaction mechanism involves literally hundreds or even thou-

sands of reactions.

As mentioned above, the expression for the rate of an elementary
reaction can be predicted in an a priori way. In practice only three cases
need to be considered; these three cases are outlined in Table A.6, in which
the "order" of each type of reaction is also defined. The constant appearing in
the rate expression for a given reaction is called the rate constant for that

reaction.

The most important feature in Table A.6 of which the user should be
aware is that the rate of a first-order reaction is a linear function of the
pellutant concentration. The rates of second and third-order reactions
are nonlinear functions of the pollutant concentrations. This fact has signi-

ficant consequences when the spatial distribution of reactive pollutants is of

interest.

Table A.6. Elementary Reaction Rate Expressions
Rate Expression Reaction Order
(constant) x (the concentration of one single reactant) First

(constant) x {the product of the concentrations of two
reactante) Second

{constant) x {rhe product of the concentrations of three
reactants) Third
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In order to describe the evolution of a complex reacting system, it is
normally necessary to know the reaction mechanism. This mechanism consists of
a set of (elementary) reactions whose rates are known functions of the polliutant
concentrations. If the initial pollutants are uniformly mixed withir some
closed volume, their concentrations as functions of time may be predicted by
numerical solution of a set of coupled ordinary, nun-linear differential equa-
tions derived from the reaction mechanism. In practice, a simplified mechanism
may be used in which many of the reactions of lesser importance have been
omitted. Also the net effect of many reactions may have been expressed in
terms of a few characteristic reactions using some kind of average or composite
rate constant. The level of detail with which the reaction mechanism is treated
affects the accuracy of the results and the mechanism being used should be

justified by comparison with experimental studies.

Knowledge of the reaction mechanism includes not only knowledge of the
reactions which can occur but also knowledge of the valves of the rate con-
stants of these reactions. The appropriate values are normally supplied with
the model so that the user generally does nct need to supply them. However,
there is often considerable uncertainty in the experimental measurement of
rate constants and the values of constants important in atmospheric chemistry
are continually being redetermined. Obviously, in a practical application the
values used should be as up-to-date as possible. In addition, rate constants
depend on temperature. In some cases it may be important to use values appro~

priate for the ambient tenperature in the user's specific application.

Further complications arise when dispersion is cousidered. It is impor-
tant to emphasize at this point that chemical reactions 2re local phenowena in
the sense that the rate of an elementary reaction at som2 roint in space depends

upon the reactant cencentration(s) at that podat. Tnus. che rate of 5 given

reacticn is in general a funcricn of posicion anc time, rells

and temporal wariotion in reactant comeentrations. powv mMel yeallios s oboin-

terest, the rate expressisa is a nonlincer function of prlicionl o v £ralioag,
because most reacticns of interest happen to be second-ordexy. Thi: Ziopi.es fhat
in most cases of interest the average rate of a given reaction wihir some Tinite

volume of interest cannot be obtained from the rate expression suaply by 1n-
serting the average reactant concentrations, unless all reactancs are wnifo.omly

mixed within this volume. In this case, there is no spatial variuticn in the
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reactant concentrations and hence no spatial dependence of the reacrion rate.

The only other situation in which
rate expression using the averape

order reaction. In mos! cases 2f

reactant concentrations causes Lhe

the average reaction rate is given
poliucant concentration is that of
intcrest  sratial inhcemogeneily in

chemiral ana dispersicn p.ocesses

by the

coupled in a very complicated way.

The nature of turbulent ‘ispersion and the small size of most real

emisslon sources so.rant o oigt 11 aprlications of practical interest there

are significaqa: variatlicns in the concentiracions of reactive poilutants over

o smelier than the spatial resolution of most current models.,

The degro- of nhomoper.nit; depends on the level of atmospheric turbulence
and un t: spailial distribution of the sources. In principle, the effect
ot the aser.upe veaction rate of this inevitable inhomogeneity at distance
scales r low the resolution of the model should be taken into account. In

practice, i.wever, this has proved to be a difficult problem and is still

fundamentaily unsolved.

A.5.2 Treatment of Chemistry and Reaction Mechanism

It is convenient to divide the discussion of treatments into two separate
parts, the first dealing with the special case in which all relevant reactions

are first-order reactions, the second with the more general situatiomn.

As pointed out ir the general discussion, most chemical reactions of

importance in air pollution are second~order reactions. This being the case,

it may seem unrealistic to consider an application in which all! the reactions

of interest are first-order. There are two situations, however, in which only

first-order reactions need be considered. The first involves the treatment

of radioactive rather than chemical transformations; radiocactive decay is

rigorously a first-order process. The second arises as a result of approx-

imating the disappearance of one pollutcont and the appearance of its reaction
products as a first-order process with some cmpirically derived effective

rate coenstant.

A first-order process has the property thet the racte of that nrocess

is a lirear function of the coucentration cf the reactanc invelvea. As

I
[e3

result, it turns out that the effect of one or more first-ordér rioccises on
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The rvecciant and procuct conces trations may be determined independently from
the effe -t o7 dlspersiom: 4. other words, [i:ot-ourde: creusiormation processes
and . Lir dispersiin proacess are comvletely ceparable and env of the mary trest-
mNGES CI Grversion oy be used.  Furthevmore, in cases whire more thos une
source .5 invoived, the contribution from 2a:h may be evaluated and the total
predicted concentratinn obtained by simpiv acding the individual soutrce con-

tributions.

The simplest case arises with a primary pollutant subject to some
first~order removal process. 1In this case, the effect of the process is

simply to cause the pellutant concentrations to decay exponentially with a

half-life which may be easily determined fron the rate coanstant for the procesa

Many dispersion models now in use have the capability of simulating this

gituation.

More often, however, the user's application involves a system of
chemical reactions, most of which are secoud-—order; the most common example
is photochemical smog. In general, a numerical/dynamic model is vequired,
since the chemical mix evolves in time in a nonlinear way. The c¢bservational
basis for a semiempirical apprcach is not usually available,K asthough statis-

tical models have been developed for some limited applications.

Two aspects of the treatment by & given model should in pyinrinle "=
evaluated:
e The level of detail used in the reaction mechanisn, :aud
* The treatment of the effect of inhomogenecus mixirg om
average reacticn rates.
wWith regard to the treatment oi rec tion wec ani=u, Lith_ 2 con be 321id in
general , because so umuch depeads on the oo ivc :talis 0 doe chewmistry.

The simprest case is that in whicn Jdtper uhe Jlasppesr.s ot & Larrcular

pollutant, or the appearance «F Lt- reactin. oroderis, ¢ otk ove ot in-
terout,  In this rass, 12 tne - acniop Lire e To ds rascery oiy compared

-t

to the dispersi»p thee scele ara 0 F Th 1zac 1 fredits re relatively inert

1

sc that, for example, ihe original pol urant ig not regenerated by further
reaction, it may be suificiert to appro~ima.ce the resctinr by a first-order
process using an effective rate constant detearmined empirically. 1In this

approximation, all derails cf the actual reaction mechanism are ignored. The

.
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conversion of sulfur dioxide to sulfate aerosol over long distances is

conmonly tra2ated in this manner.

1n more complex cases, such as that of photochemical smog, the
mechanism shculd be treated at some more appropriate level of detail. The
required level of detail depends on the nature of the reactions being des-
cribed o.d the number of different chemical species involved. The user should
seex experi adrice in evaluating a model with respect to the mechanism being
used. n any case, the assumed mechanism should be sufficiently valid so as

to give rveasonuble agreement with oexperimental observations.

in the pheotochemical smog case, three approximations are commonly used

and will be discussed briefly us examples of the possibilities that can arise.

The first deals with the treatment of highly reactive intermediates
which are present in photochemical smog. These intermediate species can be
treated just 1like any other pollutant in that their concentrations may be des-
cribed explicitly as functions of time. Due to their high reactivity, how-
ever, the approximation is usually made that they exist in a steady or stationary
state such that for each the rate of removal equals the rate of production.
Making this approximation allows their concentrations to be expressed mathema-
tically in terms of those of measurable pollutants and thus eliminated from
the rate expressions altogether. By eliminating these species from the
equations, ccnsiderable simplification occurs. This approximation, called the
steady-state o~ stationary-state approximation, should be tested for validity
ir any specific case and there are indications [Farrow and Edelson (1974)] that
it is not necessarily valid for the photochemical smog case even though it is
commonly used. This approximation is not restricted to applications invelving
photochemical smog but may be used in describing any reactive system in which

bighly reactive intermediate speclies are present.

A secund and less detailed treatment is sometimes used when the reaction
mechanism may be approximated by a small number of fast reactions such that each
one in the set is accompanied by its reverse reaction. For example, over a
short period of time the photochemical smog system may be approximated by a
mecnanism consisting of only two reactions: 1) the photolysis (absorption of
light, followed by chemical reaction) of NO2 to produce NO and O3 and 2) the
reverse reaction of NO and O3 to produce NOZ. If each reaction in the set is

fast enough, the entire system responds very rapidly to changes in composition
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brought about by dispersion, and the chemical composition of the pollutant
mixture at any point may be predicted by assuming the svstem of chemical
reactions to be in equilibrium. This approximation, called the equilibrium
approximation, is equivalent to the assumption that the rate of reroval equals
the rate of production for every chemical species present, not just the re-
active intermediates. The equilibrium approximation is valid when the reaction
time for each reaction in the system is much shorter than the time required for

significant concentration changes resulting from dispersion processes.

The equilibrim approximation may be used in steady-state as well as
dynamic models. It allows the prediction of the chemical composition of the
pollutant mixture at a given point given (1) the composition of the original
pollutant emission, (2) the composition of the surrounding air into which
that emission is being dispersed, and (3) the concentrations predicted on the

basis of the dispersion model alone.

The third approximation deals with the very large number of hydrocarbons
which are actually present in the polluted atmosphere, all of which participate
in the formation of photochemical smog. As a practical matter it is impossible
to model the concentration of each even if their emission rates were known,
which they are not in general. The approximation is made that classes of hydro-
carbon may be defined such that all members of a given class share some de-
sirable property, such as having similar reaction rates or reaction products.
The total concentration of all members of each class is then modeled using a
simplified reaction mechanism involving the use of average class rate constants.
This technique is termed "lumping'" of hydrocarbons. The validity of the pro-
cedure should be determined by comparison «f predictions witl. observations from

experiments.

For the purpose of comparing two models it should be assumed that, all
other things being equal, it is better to treat reactive intermediates ex~
plicitly than to empley the steady-state approximation. “he more accurate

the reaction mechanism being used the better.

If the detailed spatial and temporal evelution of a dispersing reactive
system is to be described, the system of chemical reactiors shouid be treated
in some detail. For other purposes, particularly involvirg secondary poliutants,

experimental and/or observational data may be used to provide the necessary link
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between the concentration of the pollutant of interest and the precursor levels
at an earlier time. This may be especially useful for cases in which not
enough is known about the reaction mechanism or in which only a maximum con-

centration regardless of locatrion is ‘lesired.

The other aspect that needs to pe evaluated is the way in which the
rates of chauge ot tae average poilluiant ¢ w.ntrations are evaiuaced. uOis-
persion mudels for react've pollutant- generally attempt to predict the
average concentrations ot alt! relevant poliuvtants within some suitably defined
velumes or ¢liag s fucorious i vime. 7Thas these models should be able to
evalusts “ae “iwme ratec cr chauge of (hese vuantities. As discussed earlier.
if the »ollvieris are uncformly distributed within a given cell, the appropriate

rrteoge ot chany® mav be caiculated Irom the elementary reaction rate expressions

usivy e avetage concentrations appropriate to the given cell. Errors will be
intrear 7 {: this procedure is used in cases in winich spatial inhomogeneities
#i-7 . the pollutant concentratinns over distances smaller than the cell

size. AY precent, this effect is generally not treated at all. This is not
to Jmpiv that modelers are uvnaware of the effect, but the problem of providing

an adequate general treatment is still essentially unsolved.

In summary, most dispersion models for reactive pollutants use elementary
reaction rate expressions which are truly wvalid only in homogeneous regions
and make .o attempt to account for imperrect mixing at sub-grid distances. 1f
the user is confronted with a model which does in fact treat the effect of
inhomogeneities in some fashion, e¢xpert advice should be sought on the manner
of treatment before mah.ng an evaluation. lowever, in general, any reasonable
treatment would be better than pone at all. Table 5.12 gives the treatments
of chemistrv and reaction mechanism that have been discussed. No table of
treatments of the effect of spatial inhomogeneities on the race of change of
average pollutant concentrations is provided. At this writing no practical
general treatments exist except in models developed solely {or the purpose of
doing basic research. Table B.10 gives the Lreatments of chemistry and reac-

tion mechanism used by suggested reference mecdels.



The twe major prysical vemevail processes which affect ambient at-
mospharic peliution levels are dry depositivr and precipitation scavenging.
In identifvring them ¢s physical processes. the intention is to distinguish
them from the chemicel prowvesses discussed ir Appendix A.5, even though on a
fundamental level there are chemical aspects to each. After defining these

elements, sach will be discussed in turn. For a more technical discussion the

user is trefercad to

—

ne article by Hidy (1973) as well as the proceedings

of the symposia on precipitaticn scavenging [Engelmann and Slirn (197C)] and

on atmosphere-surface exchange of particulate and gaseous pollutants [Engelmann
and Sehmel (1976)]. Technical but still introductory discussions are also

given by Van der Hoven and Engelmann in Slade (1968).

Dry deposition is defined as the removal of a gaseous or parciculate
pollutant at the earth's surface by any of the several processes, including
impaction, absorption, and chemical reaction. The important point is thau

this process occurs only at the surface.

Precipitation scavenging is defined as the removal of a gasneous or
particulate pollutant by precipitatien. Tn the past, the distigcri~n hac heen

made between the absorpticn or other collection of pollution by -5 droniets
p M

before precipitation actually occurred (deunoted “y rhe term "rii-wur | and

the scavenging of pollutar® by the precipitation (i seif as 4u talie phresen

the polluted air (denoted by the term "weshout')., Tor purpo:u S 8 wOoTke
book, this distinction will not be enphasized bub the srer n ULl Le swara of

its exdistence.

Ury Deposition

The rate of removal of on atmuspheric wollncant per unit area of ground

surface is called the deposition rate {dimens.ons: mass/rimef/area). It

e

depends upon

« The nature of the mechenism Sy which the pollutant, ouce
transported to the ground, interacts with and is removed
at the ground surface and

* The rate of vertical transport of that pollutant.
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The poliutant is removed from the air near the ground, thereby creating a

non—-zerce verrical concentration gradient near that surface. Vertical dispersion

processes tend to srootn out this gradient by transporting pollutants down-
wards, therepy providing more for possible removal. The ambient pollutant
concant-atic: near the giound is lower than it would be otherwise, with the
magnitude of the depletion depending on the relative rate of removal at the
surface. A corresponding net decrease per unit downwind distance in the total

amount of pollutant being advected by the wind is also observed.

The depositior rate depends on the nature of the interaction between
pcllutant and ground surface and as such depends on a wide variety of pollutant
and surface characteristics. Although these are highly dependent on the
specific application of interest, a few general statements can be made. The
deposition of gaseous pollutants, for example, increases as the solubility or
reactivity of the gas increases. The deposition of airborn particulate matter
is highly dependent on particle size. If the pollutant of interest is found
predominantly greater than a certain size range, this added factor should be

taken into account in the tiecatment, as discussed below.

The deposition rate also depends strongly on the rate of vertical
transport and therefcre on the same factors as does vertical dispersion.

(See Appendix A 4 for a discussion of these factors.)

With regard to the deposition of particulate matter, these remarks
on depositicn refer primarily to particles smaller than approximately 10 microns
in size. Particles larger than this are sufficiently massive that gravitational

settling becomes significant and these particles simply drift downward at a

b

ate dependent on their size and weight. This deposition mechanism is very
different from that described so far and in general must be treated differently;
see for cxample the discussion in Slade (1968). Particulate matter smaller
than 10 microns behaves much like # gas in many respects and gravitational

settling is usually negligible.

1f zhe removal is efficienv enough, a significant fraction of the
poliutant may be removed before it is tramsported vut of the region of in-
tere=st and ambicnt atmospheric concentrations can be significantly affected.
In some appiication, the deposition rate or the total deposition within a

giveu area vver some stecified period of time may be of interest, in addition
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to or instead of the actual ambient concentration. In 2ither case, dry

deposition is an important phenomenon.

Precipitation Scavenging

This term includes processes which take place within clouds, such as
the formation of cloud droplets about pollutant particles which serve as
condensation nuclei and the absorption of pollutants into existing droplets,
as well as the scavenging action of precipitation falling through polluted
air. The importance of each of these processes depends strongly on the
characteristics of the pollutant, as in the case of dry depozition, and
again only very general comments can be made. TFor gaseous pollutant, the
solubility in water is the most important factor and this often depends to =
significant extent on the presence of other dissolved material in the precipi-
tation. The solubility of sulfur dioxide, for example, de~reases as the
acidity of the precipitation increases. The particle size is again the most
important factor for the scavenging of aerosols. The rvate of pollutant re-
moval by falling precipitation is also determined to a significant extent by

the size of the falling drops and the rainfall rate.

A.6.2 Treatment of Dry Deposition

As indicated above, the removal of pollutant at the ground surface has
two major effects on ambient pollutant concentrations:
* A depletion of the mass of pollutant being advectaed by

the wind, resulting in lcwer coicentrations than would
otherwise be expected, and

* A reduction of ground level concentratiors compared to
those at higher elevations, vresulting in a nou-uniiorm
vertical distribution.
All treatments of dry deposition that are used in preciice ceserio. the

effect but not all describe the second.

The net downward poliutant flux resulting from removal at ground level
is commonly assumed proportional to the pellutant concentration at ground
level, the proportionality constant actually bheing dependent on a variety of

factors such as:
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+ The nature of the pollutant,
+ The nature of the ground surface, and

« The prevail ing meteorolcgicsi conditions, particulariy
the atmospheric stability near the ground.
(1]

The proporticnality constant is casled ihe "deposition velocity™ and its

value in anyg given situstion Aetermine« tne signicicance of the effect cf dry

deposition orn polistant . sucensratica. Thecretical procedures exist vhereby

appropriste volues roy be esti-ntes for & speciflic application but their

accuracv i . urcerrain an~ vaines derivel from field observations are nearly

always vrsed in practice.

Asguming tuat th 2 Jownwind flux of pollutant mav be pavameterized in

L 1 PR,
Ladnowe ., U

. problem of treating dry deposition becomes one of describing

-

its efi:.. on. atmospheric pollutant concentrations and of calculating the
agou~' ¢ pollutant deposited in the area of interest. Different types of
mudels t.2at these effects in different ways, depending specifically on the
way veriieal dispersion is treated and on the way the dependence of the

pullutan* concentration on height above ground is predicted.

Since pollutant removal occurs at the ground surface, the best
treatment of dry deposition is to mathematically specify the appropriate
boundary condition at the earth's surface and to determine or describe the
corresponding effects numerically or amalytically. The mathematical statement
of the boundarv condition, which is used in models which treat vertical dis-
persion by a2 numerical method., involves both the vertical eddy diffusivity
and the deposition velcceity and detines the relationship between the pollutant
concentration and the concentration gradienc at the ground. *hmerical solu-
tion of the diffusion equation in the verfical direction tner determines the
predicted pollutant concentration as a function of height as well as the pre-~
dizted rate of pollutant deposition on the ground. This procedure may be used

in either dynamic or steady-state moudels.

Models which treat vevtical dispersion by &« semiempirical method do not

nececsarily handle dry deposition in a less apprepriate wy *lon do numerical

s

models. 1If, for example, the assumed form for the vertic ol .oncentriiica
distritution Iz bascd oo suituble analytic Loiutions of the verivical diffusion

equation obtained using the correct boundary condiiiona, tne freeote st muy be

as appropriate as any other. Normally, howeveir, scailempiri sl m dz2is incerporcte
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certain assumptions which are to some extent invalid for the treatment of

dry deposition.

Most semiempirical models incorporate the perfect reflection boundary
condition, as discussed in Appendix A.7. Mathematically, this corresponds
to the assumption that there is no net vertical pollutant flux and no net
removal of poliutant from the atmosphere at the ground. An additional result
is that the pollutant concentration is nearly mdependent of height near the
ground. This also corresponds to the special case of a zero value for the
deposition velocity. A model incorporating the perfect reflection houndary
condition cannot treat the effect of diy deposition on the vertical concen-
tration profile. T1If this approximation is used in a model, as it is in most
Gaussian plume models, but it is still desirable or necessary to allow for
the depletion of the plume as it is advected along, a time or downwind distance-
dependent factor may be applied to the concentration value calculated by the
basic semiempirical formula. This factor serves to simulate a reduction in
the total mass of pollutant in the plume and to model pollutant iemoval by dry
deposition. In essence, this type of treatment involves the determination of
an effective source strength which is a decreasing function of travei time or
downwind distance. The simplest example of this treatment is the uvue - an
expcnential decay factor in several currently available models. By :p;ropriste
choice of the value of the decay constant, it is possible to sim:late r rudely
the effect of the removal of pollutant. An imznlicit (sravntion ie thie rreat-
ment is that the shape of the vertdical concentration distriburicn s vuatieciad
by the removal process. This assumptiov is vaiid oniv (£ the refe of vertinad

mising is large compared tc the rate cf poiluveat ram val.

A somewhat more detailed treatment, dese:ibed n Silade (1938), involves

the agsumwiton that the pollutant is remoyed at = vats vroperiilonal to the
ground level concentration. However, shis couc nivatinn iz glven by the
Gaugsian plume formula «<ich perfect reflectior, modified bv a tactor to account
for that mass of pollutant already lcst. The effective source strength as a
function of downwind distance must be dJdetarminel by quadrature for the specific
parameter values involved and presented for use in graphical or tabular form.
As in the simpler and less detailed expounential decay treatment, the implicit
assumption is made that the shape of the vertical pollutant distribution is

unaffected.
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The special case of particulate matter for which gravitation settling
is important is generally treated by what has come to be known as the tilted
plume approximation. The vertical pollutant distribution is determined as a
funwction of time or downwind distance using whatever model is appropriate.
£ downwa.d mobion with a velocity equal to the appropriate settling velocity
is adda. . 'v.-2ver orther motion has been predicted for the discribution.

¢ seaedy-state rodel

ey

o]

, the effect Is to tilt the plume centerline downwards
sith a slope datermined hy the rst:e of the settling velocity to the horizon-
tal wivs! speed. Cne should in principle use a different settling velocity,

and hence s Jiferent slope, for particulate matter in different size ranges.

Table 5.13 lists possible treatments of dry deposition. Table B.1l

1ists the treatments used by suggested reference models.

