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ABSTRACT

A climatological air quality dispersion was developed
which provides more powerful analyses capabllities Than are
available in tradifional COM-type models.

The mode! incorporates a time series approach 7o
satisfy identified user needs. The three components of the model
are: the time series file of meteorcliogical variables, the
program (GLCGEN) used to generate ground level concentrations, and
The frequency analysis program (FRODTN) which defines the analyses
for a particular run.

The time series file contains the metecrological data
necessary to define dispersion classes and also includes other
meteoroiogical parameters which can be used to further ciassify
the ground tevel concentrations analyzed in the frequency
distribution program.

Program GLCGEN incorporates the disperision formulations
and computes ground level concentrations for each receptor scurce
pair for each dispersion c¢lass utilizing user-defined source
characteristics and an emission rate of unity. This array of
ground level concentration values is stored on a random access
tile for access by FRQDTN. This precaiculation of procedure
permits considerable saving of computer costs when loag Time
series of data are processed.

The model assumes a Gaussian plume framework with plume
sigmas defined by a modification to statisticail theory. Effective
downwind distances are utilized to allow for source affects and to
simplify the analytical downwind dependence of the plume sigmas.
The standard deviation of +the azimuth and elevation wind
fluctuations are estimated from a planetary boundary layer
parameferization involving similarity theory and empirical

results,
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The analysis program, FRQDTN, is designed for ease of
user operation. Once GLCGEN has been used to generate the ground
level concentration file, the user can proceed To consider various
scenarics. Source emission rates are setT in FRODTN and sc various
sources can be turned off or on and various emission strengths can
be assigned. Different chemical species can thus be readily
examined., The ground level concentfration values can also be
weighted according to user-selected parameters from the
meteorciogical tTime series. FRODTN can be used tTo generate
average ground level concentrations, frequency distributions of
ground level concentrations, average dry and wet deposifion, and

time series of ground leva!l concentration values,
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e I NTRODUCT | ON

Lol DEVELOPMENT CF AN AIRSHED MANAGEMENT SYSTEM

The Alberta Oil Sands Environmenta! Research Program,
now part of the Research Management Division of Alberta
Environment, had instituted a multi-year program fo develop and
implement a series of air quaiity models. These models were
designed To provide -air quality assessments to be wused In
cenjunction with studies in other disciplines to ensure that the
development of the Athabasca Oil Sands could be accomplished
without undue environmental degradation. The requiresments for air
gualtity models were defined by a previous study on users' needs
and model characteristics (Davison and Lantz [197%9). In response
to the recommendations of that study, a model development program
was instituted.

The first priority was the development of a frequency
distribution mode! which more closely related To user needs than
available models. In addition, thers was the desire fto utilize
measurements and results of studies over the previcus five vears
in the Athabasca 0i! Sands area To improve upon existTing models.
Among the desired mode] features was a capability to differentiate
between concentrations occurring when receptors were sensitive and
when they were not. The model was to be able to weight the impact
of ground level concentrations by means of blologically or
sociologically important weighting parameters. For example, fthis
meant discriminating between the effect of high ground Ilevel
concentrations occurring when ftrees were dormant and when they
were actively fTranspiring and susceptiole to injury. The
dispersion model was to be of a Gaussian typs. However, some
considerable effort was to be directed towards implementation of a
plume sigma scheme which more realistically reflected the
dispersion than the Pasquill-Gifford scheme. in addition, a data
base was To be assembled from available data sources fo provide
the necessary Input for both the weighting parameters and the

dispersion specifications.



In the first year of the program, the deveiopment of a
data base for winds and dispersion parameters was a primary
concern. The original plan was to utiiize data from the [52 m
tower at the Lower Syncrude site in order to specify the wind
speed and direction fluctuations needed for the dispersion
estTimates. However, comparisons of The wind roses from the tower
with wind roses from ofther sources gave convincing evidence that
the tTower was affected by valiey flow a considerable portion of
the time. This meant that the fower data were probably not
suitable to give representative wind statistics at typical plume
heights. One consequence of the inapplicability of the fower
winds was the need To embark upon an alternative analysis of 850
mb charts fo generate winds. The other major consequence was the
need to parameterize the wind direction fluctuations for the plume
sigma estimates by means of boundary layer classifications
specified by available parameters. Both of these changes required
considerable additional work.

The External Quality Assurance Team for this project met
in mid=-February of 1980 to comment on the work-to-date. Their
report emphasized the importance of the model develcpment and The
need to have further interaction with potential users. Additicnal
tuning of and modifications to the frequency distribution model
were anticipated fo be a major effort in the second vyear of The
program, fiscal year [980-8!.

The effort in the second year of the program has been
largely directed fowards sensitivity studies, improvement of model
capabilities, including the addition of a wet and dry deposition
formulation, Iimprovement of +the mixing height formulations,
validation studies, and The development of more complete model
documentation.

The present report is divided Into four volumes. Volume
| describes the frequency distribution model, the rationale for
the various parts of the formulation, and provides a detailed
model documentation. Volume 2 documents the data base developed

for use by the model. Volume 3 describes the sensitivity and



validation studies for the model and data base. Finally, Volume 4

is a user's guide fTo the model.

1.2 STRUCTURE OF THE PRCJECT TEAM

The work described in this report was done by INTERA
Environmental Consultants Ltd. and Western Research and
Development. in the first year, Westernts major tasks were to

develop the procsdures and analyze the data for the wind speed and
direction and the convective mixing height. |INTERA's major tasks
ware to develop the plume sigma specifications and the mode!l, and
to administer the project. In the second year, model improvements
and sensitivity studies were primarily done by [NTERA, The
validation studies and preparation of the final report were

undertaken by both companies.



2. CVERVIEW OF THE FREQUENCY DISTRIBUTION MODEL
2.1 RATIONALE FOR MODEL DESIGN
2ol Description of Possible Approaches

A review of wuser needs (Davison and Lantz 1979)
identified specific features that many users felt were necessary
for an effective model. Potential mode! users identified the
problem that the susceptibility of the ecosystem and hence the
importance of ground level concentrations depended upon ambient
me?eorologicall conditions. Thus, *there {deally shouid be a
mechanism to weight the Iimportance of predicted ground level
concentrations. A second concern of many of The poteatial model
users was that the time between exposures to larger ground level
concentrations was important, For the biologists, this time
betwesn axposures was related to a recovery concept., For land-uss
pianners, the ftime between exposures and duration of exposures was
important in assessing the nuisance valtue of the occasional higher
concentrations.

The traditional frequency distributicon model or
climatological dispersion model (CDM) does not recognize these
user—identified problems, In the traditional approach, fthe ground
level concentrations are calculated for a given wind speed and
direction and stability. Then, the freguency of occurrence of
each of the possible dispersion classes is used to give an average
ground ievel concentration. This approach Is not designed to
address sither the susceptibility variations or the timing betwesn
events. The fundamental structure of the traditional frequency
distribution mode! design can limit its usefulness as a management
tool. The present model was designed to overcome these
limitations in order to provide potential users with a more
flexible and powerful research and management Yool.

Twe approaches were considered for the frequency
distribution mode! design. Both are basically two-stage medels.

The first stage computes ground level concentrations (GLC) based



on wind and dispersion classes. The second stage generates and
displays the desired statistics from +the tTime series of
meteorotogical parameters and the GLC computed in the first stage.
it is in this latter stage that the two approaches differ.

The first approach had some features of a tfraditional
frequency distribution climatological dispersion model with
modifications for <classification by biclogically Important
meteorological parameters. This was called the 'diagonal'" method
and is iliustrated in Figure |. Wind and dispersion classes are
assigned to each record iIn the Time series. A frequerncy
distribution is tThen generated for sach of these classes. By
weighting the GLC computed in the first stage by the correspending
freguency of occurrence, appropriately averaged GLC values are
calculated (along the diagonal element in Figure ). in a
traditional frequency distribution model, there would be no
further analysis. However, It would be possible to modify tThe
original frequency of occurrences by including in the freguency
distribution only that part of the time series which satisfies the
spaecifiad range  of seasonal ar biclogically important
meteorological parameters. Note that in the diagonal approach,
information on the Timing between GLC events is lost by the
formation of a frequency distribution. The selection of the
permitted range for the biological parameters is effectively a
weighting of | or 0. A further modification would be to calculate
a weighting parameter between 0 and | for each entry in the Time
series. This procedure would permit a more refined selection of
susceptibility. A variety of weighting parameters cculd be chosen
to test the sensitivity of the GLC values to realistic ranges of
biclogical susceptibility. ' Clearly, the variations in
susceptibility for different plant species, or the nuisance value
To people, could be readily simulated.

The second approach, called the "ftime series"™ approach,
retains tThe time series of meteorological parameters for
simultaneous interactions of the biologically important weighting

parameters and the ground level concentrations. This approach,
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Figure '. Traditional frequency distribution mode! -- diagonal approach.



Illustrated in Figure 2, includes a weighting of the importance of
The GLC depending upon the current values of the biologically
impertant parameters. Thus, a weighted ground ievel concentration
time series can be produced for each receptor pointe Then
time-domain statistical anaiyses become possible. Although the
second approach initially appears to be rather complex, the
generation of the computer files requires only a slight increase
in the number of calculations and the amount of computer disc
storage required. The weighted time series of GLC can then be
applied in mores powerfui statistical analysis routines which can
lead +4o much greater wutility for environmental management,
Average weighted GLC can be calculated; these correspond fo the
resuits from the first approach. The time series data can be
analyzed tTo caiculate the statistics of return periods for
poliution episodes weighted by their biological importance; the
biclegical recovery concept can then be applied. Changes in The
averaging times become possible while sTill permitting temporal
changes in dispersion classes and bioclogical susceptibility within
the averaging times.  Another major feature Iis that the Time
series of GLC values produced can be used for model validation
analysis through comparison with time series of observed

concentrations.

2ele2 Selection of Model Approach

The +wo approaches discussed in the preceding section
were evaluated based upon the +terms of reference for +his
contract, and the user needs identified in a previous study
(Davison and Lantz 1979).

The diagona! approach is simple in concept and rapid in
operation but lacks the ability to maintain Time relationships
between events. For new sets of biological paraméfers, The Time
series data bank must be read again, although it is not necessary
to repeat *the {irst stage In which values of ground level

concentration are computed for various disparsion classes.
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Figure 2. Time series approach.



The second approach clearly has tTechnical advantages
over the first approach in terms of flexibitity and potential
usefulness as an environmental management fool. However, (it was
important to assess whether the increased flexibility woutd ifself
cause operational problems and whether it required significantly
increased compuTsr support. Preliminary analyses were done of the
generation and sfructure of the reiated computer files and the
approximate amount of computer time involved in running the
program., I+ became evident that the second approach could be
designed to have a default operation that would be similar to the
first approach. In this way, the increasad flexibility of the
second approach would only be available if specifically requested
by the user. In this mode of operation, there was minimal
increase in computer requirements. By proper dssign of the
structure, generation, and use of *the files, the Increased
potential of The second apprcach was not considered as
significantly increasing tThe computer requirements. O0f course,
the runtime would be Iincreased whenever the more eiaborate
analyses were desired, but *The actual runtime involved for
additional analyses proved to be quite small.

The second method, the time series approach, was
selected primarlily because it considers time relationships between
events without significantly increased compiexities. This method
is also more flexible in terms of output capabilities and provides

a superior fool for environmental management.

2.2 MODEL COMPONENTS

The model has three basic components. The typical user
would access the frequency disftribution model itself, caltled
FRGDTN. This program calculates frequency distributions and
performs other statistical analyses based upon input parameters
including the susceptibility weighting descriptors. The program
FRODTN utilizes fwo pre-generated files which are the remaining

twe major components of the model system.



The first major flie accessed by FRQDTN is The Time
series of the meteoroiogical data. The meteorological data
presently inciude wind speed and direction, Temperature, relative
humidity, mixing height, cloud cover, precipitation, and snow
depth. The time series file is the resulf of a series of analysis
programs for the various parameters. The final program which
synthesizes the data sets and performs some additional analyses is
called TIMSER. The typical user would not need to run TIMSER
since the tTime series file would normally be available.

The second major fiie is the ground level conceniration

file generated by the program GLCGEN, The ground level
concantrations are pre-calculated for al!l poessible dispersion
classes, for specified sourcas and receptors. This

ore-calculation avoids the necessity of separately computing the
ground level concentrations at each time series enitry. Although
there is an approximation involved in the discretization of the
parameters controlling dispersion intc dispersion clfasses, the
pre=calculation reduces the model run-time by about an order of

magnitude.

2.3 GENERATION CF THE GROUND LEVEL CONCENTRATION FILE
The ground level concentration file is created by the
program GLCGEN, it is assumed That the plume spread has a
Gaussian distribution in both horizontal and vertical planes with
lateral and vertical standard deviations 9, and O g,
respectively. The folliowing additional assumptions are made:
s That air flow is paralle! To the ground (flat
terrain);
2. That perfect reflection occurs at the ground and at
the bottom of any existing inversion [ayer;
3. That the source emission is constant in Time; and
4. That a steady state exists over the entire distance

of plume Travel for sach 1 h period.



Ground level concentrations are computed as functions of
wind direction, wind speed, atmospheric stability, mixing height,
and source. A suitable range of discrete values are assigned to
each dispersion parameter in order To [limit the number of

computations, Assigning discrete classes of dispersion parameters

introduces some error info The resulting ground fevel
concentrations which will be used in The frequency disftribution
programs. However, the effect of this discretization

approximation is smail when a iarge number of resalizations are
analyzed., Furthermore, the vaiues of sach parameter in The Time
series are subject to error and the Gaussian formulation is only
an approximation to *the real situation. The discretization
approximation is not considered to be the limiting error.

The number of parameters that must be input To GLCGEN at
run- fime is delibsrately relatively small. They include only the
discrete classes of wind direction, wind speed, heat flux,
convective mixing height, recepfor locations, source locations,
and stack characteristics. A}l other parameters are set
internally as part of the program code. This limitation was
imposed to avoid complicated Iinput procedures which can  be
confusing and are error prone, and also To prevent casual
modification of model parameters by users of the frequency
distribution modef. GLCGEN is designed, however, to be readily
understood so that experienced users can easily make modifications
te fest and tune the ground level concentration file.

During execution, The program GLCGEN first chcoses wind
speed and heat flux classes. |f the heat flux is l[ess than zero,
the program ignores the mixing height; otherwise, a mixing height
class is also selected.

The nexT program step is to compute the stability of the
planetary boundary layer and setT values of the standard deviations
of lateral and vertical wind direction fluctuations, ©a and
op, and also values of fthe Lagrangian length scales, using the
parameterization scheme described in section 3. The boundary

layer is classifed as stable or unstable depending on the value of
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the sensible heat flux. If it is positive, the boundary layer is
assumed Yo be unstable; if negative, the boundary layer is assumed
to be stable.

After computing boundary layer stability, the program
calculates plume rise and transition distances for each source.
The fransition distance is the downwind distance at which the
environmental furbulence is assumed to dominate  further
dispersion. Plume rise and fransition distance are functions of
stability and wind speed as described in section 3.

The program then chooses a wind direction class and
computes the ground-ievel concentrations for each receptor
position for The specific sources. The Gaussian formulation makes
atlowance for reflections from the ground and from the top of The
mixed layer, if apporopriate.

The input wind directions are classified inte discreta
sectors. A sector averaging procedure is applied to the plume
centerline position fo prevent the occurrence of artificial peaks
in the computed ground level concentrations. The criterla for the
selection of an optimum sector angular width are discussed later
in this report.

For a given wind direction at a particular source, only
those receptors iying within the sector were considered to be
influenced by the emissions from that source. This limitation was
imposed to |imit the required computations and does not infroduce
any significant error.

The sources are given an emission rate of unity and
thelr effects are kept separate in GLCGEN. This procedure permits
The specification by the model wuser in FREDTN of +the source
strengths. Thus, several species of contaminants can be analyzed
without the need for rerunning GLCGEN. The effects of different
emissions from potential new sources can be studied by FRQDTN
without needing to rerun GLCGEN. However, the size and locaticn
of +he stacks and the flue gas rates must be specified for the
plume rise computation in GLCGEN. This flexibility of source
characterization may prove Yo be very useful for users who may

want to assess various emission scenarios.



The receptors in GLCGEN can be sither a grid system of
arbifrary size (up to 400 receptors) or specified receptors.

Once the ground level concentrations are computed for
all receptors for each source, the values are stored as a record
on a random access file. This file is Iindexed according to the
class of wind speed, wind direction, heat flux, and mixing height.
The frequency distribution program can then access tThe ground
level concentrations due fo each source for all receptors at a
given ftime by a simple computation of tThe appropriate index

entry.

2.4 GENERATION OF THE TIME SERIES DATA FILE

The meteorological data base was processed to form a
time series of relevant meteorological parameters for use by the
frequency distribution program. In the first year of the program
a limited data base was generated. |T was considered appropriate
to thoroughly +est the mode! sensitivities to determine what

parameters are necessary to what level of accuracy prior to

embarking on a major data synthesis program. This initial limited
data base generation was necessary since  very tittie
meteorotlogical data are presently available in a
computer-compatible form. The present base consists of four

manths (January, April, July, October) for three years (1976 to
1978). This analyzed data base has been adequate tTo tTest the
mode! and To generate meaningful resul¥s. However, further
efforts in data analysis, inciuding assessments of other data
sources, are clearly required.

The development of wind speed and direction data was
based upon 850 mb weather charts. The minisende data from both
AQSERP- and Syncrude-~sponsored studies provided a basis for the
development of empirical power laws and turning angles used to
esTimate 400 m winds from the 850 mb maps. The wind data from the
[52 m tower in the Athabasca River valley were shown by the

minisonde data to be dominated by valley effects and to be very
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poor predictors for winds at plume height. |f was recognized that
the 850 mb analyses had significant problems, but tTheir adoption
for the initial data base seemed reascnable.

The convective mixing heights were estimated from the
minisonde data as a function of time of day and season {i.e.,
month for the presently analyzed data set), The height where the
temperature profiles became less than adiabatic was defined as The
convactive mixing height. I+ was tfaken as zero when theres was no
surface mixed layer. The height of the convective mixing height
was taken as the median height of the non-zero values for all
minisonde ascents within a given seascn and hour.

The surface weather records from Fort McMurray Airport
were used for the standard meteorological parameters  and
precipitation. The hourly parameters extracted were Temperature,
relative humidity, surface weather activity, and opaque cloud
cover. The precipitation values were available as & h toTals;
daily snow depth was also abstracted.

The program TIMSER synthesizes the various data into an
hourly time series with one record per hour. tThe Times and dates
for all data were converted to GMT and separate output files were
produced for each month, A radiation routine was iacluded in
TIMSER to estimate houriy net radiation based upon solar altitude,
¢loud cover, and season. Tha radiation routine involved separate
formulations for beth selar and terrestrial radiation and used the
AQSERP radiation data as processed by Kumar (i978) for evaluation
of constants. GLCGEN requires surface heat flux estimates “o
classify the boundary tlayer dispersion. {1 was decided to keep
this cenversion from radiation to heat flux estimates within the
program FRQDTN, since the adopted formulation was Tentative. In
this way, the Time series file becomes a basic data file which
would not normally need to be modified for use in models of
varying complexities. Refinements of the parameters would then be
carried out in the norma! operating programs (in this case,
FRQDTN) depending upon the level of refinement necessary for the

particular mode! 's use.
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Details of the uncertainties In the data and of the
programs used to generate the time series file are presented Iin

Volume 2 of this report.

2.5 OVERVIEW OF THE FREQUENCY DISTRIBUTION PROGRAM

The program FRQDTN is the operational frequency
distribution program that would be run by most users. |t accesses
the files of ground level concentration produced by GLCGEN and the
hourly +ime series file of meteorological parameters produced by
TIMSER.