A.6.3 Treatment of Precipitation Scavenging

The various processes whose net effect is called precipitation
scavenging are not usually modeled individually except perhaps in specialized
research-level models. Instead, the total effect is generally treated in an

approximate way.

Both the removal of pollutants in clouds and the scavenging by falling
precipitation are usually considered to be exponential processes. This may

not be strictly true in all cases. For example, the uptake of SO, by cloud

2
droplets is not really an exponential process because of chemical reactions

which occur in the droplets themselves. Precipitation falling through a
polluted layer may take up a soluble gas at one height and release it at a
lower height hecause of evaporation of the drops exposed to a clean at-

mosphere. These effects must be modeled on an individual case-by-case basis.

1f removal in clouds is treated as an exponential process, the decay
constant is called the rainout coefficient. If removal by falling precipi~
tat.ion is treated as an exponential process, the decay constant is called the
washout cowfficient. These coefficients in principle depend on a wide variety
% drop ard poilutart characteristics., Empirical values are often used and it
ls often =ssumed that tne relationship between the washout coefficient and the
total rainiall rate may Le sxpressed by a power law. The washout coefficient

is o £ actilon o7 drop size. A more detailed treatment would take this into
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account and determine the total rate of pollutant removal by intcgrating over

an assumed drop size distribution functicn. [lhus I3 rarely done 1y

If the rainfall rate dis variable, so iz the washomt co2fficicnt,
The pollutant concentration then decreases in a nonney rellecziog tnis viri
the decrease is not reprasentad by simple ecxpoarcctial d
of describing the effect of rainfall on pollutant concentraticus, the ashoun?
coefficient must be knowr or assumed, including anv time varia:ion due Lo

1)

variations in the rainfall rate.

If the application inveolves an averaging time suff-iciently long tlst
more than one rainfall occurrence needs to be Lreated, even ¢ irpler methods
are often used. For example, the assumption may te made that every time it

rains the ambient pollutant level is decreased bty some ccistant. factor wai:

between frequency cof rainfall and othuer meteorilcygidcel pavame’ s vs

p
wind direction, should be taken intc =ccouuni. i.o.ring ¢ ds covrelerion

represents an even less cetalled trestmerc ond oo -apords to clanity sunar-
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A.7 BACKGROUND, BOUNDARY AND INITIAL CONDITIiONS

A.7.1 General

An air pollution model dezerite -he po'lutant disfribution within
a linted volume of space for a limited r=riod of time. This volume is
bounded on the bott-wn by rhe ¢ yrhfs « rfac - on the 3ides by the verimeter
of the regic: of i-tere3t. and on the -Hp by the upper limiv e verticad
dispersicr.  pven jor wmoacts w o ich caloniate ovly ground level concentrations
2.plicitiv, the toiee di-onsi. "2l nature ol dispersion is accounted {or
through luole8ion of such oa.amevers as stack height, plume rise, or mixing
height. (n guvv case, trertwencs of the {eliowing four aspects of the given
apprivation sra required:

*» ftests due to che existence of a finite upper limit
.0 duspersion,

*  "he effect of the earth's surface as a barrier to dis-
persion and as a potential sink for atmospheric pollutants,

*  The contributiorn to pollutant levels within the volume
of interest from upwind sources not included in the
model, and

* The initial concentrations throughout the volume ot
interest at the beginning of the time period of interest.
Numerical and semiempirical iwmodels treat the first three aspects in different

ways; dynamic and steady-state models treat the last aspect in different ways.

The first two aopects are generally called boundary conditions in both
numerical and semiempirical models, becauss they relate tc effects at well
defined physical boundaries. The upper linit to dispersion is commonly treated
as an absolute barrier which keeps pcollutancs above it trom ertering the modeled
volume and which prevents pollutants dispersing upward within the modeled volume
from going any higher. In such cases, there is no net flux o’ pollutant
through the boundarv. This condificn is called the perfect reflection boundary
corndition and is a common assumption used for the upper boundary: otuer
asgumptions regarding the upper brupdary copdition are iers ~cxzmon. However,
there ave circams nnces In which pelliranti nav -nter he me e OO Lo farongh

the upper boundars, Fer example, poliutants ‘y.ung above

r

7

e wux
entrained within the modeled volume as the niring height dincr-=as s in thoe rrning

as o resylt of woiny heating., In practice, onuy e sioal/ - qmiy
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downward dissersion, =2nd
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moval is propovticnal *te tho ground-ievel concentrzzion. ipious proccesses

upTy

tle particular situstion. For cxamp e, large particees oo 8eptl.s Gub

(e perfectly absorbed) under the iviluenca »f gravity. Suifw oloxide oonu
d bv vegetat isn and oo - oo raaet claado T Lty e o e -
on the earth's surfite. The ceowmd 0 3 se me o L
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steuld a3lasc he aotea thoy wurerical nodele seunsrallv treat at least

e

racticn o1 the emiesionz or pollutants ov specifying the appropriate

o

rouzh the lower boaadary a3 part of :». lower "boundary condition."

scussion, the "boundare condltion" cefers te what happens to pollutants
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; emitted; emissions treated as occurring at the boundary should

Le corsidered as aspects of source lccation and emission rate (Appendix A.l).

The rhird aspect, advection of pollutants into the volume of interest,
is relarod *o che concept of a background level. Such concentrations are due
Yo maL . ted 1wl mAan—-mace sources not peing modeled, because they are outside
rhe mnleied regior. Tois defiuition of background differs from another
sometimes uscd in which the background level is taken as the concentration
which would exist i¥ all sources in the modeled inventory ceased to emit. The
tatter detinition would include nontributions from sources within the modeled
regiocn but nct Included in tne inventory. 1In the sense used here, background
might be defined operationally ac the pollutant concentration measured just
outside the upwind boundary ot the region of interest. Such a corcentration
would frequently depend on the direction of the wind, the loration of the
measurement, or the time when the measurement was made. For non-conservative
pollutants, this concentration would be expected to change as the air is
advected through the study region due to the operation of various removal
mechanisms. For secondary poilutants, the incoming fluxes of precursors must
also be taken inte z:count, because they will generally interact significantly
with emissions within the regicn and greatly affect the predicted levels of the

pollutant of intcrest.

Ozon.:, which is both reactive and secondary, illustrates the situation
well. "Backeround'” ozone concentrations measured just upwind of urban areas
are frequently reduced within these areas due to the initial scavenging of
ssone by precursor nitric oxide emissions. Downwind of the urban area, the
precurssrs react and ozone concentrations rise again to high levels. Back-
ground Ls thas usually not a simple additive term but is a function of
positiorn. and time within the region of interest. A single, additive background
sambe~ crn he defined only for primarv conservative pollutants. Otherwise, the
flux « ¥ pollutant and/or precursors into the study region at the vertical

boundaries must be known Even for primary conservative pollutants, the in-

o ordng Flos raiso be kpown as a funciion of position and time if significant
LAl ceur oves vine or distarte scatas small compared with the averaging
reoans Lo Iire of the vegacr of dacevest. Rural 50 oy culface levels pro-

2

vide exanples of situatiune in which a single, additive background level is

Likely te e appropriate.
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It has been assumed in this discussion of background and the side
boundary conditions that the study region has been chosen car=fully to
include all important sources. 1t would be improper, {for exawmple, to estimate
the total 24-hour maximum 802 concentration in the vicinity ol a power plant
while treating the contribution of a nearby plant az a background value. Both
plants would need to be included in the study region and modeled. The second

plant could be excluded only if the contribution of the first plant alone,

rather than the total concentration, were desired.

One cother point needs to be made about background. Civcumstances may
arise in which background is negligible, anv background concentration being
small in comparison to the concentration of interest. For exumple, in cases
where the maximum short-term concentrations near a large, relatively isolated
source are being estimated, background can usually be ignored, 1a such cases,
models ignoring background are applicable. The user must consider the appli-

cation carefully when making such a determinatiom.

The last aspect covers the initial conditions, those concentrations
existing throughout the study region at the beginring of the time period of
interest. These concentrations are not treated explicitly in steady-state
models but must be specified in order to solve the equations vsed in dynamic
models. Initial concentrations may be included implicitly in steady-state
models when background levels are estimated. They are likely tc be most
important for short-term averages for which the initial concentrations can
constitute a substantial part of the final time-averaged concentration. This
situation would occur most frequently when the initial concentrations are
large and travel time across the region of interest is equal to or greater
than the averaging time of interest. As noted in Appendix A.4, this type of
situation calls for a dynamic, rather than a steady-state, treatment. The
concentrations of secondary and reactive pollutants are particularly sensitive
to the initial concentraticns and distributions cf precurscrs and peotential
reactants, respectively. 1Initial conditions are thus importart for such
pollutants and a dynamic approach is better suited to their treatment. This
is particularly true when short-term concentrations are desirecd as 1is the case,

for example, with ozone.



A.7.2 Treatment of Background, Boundary and Initial Conditions

Since numericel and semiempirica’ models treat dispersion from different

points of view, th>v ecwploy dilfereni wethcds for handling background and

-
1
i

boundary conditicii.. Iaitial congicicns arz ftreated differcntiy by dynamic

and steady-state m-dets. The uger ~houlu be aware vhat pocth "boundary

conditions’ and ‘inirzial conditiers” signifv two related but not entlrely
equiva .znl eccnierTis., w#ivst  rhey mesn a sel of mathematical expressions
requirei to solve the partial daflererntial ecuations useld in nemerical models

and wecond, tboe phyasic ! cuntitions beine wmodeled., The mathematical expressieons
are .be rvepresentsuions of tie vhysical conditions in a form suitable for

carr e models,  Sesienpirical models rust treat the same physical conditions,

wr 3l frer referved Lroas the boundary conditions, using cifferent methods.

i
Tne % . isaton ie omvoiiently divided by considering first the treatments of
beeks  smd and boundary conditions by numerical and semiempirical models and
SE e tveatmen.s uf initial cenditions by dynamic and steady-state wodels.

Ritkgrowid and grundary Conditions

vior of the difference between the treatments of background and brundary

ondii’.ne by numerical and npirical models is simply a difference in the

te

mien
methedolunies used to =2xpress the same physical condition. As will be seen,
however, the smerical approach generally provides a mere detailed and flexille
treatment of these conditicns. 4! this point, the user should keep in mind

t£hat upplicavility of both approaches to the application as discussed in

Appenaix A.4.

e noted above, nanv precesses can take place whew o poliutant contacts
4

the earti's surface. Perfect reflection or absorptics me fencrally aporuox-—

X
imations to tne real situation. The approvriatenecs .7 th= approximation being

used must be ass-ssed oy the user wher ~ompering medols,  Juwerical models
eat perfect reflection waithennrically by requiring that ile vercical grediaat

of pollutant concentration ©+ zere ar +5 0 so fuce, Lhat L, what cowes down

. g, LIPS, M ~q - B PR - J I AP 2 N b - PN < - .

st go bazk up . Perfect a su- s%ion « orvesponds to R 8 A3 R Y EOPEEE N I
cLoLent Sjation bl anic af the booncass Tazes AU SRR Sonirme roasayed
recause 10 is usuo il mUct. bofier arniowiration to ho o, f0 05 s ir abioes

then lz poriccl avsurpiron. Boih of these «:ituations mav a’s~ v | handl -0

.
3
1
N
t

easily by semiewnirica’ moudels. Semicmpirical wodels tre [ ne



2% the lower boundary hy includieg an Mimage source” equivalent to the

ieal wource hut Locztel like iLis mirror dmage with the earth's surface as
the mizror, ¢ "wetbod of umiges' is the (echnique ewplovedl in the most
widely used fovr~ 57 the Gauesiro pilure moael and can only be used to handle

perfect ~eflaciica or absorpticrn,

1

art lal rer’eccion at the carth's surface is treated in numerical
wodels by vsing the concept of 2 Ydry deposition velocity. This parameter is

2 measure of the vate of pollucant removal at the earth's surfacz2. 1In essence,
the mathematica: frroulation allows part of the ircoming pollutaat to be ab-
sorbed sc that the fotel amount being dispersed is depleted after vweflection.
Most semiempirical models developed (o dare caanot ! ¢~at partial ceflection ar
a boundary condition. An approximate treatment of dry deposicioz a» a pollw-

tant removal process by assuming an exponential decay of the pollutent is fre-

c“

quently used. Tnis is discussed in rore detail n Append. &.o. Dry depcsition
could also be treated as a boundary condizion by semiemwiricat models if the

agsumed functional form of the pollutant distribution were based upon analvtical
solutions of the diffusion equations subject t. the appropriate LAYy
condition. Numerical models can alsc change the amcunt cof a2bpszorriosn Lo
represent different conditicns throughout fve study regiuvn; Sﬁmizmgjzicai

models can usually only deal with one overzll average dry

throughout the region of interest.

At the mixing height, perfect reflection is zenerazlly ~ssnien
Numerical models use tne same form of mathematical ooundary o g’ risn ns at
the surface but apply it at the heighf corresponding to the tiu ~° the wmiving
layer, which can vary with location =nd time. Thees models -auid 1lso bhe
used in principle to cover the case of partial nenciration of the mixing layer
{partial reflection) simply by altering the boundarv conditivn as is done to
treat dry deposition ac the surface. They car also acconunt Ffor che Lransfer

of poliutants into the vegicr of interest by s:itaple modiiications or the
upper boundary conditions and tnus treat fumigition o: entraimnment. It should
also be notad that numerical models requive ¢ :Qdinite upper limit to dispersion

in order to solve the relevant eguations.

As at the ground, semiempirical models generally treat only the case of
perfect reflection. Two methods are commonly used. The first is the method

of images in which image sources are added above the mixing height to account
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for the reflec.tions from that barrier, which is generally assumed to have a
conatent 2iovotion. Tt turns out that an infinite number of images are required
vo acocont T-r the multiple reflections from the ground and the mixing height
s2e Tuimer (1969)] and the result is expressed as an infinite sum. In most
cases cnlv he first rfevw terms of the sum contribute significantly and the sum

easily to sufficient accuracy, A more common treatment relies

O

way be eviiaaie
upon thu otszrva~ion that near the source the plume is not affected by condi-
iions at te fop of the mixing layer and that far enough downwind, the pollutant
is uniforaly mived within the entire mixing layer. Between the distance at which
the plume first feels the effects of the finite mixing height and the distance

at which the wvartical profile becomes uniform, the concentration is obtained by
interpolation [see Turner (1969)]. A variation of this treatment used in some
Gaussian plume models treats the effect of the mixing height impiicitly by
limiting the vertical spread of the plume by requiring that o, remain constant
after the vertical spread of the plume (OZ) exceeds some fraction of the mixing
height. Pasquill (1976) discusses the limitations of the undisturbed and

uniform mixing approximationg and has presented a table for use in interpolating
results in cases where the sum must be evaluated. [See also Yamartino (1977)].
¥valuating the sim witl generallv give more accurate regults than interpolation.

The gain in sgcr-vracy is slight considering the magnitude of other inaccuracies

¥

in. modeling treszt ents and interpolation is used more fregquently. Semiempirical
nodels can alse, 1. essence, ignore the upper boundary condition by using a
functional *orm for the vertical concentration profile that places no limits on
the height [~ which pollutants can disperse. This may be an appropriate repre-
sentation of the real situation of the large mixing heights at short distances
from the sourcz. Semiempirical models czn be modified to account for fumigations
by using squations (functional forms) for predicting concentrations during the
rime ot the fumigation., (See, for example, the equations in the appropriate

references cited in Appendix A.2.)

Mumerical models treat the conditions at the sides of the regicn as

=]
]
(3
’

e

iamatical specifications of the pollutant flux intc the region. As noted

abova, thi. is the most fundamental way of treating background levels. Semi-

omuiy tcal rolels cannat treat these as boundary conditions and "background”
enp onlv ¢ trsated s a genernl additive term. This term may be a function
cf locaticn withio the region but is generzlly treated as a single constant

‘

ng directivonal dependence and spatial variations. Any temperal

pomt

ire diyo1gror

arfation v also generally ignored.
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Initial Conditions

As pointed out previously, initial cornditions are treated explicitly
only by dynamic models. Any contributinns tc the concentrations duz to
pollutants initially present would be handled as part of the additive back-
ground level by steady-state models. As such they would be indistinguishable
from the concentrations assumed to be advected into the region as "true"
background., In dynamic treatments, more detail is available when the initrisl
conditions can be arbitrary functions of lcocation than when single uniform

values must be assumed throughout the region of interest.

A final word is in order about climatological models and temporal
variations. As noted in Appendix A.4, this approach can make use of any of
the basic types of models discussed although a steady-state method is most
often used. Thus, the treatment of background, boundary and initial conditions
by climatological models will depend upon the nature of tha model used for
the dispersion calculations. Both dynamic and sequential cteady-state models
can, of course, account for temporal variations in backgrounc and boundary
conditions. Dynamic models usually allow important parameters to change re-
latively smoothly over time; sequential gteady-stite models allow parameters
to assume new values at the beginning of each new time interval over which a
steady-state is assumed to hold. Dynamic models most frequently treat the
amount of material advected or entrained into the region of interest or the
mixing height as time dependent; sequential steady-state models most frequently

treat only temporal variations in the mixing height.

The ranking of treatments of background, boundary, and initial condi-
tions is given in Table 5.14, TIn treating these elements, almost any combination
of types of treatments at the various boundaries can occur. In rating a model,
the user should rate the model's treatment of each element separately and combine
them to arrive at an overall rating. Table B.1l2 lists the treatments of back-

ground, boundary and initial conditions used by suggested ceference imodels,
A.8 TEMPORAL CORRELATIONS

A.8.1 General

As noted in previous subsections, many of the elements or quantities

used to parameterize an element treated by a model can vary with time. The
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variations of these quantities about their mean values are frequently
correlated in the situation being modeied. TFor example, the application may
involve a source with a Ziurnally varying emission rate and metecrology with
the typical diurna! variations in atmospheric stability described in
Appendix A.4. Wher such corvelatinme cccur It is usually important that the
model correlate the nire depeudent quantities, that is, treat them in such a
way that concentration estimarer are made o the basie of values which do

occur togzether iv the application of intevest.

Tmplicit in the last s atement is a realization that the treatment of
covrelsvions s ¢lasalv ~clated to the degree of temporal resolution obtainable
in the soldel. I[n particelar, the resoluticn time for the correlated quantities

mah bhe fess Lpar the tine over which the variations can occur. For example,

15 twe orrxloted guars o fes var, bourly, the model must treat each of them
with « - m. r.o=elviion of one hour or less for the treatment of correlations

te Lo aesiiie,

o plinted out previously, there is 7 limit, frequently based on practical
engide 7arions or lats evailabilit,, to the resolution time and hence to times

-

ver w0, cciredsiions can be considered. The limiting factor is that element

".D

o couantity with the minimum degree of time resolution among those elements which
are impovrant to tha particular application and which exhibit sufficiently
large tempnoral variability to affect th~ widel results. The primary interest

-

is genevally i correlating emission rates, meteorolcgical parameters, and rates

o]

[

of removat and ransformation processes. Of course, in applications where
cmission rateg are almost constant, correlations involving them are small and
may be dgrored. ¢ enerally speaking, the corieilaz.cions between the various

meteorclogical pararmolers algo need t¢ be treated,

Dynamic and sequential models handle temporali ccrrelations automatically
within the time resolution used by the model. Thesc rmodels generally allow
the vaijues of most dmporrant parameters £o be changed at zach time step and
since the data for each step are wenevally Input as a unit ny the user. they are
automatically correlated. Stasty-state wedels which treat one or several

specific gets of emigsion and =meteoroiagi-al data trent _crroaletcog 4 .00

coont onoa time soade longer thar the averagitg oims ) oo 4 coacomalical
ape ignove those which acour over shotfer timed. Ths eovi 00 me e amLI T it
in the structure o7 the input data as in tne lynamic casge TIL T Lt paTm AT

3 £ - - . . . - : . \
is frequently or.ouatered in models which estinate <l <ty or . Erarico
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On the other hand, climatological models use ctatistical wind rcsesg

lations inherent in tiis approach are hetween these

aud henze the only cov

i
4

parameters «pcn whicn the winu vose is bagel, typically aruogpheric stability,
wind speed, anag wind direction. A Trree-hour ragolution is typical of wind
roses. All other corveiations, particularly trose involving emissions, must

be treatecd separately.

Two tactors should be considered when evaluabing the treatment of
correlations:

*+ The magnitude of rthe variations in the given apnlication
over time scales less than the averaging time, and

+ The importance to the application of the guantities involved.

The first factor has been discussed above. As for the gecond, siaply
correlating many time-dependent quantities may be less important than
correlating a few critical quantities, e.g., wind directinn and emission
rate when the effect of a peaking power plant at a specific locat.ien is

desired.

A.8.2 Treatment of Temporal Correlations

Beginning with the most detailed, there are basically thras le¢ "=lz

at which temporal correlations can be treated:
*+ Sequential and fully correlated,
*+ Non-sequential with Timited correlation, and
*+ Not treated explicitly.

The first type of treatment is found in dynami: models or in sequential models.

In these models, the correlations are treated wutomatically. The second type

of treatment is exemplified by climatoclogical .10dels. Although some statistical
models may implicitly treat correlations by thair choice of variables, they are

classified here as using the third type cof trestment and are discussed in

Section 7.

Within the first two treatments there is a variation in the level of

detail depending on:
* The degree of temporal resolution and

*+ The gquantities allowed to vary.
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The determinants and importance of these aspects have been discussed in the

general discussicn in Appendix A.8.1.

Table 5,15 lists the treatments of temporal correlations and the

treatments by suggested reference models are given in Table B.13.
A.9 IMPORTANCE RATINGS FOR APPLICATION ELEMENTS

Source - Raceptor Relationship

The source-receptor relationship is assumed to be of at least medium
imporiance in all applicatinns. Many factors influencing transport and
dispersion depend on the soutrce-receptor separation and orientation. The
relationship is somewhat more important for secondary pollutants, because of
rhe need for a detailed description of the mixing of various precursors. For
similar reasons, it is also somewhat more Important when chemical sinks are
involved., Short-teim concentrations are more sensitive to this relationship
than long-term concentrations; since changing meteorological conditions tend
to average differences in :oncentrations from point tec point. The concentra-
tion distribution in situat.ons involving limited numbers of sources depends
heavily on th- souice-receptor relaticnship. In situations involving mulitiple
sources where sy~ 1l inaccurzcies in one relationship are likelv to be balanced
by inaccuracies i another, this relatiounship is less important. Area source
applications vequire a little less detail than point ¢r line applications,
becsuse £ty spatial extent cof an area source makes an error in the source-

to21r relatrionstiip less sign.ficant in affecting concentration estimates.