FRQDTN accesses one record of the gdround level
concentration file to determine the source receptor layout and The
dispersion classes used to generate ground level concenfrations.
The user provides FRQDTN with various additional parameters Yo
determine what the model does on a particular run. The source
strengths are specified in FRQDTN. In this way, various emission
rates can be simulated separately for each source to permit
multiple emission species to be examined. The contribution of
each source to the overall concentrations can be distinguished;
sources may be "furned off" in FRQDTN by specifying zero discharge
rates.

Weighting parameters are specified by the user Yo
determine the relative importance of ground level concentrations
depending upon ambient meteorologica! conditions. This feature
was specifically identified by many potential model users as being
very desirable for a useful frequency distribution model.

The time series of weighted ground level concentrations
is then analyzed. AT the present time, three types of analysis
are available. The first is a freguency distribution and an
inverse cumulative frequency distribution of the concenirations at
each receptor; thls distributicn analysis was identified in The
project obJectives as the primary purpese of the model. The
second fype of analysis available is the frequency distribution of
the time between user~defined ground level concentration events,

This second tType of analysis is possible because of the time



series structfure of the model. Alfthough it is somewhat limited by
the present discontinuous data time series, it can be used to
statistically generate refurn periods for extreme sevents and can
also be used to assess the Ilikelihood of recovery hetween
significant ground level concentration events. A third option is
the calculation of average ground level concentration and dry and
wet deposition estimates. All of Tthe cptions can be utilized for
aither specified receptors or for a grid. Other options for time

series analyses could be added to the mode! without difficuity.



3. FORMULATION OF THE DISPERSION SUBROUTINES

There are three basic components of the dispersion

formulations. These are the the multiple source and receptor
Gaussian formulation, plume rise, and the sigma specification.
These three components are discussed in the following sections.

3.1 GAUSSIAN FCRMULATION

3.1.1 Basic Formulaticn

The dispersion formulation in the model is of a Gaussian
Type. Thus, an effluent plume is assumed fo have a Gaussian
distribution in both horizontal and vertical planes with l|ateral
and standard deviations Gy and o, respectively. Reflections
are permitted from the surface and an elevated inversion. Values
of the standard deviations depend on wind speed, heat flux, and
boundary layer height and are computed as functions of downwind
distance X, as described in the following sections.

In convective conditions, the expression for ground
level concentration, allowing for multiple reflections at the

greund and at the mixing height, is (folilowing Bierly and Hewson
19623 :

2 2
GLC = —e. exp{u ———QL———} 2 exp —{———EL—**} +
20
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1= 262 202
z z
where:
GLC = calculated ground level concentraticn
Q = stack emission
y = crosswind distance of a receptor from the plume

centerline

(

)



H = height of the plume centeriine above the ground

N = number of reflections
The summation term is repeated until the effect of additional
reflections on the computed ground ieve! concenfration is less
than 1%, usually affer N = 2 or 3.

This multiple refiection procedure is used fo compute
ground tievel concentrations only if ©, is less than 1.6 Z;,
lf ¢z is larger than !.6 Zj, then uniform mixing between the

ground and the inversion height is assumed and

6Lc = —2__ exp (_zg___) 2
(2my% z.U 252
¥y i v

In stable conditions where nc boundary layer height is
assumed, there is only one reflection off the ground, resulting in

the following expression:

CLC = —9 exp _(“lg)exp _( Hz) (3)
wqyczU 203 20;
3.1.2 Sector-Averaging
The wind direction loopiag within the program GLCGEN for
the generation of ground level concentration required a
discretization of the wind direction info a small number of

directions (for example, 8 or |6}. However, calculations along
only discrete directions could give fictitious peaks for receptors
along these directions compared to off-centaerline receptors. This
problem was avoided by assuming that tThe wind direction s
actually uniformly distributed across a sector. Sector-averaging
was accomplished within the model by combining the effects at a
single receptor from plumes whose centerlines had the lateral
displacements of 0, +I, +2 cy from the receptor. This value was
Then normalized by the number of such centeriine displacements

necessary To cover the sector width; that is, the lateral width of
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the sector at the downwind distance of the receptor divided by
Tye This procedure is equivalent *to marching The plume
centerline across the sector in sufficiently small angular steps
to ensure that every point Is significantly affected by at least
four realizations. Since the sector-averaging in The medel is
computed after the ground level concentration below the centerline
has been calcu!afed, The actual calculations invoived are few.

The angular width of the sectors, or equivalsntly the
number of wind directions, is presently a variable in the program
GLCGEN. There are at least three criteria a user should consider
when choosing the number of wind directions. The first is the
accuracy of the wind directions on the +time series file; the
second is the need to have a representative popufation of values
for a frequency distribution analysis; and the third is the
problem of implicit lateral dispersion.

The wind direction estimates in the time series file are
based upon a statistical modification of wind directions estimates
abstracted from +the 850 mb analyses available every 12 h.
Linear interpoiation was used for intermediate hours. Errers in
the wind direction data can be estimated based upon the analysis
of the cumulative frequency distribufion of the turning angles
between the 850 mb winds and winds measured at plume height by
minisonde. In addition, the amount of systematic error in wind
directions can be estimated from a comparison of wind roses for
The minisonde data, and for the corresponding derived winds from
the 850 mb analysis. The wind direction uncertainties in the
present data flle are substantial, particularliy in winter.
Details are presented in Volumes 2 and 3 of this report.

The need for a representative population provides a
further constraint on sector width. With a small data base, the
use of small angular sectors may mean that some wind directions
are not represented adequately, particularly when subsets of the
tTime series are used. Thus, the angular width of sectors must be
wide enough fo ensure a reasonably representative distribution of

wind directions.
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The angular width of sectors is also constrained by tThe
Implicit latera! dispersion Inherent in sector~averaging. If a
map of integrated average values is tThe only desired output from
the model, *then l|ateral dispersion becomes of minor importance.
However, if a time series or frequency distribution of
concentrations at a particular receptor is desired, then it s
important to discriminate an infrequent high concentration from a
more frequent lower concentration. Sector- averaging can smear
out The nigh concentrations info more frequent lower
concentrations.

Sector-averaging may  approximate some  of the tow
frequency effects on plume dispersion. If +here is a wind
direction shift due 1o, for example, the advection of & meso-scale
system, then the wind can move the centeriine of a piume In a
fashion analogous to sector-~ averaging. However, *he turbulence
responsibie for mixing about the plume centerline may bes unchanged
by the wind direction change, if it is generated strictly from
tocal mechanical effects. Thus, the op value entering TtThe
plume sigma formulation, [or equivalently the Pasquill (1976) or
Tayior statistical theory formulation from which the previous two
are derivedl, is unchanged.

Low freguency wind direction changes can have effects
quite dissimilar *o these of sector-averaging. Consider a

sinusoidal wind direction change of the form:
6 = 0 * A sin wt (4)

where A and o are the amplitude and frequency of the change and

ao is the centerline about which the oscillation is occurring. Hf
the frequency of the motion is sufficientiy slow, then fthe
osciltiation will be completely decoupled from the higher frequency
turbufence causing mixing about the plume centerline. The

concentrations at a particular receptor may then appear as two
peaks within the period of oscillation as shown in Figure 3. tf

the receptor Is on the mean centerline, Then the peaks may be
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Figure 3. Effect of a low frequency wind direction oscillation on
ground level concentrations. The average GLC values will
be the same for any receptor within the crosswind amplitude
of the low frequency wave and there will be no decrease
with increasing downwind distance.

1z
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equi-spaced; whereas, Towards the edges of the range coverecd by

the centerline oscillations, The two peaks will occur closer
together. Theres are *two significant features about such a
scenario:

I« The total exposure for any receptor within range of
the centerline variations is the same for any given
downwind distancs.

2. If the plume is mixed in the vertical, there Iis
limited change in the concentrations with downwind
distance wuntil dispersion about the centerline
exceeds the magnitude of the wind direction
f luctuations.

The Iimpact of a |linear or sinusoidal wind direction
change will depend upon the time scale of the changes compared to
the time scale of the op specification. |f the changes are very
slow, then a value of o¢aA estimated from local Turbulence
parameters may be fully adequate for estimating 2 1 h GLC.
Sector-averaging in this case would tend to smooth out real local
GLC maxima across a sector. However, if the Time scales of the
wind direction changes are equivalent to the gp caiculational
period, (presentiy 1 h), then the secfor-averaged GLC may give a
best estimate of the 1 h observed GLC.

The correct measurement of op is also dependent upon
the separation of tfurbulence from decoupted low frequency wind
direction changes. If a large measured value of gp due 1o low
frequency effects is inadvertentiy used in a turbulent dispersion
formulation, then an incorrect power law dependence for GLC with
distance will result. The standard deviations of wind direction
should be calculated from a de-trended data set. The frend
information is part of a different dispersion process which may or
may not be important.

In the present freguency distribution model ,
sector-averaged GLC values are used exclusively. With the limited
data base presently on the time series file, this I6-direction

discretization appears to be a reasonable compromise for the
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constraints discussed above. However, the sector-averaging over
22.5° does produce an implicit latera! dispersion. Note that for
the worst case scenariocs, tThere should be no sector-averaging.
Although The ground ieve! concentrations under the centeriine can
be printed cut as an intermediate step in GLCGEN, the present
version of the model is not designed for effective use in a worst

case mode.

3.2 PLUME RISE

The plume rise formulations used in the present model
are based on the recomﬁendafions of Briggs (i1975) with some minor
modifications. For neutral and unstable conditions, a final pliume

rise has been adopted of the form:

o =, B Py >
where:  F = gVs (0,5d)2 (Tg=T5)/Tg is the

buoyancy flux parameter and has units of
(m%/s)

Ug = mean wind speed from stack fop to plume top
(m/s)

Vo = stack exit velocity (m/s)

d = stack diameter (m)

T, = stack gas exit temperature (°K)

Ty = ambient Temperature (°K)

X¢ = a downwind distance chosen to produce a usefut
effective stack height and

C1 = [3/c28n)] /3

Cy has a value of about |.4 based on AOSERP data
(Davisen and Leavitt 1979). B8riggs (1975)
recommends a value of [.6. The parameter 8

is an entrainment constant used to close

the conservation equations for plume rise.

All of the above parameters are standard except for Xs. Briggs



24

{1975) points out that plume rise mey continue during neutral
conditions, There has been some recent work tThat suggssts that a
more detailed thecretical analysis of the problem leads to a final
plume rise (Djurfors and Netterville 19380). However, for the
purposes of obtaining a reasonable effective stack height in a
climatological dispersion model using a Gaussian formulation, the
plume rise needs to be limited to the downwind distance at which
significant ground level concentraticons are likely. An arbitrary
value of 2000 m was adopted for all sources. Briggs (196%8)
applied a similar line of reasoning and recommended an explicit
formulation
X = 3.5 x*

. . (6)
where: X = 34 /3
for values of F greater than 55 m4/53. For The Suncor plume,
8riggs ! formulation would lead fo an X; value of about 1750 m.
Considering the approximate nature of +he specification, a
standard value of Xy = 2000 m seemed reasonable for neutral and
unstable conditions.

In stable conditions, the plume rise formulation adopted

was that recommended by Briggs (1975}):

I .I
h=c¢ [ F_ £3
2 \us (7}
s = & ad
where: Ta 3z

The constant C, was taken as 2.6 following Briggs (1973).

The choice of plume rise formulation depended upon
whether the transition from source-dominated fc environmentally
dominated dispersion was controlled by the mechanical or Thermal
stability constraints. This Transition is discussed in the
foliowing secticn. The criterion adepted was that if mechanical
furbulence was dominant In the specification of furbulent
dissipation, then, for consistency, rise should also be calculated

according to the neutral formulation of Equation 5. The value of
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X¢ In such cases was taken to be The transition distance. The
rationale for this cholce was that the plume rise could not cease
until the plume dissipation values, which are due to the plume's
thermalty generated turbulence, were equal Yo environmental
dissipation values.

The specification of 3g/3z for the stable plume rise
formulation was based upon empirical measurements., Values of 0.1,
0.5 and 1.2 C°/1C0 m were considered appropriate for slightly,
mederately, and very stable conditions. The latter fwo values are
the average of TYA classes B and C and classes D and E,
respectively. ln addition, they correspond to the average
temperature gradients for the moderately and very stable groupings
of Suncor plume rise data collected by Fanaki et al. (1979 &, b,
c) as analyzed by Davison and Leavitt (1979). The stability
parameter for stable conditions according fo the similarity theory
discussed below is Hoe Slightly, moderately, and very stable
conditicns were taken to correspond to values of 5, 15, and 40,
Then, 36/3Z was made a continuous variable based on values at
those three points. The advantage of making 38/3z a continuous
variable was to minimize any unnecessary effects of discretization

on a parameter as important for dispersion estimates as the plume

rise.

The plume rise formulations adopted are recognized as
being approximate values. However, The formulations are
considered adequate in +the light of their application in a

freguency distribution model where ranges of meteorological

parameters are grouped Together.
3.3 SIGMA SPECIF{CATION
The third major aspect of dispersion formuiation is the

choosing of a procedure to specify the plume sigma values.

3.5 Characteristics of the Three Regions of Sigma

Specification

In defining the plume sigmas for an industrial source,
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it is well known {e.g., Pasquill 1974) that there are up To Three
distinctive regions as the downwind distance from the source
increases. These regions are determined by the dominant
dispersive mechanism acting at a given downwind distance. These
regions are:

foe The source-dominated region;

2. The environmentally dominated region; and

3. The iateral shear-dominated region.

The characteristics of these regions have been discussed by many
authors and were summarized in.a previous report (Davison and
Leavitt 1979). In the paragraphs below, The procedures used in
the model are briefly outiined, with more details foliowing in
subsequent sections.

in the source-dominated region, the plume itself has
greater energy in the higher freguencies of motion responsible for
initiat plume spread than the ambient environmental “turbulent
eddies. Thus, the spread of the plume is governed by the source
charactferistics, How long this situation lasts, or equivalently
at what downwind distance the source furbulence becomes equal To
the ambient, depends upon scurce characteristics and the magnitude
of the ambient turbulence. The present understanding of fThis
concept of source-dominated dispersion has been well reviewed by
Briggs (1975); however, some practical problems remain. There are
some uncertainties in the specification of The transition
distance, given routine meteorolegical data. For the present
study involving a fregqusncy distribution model, some simple
assumptions are probably adequate. These are discussed in a
subsequent section.

The case of unstable conditions brings out a more
fundamental |imitation. The assumption of a source-dominated
region implies a spectral gap in energies between the low
trequency eddies which cause The plume direction to meander and
the higher frequency mixing eddies. For a source-dominated region
to be a useful concept, the relative dispersion about the plume

centeri{ine must be dominated by source-generated tfurbulence., In
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unstable conditions, however, the dominant ambient mixing eddies
tend to have lower frequencies (larger size scales) and may
markedly influence the dispersion very near the source. The plume
material in a looping plume segment may have more energy than the
ambient in the higher frequencies, but This frequency of energy
may not be too important for mixing. Source region ftransition
formulas based upon dissipation values as proposed by Briggs
(1975) are probably questionable for moderately or strongly
convective situations. Adoption of a small ad hoc transition
distance of the order of a few hundred metres is procbably more
appropriate for convective situations as discussed below.

The environmentally dominated region of dispersion is
The downwind range of disfances within which the dispersion Iis
largely governed by the standard deviations of the wind elevation

and azimuthal angles ( O and respectively). Tayior's

Gy s
formutlation as presented by Pasqiill {1976) has found wide
acceptance for lateral dispersion {Hanna ef al. i977)., A similar
formulation for vertical dispersion has problems in that the
turbulence structure changes significantly with height. However,
in a Gaussian model, the vertical variations of wind speed and
plume geometry are neglected. The oc value does characterize the
amount of vertical mixing. The major problem in adopting a Taylor
Theory expression involving Op for vertical mixing from a tall
stack appears Fo be The observations that in stable conditions,
the plume o, values do not scale as x1/z, This problem
appears To be overcome by adopting an effective downwind distance,
Xoff, based upon the matching of a, at the *fransition to
environmentally dominated dispersion. The values scaling
according To Xeff'/Z appear to generate very
reascnable tjzcurves as a function of X. In the modet, czvalues
in the envircnmentally dominated region are calculated using a
Taylor theory expression involving op and Xggze Details
are presented in a |ater section.

The matching of the source and envircnmentally dominated
regions of dispersion has not been widely discussed. |[f there is

a significant source~dominated region (as there usually is for *the
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Typlcally hot plumes from a synthetic oil sands plant}, then this
matching needs attention. As outlined below, fThe regquirement is
To define an effective downwind distance for the environmentally
dominated regicn that Iis different from tThe actual downwind
distance based upon sigma matching at the transition distance.
This distinction has been included in The present model.

For cases of significant vertical wind direction shear,
combined with non-negligible enviroamental vertical mixing,
lateral dispersion can become dominated by a mechanism of
shear-enhanced dispersion. The theory was presaented by Pasquill
(1874) for simple |inear shears. Pasquill suggests that these
effects may dominate under ideal conditions at downwind distances
of the order of 10 km. The g values would then increase at a rate
of x3/2 compared fo the yiong-—r‘ange Taylor theory limit of
x1/2,

Slawson ef al. (1978) found shear =2ffescts much closer to
the source than |0 km and proposed an empirical formulation tfo
account for shear effects. As part of the present study, Leavitt
and Davison (1980} re-examined some of the Sfawson et al. data and
propcsed an alternative interpretation. The basic idea was that
within the source~dominated regicn the environmental directional
shear can interact with the source-induced vertical mixing fto
generate an x5/3 region of lateral plume spread, The sijze
of the effect can amount to I100% of the normal spread within | or
2 km of the source and can account for the senhanced near-source
dispersion found by Slawson et at. Beyond the *fransition to
environmental turbulence, Leavitt and Davison conciuded that the
Siawson et al. plume sigma data were consistent with an Xx!/2
spread of Taylor's theory, although lack of 9g5data precluded a
more definitive conclusion.

The effects of shear-induced dispersion were not
included in the present version of the mode!. The shear-induced
dispersion can greatly increase the lateral dispersion of a plume
and so reduce the maximum ground ievel! concentrations. However,

in a frequency distribution model, The sector-averaging dominates
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the effects of tateral dispersion. |In addition, theres were major
problems in determining a reliable mean wind direction at plume
height; so that generating a direction shear data base would be
much more difficult. The analysis of the shear sffects in the
Slawson et al. data did permit the resoiution of the apparent
discrepancies betwesn that data base and the data base used in the
previous sigma study (Davison and Leavitt 1979). |In addition, the
procedures for inclusion of directional shear effects have been
defined. The present modei! was designed so that inclusion of
directional shear effects on the plume sigmas could be readily

accomp!ished in the future when an adequate data base has been

derived.
3.3.2 Source-Dominated Region of Dispersion
3.3.2.1 Plume sigma specification. The plume sigma formulations

appropriate for the source-dominated region of dispersion were
reviewed by Davison and Leavitt {1979). Basically, the
recommended formulations followed the outline presented by Briggs
{(1975), with modifications of the empirical constants based upon
an analysis of the AQSERP data base, especially the data collected
by Fanaki (1979 a, b, c). Within the source-dominated region, the
plume sigmas scale with The plume rise. The formulations used for

plume sigmas were:

r = RAH

o = 0.42 1 (8)
Z

g = 1.4 ¢
y z

where AH is the plume rise in neutral or stable conditions and r
is the radius of the plume. The factor 0.42 arises from the
assumption that The "radius" of the visual plume corresponds “o
the !0% concentration in a2 normal distribution. The ratio of .4
between the lateral and vertical sigmas was recommended by Davison
and Leavitt (i979) based upon an analysis of prefiminary LIDAR
data of the Suncor plume presented by Hoff and Froude (1979).
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The parameter g is an entrainment constant first used as
a closure hypothesis for The plume rise conservation equations by
Morton et al. (1958), as discussed below Equation 3. Values of
g are normally determined from obssrvations of plume rise and
plume thickness. A value of g = 0.5 gives good agreement with
observations of the ratic of plume rise and plume radius (Briggs
1969), but leads fo a value of C| = .8 in Equation 5 for plume
rise. Briggs (1975) has proposed a concept of modified volume
flux to define an effective value of g, with a recommended value
of 0.6 I[see Davison and Leavitt (1979) for a more complete
discussion].