2}
3

rece

e

The importance of thie element is somewhat enhanced in complex geographic
situations which place considerable importance on the precise relationship
between =nurce, receptor, and geography. Short-range applications are more
csensitive to the source-receptor relationship than long-range applications.

At long Jdistances emissions have usually become relatively uniformly mixed and

5

a change in geparation cv orientation that would be critical at short range

produces only a negligibis effect. The importance of the source-receptor

3

relationship tc each of tne applications is given in Table 4.2.

Enissica Rate

Other things being equal, concentrations of primary pollutants are

proportivnel to emission rates. For secondary pollutants, the relative
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concentrations of the precursors are very important factors in determining
concentrations. Emission rates were thus always rated zs of at least medium
importance to all applications, and as somewhat more impertant for secondar;,
than for primary pollutants. The same consideration applies to reactive pollu-
tants, making emission rate slightly more dimportant when chemical sinks are in-
volved than when only physical sinks or inert peliutants are modeied. Fmissgion
rates must generally receive more attention in short-term or short-range app!i-
cations than in long-term or long-range applications where other factors su~h
as changing meteorology and removal processes normally can assume greater im-
portance for determining concentrations. PFnissicon rates are rated as sonewhat
more important in situations involving a limited number of sources, because of
the likelihood of compensating errors in the multiple source case. No distinction
is made between different source geometries nor between the imnortance of
emission rates in simple and complex geographic situations. Ratings of the

importance of emission rates to the various applications are siven in Table 4.3.

Composition of Emisgions

This discussion deals only with the chemical composition of emissions.
If the user's application requires the specification of a cize distribution for
particulate matter, the importance ratings in Table 4.4 shouid be reconsidered.
No general statements can be made in this casge, and the user should cons:lt arn

expert to determine importance ratings appropriate to the applircation «f interest.

Chemical composition of emissions is critically important when secondary
pollutants or chemical sinks are involved and of Iittle imporrance when dealing
with primary pcllutants and either no sinks, or physical sinks only. o
difference in importance between long-term and short-term applications is assumed.
A slight extra importance is assigned to applications invclving wultiple sources
or long-range transport, because of the increased possibility £nr chemical re-
actions when many different emissions are mixed or a long time is wiinwed for
reactions to occur. The importance in simple and complex geographic situations
iz the same. The importance ratings for the chemical composition o¢f emissions

are given in Table 4.4.



Plume Behavior

Table 4.5 gives the importance of plume behavior to each of the indexed
applications. Plume behavior is equally important for both primary and
secondary pollutants but is vated mo-e important in cases where physical sinks
are present than when cliemical or 2o sinks are present. This is because the
plume behavior determines how easily the plume contacts the ground, all-wing
the phyeiral removal process Lo operzfte. Chemical removal can occur through-
out the entire volume of mixing. Plume behavior is also rated more important
in short-—term tha: in ‘oag—-t:wc averages, because over short-time spans small
variations masked by averagine over long time spans, may he significant.

The cv -2v= uwpatial Inhormogenecities associated with point sources make plume

hinavi - cce important for point scurces than for line souvrces. Similarly,

L ois . % omt wore iwportant [or line than for area sources. In complex
FE T iruations, rlume behavior is importurt in determining whether the
EA RN T e affecied by the ceowplex situation or rise above its influence.

e e 1o range, vevilcal mixiuy tenas to become uniform and hence plume

hebay -2 is relatively onimporiant.

‘torizontal Wind Field

4

“ha horizontal wind field is generally an importarc element in any
avplication, becsuse advection is tne principal process for pollutant
cranspsvt. It is considered somevhat wore important when chemical reactions
1re imporrant and vhen short-term rather than long—-term averages are desired,
because 2t the need t. r¢mow the wind tield more precisely. The determination

¢t the horizental wind fielld Lo wmeve mpcitan? in commlex terrai- due vo the

channeling of the wind ave. cther affects. The heovit.intol ~t:d 51icld is sone-
what more smpcortant in limited voint «r 0o scurce casee ¢l .1 ureqd or multiple
source cases. Finally, the horizenial wind field is considered vc be very
important in those siiuveiions Lo whicn the actual trailcetonr,; of a parcel of

air must be determined, tivange e femuasel and spatial veriation must be
reproduced. This is the case o loug venge transpors and ‘or very short re-
lease cimes (puff<). Teble (€ gives ri2 dwroriance pacine of horisonral wind

fieic for each ay licatien.
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Verticn' Wind Field

Phe vectice? wiwl fleld 15 considered generally unimportant in many

2

céses of inlerest, becacsde it ds nesriv zerc on average. Vevtical wind itieuxd

is dmpovtant in &s.uetions requicirg cae estimatacn of concentrations at
rcderately short zanges iu regions contawwing complox terrain due to ithe effect
»f the tertain on +the (ihree-dimsznsional) wind sieid. Vertical wind field iz
considered slightl: more important in appliications involviug chemistry than
those in which cizxwistry is unimportant due to the need for a mors accurate
description of tie wind {ield., Vertical wind field is also rousi‘ered mere
important in estimating short-term varher than Jong-term estimater. N¢ dig-
tinction was made for differeat source geome:iries or numbers. Table 4.7 gives

tne importance ratings c¢f vertical wind field for the indexed applications.

Horizontal Dispersion

Table 4.8 gives the importance rating of horizontal dispersior for each
of the indexed applications. Horizontal dispersion is considered tc be of at
least medium importance in evary applicaticn. Horizontal dispersian i< nore
important at short range than at long range, Secuuse the disperoiom processg
is the most rapid and produces the greatesti changes ir conceantraticr estirates
at short ranges. Horizontal dispersion is considered less imporrp-vt 1 - ooz

sources than for lime sources, and less for line then for point sour a- due to
the emission size effect. In the case of secondary pollutancs anc. i i€ cafe
oS chemically reactive pollurants, it 1s very importan: £o De aL.+ L0 uescs ibe
che mixing of emissions with the ambieat air, s'nce chemical rsaction rafes are
sensitive to lecal concentrations, chevelore no. izoatay dispervios s considered
quite importaat in these cases. Similavly, af phveical sings sre present, it

is generally mcre important to handle horizouts: dispersion prcoperly, depending
on the nature of the rermoval >rocess. “he impestance of horizontsl dispersion
is considered to be higher ior swort-iors averarss thaps for leng-ierm, because
the averaging which can occur over long time. geunerally sllows siapler treat-
ments to be adequate. Finally, horizontal dispersicn is considered to be equally

important in either simple or complex terrain.

Vertical Dispersion

Table 4.9 gives the importance rating of vertical dispersion for each

of the indexed applications. Vertical dispersion is given at least a medium
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rating for every application. Tts lwportance is cousideared indepeudent of

[ . B, . - -~ T N P ) J A =~ -~ 2 TN kG e
averezing tine, and appyr-- -2t inaerendant o DR terrain. ‘'arsticed
2lepersion 18 ropnsiderad oo v Imuors ot st -0 0 c3awe” chan oar lo-o o canye

Ve LIS oTtoan {0,k Tt AT T T 2o nrilutranta o
2 57 levoral nrmooe-r 70 oot BRI .o yperariv Tipe
2 e “ 3 HOSR RSO Y IR e S-S 1 CU
SRR A4
" Rty 3 ~ i e o
Jhemigtry and Reactlon 2 Danisn
3 o T PR ' v A : ER
The imporctance of chneni=7. v ord ire treatpe is determined primarily
e o x i e ] N ety e - 3 : - H
py one chemical nature of e ot eciants involveld and to soms extent by the

of the application need be considerec.

travel distance; no other charac oo

-

Chemistry is irrelevant for primary inert pollutants, is of importance for
primary reactive or secondary inert pollutants, and is of even more importance
for secondary reactive pollutants. The importance of chemistry is rated lower
for primary reactive and secondary inert pollutants than for secondary reactive
pollutants. If chemical reactions provide both a source and a sink for a given
pollutant, chemistry is more important than if they provide either source or sink,
but not both. This is a somewhat arbitrary ranking; the real importance of a
detailed treatment of chemistry depends on the complexity of the system of re-
actions and the number of pollutants involved. Chemistry is considered
slightly more important for long-range than for short-range applications due

to the longer travel time and greater opportunity for reactions to occur.

Table 4.10 gives the list of importance ratings of chemistry and reaction

mechanism for each of the indexed applications.

Physical Removal Processes

We consider two processes in this category: dry deposition and pre-
cipitation scavenging. Physical removal is important, by definition, in those
applications for which the user has taken the physical or chemical/physical
sink branch on the Application Tree. Physical removal is also slightly more
important for pollutants with chemical sinks than conservative ones. Physical
removal 1is more important for long-range than for short-range applicatioms,
because of the cumulative effects of the process. 1Its importance is considered

roughly independent of source type and averaging time. Physical removal is



A88

considered slightly more important in complex rather than simple terrain, due

to the increased surface roughness. It should be pointed out that the importance
of precipitation scavenging, as a removal process, depends primarily on the
fraction of the time during which precipitation occurs in the application of
interest. Thus, for short-term applications precipitation scavenging may

usually be neglected, while for long-term, or possibly long-range, applications

a convenient measure of its importance is the rainfall probability. Table 4.11

lists the importance ratings of physical removal for the indexed applications.

Background, Boundary and Initial Conditiomns

The importance ratings of background, boundary and initial conditions
to the indexed applications are given in Table 4.12. These conditions were
rated as highly important for secondary pollutants where precursor background
levels can significantly influence the pollutant concentrations in the region
of interest and for applications involving sinks where the advected concentra-
tions might be significantly depleted during transit. These elements are
crucial for applications involving reactive pollutants where the details of the
pollutant mix must be known. These elements are equally important for short
and long-term averaging times and for short and long-range transport. They
are independent of the specific source characteristics and geography and are

assumed to be of at least medium importance to all applications.

Temporal Correlations

Temporal correlations relate the time variations of the other application
elements in their proper sequence. The importance of temporal correlations to
the indexed applications is given in Table 4.13. They are rated more important
for secondary than for primary pollutants, because the exact sequence and
correlation of emissions and meteorology determine whether the pollutants are
brought into contact so that reactions can occur. The ambient concentration is
less sensitive to correlations for primary pollutants. Similarly, when physical
and chemical sinks are involved, it is important to treat correlations. When
treating short-term averages, it is generally important to know the detailed
short-term fluctuations in the relevant factors and to correlate them properly;
such detail is usually unnecessary when treating long-term averages. Thus,
correlations are more important in short-term than in long—term applications.

No distinctions are made between the various source types. More importance is



ssolictec with terporal CoTrelai. hie o1 10T wa geogranhic sitvations.  Here

m

correlations between emissions and dispersion factors can determine whether a
particular emission passes within the perturbing influence of the complex
geography. Shorterange applications usually require more attention to temporal
correlations. At short range, rapid changes normally occur in plumes whereas
at long range these changes are slower and require less detail to treat

adequately.
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Appendix B. BACKGROUND MATERIAL ON SUGGESTED REFERENCE MODELS

Appendix B is divided into two parts. The first, Appendix B.1,
consists of Table B.1l which provides the classification of each suggested
reference model, and Tables B.2-B.13 which provide the treatment of each
of the twelve application elements used by these moﬁels. The second part,
Appendix B.2, provides abstracts of and the working equations used by the
suggested reference models. A glossary of symbols is provided at the end

of Appendix B.2.
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B.1. REFERENCE MODEL TREATMENTS OF APPLICATION ELEMENTS

This appendix provides the classification of each suggested
reference model in Table B.l and the treatment used by each model of

the twelve application elements in Tables B.2-B.13.
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Table B.1. Reference Model Classification

Suggested
Reference Classification
Model
APRAC-1A Semiempirical/Sequential (steady-state)
ATM Semiempirical/Climatological (steady-state)
CDM Semiempirical/Climatological (steady-state)
Single Source (CRSTER) Semiempirical/Sequential (steady-state)
DIFKIN Numerical (vertical)/Semiempirical (horizontal)/
Dynamic

HIWAY Semiempirical/Steady-state
RAM Semiempirical/Sequential (steady-state)

SAT Numerical/Dynamic

STRAM Semiempirical/Dynamic
Valley (short-term) Semiempirical/Steady-state

(long-term) Semiempirical/Climatological (steady-state)




Table B.2.
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Treatment of Source-Receptor Relationship
by Reference Models

a. Horizontal Source and Receptor Location

Reference
Model

APRAC-1A

ATM

CDM

Single Source®
(CRSTER)

DIFKIN

HIWAY

Source
Geometry

Line and area

Point, area,
and line

Point and area

Point

Point and area

Line

Method of Treatment

User specifies line sources (traffic links) with arbitrary locations and lengths.
Area sources (off link traffic) allocated to 2 mi x 2 mi grid.

For each receptor both are aggregated onto wedge-shaped areas of a polar grid
centered on a receptor (a different grid is used for each receptor) such that:

1) Radii of circular boundaries increase in geometric progression.

2) Radial boundaries are 22.5° beyond 1000 m and 45° under 1000 m from receptor.
(3,3 for area, line)?

Up to 10 arbitrarily located receptors. (l)b

Street canyon submodel: Four internally located receptors on each user-
designated street. {2 for line)2d (4)

Arbitrary location for all sources. (1 for all source types)?2

Areas should be roughly square or circular.

Arbitrary receptor location. (1)b

Assumes flat terrain; elevation not treated.

Treats multiple point, area, and line sources.

Treats up to ten receptors.

Arbitrary location for point sources. (1 for point)?

Area sources are squares of uniform size in user-defined grid; user may specify

sources which are integer multiples of the grid size, but these must be super-
imposable directly om the grid. (2 for area)

Receptors located arbitrarily. (l)b

Up to 19 sources all assumed to be located at same user~specified, arbitrary
position, (1-2)2

Receptor locations restricted to 36 azimuths (every 10°) and five user-specified
radial distances. (3)

All sources aggregated to square 2 mi x 2 mi grid cells in an array
25 cells x 25 cells. (2,2 for point, area)?®

Sources classified as points (power plants, refineries), distributed stationary,
and mobile.

Receptors located arbitrarily within boundaries of emission grid. ()b

Straight finite line segments (will treat up to 24 parallel segments), arbitrarily
located. (2)2@

Arbitrarily located receptors. (1)b

Cut section mode:
Emissions treated as coming from 10 lines at top of cut. (2-3)2

Receptors cannot be in cut. (2)b
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Table B.2 (Cont'd)

a. (Cont'd)

Reference Source
Model Geometry Method of Treatment
RAM Point and area Arbitrary location for point sources, (1 for point)?2
Receptors may be:
1) Located arbitrarily, (l)b
2) Located internally near individual source maxima, (4)D
3) Located on internally generated hexagonal grid to give good coverage in user-
defined portion of region of interest. (4)
Area sources are multiples of unit squares on a grid; user controls scale of
grid. (2 for area)?
SAI Point and area All sources aggregated to square grid of arbitrary spacing and up to 25 x 25 cells.
(2,2 for point, area)?
Sources classified as points (power plants), distributed stationary and mobile.
Multiple receptors located arbitrarily within boundaries of emission grid. (2)b
Concentrations also calculated in each grid cell (up to 25 x 25 x 5 estimates).
STRAM Point Arbitrary location for each source, (1)a
Up to 10 arbitrarily located receptors plus receptors at intersections of a grid
of up to 13 x 13 equally spaced boundaries. (1,3)
Valley Point and area Arbitrary location and elevation for each point source. (1 for point)a
Arbitrary location, elevation, and size for square area sources. (1 for area)?
Must be less than 51 sources.
Receptors (112) on 16 direction radial grid; relative radial distances fixed
internally; scale and origin of grid defined by user. (3)
b. Release and Receptor Heights
Reference Source
Model Geometry Method of Treatment
APRAC-1A Line and area Sources assumed at ground level. (3,5 for line, area)®
Receptors assumed at ground level. (7)d
ATM Point, area Arbitrary release height for each source. (2,3,2 for point, line, area)C
and line
Receptors at ground level, (7)d
CDM Point and area Assumes flat terrain; arbitrary stack height for each source. (2,3 for point,

Single Source®
(CRSTER)

Point

area)®

Chooses larger of input stack height or 1 m.
Receptors at ground level. nd

Arbitrary stack height for each source. (1)€

Unique topographic elevation for each receptor: must be less than each stack
height.

Receptors must be at ground level. (combination of 2,7)¢
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Table B.2 (Cont'd)

b. (Cont'd)
Reference Source
Model Geometry Method of Treatment
DIFKIN Point and area Emissions treated as upward pollutant fluxes at ground surface. (5,5 for point,
area)®
Receptors at equally spaced heights from the ground to the mixing height. (4)d
HIWAY Fine Arbitrary release heights. (2)°
Arbitrary receptor heights. (1)d
RAM Point and area Arbitrary release height for each point source. (2 for point)C
Up to three effective release heights (appropriate for 5m/sec winds) may be
specified for area sources, (2 for area)®
Value for a particular area must be one of these three.
Receptors all of same height at or above ground level; flat terrain assumed. (7)€
SAT Point and area Arbitrary release height for point sources (power plants). (1 for point)€
Point source emissions assumed uniformly mixed throughout vertical column in
which emission takes place.
Other emissions treated as upward fluxes at ground surface; arbitrary topographic
elevation. (Combination of 1,3 for area)®
Receptors at ground level. (7)d
STRAM Point Arbitrary release height for each source. (2)c
Receptors at ground level; flat terrain assumed. (7)d
Valley Point and area Arbitrary release height for each source. (1, combination of 1, 3 for point,
area) €
Receptors at ground level at any elevatioa on existing
topographic features. (combination of 7)
c. Downwind/Crosswind Distances®
Reference Source
_Model Geometry Method of Treatment
APRAC-1A Line and area Uses exact downwind distances to the two radial boundaries of each gridded
area source. (1 for area)
ATM Point, area Unique downwind and crosswind distances for each point source-receptor pair,
for three points within each area source, and for nine points along each
line source. (1 for all source types)
CDM Point and area Calculates unique downwind distance for each point source-receptor pair.

Single Source®
(CRSTER)

DIFKIN

HIWAY

Point

Point and area

Line

Calculates representative distances for area source-receptor pairs. (1, 2 for

point, artea)

Calculated from source to each receptor location. (1)

Not applicable. Distance traveled along computed trajectory not used explicitly.

Precise downwind and crosswind distances for each point along line. (1)
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Table B.2 (Cont'd)

c. {(Coat'd)

Reference Source
Model Geometry Method of Treatment

RAM Point and area Unique downwind and crosswind distances for each point source-receptor pair.
(1 for point)
Downwind distance calculated for points along ravs which intersect area sources.
(1 for area)

SAT Point and area Not applicable.

STRAM Point Not applicable; concertration calculated at each receptor based upon distance
along and distance from trajectory centerline.

Valley Point and area Exact dewnwind distance calculated for each point-source receptor pair.
(1 for point)
Single representative downwind distance used for area sources, (2 for area)

. . £
d. Orientation
Reference Source
Model Geometry Method of Treatment

APRAC-1A Line and area Traffic links (lines) may have arbitrary horizontal orientation but this detail is
lost when links are gridded onto the receptor-centered polar grid. (2,2 for area,
line)

ATM Point, area Orientation of areas not treated explicitly. (3 for area)

and line Lines horizontal, arbitrary orientation. (2 for lines)

CDM Point and area Sides of areas must lie along grid directions.

Single Sourceg Point Not applicable.

(CRSTER)

DIFKIN Point and area Areas oriented by fixed grid boundaries. (2)

HIWAY Line Line assumed horizontal with arbitrary orientation. (2)

RAM Point and area Sides of areas must lie along grid directions. (2)

SATI Point and area Areas oriented by fixed grid boundaries. (2)

STRAM Point Not applicable.

Valley Point and area Area sources assumed oriented with one side parallel to wind direction,
(Somewhat less detailed than 2)

3Numbers in parentheses refer to treatments of horizontal source location for the appropriate source type as given in

Table 5.1 a.

bNumbers in parentheses refer to treatments of receptor location as given in Table 5.1 e.

“Numbers in parentheses refer to treatments of release height for the appropriate source type as given in Table 5.1 b.

dNumbers in parentheses refer to treatments of receptor height as given in Table 5.1 f.

®Numbers in parentheses refer to treatments of downwind/crosswind distances for the appropriate source type as given

in Table 5.1 c.

fNumbers in parentheses refer to treatments of source orientation for the appropriate source type as given in

Table 5.1 d.

BCRSTER should be used only when

the receptor is below stack height.
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Treatment of Emission Rate by Reference Models

Reference
Model

Source
Geometry

Method of Treatment

Spatial Variation®

Temporal Variationb

APRAC-1A

CDM

Single Sourcec
(CRSTER)

DIFKIN

Line and

Point,
area, and
line

Point and
area

Point

Point and
area

Arbitrary line source emissions aggregated onto grid
described under source-receptor relationship (Table
B.2).

Arbitrary off-link grid squares assumed uniform and
aggregated to same grid.

Area source contributions from grid obtained by
numerical integration of narrow plume approximation
formulae; contributions calculated from all upwind
sources located within the wedge-shaped grid.

(2 for gridded area sources)

Arbitrary rate for each point, line and area source.

Area sources transformed into polar areas each of
which is represented by three effective point sources;
shape of area depends upon angle subtended by area at
each receptor.

Total area source contribution estimated as a sum of
individual contributions.

Line sources treated as ten effective points.

Areas and lines assumed uniform. (1, modified 4,4 for
point, area, line)

Treats "windblown" source as an area source of TSP
with emission rate determined by user input values of
type of material, density, saltation diameter, and
suspension diameter appropriate to each source and
the wind speed. ("Windblown' source: modified 4)

Arbitrary emission rate for each point and area
source.,

Area sources assumed uniform.

Area source contributions integrated numerically
one 22.5° sector at a time, based on sampling
points located at specific angular and radial
intervals on a polar grid centered at receptor.
(1, 3 for point, area)

o))

Arbitrary emission rate for each source.

Emissions treated as upward pollutant fluxes at
ground surface.

Individual rate for each 2 mi x 2 m1 grid square:

Rates for mobile sources determined from user-
supplied emission factors and traffic data.

Rates for stationary sources input by user,

Calculates contributions from grid squares along
trajectory. (1, modified 3 for point, area)

Program option allows user to input directly ar-
bitrary surface pollutant fluxes for up to three
pollutants (not necessarily photochemically re-

active).

Daily trafic volume for each link
and off-link grid square is input
and modified to produce hour-by-
hour emissions. (Equivalent to 2b)

Street canyon submodel: Hourly
emission rate for link of interest
is input by user. (5)

Constant emission rates.

(5)

Day/night variations in emissions;
same variation for all sources. (2b)

Monthly variation in emission rate
allowed. (3)

Sequence of hourly average rates
for mobile sources.