In neutral conditions, the va!ueslof B, and hence UZ and
Gy depend upon C!B and thus have only a [/3 power dependence on
B, as shewn in Table |. Because of the uncertainty in the 0.42
factor relating o7 to r, a value of Ci8 = 1.0 is considered
to pe sufficiently accurate and was adopted in the model.

In stable conditicens, The plume geometry defined by
Equation 8 was assumed. However, The maximum plume rise, HR,

glven by

HR = (.79 HRf
(9)

where HR¢ is the final plume rise, was used Yo compute the value
of 9y aT the fransition distance.

Note that the size of the sigmas is such that the pilume
rises faster than the plume spreads downward. Thus, the ground
fevel concentrations for flat terrain are minimal at downwind
distances within +the source~dominated region. A reasonably
accurate estimate of the plume sigmas Is required, however, To
permit a proper mafching of the sigma formulations at The
transition fo the environmentally dominated region of dispersion.
The determination of the transition distance and the matching at

that fransition are outlined in the next two sections.
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Table |. Typical values for the neutral plume rise coefficients (C;)
and the corresponding values for the sntrainment constant.

Cl B Clﬁ
.40 0.74 .03
| .60 0.61 0.97

.80 0.51 0.9
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3.3.2.2 Formulation of the transition distance. For neutral and
unstable conditicons, the transition distance from source-dominated

to environmentally dominated dispersion regimes was defined by the
criterion of dissipation matching as suggested by Briggs (1975).
As discussed in Daviscon and Leavitt {(1979), The dissipation can be
affected by both thermal and mechanical turbulent energy, or can
be dominated by one or the other. The significance for the
present study is that the dissipation, and hence the fransition
distance, has a different dependence on the wind speed (U),
depending upon whether the thermal or mechanical effects dominate.
From Briggs (1975} and Davison and Leavitt (1979},

T

e = 0.8

_s y2/3 =573
P T,

(1)

where £p reoresents the dissipation rate inside the plume. The

transition distance defined by dissipation matching becomes

T
= o .2/3
X, =q{0.8 2 g3y {3/5 ()
T, .

where € s the environmental dissipation. The problem now reduces
to specifying the environmental dissipation.
For a mechanically dominated ptanetary boundary layer

(PBL), the environmental dissipation is
e = = (12)

where uy is the friction velocity evaluated in the surface layer,
Z is height, and k is von Karman's constant. Using a logarithmic
wind profile, the dissipation maiching criterion for mechanically

dominated conditions becomes

3 43/5
= T 2/3
X {0'8_2 F7 2 leg (%1 } (13)
fa K22 2

where Z, is the height in the surface layer where the friction

velocity is evaluated (typically 10 m), and Zy is the roughness
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length. This value can be used as a limit for the approach fo
mechanically dominated conditions.

For & convectively dominated PBL, tThe environmentai
dissipation, (e ), was made a function of EE: According to
similarity theory, the dissipation, when non-dimensionallzed by
the relevant velocity and length scales, should be a function of
the stabiiity scaling parameter Z;/L. The details of the
selection of the refevant scales and of the scaling parameter are
discussed in a section below on PBL parameterization. The

exprassion for dissipation in convective conditions reduces o

A
- S i
= Tawe f(i—_) (14)

where w8 is The surface heat flux and f(Z;/L) is a function to be
specified. Based upon measurements of dissipation in the AOSERP
study area (Davison and Grandia), *he expression for dissipation

adopted in the model was

E=l.4%wﬁ ~ O-OS-t;é—

a (15)

where a mean value of T, was adopted. The values for the
dissipation generated by ths above expression are about a factor
of 2,8 larger than those adopted by Venkatram, 1980. However, the
values are typical of observed values. The 1.4 factor s
consistent with turbulent energy conservation because of the
effects of heat flux at the top of the PBL and of the effects of
water vapour flux, and also mechanical energy generation at the
surface.

The fransition distance in the model was taken to be the
minimum of The mechanically dominated and convectively dominated
estimates. This minimum c¢riterion ensures that the mechanical
limit is used for a mechanically mixed PBL in strong winds and the
convective limit is used for weak winds when convective effacts
should dominate. Examples of the estimated transition distances

as function of wind speed for the Suncor plume based upon tThe
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above formulations are presented in Table Z. It is seen that for
higher wind speeds, The mechanically dominated estimate is tThe
controlting limite

The iransition distances for strongly convective cases
may be questionable due T¢ the importance of larger scale
environmental eddies. |In very unstable conditions, the looping of
plumes and the plume break-up close fo The source imply that the
adoption of a source-dominated region may b& Iinappropriate even
when the dissipation levels inside the plume (or plume segments)
are large. The fransition distances for the very unstable case In
Table 2 are less than | km only for lighter winds. However,
highly organized convective structures are known 1o exist in the
presence of strong surface heating even in moderate winds. Thus,
it seems appropriate to restrict the transition distance in the
highest positive heat flux class to a maximum value of 800 m.

There are considerable uncertainties in the constants
invalved in the plume dissipation expressions needed for
transition estimates in neutral and convective situations. A
discrepancy of 50% was noted by Davison and Leavitt (1979) between
alternative formulations of the mechanically dominated pfume
dissipation discussed by Briggs (1975). The uncertainties in the
convective case may even be larger. Fortunately, tThese large
uncertainties do not have a major effect upon the final ground
tevel concentration values. The dissipation values enter the
formulation only in the calculation of the Transition distance,
and even there, only fo the power of 0.6. Thus, a 50% uncertainty

in dissipation becomes about a 25% uncertainty in fransition

distance. The resuiltant uncertainty in +the ground Ilevel
concentration wlill be a function of many parameters and cannot be
simply expressed, but will consist of both a slightly changed

magnitude and location of the maximum ground level concentration.
Results of sensitivity tests are presented in Volume 3 of this
report. The relevant conclusion s +that the dissipation
formulation uncertainties are far from being tThe controlling
uncertainties and offen have minimal effect upon the ground level

concentrations.
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Tabte 2. Examples of values for the transition distance based upen
mechanical and convectively dominated values of the ambient
dissipation. The estimates are for the Suncor plume.

WIND SPEZD TRANSITION DISTANCES X7 (km)@
m/s Mechanical Siightly Moderately Very
Stable Stable Stable
(0.001) {0.005) (0.010)
2 18.6 1.9 0.7 0.5
5 6.2 3.3 1.3 0.8
10 2.7 5.0 .9 |3
15 [.2 6.4 2.4 1.5
a

The examples for The convective PBL correspond *o dissipation rates
as shown: 0.001, 0.005, 0.010 m3/s. These dissipation rates
correspond *to heat fiux values of 0,02, .10 and 0.20, respectively.
In the model, the minimum of The mechanical and convective estimates
was adopted.
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For stable boundary layers, +he fransition distance was taken to

be the distance to maximum plume rise. Following Briggs (1975),

the maximum plume rise for a buoyant plume will occur when
w't = /2 (16)
where ! is the Brunt-Vaissala frequency modified for the

effective momentum flux. The *ransition distance is then defined

as

==

(i

-1/2
=T 18 38
X2 =30 ;9 57 }

a

where M and Mg are the acfual and effective momentum fluxes as

defined by Briggs. Briggs (1973) suggests a value,

M
T 2.3 (18 )
2
The values of 38/37 for stable conditions are those presented
earlier in the discussion of plume rise. In the present model,

the expression for transition distance then becomes

-1/2
X = 12,7 U{fﬁi} (19)
£ 22

whers an ambient femperature of 53°C has been adopted. The values
of X+ for a range of typical wind speeds are shown in Table 3
along with the <corresponding ‘transition distance for a
mechanically dominated mixing layer based upon the dissipation
criterion discussed above. 1In the oresent model, the minimum of

the mechanical and stable fransition values are adopted.
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Table 3. Examples of values for the transition distance for stable
conditions, taking the distance of maximum plume rise as the
fransition distance. The values for a mechanically mixed
boundary tayer based on the dissipation criteria are
atsc calculated in the model, and the smaller value of Xy
is adopted in each case.

WIND SPEED TRANSITION DISTANCES X (km)@
m/s Mechanical Slightly Moderately Very
Stabte Stable Stabfe
(0.001) (0.CC5) (0.012)
2 8.6 0.8 0.4 0.2
5 6.2 2.0 0.9 0.6
10 2.7 4.0 | .8 [2
15 [ o2 6.0 2.7 1.7
a

The bracketed values are the typical values of the dissipation
rate in m/s.



38

The formulation for the *ransiticn distance indicates
_that the fransition distance is typically of the order of 1 km.
However, it can be greater than 3 km for wind speeds of about
7 m/s for near neutra! conditions. This iimit is in agreement
with the case study of 22 June 1977 presented by Davison and
Grandia {1979). In that case study, the transition distance was
cbserved to be greater than 3 km just after sunset with a wind
speed of 7.5 m/s. The transition distance was less than 3 km for
ail other case studies in That field study and in the March 1976
AQSERP field study (Davison et al. 1976).