Stationary source rates assumed
constant. (1,3)
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Table B.3 (Cont'd)

Method of Treatment

Reference Source 2 5
Model Geometry Spatial Variation Temporal Variation

HIWAY Line Uniform emission rate for each traffic lane. Constant emission rates. (5)

Each lane integrated numerically to obtain con-
tribution. (3)

RAM Point and Arbitrary emission rate for each point and area Constant emission rates. (5)
area source.

Area source contributions obtained by numerical inte-—
gration along upwind distance of narrow-plume approxi-
mation formulae for area source with given effective
release heaght.

Includes oniy those areas intersected by the upwind
ray. (1 for point} 4,5 for area)

SAL Point and Point source emissions distributed homogenecusly Sequence of hourly average rates
area throughout entire vertical column above grid for mobile sources.
square containing the source; emission rates
supplied by user. Stationary source rates assumed
constant. (1,3)
Other emissions treated as upward pollutant fluxes
at ground surface.

Rates for mobile sources determined from user-
supplied emission factors and traffic data.

Rates for stationary sources input by user. (Mod-
ified 1,3 for point, area)

STRAM Point Arbitrary emission rate for each source. (1) Constant emission rates. (5)

Valley Point and Arbitrary rate for each point and area source. Constant emission rates. (5)
area
Area sources treated as single effective point
sources.

Total area source contribution estimated as a sum of
individual contributions., (1,4 for point, area)

Numbers in parentheses refer to treatments of spatial variation as given in Table 5.2.
bNumbers in parentheses refer to treatments of temporal variation as given in Table 5.2.

SCRSTER should be used only when the receptor is below stack height.
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Table B.5. Treatment of Plume Rise by Reference Models

L 4

Reference Treatment of
Model Treatment of Plume Rise® Downwash/Fumigation

APRAC-1A Not treated explicitly. (5) Does not treat either.

ATM For each point source, user inputs a value representing Does not treat either.

the product of plume rise with 1) wind speed and 2) the
cube root of the wind speed for neutral and stable cond-
itions, respectively.

Maximum effective stack height limited to 1500 m.
(Modified 4b)

No plume rise for area and line sources; a constant value
could be included in user—supplied release height. (4e,5)

Uses "tilted plume" approximation to treat depositicn of
particulates (see Table 5.13).

CDM Briggs' 2/3 (1971) neutral/unstable formula used for Loes not treat either.
point sources.

If (stack height) + (plume rise) exceeds mixing height,
ground level concentrations are assumed equal to zero,
(Modified 4a)

As an alternative to Briggs', the user may input a value
of the product of plume rise and wind speed for each point
source. (Alternative : 4e)

No plume rise calculated for area sources; a constant value
could be included in user-supplied release height. (4e,5)

Single Sourceb Briggs' (1971, 1972) final plume rise formulas; plume rise Coes not treat either.
(CRSTER} not treated as a function of downwind distance.

If piume height exceeds mixing height, concentrations
further downwind assumed equal to zero. (4a)

DIFKIN Not treated explicitly. (5) Does not treat either.

HIWAY Not treated explicitly but could be included in release Does not treat either.
height, (4e,5)

RAM Uses Briggs' (1971, 1972) downwind distance dependent Does not treat either.
plume rise formulae for point sources.

If plume height exceeds mixing height, ground level
concentrations assumed zero. (Modified 4a)

No plume rise calculated for area sources; could be
included in release height. (4e,5)

SAT Uses Briggs' formulae (1971) for point sources (power Does not treat either.
plants only) to determine if plume penetrates inversion.

If plume height exceeds mixing height, emissions from
source are not treated. Other power plant emissions
included in ground level flux. (4a)

Treats emissions as ground level fluxes; plume rise not
treated explicitly. (5)

STRAM Not treated explicitly; could be included in release Does not treat either.
height for each source. (4e,5)

Valley Uses Briggs' (1971, 1972) plume rise formulae for Does not treat either.
both point and area sources.

Option: A single constant plume rise value may be
input for amy or all sources. (Option: 4e)

If plume height exceeds mixing height:

A. For long-term calculations, ground level concentra-

tions assumed equal to zero.

B. For short-term calculations, maximum plume height
is limited to the mixing height.
(Modified 4a)

aNumbers in parentheses refer to treatments as given in Table 5.4.

bCRSTER should be used only if receptor height is below stack height.
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Table B.8. Treatment of Horizontal Dispersion
by Reference Models
Reference
Model Classification Method of Treatment
APRAC-1A Semiempirical/sequential Sector averaging (narrow plume approximation)
(steady-state) 45,00 less than 1 km.
22.5° beyond 1 km.
Atmospheric stability not treated explicitly.
Surface roughness not treated explicitly., (4b,3,3,na)?
ATM Semiempirical/climatological Uniform horizontal distribution assumed within each of 16
(steady~-state) 22.5° sectors (sector averaging).
Atmospheric stability not treated explicitly.
Surface roughness not treated explicitly.
Averaging time assumed long enough for sector averaging to
be valid. (5¢,3,2a,na)?
CDM Semiempirical/climatological Uniform horizontal distribution assumed within each of 16

Single Source®

(CRSTER)

DIFKIN

HIWAY

(steady-state)

Semiempirical/sequential
(steady-~state)

Numerical (vertical)/
Semiempirical
(horizontal)/dynamic

Semiempirical/steady~state

Semiempirical/sequential
(steady-state)

22,5% sectors (sector averaging).
Atmospheric stability not treated explicitly.
Surface roughness not treated explicitly.

Averaging time assumed long enough for sector averaging to
be valid. (5¢,3,3,na)?

Gaussian plume function assumed.

Atmospheric stability divided into seven classes,
Surface roughness not explicitly treated.
(4a,2b,3,3)2

One hour averaging time used.

Narrow plume approximation about calculated trajectory.
(3¢,3,3,na)3

Gaussian plume function assumed for each point along line;
numerical integration along line.

Atmospheric stability divided into six (Pasquill-Gifford)
classes,

Dispersion coefficients from Zimmerman and Thompson (1975)
less than 100m, from Turner (1969) beyond 100m.

Level grade mode - initial value of dispersion coefficient
set at 3.0 m.

Cut section mode - initial value of dispersion coefficient
an empirical function of wind speed.

Surface roughness not treated explicitly.
One hour averaging time used. (4a,2b,3,3)a
Gaussian plume function assumed.

Atmospheric stability divided into six (Pasquill-Gifford)
classes,

Dispersion coefficients from Turner (1969) or McElroy and
Pooler (1968) at user option,

Surface roughness not treated explicitly.,
One hour averaging time used.

Point sources: (4a,2b,3,3)3; Area sources: (4b,3,3,na)?
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Table B.8 (Cont'd)

Reference
Model Classification Method of Treatment

SAI Numerical/dynamic Numerical solution of advection-diffusion equation in three
dimensions.
Horizontal eddy diffusivity value assumed uniform and
constant and is fixed in the code, (1b,3,3,3)a,(4,4,3)b

STRAM Semiempirical/dynamic Crosswind distribution about calculated trajectory assumed
Gaussian,
Atmospheric stability divided into six (Pasquill-Gifford)
classes.
Same stability class assumed to hold over entire region of
interest.
Surface roughness not treated explicitly.
Dispersion coefficients determined by Integration of expres-
sions for rates of change; based on Turner (1969) up to 100km,
Heffter and Ferber (1975) beyond 100 km.
Averaging time specified by user. (3b,2b,3,3 and 5)2

Valley Semiempirical/climatological Long~term calculations:

(steady-state)

Semiempirical/steady-state

Uniform horizontal distribution assumed within each of
16 22,5° sectors (sector averaging).

Atmospheric stability not treated explicitly.
Surface roughness not treated explicitly.
Averaging time assumed long enough for sector averaging
to be valid. (5c,3,3,na)?
Short~term calculations (24-hour maximum only):

Uniform horizontal distribution assumed within each of
16 22.5° sectors (sector averaging).

Atmospheric stability not treated explicitly.
Surface roughness not treated explicitly.
Averaging time: 24 hours.

(5¢,3,3,na)?

2Numbers in parentheses refer to treatments listed in Tables 5.7, 5.8, 5.9 and 5.10 respectively. The user should
refer to the appropriate section (numerical or semiempirical) of Table 5.10 according to the model classification.

bNumbers in parentheses refer to the dependence of the horizontal eddy diffusivity on horizontal location, height

above ground, and time as given in Table 5,11,

cCRSTER should be used only when the receptor is below stack height.
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Table B.9. Treatment of Vertical Disersion by Reference Models
Reference
Model Classification Method of Treatment
APRAC-1A Semiempirical/sequential Gaussian plume function assumed.
(steady-state) Atmospheric stability divided into six (modified

Pasquill-Gifford) classes.
Dispersion coefficient modified from McElroy and
Pooler (1968).
Surface roughness not treated explicitly.
Downwind distance dependence of dispersion coefficient
assumed axP? for purposes of doing analytic integration.
In street-canyon submodel, semiempirical function of
wind speed, street width, and direction is used.
(4a,2b,3,3)2

AT™M Semiempirical/climatological Gaussian plume function assumed.

(steady-state) Atmospheric stability divided into six (Pasquill-

Gifford) classes.
Dispersion coefficients from Turner (1969) or Hosker
(1973). (user option).
Surface roughness characterized by a user-specified
roughness parameter (Hosker dispersion coefficients
only) a
(4a,2b,2a,3)

CDM Semiempirical/climatological Gaussian plume function assumed.

Single Source®
(CRSTER)

DIFKIN

HIWAY

(steady-state)

Semiempirical/sequential
(steady-state)

Numerical (vertical)/
Semiempirical (horizontal)/
dynamic

Semiempirical/steady-state

Atmospheric stability divided into six (Pasquill-
Gifford) classes, with neutral stability divided into
day and night cases.

Stability class decreased by one class (more
unstable) for area sources.

Surface roughness not treated explicitly.

Dispersion coefficients from Turner (1969).
(4a,2a,3,3)?

Gaussian plume function assumed.

Atmospheric stability divided into seven (P-G) classes.
Surface roughness not treated explicitly.

Dispersion coefficients from Turner (1969).
(4a,2b,3,3)2

Numerical integration of diffusion equation in
vertical direction.

Vertical eddy diffusivity values specified hourly by
user at user-~defined discrete heights above ground.
(1b,2a,3,2)®, (4,3,2b)P

Gaussian plume function assumed.

Atmospheric stability divided into six (Pasquill-
Gifford) classes. '

Dispersion coefficient from Zimmerman and Thompson
(1975) less than 100m, from Turner (1969) beyond 100m.

Level grade mode -~ initial dispersion coefficient set
at 1.5m.

Cut section mode - initial dispersion coefficient an
empirical function of wind speed.
(4a,2b,3,3)2
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Table B.9Y

(Cont'd)

Reference

Model Classification

Method of Treatment

RAM Semiempirical/sequential

(steady-state)

SAL Numerical/dynamic

STRAM Semiempirical/dynamic

Valley® Semiempirical/climatological

(steady-state)

Semiempirical/steady-state

Gaussian plume function assumed.

Atmospheric stability divided into six (Pasquill-
Gifford) classes.

Dispersion coefficients from Turner (1969) or McElroy
and Pooler (1968) at user's option.

Surface roughness not treated explicitly.
(4a.2b,3,)?
Numerical solution of advection-diffusion equation in

three dimensions.

Vertical eddy diffusivity an empirical function of
wind speed and heightbabove ground.

(1b,3,3.2)%, (4,3,2b)

Two options are available to the user:

1) Gaussian plume function assumed.

Atmospheric stability divided into six (Pasquill-
Gifford) classes.

Same stability class assumed to hold over entire
region of interest.

Surface roughness not treated explicitly.

Dispersion coefficients determined by integration
of expressions for rates of change; based on
Turner (1969) up to 100 km, Heffter and Ferber
(1975) beyond 100 km.

2) Uniform vertical distribution up to mixing height
assumed.
(3b or 3d,2b,3,3)?

Long-term calculations:
Gaussian plume function assumed.

Atmospheric stability divided into six (Pasquill-
Gifford) classes.

Surface roughness not treated explicitly.
Dispersion coefficients from Turner (1969).
(4a,2b,3,3)
All input stable conditions are
treated as neutral in urban option.

Short-term calculations (24~hour maximum only):

Gaussian plume function assumed.

One stability class (stable: Pasquill-Gifford
"F") used when terrain elevation approaches
or exceeds stable plume height.

Surface roughness not treated explicitly.

Dispersion goefficients from Turner (1969).
(4a,2¢,3,3)

All input stable conditions are
treated as neutral in urban option.

ANumbers in parentheses refer to
should refer to the appropriate
classification.

bNumbers in parentheses refer to
height above ground and time is

CCRSTER should be used only when

given in Table 5.11.

treatments listed in Tables 5.7, 5.8, 5.9 and 5.10, respectively,
section (Numerical or Semiempirical) of Table 5.10 according to the model

The user

the dependence of the vertical eddy diffusivity on horizontal location,

the receptor is below stack height.
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Table B.10 Treatment of Chemistry and Reaction Mechanism by Reference Models

Reference
Models Method of Treatment?
APRAC-1A Not treated explicitly. (7)
ATM Not treated explicitly. (7)
CDM Treats only first-order removal processes: exponential decay.

Single Sourceb

(CRSTER)

DIFKIN

HIWAY

SAI

STRAM

Valley

Single, constant user-supplied halflife used. (6)

Not treated explicitly. (7)

Photochemical smog system: (4)
Sixteen reactions involving 10 chemical species (NO, Hc, NO2
04, HNOy, NO5, N2Os, OH, RO2, CO).

Lumping approximation for 2 species (Hc, RO,).
Steady-state approximation for 4 species (NOj, N,0g, OH, RO2).

User specifies NO, photolysis rate constant as function of
time (up to 300 sequential values).

No adjustment made for effects of imcomplete turbulent mixing
below the resolution of the grid.

Program option allows user to prescribe arbitrary chemical
reaction mechanism (up to 20 chemical species, up to 20
reactions).

Not treated explicitly. (7)

Treats only first-order removal process: exponential decay.
Single, constant user-supplied halflife used. (6)
Photochemical smog system: (4)

Fifteen reactions involving 10 species (NO, NO,, O3, Hc, O,
OH, HO,, ROy, NO3, HNO2).

Lumping approximation for 2 species (Hc, ROZ).

Steady-state approximation for 6 species (NO3, O, ROy, OH,
HO,, HNOj).

NOs photolysis rate calculated internally as a function of
time.

No adjustments made for the effects of incomplete turbulent
mixing below the resolution of the grid.

SO5-sulfate aerosol system:

807 to sulfate conversion approximated by a first-order
process with internally defined value of the rate constant. (6)
Treats only first-order removal processes: exponential decay.

Single, constant user-supplied halflife used. (6)

a8 Numbers in parentheses refer to treatment numbers in Table 5.12.

b CRESTER should be used only if receptor height is less than stack height.
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Table B.13 Treatment of Temporal Correlations
by Reference Models

Reference
Model

Type of Treatment

Degree of Temporal Resolution
and Quantities Correlated®

APRAC-1A

ATM

CDM

Single Source?
(CRSTER)

DIFKIN

HIWAY

SAT

STRAM

Valley

Sequential; correlations
automatic.

Non-sequential (climatolog-
ical); limited correlation
between some meteorological
parameters.

Non-sequential (climatolog-
ical); limited correlation
between total emission rate
and meteorological parameters.

Sequential; correlations
automatic for meteorological
parameters,

Sequential treatment up to 24
hours; correlations
automatic,

Not applicable.

Sequential treatment; cor-
relations automatic for
meteorological parameters.

Sequential treatment up to 24
hours; correlatious
automatic.

Sequential treatment; cor-
relations automatic for
meteorological variables.

Non-sequential (climatolog-
ical); limited correlation for
meteorological variables.

Emissions a function of hour of the day and day of the week.

Wind speed, direction, stability and mixing height are funec-
tions of hour of the day. {la)

Wind speed, wind direction, stability correlated via stabili-
ity wind rose.

Emission rates constant, not correlated with other parameters.

Mixing height correlated with stability class through limits
on gz, different limit for each class. (2b)

Wind speed, wind direction, stability correlated via
stability wind rose,

Mixing height adjusted according to stability class:
Class A--1.5 x (afternoon climatological value).

Class D (night)-—average of morning and afternoon climato-
logical values.

Class E~--Morning climatological value.
Class B, C, D (day)--Appropriate climatological value.

Emission rates: day-night variations allowed; all sources
vary by same factor, (2b)

User supplies hourly values of wind speed, wind direction,
mixing height, and other meteorological variables required
for determining stability class and plume rise.

Monthly emission variation allows limited emission-meteorology
correlations, (1lc)

Parameters updated each hour: mobile emissions from each
grid square, wind speed and direction (trajectory); vertical
diffusivity values at each height, mixing height, NO; phota-
lysis rate constant,

Update based on user input values. (1b)

Not applicable; user inputs specific parameter values for
the hour of interest,

User supplies hourly values of wind speed, wind direction,
mixing height, and other meteorological variables required
for determination of stability class and plume rise.

Emission rates constant, not correlated with other parameters.

(lc)

Parameters updated every hour: mobile source emission for
each ground-level grid square, point source (power plant)
emissions, wind speed and direction, mixing height at every
vertical column of grids, vertical eddy diffusivity at every
vertical interface of grid cells, incoming fluxes at bound-
aries, NOj photalysis rate constant.

Update based on user input values. (la)
Stability class and mixing height changed each hour based on
user-input values.

Horizontal components of windfield updated at 12 hour inter-
vals based on radiosonde data; changed each hour by inter—
polation between updates.

Emission rates constant; not correlated with other parameters,
(1e)

Wind speed, direction, stability correlated via stability
wind rose.

Emission rates constant; not correlated with other parameters.
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Table B.13 (Cont'd)

Reference Degree of Temporal Resolution
Model Type of Treatment and Quantities Correlated
Valley (Cont'd) Mixing height adjusted according to stability

class: (2b)

*Long-term mode
Class A: 1.5x (afternocon value)
Class B,C: Afternoon value.

Class D(day): Afternoon value for 60%
of cases.

Class D(night): Urban--0.5x((afternoon value]
+ (nighttime value)) for 40% of cases.

Rural--0.5x(afternoon value for
40% of cases.

Class E,F: Urban--nighttime mixing height
(dispersion treated as Class D).

Rural--No limit.

«Short-term mode

Class A,B,C,D: Afternoon value.

Class E,F: Same as long-term mode.

3Numbers in parentheses refer to treatment numbers in Table 5.15.

bCRSTER should be used only when receptor height is below stack height.

B.2 REFERENCE MODEL ABSTRACTS AND EQUATIONS

This appendix provides abstracts and working equations for each reference
model identified and suggested for use with this workbook. A glossary of symbols

is given at the end of this appendix.
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B.2,1 CDM
Reference: Busse and Zimmerman (1973), Brubaker, et. al. (1977).

Abstract: The Climatological Dispersion Model {(CDM) is a climatological steady-—
state Gaussian plume model for determining long-term (seasonal or annual)

arithmetic average pollutant concentrations at any ground level receptor in an

urban area.

A statistical model based on Larsen (1968) is used to transform the
average concentration data from a limited number of receptors into expected

geometric mean and maximum concentration values for several different averaging

times.
Equations:

Xyoint — om Q ¢ S, (p)/p

point 2m S & = n knlm fm""n" " "n
16 16 6 6
Xarea = 37 [g;ﬁ 4, (P) é;& g;a O om Szm(o)] dp
with q (p) = _[*Q(p,e)dG
Sector k
2
1 H 0.692
S (p) = ———— exp [— 5 | = ] exp [ ~ 222D } for 0 < 0.8L
Am VIT 0 u, 219, 9 T1/2 z =

Slm(p) = ;l—l-f exp (:— 3'?92 } for ¢ > 0.8L
2 271/2 z

o, = apb; a, b = functions of stability class (m) and downwind distance (p) -
three ranges of distance used: 100 - 500, 500 - 5000,

5000 ~ 50000 m

Calibration: X .jibrated - *background FA* P Xuncalibrated

with Xuncalibrated Xpoint + Xarea

Statistical transformation of averaging times for 1-24 hour averages.
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B.2.2 RAM
Reference: Hrenko and Turner (1975).

Abstract: RAM is a steady state Gaussian plume model for estimating‘égncen—
trations of relatively stable pollutants for averaging times from an hotr to
a day in urban areas from point and area sources. Level or gently rolling

terrain is assumed. Calculations are performed for each hour.

Equations:

Contribution from single upwind area source

X
2

Xy =-§ Jﬁ f dx, integral evaluated numerically
*1

Xqs Xy = points of intersection of ray from receptor through area
source in question.
étéblerconditions: f = ——};——-g
2m o, 2

Xpoint ~ 2mo_o. 8182
vz
Neutral or stable conditions with o, < 1l.6L
£ =
92T o, &3
Xpoint ~ 2muo_o. 5183
vy z

Neutral or unstable conditions with Oz > 1.6L

point 2T uLOy &1




2
z+H+2nL

}

Mixing Height Algorithm:

Two different mixing heights can be calculated. One is for basically
rural surroundings; the other is for urban locations. The user is given the
option to specify which he wants to use. The way in which hourly mixing
heights are determined from maximum mixing heights (MXDP) for yesterday
(i-1), today (i) and tomorrow (i+l) and minimum mixing height (MNDP) for

today (i) and tomorrow (i+l) is depicted in Figure B.l,

For urban mixing height, between midnight and sunrise; i the
stability is neutral interpolate between MXDPi_l and MXDPi.<E>’ if
stability is stable use MNDPi (:). For hours between sunrise and 1400,
if the hour before sunrise was neutral, interpolate between MXDP].___l and
MXDPi<::). For sunrise to 1400, if the hour before sunrise was stable,
interpolate between MNDPi and MXDPi (E). For 1400 to sunset, use MXDPi <:>.

For hours between sunset and midnight; if stability is neutral interpolate

between MXDPi and MXDPi+l (:), if stability is stable interpolate between

MXDPi and MNDPi+l( 7>.

For rural mixing height between midnight and sunrise, interpolate
between MXDPi—l and MXDPi.<§>. For hours between sunrise and 1400, if
the hour before sunrise was neutral interpolate between MXDPi_l and MXDPi.(E)'
For sunrise to 1400, if the hour before sunrise was stable, interpolate
between 0 and MXDPi . For 1400 to sunset, use MXDPi @ . For sunset
to midnight, interpolate between MXDPi and MXDPi+l (:).
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B.2.3 Single Source (CRSTER)

Reference: FEPA (1977),

Abstract: Single Source (CRSTER) is a steady state Gaussian plume technique
applicable where terrain elevation does not exceed physical stack height. The
purposes of the technique are: 1) to determine the maximum 24-hour concen-
tration from a single point source of up to 19 stacks for one year, 2) to de-
termine the meteorological conditions which cause the maximum concentrations,
and 3) to store concentration information useful in calculating frequency
distributions for various averaging times. The concentration for each hour

of the year is calculated and midnight-to-midnight averages are determined

for each 24-hour period.