3.3.2.3 Sigma matching at the fransition distance. The presence

of a source-dominated region means that a matching of the sigmas
at the fransition point is required. The matching results in the
definition of an effective downwind distance coordinate for use in
the environmentally dominated region. The matching of sigmas at
the transition point leads o
U(X =
5 tS) Ge(xte) (207
where subscripts s and e refer to +the source region and
environmental regions, respectively, and where the subscript T on

the X = coordinate refers to the fransition point., [ the

environmental sigmas are functions of X,

o, = £(x) (21)

then the value of X which corresponds 1o a value of ge equal To
G, at the transition distance can be called X4g4. The value
of X4g corresponds to the downwind distance at which
would be equal To J5(X4g) irn the absence of any source
region effects. [n general,

Xte ? th (22)
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For example, a fracer emitted into a stable elevated layer might
take a long distance To disperse To a size scale asgual Yo tThat
obtainec¢ by the source-dominated dispersicn. In such a case, the
effective source location for +the environmentally dominated
dispersion formutations would be significantly upwind of the
actual source, as is sketched in Figure 4. The appropriate
downwind distance coordinate for use in environmental formulations
is changed by (X4 - X4¢) from the actual downwind
distance coordinate. This effective downwind distance correction
can clearly be different for the vertical and latera! spresads.
Altowance for effective downwind distance coordinates has been
included in the present model for sigma calculations in tThe
environmentally dominated reglon,

A further constraint was imposed upon the values of the
plume sigmas in the source-dominated region. The value of fthe
sigmas had to be at least as large as the values pradicted by the
formulation presented by Pasquill (1976}, The formuiaticon was
changed to a power law of the form F(X)}) = 0.6 xCe2 and was
extended ‘o cz/ue, where g o, Is the standard deviation of the
wind elevation angle fluctuations., This constraint ensured that
an error in the fransition distance, due to such uncertainties as
the dissipation specification inside The plume, could not lead *o
unrealistic values. The results of sensitivity fests on this
constralnt are discussed in Volume 3 of this report.

The use of effective downwind distances had a very
significant effect upon the apparent power law for o, in stable
conditions. By having a significant positive offset on X, then
adopting a constant power law of o, = Xe|/2 lead To much
lower power laws based upon true downwind distance X. The result
was that a stability and downwind distTance dependence of The power
law exponent on X was implicity contained. One of the major
theoretical advantages of such an apprcach is that the same
environmental dispersion formulation is applicable regardiess of

downwind distance and the degree of stability. The changing of
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Figure 4. |llustration of the difference between the actual downwind

distance {X) and the effective downwind distance (xe),
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empirical power laws with stability and downwind distance common
to most sigma specification schemes can be avoided. Resultfs of a

[imited comparison to observaticns are shown in Volume 3 of this

report.
3.3.3 Environmentally Dominated Region of Dispersion
3.3.3.0 Rationale for boundary layer parameterization. As

mentioned above, the environmentaily dominated region is the
downwind range within which dispersion is governed by the standard
deviations of wind azimuth and elevation angles. Davison and
Leavitt (1979) report that the lateral plume spread is reasonably
well predicted by variations of Taylor's statistical theory. Such
an approach is currently widely accepted ( e.g., Hanna et
al. 1977).

In the present version of the model, the vertica! spread
for all stability has been specified using an approach equivalent
o that adopted for lateral dispersion. The sigma specification
subroutine does include, however, & calculaticon of the parameters
necessary to implement a simplified TVA scheme as recommended by
Davison and Leavitt for predicting ¢, in stable conditions. A
comparisen of the present scheme based on an amalgam of results
from the literature on boundary layer parameterization with the
simplified version of the TVA scheme of Carpenter et al. (1971) is
recommended during future +uning of the model. Because the
procedure used to calculate either sigma value is similar, it is
outlined below for o only.

As mentioned above, tThe precedure used to calculate
Gyis a variant of the statistical theory first derived by G.l.
Taylor in the 1920's . For long dispersion times (or

equivalently, large downwind distances),

_ 1/2 _1/2
Oy =0y (2e, )77 T (23)
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where ¢, is the standard deviation of lateral wind
fluctuations, tye is the Lagrangian integral time scale and T
is The poliutant travel Time from release. Details of the
derivation of this equation and specifications for appropriate
sampling of oy are given in Pasquill (1974).

Assuming ¢ , = o /U, where U is the mean wind speed,

A
this formutla can be rewritten as

= 1/2 172
cy Oy (ZEV) X (24)

where, & =

v U is +the Lagrangian length scale. Hecause

ve
it Is difficult to measure the Lagrangian iength scales, variocus

approximations have been derived. A useful abbreviation to

Equation 24 is

Ty T O, XX (25)

Estimates of f(X} are available from Pasquill (1976). At large

downwind distances, Pasquil! suggests

£ = 0.33 (10/%) 172 (26)

where X is the downwind distance in km. Comparison of these two

equations suggests that

Rv # 540 m 27

The equivalenT expression for.az is
9, = 0p X f (%) (28)

where f,(X) is not necessarily equal To f(X}.
As discussed above, the plume dispersion formulas for

the envirconmentally dominated phase should be modified to account
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for the enhanced spread during the source-dominated phase where
the sigma values are proporticnal To x2/3, The simplesT
procedure is To use the concept of an effective downwind distance
XE

The correction factor s found by matching sigma
predictions at the tfransition distance X4. ln the
environmentally dominant region, the equivalent downwind distance
for lateral dispersion, xeTy: at the “transition point s

given by Equation 24 as

- 2
X A vt i (29)
ety \7, ZQV
where Tyt is the value of Ty at the fransition distance.

Then the correction factor for effective downwind distance is
AX =X - X (30)

The expression for ¢ y in the environmentally dominated region

becomes
- 1/2 o2 1/2 (31)
Uy (X UA(ZQV) ;X + vt - Xt
2
ay (2£v)

The equivatent expression for ¢, c¢an be derived in a similar

fashion:
= 1/2 2 1/2
0, (B = g (2 ) 23 + 9t -x f (32)
2
GE {22 )

Note that the correction factors are different for lateral and
vertical dispersion.

Values of oy, o©, can be calculated if estimates of
GAs OFs O oy, and ¢, are availatle. For this first
version of the mode!, Pasquill's (1976) suggested value for f(X)
at large X is used to generate a value of the Lagrangian integral

fength scale of about 500 m. This wvalue is wused for both
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vertical and lateral dispersion. i+ is consistent with the
results of estimated values of the Eulerian integral length scales
based on integrals of the auto-correlation functions as measured
in The AQSERP study area by Davison and Grandia (1979).

Values for o¢p and o g were estimated from a PBL
parameterization scheme. Any parameterization scheme is inferior
to use of measured values, and Is resorted to here hecause of the
absence of reliable, direct measurements of ¢4 and o g
Although there were wind fluctuation data at the 152 m height of
the ftall +tower, there was a serious question as fo their
representativeness for piume dispersion calculations. The
minisonde winds at typical plume height had been found to have
wind roses very different from the tfali tower wind roses. The
major differences In the shapes of The wind roses (as pressnted in
Yolume 2 of this report) suggested that the wind fluctuation
statistlics at the 152 m height on the tai! tTower may have been
inappropriate for use as dispersion parameters for significant
pericds of time. Because of +this uncertainty, it was decided fo
utilize a boundary layer parameterization scheme to estimate g 4
and og.

The parameterization scheme outlined below has bheen
drawn both from the {iterature and the resultfs of previcus AQOSERP
studies. The scheme as developed requires some estimates of
certain physical parameters such as roughness length. Presently,
other data sources exist in the oil sands region that could be
analyzed o give better parameter estimates, and To validate or
improve certain simplification adopted in the formulation as

necessary.

3.3.3.2 Scaillng parameters in boundary layer similarity theocry.

The basis of the adopted parametarization scheme is Monin-Obukhov
similarity theory (QObukhov 1971). Obukhov proposed that over a
horizontally homogeneous surface, the turbulence structure is a
function of surface stress 15, The buoyancy parameter g/T, the

surface heat flux Ho=ch§.pa , and the height Z above the surface.
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Here, 05 is the density of air, ¢, is the specific heat of air
at constant pressure, wé is the vertical flux of potential
temperature, g is the acceleration due to gravity, and T is the
mean air Temperature. From these variables, veloclty,

Temperature, and [ength scales can be formed:

1/2
u, = (1./p) velocity scale
bp = - wl /u, temperature scale (33)
z height scale

A given turbulence property should then depend only on
These parameters. For example, the mean vertical gradients of

horizontal wind speed can be writften as:
kz sz _ (2 (34)
u, U ulL

This expression leads fo the familiar logarithmic wind profile:

- @)

where:
. - .2 g
L Uy / (T k 6*) (36)

Here, L Is the Monin-Obukhov length, U is the mean wind speed at
height Z, Z5 is the roughness length, and Kk Is von Karman's
constant. @,, a function of Z/L that must be determined
empirically, is defined so that ¢, (0.0) = [.0. There is stiil
disagreement in the |iterature, bulT an approximate value for von
Karman's constant is 0.4 (Hicks 1976). The form of the VY,
function is determined during integration of Equation 34, as in
Paulson {!970). Similar equations can be derived for The mean

vertical potential Temperaturs gradient:
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kZ 33 = ¢se(%) (37)

8, 8z

Integrating this equation gives an expression for the mean

potential temperature as a function of height:

8 (38)
A0 = 8(Z) ~ 6(Z ) = — z z
o) © (log Z ?9 T

Here, ﬂe and v, are anaiogues o gu and y .

The above equations for parameterizing the surface
fluxes have been extensively verified by experimental study (e.g.,
Kaimal et al. 1976; Businger et al. 971}.

For parameterization of dispersion of elevated plumes,
it is necessary to parameterize the turbuient properties of the
whole boundary layer rather than just those in the surface layer.
Arya (1977} and Arya and Sundarajan (i976) reviewed similarity

theories which have been proposed for the PBL. The reguired

addition fo the surface layer parameterization thecory is to
include the boundary layer height Z; as an additional length
scale,

Turbulence properties in the outer boundary layer, that
is, for heigh+s Z greater than about C.! Z;, should then depend
on the ratic of this height fo the M-C {ength L. In convective
gituations, (L <0), it is generally accepted that the most
appropriate boundary layser height scale is the height of the
lowest tfemperature inversion. This was suggested by Deardorff
{1979) on the basis of both experimenta! and model results, He
also suggested a new velocity scale for the convective boundary
layer above The surface layer:

= & 5 1/3
Vi ;Ta wd Zi} (39)
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Kazanski and Monin (i980) proposed that +the PBL could be
parameterized if the earth!s rotation was included in the
similarity theory. Their theory, which is also known as Rossby
number similarity ftheory, assumes that the boundary layer height
is proportional fo u./f:
(40)
heul/f
Here f 1is the coriolis parameter (0.00012). An appropriate

nen-dimensional stability scale for the boundary layer is Then

u
Hye = {41}

H]

£

Results from severai theoretical model studies have suggested that
the stable boundary layer height h can be expressed as a function
Ofu; .