Eguations:

=.__Q;_

X 2ﬂuOyOz 8183 for 9, < 1.6L

X = 27ruLOy 81 for o, > 1.6L

X = 0 (stability class 7)

L = constant, independent of downwind distance

D = (stack height + plume rise) - (difference in elevation between receptor
and base of stack)
2
- 1y
y
-'-CO 2 2
- Z exp | - L [ 2nL-D + exp| - L 2nLtD
g3 P73 o, Pl =7 o,

n=-o

Mixing Height Algorithm:

Two different mixing heights can be calculated. One is for basically
rural surroundings, the other is for urban locations. The user is given
the option to specify which he wants to use. The way in which hourly
mixing heights are determined from maximum mixing heights (MXDP) for
yesterday (i-1), today (i) and tomorrow (i+l) and mimimum mixing height

(MNDP) for today (i) and tomorrow (i+l) is depicted in Figure B.2,
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For urban mixing height between midnight and sunrise; if the
stability is neutral interpolate between MXDPi_1 and MXDPiCL), if
stability is stable use MND}?i @ For hours between sunrise and 1400,
if the hour before sunrise was neutral, interpolate between MXDP:,L
MXDPi @ For sunrise to 1400, if the hour before sunrise was stable,
interpolate between MND}?i and MXDPi @ For 1400 to sunset, use MXDPi @
For hours between sunset and midnight; if stability is neutral interpolate

between MXD}?’i and MXDPi+l @, if stability is stable interpolate between

MXDPi and MNDPi_*_1 @

For rural mixing height between midnight and sunrise, interpolate
between M;XDP].__l and MXDPi . For hours between sunrise and 1400,

if the hour before sunrise was neutral interpolate between MXD}?‘:.'L__1 and

-1 and

MXDPi @ For sunrise to 1400, if the hour before sunrise was stable,
interpolate between 0 and MXDPi . For 1400 to sunset, use MXDP:.L @ .
For sunset to midnight, interpolate between MXDPi and MXDP1+1 @ .
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B.2.4. Valley

Reference: Burt (1977).

Abstract: Valley is a climatological, Gaussian model whose primary intended
use is the estimation of the maximum 24-hour SO2 and TSP concentrations at
ground level from single facilities in rural complex terrain, although annual
average SO2 and TSP concentrations may also be estimated and flat terrain

applications are possible.

Equations:

» Long-term calculations:

N
X = Z Xq ,where
n=1
16 6 g
X, = ) Y L Yepm %km Xepnp ° Vhere 8, is a function of
k=1 £=1 m=1

crosswind distance of the receptor from the mean position of the
plume from source n for direction k, and where for:

Neutral or unstable conditions -~

6 [o. 69 3pi’
X - = g, exp —|—=—
kfmn ann up 3 ‘ ulTl/Z
2
ZiLm + H

Zmpuz

2 % 1
g, = — exp - =
3 /2r azm i=-5 2 czm

for o < 2L
Zzm —  m

"

1
8, Lm for S,m > ZLm

=0 if H >L

Xipmn Kmpuz ™

Stable conditions -



r 2
16 Qn 2 1

X = 5T X
klan — 2mp - u, /Tra_ AN Ty )y

Define D = (stack height + plume rise) - (receptor elevation)

if D > 10 meters, set H =D

if D < 10 meters, set H = 10 meters and interpolate concentration linearly to
zero at a height of 400 meters above (stack height + plume rise).

- Short-term calculations:

(Maximum 24-hour concentration for a single elevated point source.)

__6
X7 24 Xilmn

with X lmn given by the stable conditions formula on the preceding page,
and with

£

m

it

wind speed class index corresponding to u, = 2.5 meter/sec, and
P 14

6 (Pasquill~Gifford "F" stability class).

]

k may be assigned the full range from 1 to 16, or any part(s) thereof,
depending upon the relative location of sources and receptors. If k, £,
m or n assumes multiple values, then a summation must be effected as in
long-term concentrations above; in this case, H and o should be sub-
scripted with £ and/or m, as appropriate. This is nof the recommended
method of application.

Hzmpu is reassigned the value of the adjusted Lm if the calculated or
assigned Hﬂmpu > Lm.
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B.Z.Sl ATM
Reference: Culkowski and Patterson (1976).

Abstract: The Atmospheric Transport Model (ATM) is a climatological steady-
state Gaussian plume model for use in mesoscale range (up to 50 km) modeling.
This model includes the effect of surface roughness on dispersion coefficients,
treats dry deposition and precipitation scavenging, and treats gravitational
settling of heavy particulates using a tilted plume approximation. The model
is primarily intended for calculating monthly averages but averages for other

time periods can be estimated by the use of appropriate climatological data.

Although the treatment of AIM is comprehensive in the Workbook, the model

should only be used for point source deposition applications at this time.

Equations:

N 8 6
XPoint B ngl £§=:1 m§=:1 Qnﬂm (pn) ¢kn£m Szﬂm(pn)/ Pn

with Enzm(pn) =Q [fw exp (')‘pn/u!,) + exp [-(Vg/uz) fm(pn)]]

= effective source strength

= true source strength modified by depletion of pollution due to
deposition and washout at distances less than pn.

A = washout coefficient

= 5.55 [Rainfall rate (mm/hx:)]o'6
Vé = dry deposition velocity (meter/sec)
£f (p) =v2/ pn-l— exp (-H?%/20 2)d
n'Pn’ m o P z 9%
o z
fw = fraction of the time washout occurs
_ 2.032 2 2
S&n(pn) O,Zu exp (-H /202 )
OZ = vertical dispersion coefficient, a function of stability class (m)

and downwind distance {p )
n

The equations for the emission rate from a windblown source are quite

complex and will not be given here.



B.2.6. STRAM

Reference: Hales, et. al. (1277).

Abstract: STRAM (Source-Transport-Receptor Analysis Model) is a trajectory
model using a Gaussian crosswind pollutant distribution designed to
estimate ground-~level concentrations of pollutants over source-receptor
distances of up to approximately 1000 km. STRAM is designed to treat

SO2 emissions from several elevated point sources and the conversion of

SO2 to sulfate aerosol.

Equations:
(1) Unlimited mixing height case:
2, (X) 2 2
¢y = E%E‘:—a' exp (-y?/20 2){exp o LT + exp | - Lzth)”
v’z y 20 2 20 2
z z
dgl, ALS Q.v
i _ it i'di 12 2
= Ri S 2/m 5. ) exp (-h /20Z )
Qi = Qoi = the emission rate of the ith source at x = 0.

(2) For a limited mixing height (L):

C. = _gm_ ex (_ 2/20'2)
i~ ¥t ulo, P A=y /20y
W LM W
dx i u uL
Qi = Qoi at x = 0.
Where Ci = ground level concentration of species i.
Qi = total mass of species i in the plume passing a downwind plane

per unit time

o0 [+s]
Ri= [fri(x,y,z)dydz
0 =

r, = rate of gain (or loss) of species i by chemical reaction
)A. = washout coefficient for species i
i

v,. = dry deposition velocity for species 1i.
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B.2.7. APRAC-1A

Reference: Ludwig and Mancuso (1972) and Ludwig and Dabbert (1972).

Abstract: APRAC is a model which computes hourly average carbon monoxide
concentrations for any urban location. The model calculates contributions
from dispersion on various scales: extraurban, mainly from sources upwind
of the city of interest; intraurban, from freeway, arterial, and feeder
street sources; and local, from dispersion within a street canyon. APRAC

requires an extensive traffic inventory for the city of interest.

Equations:

~11
Extraurban - Xg = 5.15u§ 10 E ; F = annual fuel consumption within 22.5°
sector extending from 32 km to 1000 km

upwind of receptor.

1-b,, 1-b, .
0.8Q, Xi+1lJ R -
Intraurban - X.,. = until this expression equals
ij ua, . 1-b.,
1] 1]
Qi X - X
the "box model value" T i+l i

Thereafter the box model formula is used.

upwind area segment label

[ N
1]

stability class label b

= ij c .
a,, and bij from (Gz)ij a,, x for x within segment i

ij ij

KQ

Street Canyon - Lee side X, = 2S "
+0.5 L
(u ) [(x* + z9)2 + o]

KQ, (B-2)

Windward side Xw = (6+0.5) 58

Intermediate wind direction x, =-% (xp, + x,) (less than +30° from street
direction).
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In which
x = horizontal distance from traffic lane

z = height above pavement

K = constant =7

LO = vehicle size =2 meters
u = rooftop wind speed
QS = CO emission rate/meter

S = gtreet width

B = average building height =38.8 meters
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B.2.8. HIWAY

Reference:

Abstract:

Zimmerman and Thompson (1975).

HIWAY is a Gaussian plume model that computes the hourly

concentrations of non-reactive pollutants downwind of roadways. It is

applicable
best suited

highways (c

for uniform wind conditions and level terrain. Although
for at-grade highways, it can also be applied to depressed

ut sections).

Equations:
D
=4 fd? integral along length of line segment, evaluated
X~ % g
0 using trapezoidal rule.

for

CO emission rate/unit length

stable conditions or if mixing height L > 5000 m

neutral or unstable conditions, with czf_ 1.6 L
1

270 O 8183 >
Yy 2z

neutral or unstable conditions, with o, > 1.6L

o1
2 oL 31

with




3.2.9, DIFKIN
Reference: Martinez, et.al. (1973).

Abstract: The DIFKIN {Diffusion/Kinetics) model is a numerical/dynamic
(trajectory) model for photochemical smog simulation. It determines the
trajectory of an air parcel across an emission grid network and calculates
pollutant concentrations as functions of time. The model obtains con-

centrations and fluxes at up to ten mesh points between ground level and
the top of the mixing layer.
Equations:

DIFKIN numerically sclves the vertical diffusion equation

acg ac

_ % _9_ _ 2
3t az(Kv 37

+ RQ for £ =1, 2, . . ., p

Along a trajectory determined from surface wind measurements, subject to the
following initial and boundary conditions:

A. TInitial Conditions

C

2 (z, tinitial) = fg(z) = initial concentration distribution for
species £,

B. Boundary Conditions
(1) z = 0 (at ground level)

8c2

- Ky py = qz(t) (perfect reflection plus addition of emissions
from ground level flux)

(2) z = L(t) (at mixing height)

BCQ
- Kv.gzm = 0 (perfect reflection)

where ¢, = mean concentration of species ¢

w
1}

9 rate of production (or depletion) of species { through
chemical reaction

e

= vertical eddy diffusivity, a function of height z.

ql(t) = ground-level flux of species {
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B.2.10. SAT

Reference: Reynolds (1973).

Abstract: The SAI model is a numerical/dynamic model for studying the
dispersion of photochemical pollutants, employing a fixed grid coordinate
system and a finite difference solution of the atmospheric diffusion
equation. The model calculates an emission inventory based on extensive
traffic input data as well as stationary source emissions. It requires
extensive meteorological data including both spatial and temporal variétions
and uses a kinetic mechanism for photochemical smog involving fifteen

chemical reactions and ten chemical species.

Equations:

SAI numerically solves the advection-diffusion equation:

'QJ

(AHcm) + (uAHc ) + (vAHc ) + (Wc )

Q

] e 2

KAt
_a_(.z% %y

—= + s e e e,
*55 55| * R+ SaE, 2=l 02 P

where AH = H(x,y,t) - h(x,y) = elevation difference between the mixing
height and ground level,

3§£H)’ and
- z - h(an)
P = Alx,y,t) - h(x,y).

subject to the following:

A. Initial Conditions

) = £ (x,y o) = initial concentration distribution fc

Cz(x,y, p,t
species 4,

initial
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B. Boundary Conditions

(1) p = 0 (at ground level)

Ky dc
L
~ M 35 qz(x,y,t) (perfect reflection plus addition of
emissions from ground level flux)
(2) p =1 (at mixing height)
KV Bcg
WCQ " A -55— = Wgﬁ if W < 0 (material from outside of region
entrained if mixing height is
increasing)
Ky 2¢
"M 35 - 0 if W > 0 (perfect reflection with no entrainment
P otherwise)

(3) x = Xg Or X (along the east or west vertical boundaries)

ac
uc, - KH % - ua if U -1 < 0 (transport wind into region;
L ax '3 - . X
material advected in from
outside)
- Ky aCZ = 0 ifU-n>0 (transport wind out of region)
dx

(4) y = Yy °F Yg (along the north or south vertical boundaries)

Similar to (3), except involving v, the y- component of the wind.

where
U= horizontal wind vector
N = outwardly directed unit vector perpendicular to the vertical
boundary
Cg = mean concentration of species {

p = number of species
u,v,w = components of wind in x, y, z directions

KH, KV = horizontal and vertical eddy diffusivities
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SQ = emission rate of species % from elevated source
RZ = production rate of spec{es %2 by chemical reaction
qq = ground-level flux of species £
g2'= concentration of species % above region
2 = concentration of species { outside region
Xyo Xg o Xpo Xy = northern, southern, eastern, western boundaries of region
h(x,y) = terrain elevation

elevation of inversion base.

H(x%,y,t)
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GLOSSARY OF SYMBOLS

Regression coefficients used in calibration procedures.

Stack height

Effective stack height = (stack height) + (plume rise)
Wind sector index

Wind sector index corresponding to the sector containing
the n-th source

Wind speed class index

Mixing height (Lm if a function of stability)
Stability class index V

Point and area source index

Total number of point and area sources
Emission rate

Emission rate for the n-th source

Pollutant half-life

Representative horizontal wind speed for the £-th wind
speed class

Components of horizontal wind speed

Vertical wind speed

Downwind distance or distance in x-direction
Crosswind distance or distance in y-direction
Vertical distance

Downwind distance

Crosswind, vertical dispersion coefficients (subscripted
with m if a function of stability)

Meteorological joint frequency function for wind in
subcardinal direction kn’ k

Pollutant concentration
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APPENDIX C
APPLICATIONS TO SPECIFIC MODELS
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APPENDIX C APPLICATIONS TO SPECIFIC MODELS

This appendix contains examples of the application of the methodology
presented in this workbook to several specific atmospheric dispersion models.
Each subsection deals with a different study model and illustrates the nature
of the information required about a study model, the factors involved in making
individual element-by-element comparisons with a reference model, and the pro-
cess of arriving at a final technical evaluation. Each subsection consists of
a body of text in which the reasons for obtaining the various element-by-element
comparisons and the final technical evaluation are explained. In the first
example, the entire procedure is illustrated. In subsequent examples, it is
assumed that the first five steps in the comparison need little additional ex-
planation and that the Application Classification Form and the Evaluation Form -
Part A have been completed. In each example, the application for which the
study model is considered has been chosen so that the study model is in fact
applicable in order to illustrate the methodology. A complete set of fofms
for each example, filled out in accordance with the discussion presented in the
text, is located at the end of each subsection., The user should refer to these

completed forms while reading the text.
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C.1 EXAMPLE 1: SCIM/1243

In this example, the application of interest involves estimating the
maximum expected one-hour sulfur dioxide concentration in Sample City, a moder-
ately sized urban area located in gently rolling terrain far from any large
bodies of water. Each step in the entire methodology is illustrated. While
reading the text, the user should refer to the completed forms at the end of

the section.

The first step involves the classification of the -application as ex-
plained in Section 3. With regard to pollutant characteristics, sulfur dioxide
is a primary pollutant not subject to significant removal processes within the
time scale of the application. The size of the region of interest is of the
order of 50 km or less, and the residence time of a pollutant emitted within
this region is less than 5-8 hours for typical wind gpeeds. As indicated in
Table 3.1, the appropriate pollutant characteristics index number under these

circumstances is one,

The averaging time is short (under 24 hours); the appropriate averaging

time index number is two, as discussed in Section 3.4.

The Sample City emission inventory is assumed to contain both point and
area sources and the appropriate source characteristics index number is there-

fore four, as explained in Sectiomn 3.5,

Finally, since the terrain in which Sample City is located is simple and
the size of the region of interest is less than 100 km, the appropriate trans-

port characteristics index number is three, as explained in Section 3.6.

The completed Application Classification Form for this example can be
found at the end of this section., As indicated, the appropriate application

index is 1243.

At this time, the basic information sections of the Evaluation Form -
Part A are also completed by listing the reference documentation and preparing

a short abstract describing SCIM's mode of operation.
This completes step 1.

The next step in the comparison involves the documentation of the study
model equations. The references listed on the front of the Evaluation Form -
Part A are used to determine the working equations shown on the reverse side

of the form to complete step 2.
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These references also indicate that SCIM selects a sample of one-hour
periods from the total number in some period of record, typically one year.
The sample is obtained by taking every n-th hour where n is an integer speci-
fied by the user., Having selected the sample, SCIM applies a steady-state
Gaussian model separately to each hour in the sample and estimates from these
results both the long term average concentration and the frequency distri-
bution of one-hour concentrations. With this information, SCIM may be classi-
fied and its compatibility with the application of real interest checked (steps

3 and 4 in the comparison).

It is assumed, in this example, that the Sample City emission inventory
is structured in a manner compatible with SCIM input requirements, specifically
that all required source information is available, that area sources are de-
fined in a suitable manner, that the number of point and area sources is within
SCIM limitations, and so on., It is also assumed that the necessary meteoro-

logical and other data are available in the appropriate format.
s

The user has already classified the application and in the process has
determined that sulfur dioxide transformation and removal are not important
encugh to select any other pollutant characteristics branch than number one.
As a consequence, no check need be made at this point to determine whether or
not SCIM incorporates treatments of these elements. Had the agpplication index
begun ﬁith,number three, for example, indicating that some physical removal
process is important, the user would have been required at this point to de-
termine whether SCIM incorporates a treatment, however simplified, of that
process. SCIM provides estimates of various percentile one-hour concentra-
tions at each receptor, including the maximum expected value, and therefore
does estimate precisely the quantity of interest. TIf the application had in-
volved the estimation of the maximum 24-hour SO2 concentration, SCIM would
not have been found applicable, because it does not estimate this quantity
directly, even though the necessary program modifications to do this calcu-
lation may be straightforward or even though the necessary calculations could

easily be done by hand.

As a result of these checks and determinations, SCIM is found to be
applicable to the application of interest. The "Applicable" box on Part A is
checked to indicate this determination,
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The description above also implies that SCIM is a simulation model and,
in view of the guidelines for model classification in Section 4.3, the appro-

priate classification is:
Semiempirical/Sequential (Steady-State).

Step 5 simply involves referring to Table 4.1 to identify RAM as a sug-

gested reference model for application 1243.

The next step (step 6) is to review the importance ratings of the appli-
cation elements for application index number 1243 and to determine if modifi-
cations to these ratings are necessary to more accurately define the relative
importance of the elements in the situation of real interest. Expert advice
may be necessary in this step. It is assumed here that the importance ratings
as given in Tables 4.2 - 4,13 are appropriate with the exception of those for
composition of emissions and chemistry and reaction mechanism, which are modi-
fied from LOW to IRRELEVANT for purposes of this example., Notice that the
rating for physical removal has not been changed from LOW to IRRELEVANT even
though no physical removal process is considered important enough to affect the
application classification. The distinction between LOW and IRRELEVANT is that,
as explained in Section 4,4, the treatments of IRRELEVANT elements are not taken
into account at all in the evaluation, while the treatments of LOW elements may
be considered in certain cases., It is assumed for this example that the involve-
ment of sulfur dioxide in atmospheric chemical reactions in and around Sample
City is considered so unimportant that it should play no role at all in evalu-
ating simulation models. Therefore, the elements "composition of emissions"
and "chemistry and reaction mechanism" are in fact irrelevant. 1In contrast, it
is assumed that dry deposition of sulfur dioxide, while not important enough to
affect the application classification, nevertheless does occur and is not in-
significant enough to be totally irrelevant. Thus, the importance rating of
physical removal is kept at LOW. Both initial and modified importance ratings

for each element are inserted in Part B of the Evaluation Form.

The next step (step 7) is the determination of the treatment by SCIM of
all application elements not rated IRRELEVANT, Operating equations used by
SCIM are reproduced on the reverse side of Part A of the evaluation form. Using
these equations and the material in the references as sources, descriptions of
the treatments by SCIM, together with the corresponding reference model treat-
ments obtained from Tables B,2- B,13 and the importance ratings for each ele-

ment, are entered on Part C of the evaluation form. The treatments by SCIM
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were determined in accordance with the guidelines given in Section 5, supple-

mented by the discussions presented in Appendix A.

After both the study model and reference model treatments of a given
element have been entered on the Evaluation Form - Part C, the comparison of
these two treatments may be made using the guidelines in Section 6.2.1. The level
of detail involved in each treatment is examined with reference to the relative
ranking of treatments in Tables 5.1-5.15. The result of each comparison con-
sists of the single adjective from the set BETTER, COMPARABLE, WORSE which most
accurately describes the treatment used by the study model in comparison with
that used by the reference model. This result is then entered in the place

provided in each section of Part C.

The various treatments by SCIM and RAM of most application elements are
clearly COMPARABLE, and are virtually identical in several cases. The ex-
ceptions are the elements horizontal wind field and background, boundary and
initial conditions. The two treatments of horizontal wind field are basically
COMPARABLE, However, SCIM does not employ a randomization procedure for wind
direction and RAM does, with the result that SCIM only allows 36 different wind
directions while RAM allows 360. Thus, SCIM may be somewhat WORSE in its treat-
ment of the horizontal wind field. 1In cases of doubt, both results are indi-
cated on the form; the primary evaluation as usual, followed by a secondary
evaluation in parentheses (see the entries on Part C). The same situation
arises for background, boundary and initial conditions. The two treatments
are basically COMPARABLE, but SCIM may be a little WORSE because of its less
detailed treatment of the uapper boundary condition. On the other hand, SCIM
allows a background value to be input. Both comparisons are indicated on Part

C of the Evaluation Form.

In the cases of emission rate and temporal correlations, it is necessary
to judge the importance of area source emissions in Sample City before making
the comparisons because SCIM and RAM differ in the level of detail with which
the temporal variation of area source emissions are described. The comparisons
actually made in the example assume that area source contributions are not sig-
nificant enough to justify rating the SCIM treatment BETTER. 1If these contri-
butions were more important in the application, the additional detail in the

SCIM treatment might justify a BETTER rating.
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The synthesis of these individual comparisons into a final technical
evaluation (step 9) is documented on the Evaluation Form - Part D, The guide-
lines in Section 6.2.2 are used to arrive at this final evaluation, In the
example, there are no CRITICAL elements., Therefore, the initial evaluation is
based on the comparisons for the three HIGH-rated elements. All of these com-~
parisons are COMPARABLE, resulting in an initial comparative rating of COMPAR-~
ABLE, Of the elements rated MEDIUM, all five have COMPARABLE treatments; there-
fore no change in the initial rating is indicated. . Even if the secondary evalu-
ations for horizontal wind field and background, boundary and initial con-
ditions were used, they would not carry sufficient weight to alter the evalu-
ation. Thus, the technical evaluation of SCIM for Application 1243 is that
SCIM is COMPARABLE to the reference model, RAM. This evaluation is further
supported by the distribution of comparisons for the LOW elements, although
these would not be considered here, because the rating based upon HIGH and

MEDIUM elements is unambiguous.



APPLICATION CLASSIFICATION FORM

BEGIN

CHEM
PRIMARY IZZ HEMIEAL

C12

C_NONE_ D

INDEX

!A. POLLUTANT ///
[ CHARACTERISHCS\\\
SECONDARY

PHYSICAL

2

<

3

CHEMICAL 8 PHYSICAL
4

NONE

CHEMICAL

LONG-TERM

PHYSICAL

CHEMICAL 8 PHYSICAL

W ~N O o

lﬁa. AVERAGING -~
' TIME SHORT-TERM

LIMITED

C. SOURCE //

CHARACTERISTICS

4?<

MULTIPLE/COMBINATIO’!

COMPLEX

\\§_—__/

Y 0. TRANSPORT //

the corresponding boxes below:

CHARACTERISTICS m
LONG-RANGE

2
POINT ‘
1/’ AREA »
3
4

SHORT-RANGE
rdd !
™~ LONG-RANGE 2
SHORT-RANGE 3
4

\. APPLICATION —A-l

INDEX
1

5]

2

ﬁJ

4

0]

3

NUMBERS

INSERT APPROPRIATE
NUMBERS IN THE
BOXES PROVIDED:

[A]

Form the application index by transferring the four index numbers into
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EVALUATION FORM

Part A: Abstract and References

Study Model: Sampled Chronological Input Model (SCIM)

References: Koch, R.C. and G.H. Stadsklev, A4 User's Manual for the
Sampled Chronological Inmput Model (SCIM), GEOMET Report
No. E-261, prepared for U.S. EPA under Contract No.
68-02-0281, (December 1974).

Koch, R.C. and S.D. Thayer, Validation and Sensitivity
Analysis of the Gaussian Plume Multiple - Source Urban
Diffustion Model, NTIS PB 206951, National Technical
Information Service, Springfield, Va. 22151.

(November 1971).

Abstract: The Sampled Chronological Input Model (SCIM) is a Gaussian
plume-based model designed to estimate mean long-term pollu-
tant concentrations and the frequency distribution and maxi-

mum of one-hour pollutant concentrations in an urban area.

Classification: Semiempirical/Sequential (Steady-State)

Application Index: 1243 Reference Model: RAM

Application Description: Maximum l-hour 502 concentration in an urban area.

Model Applicability: Applicable | X Not Applicable
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EVALUATTION FORM

Part A (reverse): Equations

Study Model: SCIM
Equations:

Point sources:

% 1(y kx
Xn 2TuCc O gz exp T2 (c ) eXp |- E—'}
z Yy
2 2
Ty 1| H-z 1| Htz
with gz(x,z,H) = exp 7 -E;' + exp > “E;

Area sources:

Xy .
- L 9 . kx
XA = o . w0, gz(x,z,H) exp (- S )dx

~

with q(x) = q(x,0), q(r,0) = emission rate per unit area at
position (r,8) from receptor

(Narrow plume approximation)

Integral evaluated using trapezoidal rule.

N
Total estimated concentration = +
Xtot XA Z Xn

n=1
N = number of point sources
Vertical dispersion coefficient:
O’=axb x < X
z - 1
o = L X > X
2 - 2
L x+x2—2x
O, T2\ = X <X <X
2 1
1/b 1/b
= L and i
*1 2a % a
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EVALUATION FORM

Part B: Importance Ratings

Application Index: 1243

Application Importance Rating
Element , Initial Modified®
Source~Receptor Relationship M M
Emission Rate M M
Composition of Emissions L 1Y
Plume Behavior H H
Horizontal Wind Field M M
Vertical Wind Field L L
Horizontal Dispersion H H
Vertical Dispersion H H
Chemistry and Reaction Mechanism L Iy
Physical Removal Processes L L
Background, Boundary, Initial Conditions M M
Temporal Correlations M M

qyith the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one ot her modification
may be made.
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C.2 EXAMPLE 2: AQDM/1143

The application of interest involves the estimation of long-term sulfur
dioxide concentrations in Sample City, a moderately sized urban area located in
gently rolling terrain, the same urban area used in Example 1, Appendix C.1.
The appropriate application index is 1143 and the suggested reference model
is CDM. The completed Application Classification Form and Evaluation Form for

this example may be found at the end of this section.

It is assumed that the user can classify AQDM, determine that AQDM is
applicable, review and modify the importance ratings, determine the equations
used by AQDM, and determine the treatments of the application elements by both
AQDM and CDM. The classification and applicability checks are straightforward.
The importance rating modifications are the same as in Example 1, specifically,
that the elements composition of emissions and chemistry and reaction mechanism
are rated IRRELEVANT due to the non-involvement of sulfur dioxide in atmospheric
chemistry over the distances and times of interest. The determination of the
equations and of the treatments are straightforward. The results are presented

on the Evaluation Form-Part A(reverse) and C, respectively.

AQDM and CDM are similar in most respects and most comparisons result
in COMPARABLE ratings. The two exceptions are emission rate and horizontal
wind field, for both of which AQDM is rated WORSE. The AQDM treatment of
emission rate is rated WORSE primarily because of the use of a single effective
point source approximation for area sources instead of the more detailed
numerical integration used by CDM, and secondarily because CDM allows a day/
night variation in emission rates whereas AQDM allows no variation. The AQDM
treatment of the horizontal wind field is rated WORSE, because CDM uses a
wind speed which is corrected for emission height while AQDM does not incorpo-

rate any such variation.

With only one element rated of HIGH importance, the initial rating is
the same as the rating for that element; in this case, the initial rating is
COMPARABLE, The MEDIUM-rated elements, however, definitely show a bias toward
a rating of WORSE. In this case, taking into account the relatively low number
of HIGH~rated elements, the relatively high proportion of MEDIUM-rated elements
for which AQDM uses a WORSE treatment, and the absence of any elements that are
treated BETTER by AQDM, a change in the comparative rating of AQDM from COMPAR-

ABLE to WORSE is justified. Furthermore, the distribution of comparisons for
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the LOW-rated elements supports this conclusion, although little weight should
be given to the LOW-rated elements. Therefore, the appropriate technical

evaluation for AQDM in application 1143 is WORSE.
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APPLICATION CLASSIFICATION FORM

INDEX
NUMBERS
INSERT APPROPRIATE
CRONED NUMBERS IN THE
BEGIN BOXES PROVIDED:
c
PRIMARY HEMICAL 2
PHYSICAL 3

A. POLLUTANT
CHARACTERISTICS

SECONDARY

CHEMICAL & PHYSICAL

NONE

CHEMICAL

YirjmychL
C

HEMICAL 8 PHYSICAL

@@ ~N N O

LONG-TERM

. APPLICATION

INDEX

B. AVERAGING P
TIME N SHORT~TERM )
POINT |
LmiTed / AREA ”
¥ C. SOURCE LINE 3
[ CHARACTERISTICS
MULTIPLE/COMBINATION s
\_—/
SHORT-RANGE
COMPLEX 1
~<~_ LONG-RANGE
Y 0. TransporT / . 2
[ CHARACTERISTICS SHORT-RANGE 3
e LONG-RANGE .

on

1

8]

|
1] 4

0]

3

Form the application index by transferring the four index numbers into
the corresponding boxes below:
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EVALUATION FORM

Part A: Abstract and References

Study Model: Air Quality Display Model (AQDM)

References:

Abstract:

TRW Systems Group. "Air Quality Display Model." Prepared for
National Air Pollution Control Administration under Contract
No. PH-22-68-60 (NTIS PB 189194), DHEW, U.S. Public Health
Service, Washington, D.C., November 1969,

The Air Quality Display Model (AQDM) is a climatological steady
state Gaussian plume model that estimates annual arithmetic
average sulfur dioxide and particulate concentrations at ground
level. A statistical model based on Larsen (1969) is used to
transform the average concentration data from a limited number
of receptors into expected geometric mean and maximum concen-
tration values for several different averaging times.

Classification: Semiempirical/Climatological (Steady-State)

Application Index: 1143 Reference Model: CDM

Application Description: Urban, long-term, conservative pollutants,

Model Applicability: Applicable | X Not Applicable

simple terrain.
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EVALUATION FORM

Part A(reverse): Equations

Study Model: AQDM

Equations:

Point sources only.

n 6 ' :
X = }Z: E:i Z{: ¢kn2mxn2m N = Number of sources

n=1 =1 m=1
with

- 2 _ 2
Xngm = 16 Qn €y exp e for x < x

2mx C 2lo — L
2T u,C z
L7z
_ 16 %

anm T 2mx ulL C

C_X) for x > 2x

linear interpolation for X < x < ZxL

x; is defined by 0_(x) = 0.47L

crosswind distance between receptor and sector k centerline

«
1}

(@]
i

sector width at receptor location

o (x) = axb + ¢; a, b, ¢ = functions of stability class (m)
z a, b, ¢ for neutral conditions split into
x > 1000m case and x £ 1000m case.

Calibration: = A+ B

Xcalibrated Xbackground * Xuncalibrated

with ¥ given by the first equation above.

uncalibrated

Larsen (1971) statistical transformation of averaging times used for
1 - 24 hour averages.
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EVALUATION FORM

Part B: Importance Ratings

Application Index: 1143

Application Importance Rating
Element Initial Modified®

Source-Receptor Relationship

Fmission Rate

Composition of Emissions L v
Plume Behavior M M
Horizontal Wind Field M M
Vertical Wind Field L L
Horizontal Dispersion M M
Vertical Dispersion H H
Chemistry and Reaction Mechanism L 187
Physical Removal Processes L L
Background, Boundary, Initial Conditiomns M M
Temporal Correlations L L

3With the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification
may be made.



C29

*pamoTT® UOTleTaeA Teiodwsl ON

*uoyjeuwrxoadde
201n0s 973uls @AT310933° Aq PoIBLI] BOANOS [YOBY
*92aN0S YOBd 10J 931 OT3UTS S9DIN0S BLIY
*301n08 (yoBI 103 938X 9TSUTS $S0an08 U0
:3jusm3EOL],
9SYOM :uoTlenyeay 2afjeaedwo)
ROITEN

Wadbv :TepPoK £pnag

: 3uryey ooueilxoduy

L2

*103dsoaa
puUE 30INOS UDOM]IDQ SOOUSIDJITP UTBRIIS] ON
*19a97 punoil 1 sixoldooey
*1ted aoadsosa-soanos
10B2 J0J 90UBISTP PUIMSSOID pUBR PUTMUMOP 3STOaad
*$DIN0CS BOIE
¢quyod yoes 103 Y3Toy aseoTsd AIBAIITJAV
*suoT3e207 I03dodsa pefjroeds-iesn zT o031 dp
*ptad aeinduejoni
wIoJFun uo paedooT sxoidevax ¢gz o1 dp
PpOINOS BOIB UOBI I0J 9ZTS pueB UOTIBDOT AIIJTQIV
*20anos jufod yoes I0J UOTIBIOT AJIBIILQAY

:jusmaeda],
AIEVIVANOD :worlenteay 2ar13eIRdWio]
NIAEN

Wadv JIOPOW APNIS

:8uraey soueiaodug

*$901IN0S Tt 10J POUNSSE UOTIBLIBA
owes ‘sSuoTssTws UT Suofjeraea jydru/feq

-103deo91 Byl Uo paiajusd Ppri8 Iefod v uo siea
~323Uf 93910STp 3e Buprdwes {owril ® 3B 103098
oS TT duo A{TE TI2UWnuU 2Uop 918 SUOTIeABOIUT BV

*921n0S BOIE
pue jupod yoeo 10J 931BI UOTFSSTWS Azexjrqae 918urg

:1USWIBII]

Han : TOPOW 2oulI230y

*103d9091/901N0S U9OMIR] SOOUSISIITDP ULBIALDI ON
*Toaa7 punoid ze a1 siacideoroy
*aited
103dsoa1-901n0s YoeBe I0I uUOTIBIBASS ISTOVI]
*S93IN0S
eaae pue jurod x03 s3yl3roy osvelei LI1vA3TqaVY
*A1BI3TqA® UOTIEBOOT 1034309y
*STUOELIDDIEP
Azepunoq prad BuoTe STT SopTs ¢pril pouriep
~J9SN U0 POIBIOT ‘92ZIS TI9D PIiIZ dTseq Jo
soTdr3Tnu Tea8ejur se poarjroads se0anos voIY

*90anos jutod yoes 103 WOLILVOT AaBAITJIY
tjusmWlES AL

Was ¢ TO PO @ousialoy

93Py UOTSSIWy :2IURWOTH uoFIedTTddy

dTysuorie]ay iojzdedoy-ooanog :JusweTd uvorieorTddy

€911 :xopul uorledrTddy

SQUBWRTY JO Juswileoa],

t0 3aeg

K304 NOILVATVAH



C30

‘pounsse putrm (93831s—-ApEO3S) WIOJIun ‘JuElsu0)
*3y8Toy YITM poaaddspurm U UOTIBTIBA ON
*sasse1o paeds purm g

*SUOTIIBATP PUTA 9T

*yoroadde TeorB3o7olEUT A

HeliCusi-Chi}
dSMOM ‘uoTienTeAd SATIRIRdWO)

ROTATR :8ur3ey souridoduy

Wadv : ToPOW Apn3is

019z o3 Tenbe pounsse
UoT3eBIJUSIUOD ToAdT punoald “3ydroy JurxTw
ueyy 1938218 sT °stx ouwnyd snyd 3y81ey Yo®IS II
*ysemumop 1o uorledTUNnI 11B2I1 J0U S°20(
*$901N0Ss BYIBR I0J PIIBTNOTED 9sTx awunyd oy
*A3171IqR3S
103 juawasnipe yirm ‘ewinuicl (£56T) PUBTTIOH
Heleclimi-CR

TIEVIVARQOD :UoTIenTeAld aaTaeaedwo)

WOTATR :3utary oouelrodwy

Nadv :TopoW Apnag

‘pounsse Pufm (93B3S-ApEO1S) WIOJIUN ‘JUBISUON

* (6G6T) sTrixelaQ@ Woal siusuodxs ‘uorleriea me] Iomod
uo paseq JY3T9Y 9sBOTSI I103J Po3v91100 paads putry
*s9sseT0 poeds puim g

*SUOTJ021TP PUIM 9T

*yoevoadde TeofloTo3RWITYH

jusumleaay,

Hao : TOPOR 90ULI5I9Y

*ysemumop 10 uorledrwni 3Balil 30U S20(

*S3901N0S B9IR 103J PRIBINOTED 3sTa ounfyd oy
*901nos jurod yoes 103J poads purm sowWI]

9sTa ounid Jo onyea Indur - $38Tag 03 SATIRUIIITY
‘019z 031 Tenbe paunsse
SUOT3BIJUDDOUCD TOAST punoxd ‘3yltey BurxTuU

ueyl 1938318 St °stx aunld + 3IY3Toy NovISs I

‘pesSn PTMuIGY 8jqejsun/reainau (I/61) €/z ,59%1ag

: JUBWIBSIA],

Wao : TOPO ©OUSI9IdY

PI°Td DPUFM TEIUOZTIOH :3uswaiy uoriedtiddy

10TaRUSg 2unyg :3luswaTd uorlIBdOTIddy

¢YTT :xopul uorieorTddy

SjusWSTH JO JIUDWIEBBI],

I REELE:

04 NOILVATIVAL



C31

*£131oT1dx2 pajleai] j0u ssauwydnoa 9dEIANg
*ae9f T - yjuow T = 2wyl Zurdeisay

* (uotleurxoidde sunyd moaaeu) ainpadoxd
Sur8eiaa® 103095 Aq PIIBTNOTED dNTEA 133U8D (SDULT
~193U2D 10309S LG°Z7 Usamieq uorjerfodisjur Iesur]
-yoroadde TeoTZoTO3BRWITD

T jusmIBaa],
TIGVEIVANOD ‘UuoTienTeay aatieredwo)
WOTAIW :8uriey edueizodur
Wady : T9POoW Apnag

*o19z o031 Tenbs paunssy
rjusuleai]

TIIVIVINOD :UoTienTeAy aaTjeiedwmo)
MOT :8uriey soueizoduy

Radv :Topo Apnag

*£73T7o717dx® peoleeal 30U Ssauy3noi 8deIINg
*3e94 T 031 yjuow [ = 2wWrl Jurdeisay

.Acoﬂumeﬂxouaam sunyd-mo1aru)
$103109S QT JO UYOBd UTYIT# UOTINGIIISTP WIOFTUf

* (9381S5-ApEO1S) TEBOIS0TOIBWE[D/TEOTAFdUSTuWeS

‘019z 03 Tenba paunssy

:juswieaa], :lusmIeaa]
WA : TOPO 20uUs19FY Wa : TPPOW 92U213I9Y
uorsaadsTg [BIVOZTIOH : IUSWSTY uorledrTddy

PIoTd PUFM TBOT3II94 :3UswWell uOoTIeOTTddy

€4TT ¥opul uorledr1ddy

SJuoWSTH JO JUsWIEDA]

Wd04 NOILVI'IVAX

19 3IBg



C32

*£T31oT1dx®° po3eail 30N
:juswieax],

FSYOM tUoTIENTEAy SaTieiedwo)
Mot :3utyey °oueirodu]

WadV : TopoW Apn3is

*ssouy8nol 9oBJINS U SUOTIBTIBA 103 UOTsTaoxd Of
*$9SsSeD 9]qB1S pur TBIIN2U

TI® 103 posn SIUSTOTJFo00 uUoTsiadsTp TBIINAYN
*(196T) PIO3ITO

pue (1961) I1Tnbseg wox3y s3IUSTITIIN0D uorsaadsiqg
. *IY3TU Y%0H

¢Kep %09 o3ul ATyruxsijur 3T[ds AITTFqe3s TeiinaN

* (#9671 ‘1ouany) sosseTd LITTTJeIs ¢

*sunyd uerssnes/TedoTardus-Tuweg

:julmWlBII]

FIIVIVAROD :UOTIBNTeAd aaTieieduo)
HOIH :8utiey ooueixodu]

KAdV : TopoR Apniasg

*posn 93113TeY poryddns-iesn jueisuod 9T3Uurs

* (ss9d01d 19pao-3SIT])
Leoop TerjusuOodxXe 3UISh JUSWIEDI] 90INOS DATIVVIIH

*ATuo uotirsodsp £LiQ
:Jusm3eaL],

Wao : TOPO 9oULI9I9Y

*sgouydnox 9oeFINS UT SUOTIBTIBA 103 uorstaoad oy
*S9SSBTO 9JqRlS pue TRIINSU
iTe 3103 POSn 3IB SIUDTITIIV0D uoysiadsTp TEIINON
*8309339
ueqan I10J JUNOOOEB 01 SONTBA andut woaj Kio393ed
1 £q poseaadep ST sSeID AITTTGRIS — SIVINOS BIIY
*(0L6T) IduiAn] WOy uUAe3 S1U9ToTIFo00 uolsiadsiq
*II® 'UT S9SSBTO XIS Julafs
‘seseo jy3Tu/Aep ojur 3T1ds LITTTQEIS TEIAINON
*(496T) I2uin] Aq poUTIOp SB SISSETD AITTTqEIS G
+pounsse uorjounj sund ueTSSNE)

(@3e15-4pEa1S) 1eoT80TOo3BWT T/ TROTATdusTWSS
:JuswIeaa],

Wao : TOPOR 2ouU2I133F9Y

Teaowsy TeOTsAyg :IUSWSTH UOTIBITTddV]

uorsiedsTq [BOTIIop ¢ IusWATH uoriedITddy

T gy1r  :¥°pul uoriedyrddy

SjuswaH JO JuswWiIEeSA] In 3IiAed

W04 NOILVAIVAH



C33

*sisjsw QO] Sounsse -~ § SSBI)
‘onTea TEOT80TOIBWITD UOOUIL]IR pPUB SI938UW (T
jo o8eaaae (pepTATp AlTruiazul ‘Iy3Tu) ( SSBI)
‘onyea TEOIBO0TOIBWITD UCOUISlIE X G'T - V SSBI)
:sseTo A3TTTqe3s o3 Burpiodde paisnlpe y3tay SBUIXIR
*uorjerexion pelTur] (TedT80o7ozPWITO) [eIjusnbas-uoy
+10308J 19410 Aue Y3lTs pelEBT9ii0od J0U - IIBI UOISSTUY
*9S0a1 purm
BIA PO3IBTOAIO0D AIATTTIqeIS ‘uolioaxlp ‘poads purp

tjusmleaI]
TIEVEVARQD fuoTienTeay darieiedwo)
MO :8urley oouriioduy

Wadv : ToPol Apnis

*pasn uof8e1 uorlrsueil
uogieTodielur 1BOUTT ‘uU9sMmieq UL mwcHxWE
Buo.«ﬂas .A%u Axuom uAAan ummusUQOVE.q.Ao

TT3un 309330 ou :(3y Burxtw) ALaepunoq xoddp

*20anos o3ewr o78urs

fuoT3oeT3ea 3093xad i (punoal) AiEBPUNO] I9MOT
*juelinjtod

yoes® 103 onfea punoaldyoeq juelsuoo a78urs ndug

$jUsWlBRI]

TIOVIVa0) ¢ UOTIBNTEAE SATIEARdWO)
WOTAAW :3ut3ey souelxodu]
navv : [9POR APM3S

*uo0T3BT9I100 polTWI] (TeST30To3ewild) TBFiuenbas-uoy
*1030e3] 9uwBs Lq AIBA 0] PIAUWNSSE SIDINOS

118 ¢pOMOTTE UOTIBTIBA 1USTU-ABD :S9]1BI UOTSSTWY
*anTeA TBOIZ0TojBWITO JuluUIOW - F SSBIH

‘sanTea TeJITS0TOIBWIO UOOU

-1933e pue Suruiow jo °3rasa® - (2Y3Tu) g SSEIH
‘onTea TBOTIZOTOIBWITO UOOUIIIIR X G°T — V SSBI)
1SSBTD

A3TTTqe3IS 03 Buppaoooe peisnlpe sT 3ydtsy BurxIn
*9S0X pUTM

BTA PO3IBT9AI0D AITTTqeIS ‘uoT3daaTp ‘posds purpy

juswlesa]

Rao :TOPO 20uUvILIDY

I

*jurod sTy3y puodeq
peunsse SUIXTW TBOT3I8A wioJTun ‘1ydtey Surxrw
Jo g'Q sTenbo JuUPIOTIIo00 uotsiadsIp TBITIASA
TI3un 308339 ou :(3y8rsy BurxTw) Laepunoq xaddp
*901n0s 98w 9T8uTs sesn {UOTIJIITIS1
3109319d soumsse :(punoal) Liepunoq I9MOT
*jueanyTod
yoe® 103J snea punoildxyoeq jueisuov o78urs nduy

$3USWABII]

SUCTITPUO) Wao :TOPCl sousxalsy

suoT3ieTa1i0n Teiodwsey :juswsTd uoTIeOTTddY

1eTITUI ‘Laepunog ‘punoa8yoeqg :JusweTH uoTieOTIddVy

€YTIT :xopul uoT3eOTTddy

sjusway JO jusmwieal] g IIBJ

KI04 NOILVNIVAH



C34

$juswmleadr]
ruoTlenTeAy sarieaedwmo)
:8urley ooueilzoduT

: T9poW Apnas

:juswlesal]
:uoTiIenyeaq sAaTIRIRdWO)
:8utzey soueizoduy

:T9POW ApPn3S

:juswleaa]

: T9POR @9oU2I9I9Y

WSTUBYDI UOFIOEDY PUB AIISTWOYD .

suorsstwy Jo uorirsodwmon ,
$SJUAWS T INVAHTIIYI OoM]
1 jusuwIeaI],

:TOpo 2oUsI93I9Y

:juswaTd uopzedrTddy

eyl

:juswe Ty uoriedTTddy

:xapul uorjedorrddy

SjusweTy JO jusuileoli]

WI04 NOILVATIVAH

T D Ieg



C35

*5988D snon3Tque ul ATuo pesn,

ASUOM NOILVATVAH TVOINHOHEL
(z1 TEmba prnoyg) z1 TEIOL
XXX XXX XXX Z INVAZTHINI
1 r4 0 € o MOT
HSI0OM Z Y 0 9 WATAIW
ATIVIVANOD 0 T 0 1 HOTH
- - - - 0 TVOILI¥ND
TopoK Apnas ASYOM A1IVIVIH0D AR Te30L S3jusWe TH

Jo0
3uriey sar3eaeduwo)

Sjusuw3le9l] JO JIo2qunN

uotiedtrddy jo
8uraey aouejzodw]

RaOV T2PoW 4pnig

Wan : [9pON @ousIsILy YT

uostiedwo) [eOTUYIDL :(Q IIBd

WI0Jd NOIIVOTIVAH

:xapul uorieoryddy



C37

C.3. EXAMPLE 3: PTIDIS/1213

The application of interest involves the estimation of ground level
centerline sulfur dioxide concentrations at various distances downwind of a
power planc lorated in relatively flat terrain. The appropriate application
index is 1213 and the suggested reference model is CRSTER (Single Source).
Both CRSTER and RAM are suggested as reference models for application 1213 in
Table 4.1. 1In accordance with footnote 1 of that table, CRSTER has been
chosen, since the application of interest involves only a single power plant.
PTDIS is classified as a Semiempirical/Steady~State model and is determined to
be applicable, art A of the Evaluation Form summarizes the general informa-

tion regarding this example.