* -
1/2 (42)

Estimates of #, range from approximately 0.2 to [.0 (Arya (977).
The predicted value of B o2 is strongly dependent on the
particular theoretical assumptions. Because of the uncertainty in
determining h in stable conditions, the stability parameter
will be used o classify stability in the stable PBL and the ratio
Z;/L will be used for the convective PBL. The non-d imensional
boundary layer height h/L is computed and is available on
intermediate GLCGEN cutput if desired.

I+ is important to point out the limitations of this
boundary layer parameterization. The development as outiined
above assumed stationary and horizeontally homogensous conditions
which aT best are only a rough approximation to the real
atmosphere.

There is evidence that characteristics of the outer
boundary {ayer depend on large scale factors such as horizontal
temperature advection (e.g., Nieuwstadt and Driedonks 1979). The

use of a measured boundary layer height in convective cases would
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permit some influence of +the large scale effects in This
parameterization, At present, the use of seasonal climatclogical
values of convective mixing height ignores any shorter period
targe scale effects. The large scale influences are not included
in the parameterization of the stable boundary layer.

In spite of the above l|imitations, it is hoped that this
parameterization should lead to oy and op estimates which are
less |ikely To contain major systematic errors +than mighT occur by
the adopticn of a questionable time series from the tall tower.
[t is desirable, however, to compare the parameterization scheme
with all available data sefs to ensure that it has been optimized
for the AOSERP study area.

3.3.3.3 Estimated value of surface roughness. The value of

surface roughness affects the amount of mechanical turbulence, as
specified by the friction velocity u, , that will be generated by
a given wind speed. Thus +o estimate the mechanical mixing
effects on the plume disparsion, a vaiue for the roughness length
in the AOSERP study area must be adopted. No direct estimates of
Z~ are apparently available for the ADSERP region. it may be
possible To analyze the extensive set of pibal profiles to provide
some estimates of the value of Z,. However, this apparently has
not been attempted to date.

Weber et at. (1975) reported an analysis of measurements
collected from a 366 m television tower in South Carollina. Their
program included measurements of wind and temparature profiles and
standard deviations of wind elevation (cop) and azimuth (o 4).
The estimate of Z, for rolling terrain, wifh patches of frees
and pasture land, was 0.36 m. Slade (1969) found Z, values of
0.2 to 0.5 m for flow over irregular Terraln, including a river
valley. Garratt (1978) reported a2 value of 0.4 + C.2 m for a
heterogeneous surface comprising 8 m high *rees, grass, and dry
soil, Based on this admittediy smal! amount of data, the Z,
value adopted was 0.3 m. This value of Z, was used to estimate

source-environment region fransition distances in a previous
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section and was found to give relatively satisfactory resulifs.
_ Sensitivity and validation “fests involving various
values of Z, were undertzken in Phase Z of this program. These

Tests are discussed in detail in Volume 3 of this report.

3.3.3.4 Computation of boundary layer parameters, The first

step in the parameterization scheme is to compute values of ux and
L %o use in estimating other boundary layer parameters. These
parameters can be evaluated in the surface layer Typically at a
helght of 0 m. Atthough evaluated at 10 m, the parameters can
have major scaling effects throughout the boundary layer.

The value of u, can be found from the mean wind speed
in The surface layer as

u, = CD 1)

: = 23 - Z
where: CD k Ilog (Zo) Wu (L)i

Note fthat this definition of Cy is the square root of the usuat

(43)

(44)

definition, [f +the appropriate profile expressions are
substituted for u, and we , Tthe Monin-Cbukhov length can be

written in terms of u and Z, as

g

- {log 2/z) - wu} 2

| {103 (z/z ) - we}
Empirical forms for wu (Z/L) and we (Z/L) based on observations

{45)

riea
|
w3 oo

a

[

are given in Paulson (i1970) and Carson and Richards (1978). Note
that by definition Wu {(0) = WG(O) = 0.0.

For unstable conditions (Z/L <0), the ¥ functions are
comp!icated and have a relatively smati effect on the computation
of Z/L or U . Given the uncertainty in the value of Z,, It is
therefore reasonabie to compute Ux, assuming that Chp = k/iog
(Z/Z45)



50

in stable condifions, tThe Y functions can be

approximated as {(e.g., Carson and Richards [978)
= - Z
o= ¥ = - (_L_) (46)

This is the famili%r fog=I[inear formulfation; The value of o s
assumed equal fo 4.5, foilowing Leavitt et al. (i977) and Businger
et al. (1971). Recall that this relationship is being used only
in the surface layer t¢ caiculate the parameters defined at the
surface vwhich govern The PBL characteristics. Using Tthe log-Iinear

formulation, the equation Z/L can be rewritfen as

-1
L z 'E = T =22
© i

Note that the left-hand side (LMS) of this equation depends on £,
Zny, L, and o and that the RHS depends only on measurable
quantitises or quantities fairly easily estimated from avaiiable
measurements. It is necessary To include the correcticn
represented by the second term in the bracket in Equation 47 in
stable conditions because it makes a significant difference in the
computed values of L and u,. This egquation can be solved
numerically for the value of L which can then be used fo compute

U, o The computed values of u, and L are in turn used To compute

*
K, orf the ratio of Zj/L, depending on the sign of 48,

Thus, if there are representative estimates of As and
U, and if the estimates of Z, and o are reascnabie, tThen
simitarity theory scaling parameters for the plantefary boundary
'layer can be estimated. The applicability of The procedure
clearly reqguires that The plumes remain in a region of The
atmosphere coupled to the surface. [+ the plumes penstrate on
elevated inversion, +then This boundary layer parameterization

scheme is not appropriate and is not applied in the model.
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in The present time series data file, values of the
temperature gradient are not available. A medification fo TtThe
apove formulation using heat flux estimates had fo be adopted.

The procedure To calculate uy and L described above can
be modified to use the estimated heat flux rather than 28. Given

the value of w8, the expression for L can be rewritten as:

3
L { log (2 ). Z _
g og (ZO) ‘Pu (-E) $ = k2U3 /(_% WB) (48)

in unstable conditions, This is not difficult to implement since
?u is set equal *to zeroc.

However, in stable conditions, for a given value of the
RHS of Equation (48), there are either two sclutions for L or no
value of L for which a solution exists. 7The vaiue of L for which
the LHS of the equation has & minimum value is calculated using
Equation 46 and differentiating fhe LHS of Equaticn 48 wiTh

respect o L. This gives:

= Z (493
Lmin = 2aZ / log (—z-)
o

This value of L corresponds to a maximum permitted heat flux for a

given U in stable conditions (Carsen and Richards [978),

)f -1 (50)
O

The physical occurrence is one of *The aitmosphers

_ _ .23 g
Wemax = kU {T 207 log (

(SET

becoming more and more stable, turbulence being suppressed and the
heat flux becoming smalier. Thus, the negative heat flux is small
for both near neutral and very stable conditions. The negative

heat flux reaches a maximum at an intermediate level of stability.
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maximum at an intermediate level of stabiiity. The formulation of
Equation 47 invelving A8 simplicitiy includes *this maximum
negative heat flux effect.

Equaticn 48 was solved in the present model by creating
a table of values of the LHS versus L. Measured paramefers define
the RHS, and hence, the appropriate value of L can then be chosen
by equating the vatues of the left - and right-hand sides of the
equation. I{f the value of the heat flux causes the RHS fto be less
than the minimum allowed value, the Monin-Cbukhov leag*th is set
equai  to Lpine Computed values of L are then limifed 7o
values equal or larger than this vaiue To remove the problem of
dual solutions. This means that the wvalue of L in very stable
situations with very low wind speed may be overestimated. B8ecauss
of the relatively large Z, value in the AQOSERP study area, tThis
minimum |imit for L 1is seldom reached. The setsction of
parameters for stable boundary layers has been adjusted to prevent
this probiem from seriously impacting on the dispersion

modeiting.

3.3.3.5 tstimates of op and op In_convective conditions.

Pancfsky et al. (1977) summarized field measurements of the
standard deviation of horizontal velocity and showed that there

was good agreement befween the data and the following prediction:

g 1/3
v Z
- = {12+ 0,5 71 g
u _x
* ! L {51)
over a range of Z;/-L from 0.0 +to 350. Most of the
measurements, however, were made in the surface layer. in tThe

l'imit of large Z;/-L, this expression reduces to

SR
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This agrees with data from Caughey and Palmer (1979) who measured
oy over the entire depth of the unstable PBL.

White  the horizontal velocity fluctuations are
relatively constant with height in the unstable boundary layer,
The vertical velocity fluctuaticns increase with height in the
lower boundary layer to a maximum value at Z/Z; = 0.5. Above
that height, oy decreases with height to some small minimum
value above the inversion height, possibly associated with
internal waves (Caughey and Palmer 1979). In the surface layer,

Z < 0.1 Zy, Panofsky st al. (1977) suggest that

1/3

g
Z
2]

-
u

(53)
= 1.3
%

McBean (1976) compared several different methods of scaling g

in the boundary layer and suggested the empirical formula:

2
- Z (54)
)- 22(2)
1.