The importance ratings are given on Part B of the Evaluation Form; in
this example three modifications have been made. Due to the physical and
chemical characteristics of sulfur dioxide and the short range of the applica-
tion the elements physical removal processes, chemistry and reaction mechan-

ism, and composition of emissions have been rated IRRELEVANT.

The reverse side of Part A of the Evaluation Form gives the equations used
used by PTIDIS and Part C gives the treatments, importance ratings, and compari-
son results for all elements not rated IRRELEVANT. As can be seen, the treat-
ments are very similar in all cases and in all cases a comparative rating of
COMPARABLE is appropriate. For source~receptor relationship and horizontal
wind field, some confusion may arise regarding the appropriate rating, the
possible source of confusion being the specification in the application des-
cription on Part A that centerline ground level concentrations are desired,

PIDIS is designed specifically for this application, whereas CRSTER (Single-
Source) is designed to estimate concentrations at receptors on a polar grid

with a 10° increment between successive radial directions, In addition, CRSTER
accepts real meteorological data in which the wind direction is assumed given

Lo the nearest 10° and randomizes this direction by the addition of an integer
chosen from the values -4° to +5°. Thus CRSTER may not provide centerline
cencentralfon estimates; it was never intended to do so explicitly., CRSTER

would in fact he found not applicable in this case were it the study model and
PIDIS the reference nodel., This difference in objectives does not invalidate

the use of CRSTER as a basis for comparison but implies that those aspects of

source-recepcor relationship and horizontal wind field which have treatments
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which differ simply because of the different objectives of the two models

should not be comsidered in making the comparisons.

The Evaluation Form -~ Part D summarizes the individual comparison re-~

sults and shows that the technical evaluation of PTIDIS for application 1213
is obviously COMPARABLE.
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APPLICATION CLASSIFICATION FORM

INDEX
NUMBERS
T INSERT APPROPRIATE
C NONE NUMBERS IN THE
BEGIN I BOXES PROVIDED:
CH
PRIMARY EMICAL 2

PHYSICAL 3
; CHEMICAL & PHYSICAL Al
PR L

A. POLLUTANY

) el

CHARACTERISTIC S\ NONE 5 1
CHEMICAL
\AStCONDARY 6
Y;;‘PHY&CAL- ;
CHEMICAL & PHYSICAL o
e LONG-TERM
g 5. AVERACING \//;___\ | B
T T . | 2

POINT |

LIMITED ,/r AREA

L]

: C. SOURCE \\\ L INE 3
CHARACTERISTICS 1
MULTIPLE/COMBINATION 4
SHORT-RANGE
COMPLEX .~ '
- “~_LONG-RANGE D
! D. TRANSPORT // ™ - "2 LY
CHARACTERISTICS SHOR1-RANGE - 3 3
LONG-RANGE 4
Form the application index %y traasferring the four index nurhbers into

the corresponding boxes below-

an

G

} r 3 '

N APFLICATION DERE D o]
i

INJEX . " ) L

1 i 1 P
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EVALUATION FCRM

Part A: Abstract and References

Study Model: PTDIS

References:  Environmental Protection Agency, User’s Network for Applied
Modeling of Air Pollution (UNAMAP), NTIS PB 229771, National
Technical Information Service, Springfield, Va. (1974).

Turner, D.B., Workbook of Atmcspheric Dispersion Estimates,
NTIS PB 191482, National Technical Information Service,
Springfield, Va.

Abstract: PTDIS is a steady-state Gaussian plume model that estimates
short-term center-line concentrations directly downwind of a
point source at distances specified by the user for a single
user-specified set of meteorological conditions. The effect
of limiting vertical dispersion by a mixing height can be
included and gradual plume rise to the point of final rize is
also considered. An option allows the calculation of isopleth
half-widths for specific concentrations at each downwind
distance.

Classification: Semempirical/Steady-State

Application Index: 1213 Reference Model: Single Source
(CRSTER)
Application Descrivtion: Single elevated point source, flat terrain, sulfur
dioxide, downwind centerline ground level concen-
trations only,

Model Applicability: Applicable | X Not Applicable
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EVALUATION FORM

Part A(reverse): Equations

Study Model: PTDIS
Eguations:

X(x;0,03H) = —3

with

Q
[}
—

2nlL+H
o}
Z

and

~N
| E——— |
+
®
o
av]
|
o

]

oo
w
i}
M+
i)
"
o]
—
i
N[ #=

X=01if H> L
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EVALUATION FORM

Part B: Importance Ratings

Application Index: 1213

Application Importance Rating
Element Tnitial Modified”
Source—-Receptor Relationship H H
Emission Rate H H
Composition of Emissions L IV
Plume Behavior H H
Horizontal Wind Field H H
Vertical Wind Field L L
Horizontal Dispersion H H
Vertical Dispersion H H
Chemistry and Reaction Mechanism L 1Y
Physical Removal Processes L 1Y
Background, Boundary, Initial Conditions M M
Temporal Correlations M M

dWith the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification
may be made.
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C.4. EXAMPLE 4: PTMAX /1213

The application of interest involves the estimation of maximum ground
level concentrations of sulfur dioxide downwind of a single power plant lo-
cated in relatively flat terrain, as well as the downwind distance to the
maximum, for a variety of conditions. The appropriate application index is
1213 and the suggested reference model is Single Sourece (CRSTER). CRSTER
is used instead of RAM because the application involves a single point source,
as explained in footnote j to Table 4.1. PTMAX is classified as a Semiempirical/
Steady-State model and is determined to be applicable. Part A of the Evalua-

tion Form summarizes the general information for this example.

The importance ratings are given on the Evaluation Form - Part Bj in
this example four modifications have been made. Due to the physical and chem-
ical characteristics of sulfur dioxide and the short range of the application
the elements physical removal processes, chemistry and reaction mechansim, and
composition of emissions have been rated IRRELEVANT., In addition, due to the
desire on the part of the u.er to estimate maximum downwind concentrations under
a variety of conditicus, the importance rating of background, boundary and
initial conditicus has been modified from MEDIUM to HIGH. This modification
reflects the need for treating the effects of limited mixing due to a low-lying
inversion, a situation which may result in relatively high ground level concen-

trations.

The reverse side of Part A of the Evaluation Form gives the equations
used by PTMAX and Part C gives the treatments, importance ratings, and com—
parison results for all elements not rated IRRELEVANT, As can be seen, the
treatments are very similar in all cases and in all but one case a rating of
COMPARABLE is appropriate, The one element which PTMAX does not treat in a
manner comparable to that used by CRSTER is background, boundary and initial
conditions, for which the treatment by PTMAX is rated WORSE. As in the pre-
vious example, PTMAX is rated COMPARABLE to CRSTER for source-receptor rela-
tionship and horizontal wind field in spite of obvious differences in the
treatments of these elements, hecause the differences relate to aspects of

each element which are not relevant to the real application of interest,

Part D of the Evaluation Form summarizes the individual comparison re-

sults. The initial technical evaluation for PTMAX is WORSE due to the worse
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treatment of background, boundary and initial conditions. Specifically, the
treatment used by PTMAX of the effects of the upper boundary is worse than that
used by CRSTER. Since the user is particularly interested in maximum concen-~
trations, which may result in part from a low-lying upper boundary, this single
WORSE comparison is considered sufficient justification for a WORSE initial
comparison. Furthermore, due to the small number of MEDIUM- and LOW-rated ele-
ments, there is no justification for modifying this initial rating. Thus, the

appropriate technical evaluation for PTMAX in application 1213 is WORSE.
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APPLICATION CLASSIFICATION FORM

INDE X
NUMBERS
INSERT APPROPRIATE
CNNE D NUMBERS IN THE
BEGIN // | BOXES PROVIDED:
CHEMICAL
CPRIMARY L 2
/ K PHYSICAL 3
/ \ CHEMICAL 8 PHYSICAL A
$ A. PoLLuTant [/ o (A
T thaRic: ERISHCb\\ NONE 5 1
. CHEMICAL
" SLCONDARY 6
PHYSICAL .
| CHEMICAL 8 PHYSICAL _
i ; LONG—-TEtRM | :
. AyERAGING ——
N T CSHORT~TERM D » 2
UL
C POINT D |
LMD / area > [c]
m—a—. r——— =
C. SOURCE \\\w}lNE 3 1
[ CHARACTERISTICS
MULTIPLE/COMBINATION 4
CoupLEX SHORT—RANGE i
LONG-RANGE . (D]
! D. TRANSPORT \\E:i—————-~\\) : ==
> T-
CHARACTERISTICS \iizélééz:::; SHORT-RANGE 3 3
_LONG-RANGE .
¥orm the application index by .cansferring the four index » abers
the correspondirg boxes belw:

kY
ANy APPLICATION

‘ YR C A I R TS
INDEX

e

— ey

|.__a
ND
(WA

—
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EVALUATION FORM

Part A: Abstract and References

Study Model: PTMAX

References: Environmental Protection Agency, User's Network for
Applied Modeling of Air Pollution (UNAMAP), NTIS PB
229771, National Technical Information Service,
Springfield, Va. (1974).

Turner, D.B., Workbook of Atmospheric Dispersion Esti-
nates, NTIS PB 191482, National Technical Information
Service, Springfield, Va. (1969).

Abstract: PTMAX is a steady-state Gaussian plume model that per-
forms an analysis of the maximum short-term concentrations
from a single point source as a function of stability and
wind speed. The final plume height is used for each com-
putation. A separate analysis must be made for each
individual stack; the model cannot give the maximum
concentrations from a combination of stacks.

Classification: Semiempirical/Steady-State

AEElication

Index: 1213 Reference Model: Single Source
(CRSTER)
Application Description: Maximum ground level sulfur dioxide concentrations
from a single power plant in relatively flat terrain.

Model Applicability: Applicable | X Not Applicable
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EVALUATION FORM

Part A(reverse): Equations

Study Model: PTMAX

Equations:

Q 1{u \?
X(x,0,030) = =" €Xp | - 5|5
vy Z
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EVALUATION FORM

Part B: Importance Ratings

Application Index: 1213

Application Importance Rating
Element Initial Modified®
Source-Receptor Relationship f H
Emission Rate H H
Composition of Emissions L 1Y
Plume Behavior H H
Horizontal Wind Field H H
Vertical Wind Field L L
Horizontal Dispersion H H
Vertical Dispersion H H
Chemistry and Reaction Mechanism L v
Physical Removal Processes L IV
Background, Boundary, Initial Conditions M HY
Temporal Correlations M M

dWith the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification

may be made.
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C.5. EXAMPLE 5: PIMIP/1213

The application of interest involves the estimation of total one and
24-hour ground level sulfur dioxide concentrations from a few (less than 10-
20) nearby tower plants located in gently rolling rural terrain. ' The applica-
tion index is 1213 and in this example the Suzgested reference model is RAM,
since the application involves several sources at different locations. PTMIP
is classified as a Semiempirical/Sequential (Steady-State) model and is deter-—

mined to be applicabie.

The importance ratings, shown on Part B of the Evaluation Form, incor-
porate the modification of composition of emissions, chemistry and reaction
mechansim, and physical removal processes from LOW to TRRELEVANT. No other

modifications are made,

The reverse side of Part A of the Evaluation Form gives the equations
used by PTMTP and Part C gives the treatments, importance ratings, and compari-
sons results. As can be seen, tne treatments by PTMTP are all quite similar
to those used by RAM and are rated COMPARABLE in all cases. The treatments by
RAM of those aspects of source-receptor relationship, emission rate, and other
elements that involve consideration of area sources are not given in Part D
in this example, because area sources are not involved in this application.
These treatments by RAM are irrelevant and are not considered in making the
comparisons. A question may arise with regard to horizontal wind field, be-
cauge PTMTP does not adjust the input wind speed for the source release heights
in estimating the contribution of each as does RAM. However, PIMIP does not
require that the wind speed near the surface be input, and the user is free to
input values appropriate for an average release height for the sources involved.
PIMIP dnes not distinguish between different heights and uses the input wind
zpeed for all sources, This difference between RAM and PTMTP is not considered

significant enough to rate PTMIP worse,

The results of the element-by~element comparisons are summarized in
Part D of the Evaluation Form and clearly indicate that PTIMTP should be rated

COMPARABLE to RAM for this application.
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APPLICATION CLASSIFICATION FORM

INDEX
NUMBERS
INSERT APPROPRIAT
NONE D NUMBERS IN THE
BEGIN N | BOXES PROVIDED:
CH
PRIMARY EMICAL 2
PHYSICAL 3
* CHEMICAL & PHYSICAL A
1 A, POLLUTANT 4
CHARACTERISTICS NONE 5 1
CHEMICAL
SECONDARY 6
PHYSICAL 7
CHEMICAL 8 PHYSICAL ¢
LONG-TERM

B. AVERAGING =~ ! B
[ TIME SHORT-TERM 9
2
j POINT D :
LIMITED AREA » C]

C. SOURCE / \\\ LINE 3 1

CHARACTERISTICS
MULTIPLE/COMBINATION

SHORT—RANGE
COMPLEX -~ |

<. LONG-RANGE
Y b. TRANSPORT //7 oo
[ CHARACTERISTICS m | SHORT-RANGE

— LONG-RANGE N

Form the application index by transferring the four index numbers into
the corresponding boxes below:

N APPLICATION _B_J .EJ ﬂ J_I

INDEX 1 2 1 7

=

(]
AN
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EVALUATION FORM

Part A: Abstract and References

Study Model: PTMTP

References: Environmental Protection Agency. User's Network for Applied
Modeling of Air Pollution (UNAMAP), NWTIS PB 229771, Na-
tional Technical Information Service, Springfield, Va. (1974).

Turner, D.B., Workbook of Atmospheric Dispersion Estimates,
NTIS PB 191482, National Technical Information Service,
Springfield, Va. (1969).

Abstract: PIMTP is a steady-state, Gaussian plume model that estimates
for a number of arbitrarily located receptor points at or
above ground-level, the concentration from a number of point
sources, Plume rigse is determined for each source. Down-
wind and crosswind distances are determined for each source-
receptor pair. Concentrations at a receptor from various
sources are assumed additive. Hour by hour calculations
are made based on hourly meteorological data; both hourly
concentrations and averages over any averaging time from
one to 24 hours can be obtained.

Classification: Semiempirical/Sequential (Steady~State)

Application Index: 1213 Reference Model: pRaM

Application Description: Short term (one and 24 hour) ground level con~
centrations of sulfur dioxide from several power plants, relatively flat
terrain, short range, rural area.

Model Applicability: Applicable ‘X Not Applicable
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EVALUATION FORM

Part A{reyverse): FEquations

Study Model: PIMTP

Equations:
N
X(x,y,2) = §:‘xn(x,y,z;Hn)
n::l
with

X, (%ysz3H ) = g 8,

2muC O
vy z
- 1y |*
g1 = exp {— 5 (O ]
y
+ oo 2 2
_ z-H + 2kL z + H + 2KkL
gs - Z{exp[—%(—-——n—g-——) } + exp [—%( ng ) }
k== co Z z {

il

N 4 >
X 0 if Hn L.
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EVALUATION FORM

Part B: TImportance Ratings

Application Index: 3213

Application Importance Rating
Element Initial Modified?
Source~Receptor Relatiocnship H H

Emission Rate

Composition of Emissions L 1V
Plume Behavior H H
Horizontal Wind Field H H
Vertical Wind Field L L
Horizontal Dispersion B H
Vertical Dispersion H H
Chemistry and Reaction Mechanism 1L v
Physical Removal Processes 1, TV
Background, Boundary, Initial Conditions M M
Temporal Correlations M M

ith the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification
may be made.
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C,6 EXAMFLE 6: HANNA- 5IFFORD/1243

1 this evample, the appiication of interest involves the estimation of
one aad twenl -Four hour rotal suspended particulate concentrations from near
croend=ievel e sources within sn urbap area located in relatively flat ter-~

Tain. Tne anglication irdex is 1245 and the suggested reference model is

REM,

There are two forms f che Hapna-Gifford model which have been discussed
iterature, Oun form 18 that used in this example, 2nd the
form ie vsed ia Example 7, Appendix C.7. The user may examine the equa-
ticns presented on the reverse side of Part A of the Evaluation Form in these

two examples tco see the differences bhetween the two versions of the model.

The Hanuna-Gifford model is nct available as a computer program accom-—
panied by a comprehensive user's manual. Rather, the model has been presented
and discussed in a series of literature publications, three of which are cited
on Part A of the Evaluation Form. Consequently, different users may implement
the mechods of Hanna and Gifford in different ways and the results obtained
may not be strictly said to have arisen from the same algorithm, In this ex-
ample it is assumed that the equations are applied separately to each of a
sequence of twenty~four hours. The reference model, RAM, works in the same

manuner.

The Hanna-Gifford model is classified Semiempirical/Sequential (Steady-

S*ate) and is determined to be applicable to the situation to be modeled.

The imporiance ratings shown on Part B incorporate three modifications.
Chnemastrv and reaction mechanism has been designated as IRRELEVANT. The im-
»lume behavior has beei: changed from MEDIUM to LOW on the assump-
tisn tnas the particular area sources in question do not give rise to signifi-
cant piame risce.  Also, since the sources are near ground-level, there is no
need oo ovacsider downwash aad Fumigarion., Finally, the importance rating of
wrtaomial “Isreiaicn n2e oeen chsnged f{rom HIGH to MEDI'™ due to the fact that
S0l See LTucoao are of dsrerest dp this case, The medified ratinz corresponds

. ovre vat:t rar hewdticontal disnorsion in application number 1223, which in-



C7e

Part C gives the treatments, importance ratings, and comparison results.
It should be noted that the treatments by RAM, the reference modei, on the
various aspects of each element that deal with point sources have heen omittec.
These treatments are irrelevant in this particular application and are nct con-

sidered in making the evaluation.

Both RAM and the Hanna-Gifford model make use of similar metheds for
estimating total area source contributions and this similarity is reflected
in the treatments of many of the application elements. Significant differz.ces
in the two models occur, however, as a result of differences in thz implementa-
tion of these similar methods. Heverthelasss, the initial comparative zvalua—
tion of the Hanna-Gifford model is COMPARABLE, based on comparable treatments
of the three HIGH-rated elements, It should be noted that for one of the high
elements, source-receptor relationship, the Hanna-Gifford model was rated COM-
PARABLE even though it assumes ground level emissions while RAM allows the userx
to specify non-zero effective emission heights. In the application of interest
this difference is unimportant, because the emissions are known to be released
near the ground. In other applications, in which it is known that some or all
such emissions effectively occur above ground level, this diZference may be
significant enough to justify a WORSE rating. This type of decision can only

be made by a person familiar with the actual situaticn of interest.

The two MEDIUM~-rated elements whose treatments bwv the Hanna~Gifford
model are rated WORSE are horizontal wind field and background, bcundary and
initial conditions. The treatmeunt of horizontal wind field by the Hanna-
Gifford model is rated WORSE, because onlrs sixteen possible wind directions
are used whereas RAM accepts wind directions to the nearest '9° and randomizes
these so that the wind direction may correspond to any »f 360 different values,
The treatment of background, boundary and initial condirions is rated WORSE,
because the Hanna-Gifford model does not .reat the effects of the upper boun-
dary. A secondary comparison of COMPARABLE is indicaced, because for ground
level sources, the effects of the upper boundary may not be ‘¢’z “ny 2 substan~
tial distance downwind, depending on the depth of the mixed layer and the wind

speed.

The substantial number of MEDTUM~rated elements that are itreated WORSE
by Hanna-Gifford together with the relatively small number of HIGH-rataed eie-

ments and the absence of any HIGH or MEDIIM~rated eleaents that are treated
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BETTER provides adequate justificution for modilyt

Cving the comparative e-alua-
tion from COMPARABLE to WORSE in this applicatior The treatmeuts of the LOW-
rated elements suppert ‘his wedi: o 0 ios poroonen Sirklas weipght e ariachad v
them. The approepriate oo .hwmiczl o Loovien o the Yanna-5iffore rode’

de’ din apnti-

cation 1243 is thorefore ¢OREE,



APPLICATION CLASSIFICATION FORM
INDEX

NUMBERS

BEGIN NONE |
CHEMICAL
C PRIMARY D 2
PHYSICAL .
\RTCHEMICAL 8 PHYSICAL
1 A. POLLUTANT 4
CHARACTERISHCS\\\ NONE

]

B. AVERAGING

PHYSICAL
CHEMICAL 8 PHYSICAL

5
AZKCEHEMWAL
SECONDARY 6
7
8

|

TIME

SOURCE

LONG—-TERM |
P
SHORT-TERM 2
\—__’/
POINT
7 ]
LIMITED AREA

L 2
// \\7L1NE x

CHARACTERISTICS - o
MULTIPLE/COMBINATION

\w"/ o q

SHORT~RANGE
COMPLEX -7 !
Y J// N LONG-RANGE 2
AT RIS L CoommmS .
WARACTERISTICS N SiwpLE > e 2
B ' LONG-RANGE 4

the corresponding boxes below:

. APPLICATION -AJ E—] —C—J

INDEX y)

-

4

0 |

.

INSERT APPROPRIATE
NUMBERS IN THE
BOXES PROVIDED:

[A]

N

Form the application index by transferrinz the four index numbers into



Study Model:

Feferences:

Abstragg:

Cc77

EVALUATION FORM

Part A: Abstract and References

Hanna-Gifford

Hanna, S.R., "A Simple Methed of Calculating Dispersion from
ficban Area Sources." J. Ailr Pollution Contyrol Agen., Vol. 21,
e 1.2, pn. 774-777, December 1971.

7. srd, FUA., and $.R. Hanna, "Modeling Urban Air Pollution."

Limosprnerte Baviromment, Vol, 7, pp. 131-136, 1973,

Giftord, T.a. and S.R. Hanna, "Urban Air Pollution Modeling."
Paper To M¥-370, Proc. 2nd International Clean Air Congress,
wash.negion, D0 | pp. 1146-1151 (December 1970}.

The Hanna-Giffeord model is an area source model based upon
the assuwption of a Gaussian pollutant distribution in the
vertical and using the narrow-plume approximation (homo-
geneous emissicus in the crosswind direction) in the
horizontal direction.

Clasgification: Semiempirical/Sequential {Steady-State)

Aoplacation Index: 1243 Reference Model: RAM
applization Odescription: One and twenty-four hour concentrations of total

sugpended particulate matter from area sources in an urban area for a
given paviod, flat torrain.

Filitw: Applicable | X Not Applicable
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EVALUATION FORM

Part A(reverse): Equations

Study Model: Hanna-Gifford

Eguations:

0

X = 1/%- l—jr qéx) dx Narrow plume approximation, ground
o z level sources.

N
(Ax/7) . o\ 1-b . . 1-b
a(l—b) Q + j{: Q [(21+1) - (2i-1) ]

i=1

>
il
e
=8l

o (x) =
Z

N = number of upwind grid squares.

Ax = width of a grid square.
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EVALUATION FORM

Part B: Impcrtance

Ratings

Sppliratior Irdex:

Application

Fiement

o~ - ot e P < -
DSOUYCO—ESy O30T Y L8

bmiscion Troo-

Cogre, 5T 4L i Amissions
Flogre Bef P
i ST in, wWield
T o Tield
sorisoct. o Ulspersion

Vertica! "¥apwroion

Chemistry s1d Reaction Mechanism
Physical Resmoval Processes

Background, Boundary, Initial Conditions

Jemporal Cocrrelations

1243

Importance karing
(=9

'nitial

Mod i ied

(S P ~ . s BPET T - .
With the excention of the designariou of IRRELEVART ciements, it
that at most one CRITIC:L designation and possibly one other wedi

may be made.

M

M

=

[

—
<
o

M

- expected
ication

i
Fe
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C.7 EXAMPLE 7:

The

HANNA-GIFFORD/1143

1
ne ¢

application of interest involves t stimation of long-term ground-

level total suspended particulate concentrations arising from near ground-level

area sources in an urban

tion index

As explaine

model have

Form, One

as pointed

oL

150 SRR

MY a coapt

arca located in relatively flat terrain. The applica-

is 1143 and the suggesrod reicvence model is CDM.

d txample 6, Appendix C.6, two forms of the Hanna-Gifford

1l

been Jiscussed iun che oferences given on Part A of the Evaluation
yas veed in bzawple © and the other is used in this example, Also,
syt v Exzample §, the hanna-Gifford model has been presented in &
‘t.-at ire puablications rather than in a2 user's manual accompanied

it AZ a £ownult, the implementaticn of the Hanna-Gifford model

Licarion tuy depend to some exten:r on the user In this ex-

used by Hanna (1571) is considered

2eldd ford meael is closzified Semiempirical/Climatological

dhe ciimatelogicnl rlassificstion seems most appropriate,

0

~ioglcead opred is used in the equation, even though

averdge wiud

Tiies form Liie mode! does not appear to exactly correspond to the definiticn
I a climacsiuvgical medel usad in this workbeook. In faczt hovever, the equation
1580 An thas gvwemple may e dertlved “rom 4 climatclogical vers..on of the othey
orm of the model givea cer. aiin assump®ions raogarding tne nacuce of the sta-
pilitv-vwin' rose used. The Hanna-Giffrvd model is determined to be applinable
~¢ the situvuticn Lo be modl-1-d,
Twe modit icaticne hive been made Lo the unporiance ratiusge. {nsmistry

and reaction mecl.anism has
of plume hehavicr has

cf the area sources in question,

peer rared IRRELEVATT, and vhe dapori ot rcatisg
been cdhiatnge? from MED M o LOW due Lo Cov assumsd pature

as in the previous example.

~ 5

The working equaticn: are gpiven on the reverse side 7 vt A and the
treatments, importance ratings, ad compasnisone are givern en e O of rhe
tvalvation Form, The freatments Lv che reforonce mece? o057 oln o spau e
relate U agsents of e onoelon v boe st carthe o ey o I
thiz avpii-aiieon.

Orly one clement, vertical dispersion, 0 yrvod 28 i 70 et
portance ia this _pr.rcaticn and the wreatment v opae Troooo Lo
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Gifford model is considered WORSE than that used by (DM, because only one
stability class (neutral) is ccnsidered. Had the model been implemented in
a slightly different way, this particular aspect of the treatment could have
easily been modified. A secondary comparison cf COMPARABLE is indicated,
because neutrail stability is indeed expected to occur more frequently than
any other in an urban area. A user familiar with the specific area to be
modeled is in the best position to judge the adequacy of this treatment in
that area. Other aspects of the two treatments of vertical dispersion are

comparable.

The treatments of the MEDIUM-rated elements show a definite bias toward
a WORSE rating. The treatments of emission rate and horizontal dispersion are
rated definitely COMPARABLE, and the treatment of source~receptor relationship
is rated COMPARABLE although with a secondary rating of WORSE due to the treat-
ment of only the one grid square containing the receptor. The validity of
this procedure is related to the spatial variability of the emission rates for
nearby grid squares, which in turn depends in part on the size ¢f the grid
square used, The treatment of horizontal wind field is rated WORSE, as is the
treatment of background, boundary and initial conditions although for this
element on a secondary rating of COMPARABLE is indicated. The uncertainty in
the comparison for background, boundary and initial ccnditicns ariscsz because,
although the Hanna-Gifford model does not treat effects due to the upper boun-
dary, these effects may not be important for ground level scurces at short to
moderate range, depending on. the depth of the mixing layer, Of the twc uncer-
tain ratings, the one for background, bouncary and initial counditions is con-
sidered the greater, and the distributions of treatments for MEDIUM-rated ele-

ments which deserve the most consideration are 0,3,2 and 0,2, 3,

The results for the MEDIUM-rated elements clearly support the initial
rating of WORSE and the LOW-rated elements also support this rating. The
appropriate technical evaluation for this form of the Hanna-Gifford model

is therefore WORSE in this application.



APPLICATION CLASSIFICATION FORM

INDEX
NUMBERS
INSERT APPROPRIATE
NONE NUMBERS IN THE
BEGIN | BOXES PROVIDED:
CH
N PRIMARY _z4r~ EMical 2
PHYSICAL ;
$ Y CHEMICAL 8 PHYSICAL,  [A]
Y A. POLLUTANT
CHARACTERISTICS NONE 5 1
HEMICAL
SECONDARY 6
PHY&CAL ,
CHEMICAL 8 PHYSICAL .

LONG-TERM
! B. AVERAGING ' B

TIME N SHORT-TERM

|
LIMITED ya ]
! C. SOURCE \\\_LINE

CHARACTERISTICS
MULTIPLE/COMBINATION 4
\—_——/

SHORT-RANGE
COMPLEX -~ |

~_LONG-RANGE
I D. TRANSPORT J//i
[ CHARACTERISTICS CIMPLE SHORT-RANGE
e LONG~RANGE 4

Form the application index by transferring the four index numbers into
the corresponding boxes below:

NG APPLICATION A 8] [c] [o]

iNDEX 1 1 I 3

(A

w
=

=

(35
N

| ——
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EVALUATION FORM

Part A: Abstract and References

Study Model: Hanna-Gifford
References: Hanna, S.R., "A Simple Method of Calculating Dispersion from

Urban Area Sources.'" J. Air Pollution Control Adssn., Vol.

21, No. 12, pp. 774-777, December 1971,

Gifford, F.A., and S.R. Hanna, "Modeling Urban Air Pollu-
tion." Atmospheric Envirowment, Vol. 7, pp. 131-136, 1973.

Gifford, F.A., and S.R. Hanna, "Urban Air Pollution Model=-
ing." Paper No. ME~320, Proc. 2nd International Clean Air
Congress, Washington, D.C., pp. 1146-1151 (December, 1970).

Abstract: The Hanna-Gifford model is an area source model based upon
the assumption of a Gaussian pollutant distribution in the
vertical and using the narrow-plume approximation (homo-
geneous emissions in the crosswind direction) in the hori-
zontal direction.

Classification: Semiempirical/Climatological (Steady-State)

Application Index: 1143 Reference Model: CDM

Application Description: Long~term ground-level total suspended particulate
concentrations from near ground-level area sources in an urban area.

Model Applicability: Applicable |X Not Applicable
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EVALUATION FORM

Part A(reverse): Equations

Study Model: Hanna-Gifford

Equations:

with
X = ground level concentraticen in a given grid square.
Q = emission rate per unit area in the same square.

u = average wind speed over the period of interest.

. -0
=215 sy
with
N =4

Ax = grid spacing (meters)

C.15 metersl-

m
1]

b =10.,75

(a and b correspond to parameters in the representation of the
vertical dispersion coefficient:
b
g = ax .
z
The values are those recommended by M.E. Smith (1968) for neutral
stability.)



EVALUATION FORM

Part B: Importance Ratings

Application Index: 1143

Application Importance Rating
Element Initial Modified”
Scurce-Receptor Relationship M M
Emission Rate M M
Composition of Emissions L L
Plume Behavior M LY
Horizontal Wind Field % M
Vertical Wind Field L L
Horizontal Dispersion M M
Vertical Dispersion H H
Chemistry and Reaction Mechanism L 1Y
Physical Removal Processes L L
Background, Boundary, Initial Conditions M M
Temporal Correlations L L

#With the exception of the designation of IRRLLEVANT elements, it is expected
that at most one CRITICAL designation and possibly one ot her modification
may be made.
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C.8. EXAMPLE 8: APPENDTX J/6243

In this example, the application involves the estimation of the percent
reduction of hydrocarbon emissions required in order to achieve the Natiomnal
Ambient Adr Quality Standard for photochemical oxidant in Sample City, a
moderately sizel .irbon area located in gently rolling terrain. The appropriate
Applicacion Index Is 6743 and the suggested reference model is the SAT urban

pnotochemical medel.

The study model in this example is Appendix J. Appendix J consists of
a single graph of percent hydrocarbon reduction against maximum measured one-
Lour photochemical oxidant concentration. Given the appropriate oxidant mea-
surement from Sample City, the required percent reduction may be read directly
from the graph, The curve is based on a simple rollback model in combination

with an empirical "upper limit curve,"

which represents the upper envelope of a
plot of maximum daily one~hour oxidant levels against 6-9 AM non-methane hydro-
carvon levels, the date being accumulated from several U.S. cities. The upper
limit curve provides an approximate reiationship between oxidant levels and
srecursor (hvdrccarbon) ievels under worst case conditions. The appropriate

classification of Appendix J is therefore Rollback/Statistical.

The equations are documented and Appendix J is determined to be appli-~
cahle and the "applicable" box of Part A of the Evaluation Form is checked.
Then, in accordance with the instructions in Section 2, the guidelines in Sec-
tion 7 are consulted immediately following Step 4 of the procedure, the classi-
fication of the siudy rodel as a Rollback/Statistical model. It is assumed
that en clement- by-element examination of the approximations inherent in Appendix
J compared t¢ the SAIL model is desired. Therefore, Parts B, C, and D of the
Evaluation FTorm are filled out in the same manner as if two simulation models

were being ccmpared,

With only one excepticn, the element-by—-element comparisons of Appendix
J with the SAT model i-dicate that Appendix J is WORSE. The single element in
wiich they are rated COMPARAUGLE is physical removal, which is not treated by
the versien af the SAI modal used as a veference model in this workbook. The
pechmical ot uluation of Appendix J is clearly WORSE, This should be interpreted
as meaning tuat the approximations that must be made to reduce the SAI working
gnuations to the Appendix J curve are determined to be not justified in this

applicaticn.
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APPLICATION CLASSIFICATION FORM

INDEX
NUMBERS

INSERT APPROPRIAT
NUMBERS 'N THE
BOXES PROVIDED:

BEGIN NONE |

CHEMICA
PRIMARY L AL

~Ny

PHYSICAL s
; w CHEMICAL 8 PHYSICAL,  [A]
A. POLLUTANT 4
o
CHARACTERISTICS NONE 5 6
’*————\\ L. —
CHEMICAL
CsEconnary D f~=—== 6
~— PHYSICAL .
CHEMICAL 8 PHYSICAL o
LONG =T ERM
LB AVERAGING -~ | B
TIME SHORT—TERM » )
v

POINT 1
LIMITED /AREA c

C. SOURCE \ LlNE
CHARACTERISTICS
MULTIPLE/COMBINATlON 4

W N
=

SHORT-RANGE

COMPLEX s
~N_LONG-RANGE 2 D |
Y D. TRANSPORT : - |
[ CHARACTERISTICS - (f“HORT‘RA“GE.) 3 3
—_— LONG-RANGE .

Form the application index by transferring the four index numhars into
the corresponding boxes below:

\. aseLication (A [l el o

INDEX 6 I 3

(AN
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EVALUATION FORM

Part A: Abstract and References

Study Model: Appendix J

References: Federal Register 36 No. 158, August 14, 1971.

Alr Quality Criteria for Nitrogen Oxides, AP-84, En-
vironmental Protection Agency, Washington, (January 1971).

abovonos

abovrno Appendix J is a method for estimating the percent reduc-
tion of hydrocarbon emissions within an urban area required
i+ order fo achieve tiie National Ambient Air Quality Stan-—
derd for photochemical oxidant in that area. The method
s basad on the use of simple rollback together with an
empirical relationship between the maximum observed oxidant

concentration and measured non-methane hydrocarbon concen-
tractions.

Classification: Rollback/Statistical

Application Index: 6243 Reference Modai-

SAY

Application Description:

Estimate percent reduction in hydrocarboen emis~

sions in given urban area required to meet photochemical oxidant standard.

—
Model Applicability: Applicable B Not Applicatle {

5
L, i
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EVALUATTION FORM

Part A (reversc): Equatioans

Study Model: Appendix J

Equations:

IN HYDROCARBON EMISSIONS REQUIRED TO

ACHIEVE NATIONAL STANDARD FOR PHOTOCHEMICAL

REDUCTION

percent

OXIDANT,

Xmax - Xstd

Percent hydrocarbon emission reduction = —— x 100

Xmax

(Assumes zero background hydrccarbon concentration).

Xpax nonmethane hydrocarbon concentration associated with the
I3 Y .
observed maximum oxidant level.
Yqpq = honmethane hydrocarbon conceatration (0.24 ppmC)
[=]

associated with the photochemical oxidant national
ambient air quality standard (0.08 ppm over a l-hour
period).

The hydrocarbon concentration for a given oxidant concentration is

determined using the empirical "upper limit curve,” the upper envelope
curve of a plot of maximum daily oxidant level zgainst observed 6-9 AM
hydrocarbon level, the data being accumulated from several U.S. cities.

The result is the Appendix J curve:

MAXIMUM MEASURED [-HOUR PHOTOCHEMICAL OXIDANT CONCENTRAT'ON, ppm

100 010 015 020 ‘)“;f) 0 350j
B | i : | i
- !
" :
80 //“’/ J—
r— ///’
601 ////// I
~
40 / —
NITE- NO HYDROCARBON QR PHOTOCHEMICAL
OX!IDANT BACKGROUND ASSUMED
20 L. —
1
0 | | | | | |
150 200 250 300 350 400 450 500 600

MAXIMUM MEASURED i-HOUR PHOTOCHEMICAL OXIDANT CONCENTRATION, po/m3
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EVALUATION FORM

Part B: Importance Ratings

Application Index: 6243

Application Importance Rating

Element Initial Modifieda
Source-Receptor Relationship H H
Emission Rate H H
Composition of Emissions H H
Plume Behavior H My

Horizontal Wind Field

Vertical Wind Field L L
Horizontal Dispersion H H
Vertical Dispersion H H
Chemistry and Reaction Mechanism H H
Physical Removal Processes L L
Background, Boundary, Initial Conditions " H
Temporal Correlations H H

®With the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification
may be made.
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APPENDIX D
APPLICATION CLASSIFICATION AND
MODEL EVALUATION FORMS
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APPENDIX D. APPLICATION CLASSIFICATION AND MODEL
EVALUATION FORMS

Included in this appendix is an outline of the steps in the model eval-
uvation methodology presented in this workbook together with a copy of each form

required by thie procedure,

The following page, entitled, WORKBOOK SECTION AND FORM FOR EACH STEP
IN COMPARISON, lists the nine steps in cthe comparison procedure., It refers the
reader to the workbook section contaiaing instructions for each step and identi-

fies which forw to use for documcnting the results.

The first step classifies the application and the results are recorded
on the APPLICATION CLASSIFICATION FORM. Some basic information about the study
model is also recorded on the EVALUATION FORM - Part A,

The results of steps 2 - 5 are also documented on the EVALUATION FORM -
Part A. These steps involve documenting the study model equations (reverse
side of form), checking the study model compatibility, classifying the study

model, and identifying the reference model.

In step 6, the importance rating of the application elements are re-
viewed and modified if necessary. The EVALUATION FORM - Part B is used to

record both the initial and modified importance ratings.

The treatment of the application elements by both models are described
on the EVALUATION FORM -~ Part C and then compared. Results of the element-by-

element comparisons are recorded on the form to complete steps 7 and 8.

In the last ctep of the procedure, the comparisons of individual elements
are combined withl the importance ratings to arrive at a technical evaluation of
the study model. HEVALUATION FORM - Part D provides a convenient framework for

making this overall comparison.
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APPLICATION CLASSIFICATION FORM

INDE X
NUMBERS
INSERT APPROPRIATE
NONE NUMBERS IN THE
! BOXES PROVIDED:
¢
PRIMARY JZiﬁHtMiCAL )
HYSICAL 5
YR:ACHEMICAL B PHYSICAL,  [A]
POLLUTANT
T“* CHARACTERISTICS NONE .
CHEMICAL
SECONDARY 6
S_PHYSICAL ;
\ CHEMICAL 8 PHYSICAL o
, LONG-TERM
| 5. AVERAGING - ! B
7 TIME . SHORT-TERM )
POINT |
E .3
LIMITED ,/r AREA ) c]

Y c. SOuRCE // \\ LINE 3

CHARACTERISTICS
MULTIPLE/COMBINATION

4
SHORT-RANGE
COMPLEX .~ '
N_LONG -RANGE D
] 0. TRANSPORT / SO
' SHORT-RANGE
CHARACTERISTmS'\\» SIMPLE -~ 3
\_LONG-RANGE .

Form the application index by transferring the four index numbers into
the corresponding boxes below:

L_'APPLICATION -EJ —B-l .EJ l]

INDEX
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WORKBOOK SECTION AND FQRM FOR EACH STEP IN COMPARISON

Step
Workbook Form in
Number Action Sections Appendix D
1 Classify application 3 Application Classi-
fication Form
Record study model information 2.3 Evaluation Form A
2 Document study model equations 2.3 Reverse side of
Evaluation Form A
3 Check study model compatibility 4,2 Evaluation Form A
4 Classify study model typea 4.3 Evaluation Form A
5 Identify reference model 4.4 Evaluation Form A
6 Review importance ratings 4.5 Evaluation Form B
7 Determine treatments of elements 5 Evaluation Form C
8 Compare treatments on element-by-
element basis 6.2.1 Evaluation Form C
9 Synthesize individual comparisons
into overall comparison 6.2.2 Evaluation Form D

aIf the study model has been classified as a rollback/statistical model, the

user should proceed directly to Section 7 wherein such models are discussed.
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EVALUATION FORM

Part A: Abstract and References

Study Model:

References:

Abstract:

Clagsification:

Application Index: Reference Model:

Application Description:

Model Applicability: Applicable Not Applicable
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EVALUATION FORM

Part A (reverse): Equations

Study Medel:

Equations:



EVALUggkéN FORM

Part B: Importance Ratings

Application Index:

Application Importance Rating

Element . Initial Modifieda

Source-Receptor Relationship
Emission Rate

Composition of Emissions

Plume Behavior

Horizontal Wind Field

Vertical Wind Field

Horizontal Dispersion

Vertical Dispersion

Chemistry and Reaction Mechanism
Physical Removal Processes
Background, Boundary, Initial Conditions

Temporal Correlations

%With the exception of the designation of IRRELEVANT elements, it is expected
that at most one CRITICAL designation and possibly one other modification
may be made.
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