1

o
Z
= . + . _

kS

According to McBean's equation, &, has a maximum value of
o, = 0.68 w, at Z/Z; = 0.5, Caughey and Paimer (1979)
found that the maximum vatue of g, occurred near Z = 0.5 Z;
but the observed maximum was only oyw/'wy, = 0.4. Davison and
Grandia's (1979} measurements of wvertical and herizontal
Turbulence fluctuations can be used to partially verify these
predictions. In unstable conditicons in June (977, it was
generally found that gy = ¢y at plume level.
{+ is useful to compare calculations of oy and oy
from the above formulas. Assuming U = 5 m/s, Z; = 1000 m,
We = 0.2°K m/s and L = 22 m, then substitution into the
appropriate equations gives values of w, = 1.93 m/s, u, = 0.5
m/s, and oy = 1.43 m/s. According tfo Caughey and Palmer's
formula, o, = 0.8 m/s or about one-half of g ye According
to McBean, the maximum value of g, would be about |.30 which is

approximately equali To the estimated value of gy, in better
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agreement with the cbservations of Davison and Grandia (1979) for
unstable conditions. However, the scatter in Davison and Grandia's
data precludes verification of any variation of ﬂw/w*, with
height. In fact, their data suggests that any variation is not as
systematic as either Caughey and Palmer or McBean detected.
Because of these uncertainties, and the application of the results
in & Gaussian dispersion formulation, it seems best to set
ow/wy tTo a constant value (of 0.6) rather than Yo allow it fto
vary with height. The sensitivity of calculated GLC values to
this assumption was examined in the sensitivity studies presented
in Volume 3 of this report.

In the model, the value of o, was also computed from
Equation 53 for mechanically mixed conditions by setting Z/L to

zero:
(55)

The program then selects the maximum of +the convective and
mechanical Gy values computed by the fwo procedures for olume
sigma computations. Assuming that o4 = oy, c°u and that

Op =0y °U, then

op = MAX (0.6 w,/U, 1.3 u,/U) (58
and
o 2, 1/3
Sy T T l2+0.5__‘£

Here, the wind speed U should be tThe mean wind speed at plume
haight. In the present data set, the available wind speed is
estimated for a constant 400 m height. The model adopts the
wind speed value from the “time series file without any

modifications.
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3.3.3.6 Estimates of g and o ¢ in_stable conditions. There

are as yet, no expressions for gp and gg in stable conditions
equivalent +to the equations given In The preceeding section.
Deardorff (1978) suggested that ¢, and o, have the following
form:
o0 = w (-2
(57)

% = ui (1 - z/n)

where h is the haight of the stable boundary layer. However,
available data suggest that it is unlikely that ¢, and ¢
wou!ld decrease To zero at the top of the boundary layer because of
the effects of the variability of the large-scaie flow on the
boundary layer.

Because of the lack of a firmly established
parameterization in stable conditions, estimates for the values of
Spn and C¢ are based upon measurements reported by Weber et al.
{1975) and Luna and Church (1972) frem tall towers located in
non=-homogenecus terrain.

The stable boundary layer was initially classified by
the calculated value g into three classes as shown [n Table 4.
Recail ¥, is tThe non-dimensional parameter formed from the
boundary layer height according to Rossby number similarity theory
and the M-0 length (refer +fo Equation 41). t+  should be
emphasized that these are only rough estimates and are a fairly
poor substitute for hourly observaticns. The classes are based on
Deardorff's (1978) recommendations for classifying the stable
boundary layer and on results from Leavitt et ai. (1978). The
limit of uy= 30 was adopted so that the setting of a minimum value
for L does not cause very stable cases to be classified as

moderately stable cases.
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To minimize the effects of discretization,

the above
values of gp and ¢ g were used To construct continuous values
as functions of Uy o A constraint was imposed for

smal i
vatues {approaching neutral conditions), such that
%
*
GE b3 I_.O'ﬁ— (58)
1.8 u*
o, £ L85

The numerical values are consistent with the observations of Weber
et al. (1975).

A further constraint was that op and ¢4 must
not drop below the values for very stable conditions in Table 4.
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57

Typical values of g 5 and op as functions of .

Y Stability op (deg.) oz {deg.)
5 Slightty stable 8

20 Moderately stable 4

40 Very stable 2.5 i
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4, FREQUENCY DISTRIBUTICN PROGRAM
4.1 FEATURES OF FRQDTN
The program FRQDTN computes average ground level

concentrations, frequency disftributions of ground fevel concentration,
and first-order estimates of wet and dry deposition. As input, it
requires the ground leve! concentration file produced by GLCGEN and the
hourty Time series file produced by the program TIMSER. For many
users, FRODTN may bte the only program run. Many options have been
incorporated into This program to make -it as useful as possible to a
wide range of potential users, The pregram features include:

I« The GLC frequency distributions and deposition can be
determined at specific locaticns or for the grid of
receptors set up in GLCGEN, or for specific receptors set
Up in GLCGEN;

2. Three frequency distributions may be calculated. These
are the frequency distribution of ground level
concentration, an inverse cumulative frequeancy
distribution of ground tievel concentrations, and the
frequency distributions of Time betwaen successive
exireme events;

3. The time series of GLC values are available for direct
comparison wWith observations; )

4. The GLC calculations can be limited to specific times of
day and can be averaged over specified periods of up to
24 h;

5. The GLC calculations may be !imited o specified months
or may be done for the total of all time series files
attached;

6. A weighting based on standard meteorological parameters
can be applied to the ground level concentrations To
simulate changes in receptor susceptibility. That is,
The GLC calculations can be based on the normal hourly

Time series or +they can be included, excluded, or
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or inciuded in part by the weighting option for a
number of different meteorological conditions;

7. GLC caiculations can be undertaken for any source
emission values for any combination of scurces
witThout re-running the grogram GLCGEN; and

8, The deposition calculation car be undertaken using
default depositicon parameters or the parameters may
be specified by the user.

The program FRQDTN first reads the user-supplied input
which includes selection of options, specification of source
strengths, and the {imits of the frequency distribution classes.
The program then reads the dispersion class bcundaries from the
first record of the ground leve! concentration file.

The time series file is then read and appropriate hourly
records are selected. For each selected hour, the ground level
concentration file index is computed. Determination of the file
index involves the conversion of a radiation estimate to a heat
flux estimate. The ground level concenfrations for the desired
index are then read from tThe random access file which was created
previously by GLCGEN. The weighting function 1is applied, an
hourly value of wet deposition is calculated based on
precipitaticn rate in the time series, and *the proper frequency
distribution class is incremented. After each time series file is
read, dry depositicn is caicufated and specified resuilts are
displayed. After all time series file are read,‘resu!Ts for the

total period are displayed in a pre-determined format.

4.2 WEIGHTING FUNCT ION

The weighting scheme was developed to enable the user to
simulate the susceptibility of a receptor according to
meteorological conditions as described by any of the parameters on
the time series file. The weighting can be applied for a single

parameter or for several parameters, in which case, the. effect is
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multipicative, For weighting according to N parameters, the
expression is

Cm = C .(wl Sy e wn)

(59)
where C and C; are the calculated and weighted ground Ilevel
concentrations, respectively, and W;, Wp, are the respective
paramster weights.

The parameter weightings are specified by user-defined
upper and fower threshold values denoted by p, and p|, where p
is the time series parameter that controls the weight. There ars
fwo possible situations to consider: Case |, where The weight
increases as the parameter increases in value; and Case |[, where
the weight decreases. In Case |, the weighting Is zerc for
parameter values less than py, meaning *That ground leve!l
concentrations occurring when p is less than p; are freated as
zero for this particular model run. When p is larger than p,,
then the weighting is unity and the modified concentrations are
unaffected by parameter p. For values of p between p| and p,,

a linear weighting is usad:

Case |
0
PP,
W= (p~ pl)/(pU - p) Py <P <P,
1 (6Q)
Pz,
The equivalent weighting definiticns for Case || are:
Case |1 1
p<p
W = - -
(py = PP, = p,) Po <P <P, (61)



61

An example may make the use of the weighting functions
clearer. Suppose that for a particular type of receptor, the
susceptibility to damage is temperature dependent, such that the
receptor is insensitive +o concentrations of S0, when the
temperature is less Than about -5°C, and is fully suscepfibie when
the temperature is at or above 20°C. The susceptibility of this
receptor would then be simulated by generating modified ground
level concentrations using values of -5 and +20 for p; and p,,
respectively, in a Case | mode for the parameter temperature.

Ancther exampie may make The interpretation of the
weighting functions ciearer. Suppose that FRQDTN has already been
run and that unweighted annual average ground level concentrations
have been calculated for a grid of receptors. The resuiting map
will have regions of high and low values. Suppose now that FRGDTN
is run again, this time with the Temperature-dependent weighting
examined in the previous paragraph. The map from this computer
run witl, in general, have a different concentration pattern. The
differences will be due tTo The lack of contribution of GLC values
occurring when +the temperature is below =5°C, and a reduced
confribution when the Temperature is between -5°C and 20°C. The
weighted GLC values should be thought of as effective GLC values,
not true GLC values.

The weighting parameters can be used to approximate
meteorological ly dependent receptor sensitivities. The concept
was originally designed fo allow for biological susceptibilities.
However, the same procedure can be used for other applications,
including deposition efficiency, and the nuisance factor of air
pollutants fo local residents. The full advantages of the concepT
of weighting parameters will only be realized when fTypical users
have become familiar enough with The model to use it as an

effective receptor sensitivity fool.

4.3 GENERATION CF THE HEAT FLUX ESTIMATES
in order to specify the dispersion ciass, The radiation

estimates on the time series file need 1o be used To generate
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~surface heat flux estimates, The heat flux is defined as a
function of net radiation and an aliowance is made for
dew/hoar-frost formation in negative heat flux situations in order
to more <losely approximate the surface energy budget.

The values for heat flux levels in GLOGEN can be set by
the user, but some typical values may prove to be of gsneral use.
For positive heat fluxes, the ievels 0.2, 0.1 and 0.02, (°C m/s)
appear reasonabie To represent strong, moderate, and slight net
radiation., These values are consistant with Pasquill ([974) and
Davison (1973), For clear-sky conditTions in mid-July, Davisan
(1973) measured values for wg at 3.5 m, averaging about 0.26 °C
at Suffield, Alberta. The latitude difference between Suffield
and Fort McMurray represents a 7% effect, However, an albedo
difference between short grass prairie and northern forest
probably compensates. An  estimate can now be made of tThe
dimensional coefficient (which involves specific heat and air

density) which relates the heat flux and netT radiation. |[f

W6 = aR (62)

where R is The net radiation, then

]
@ =5x 10“4 m/s ¢ (63)
Wmﬂz
The above value of o is based upon the maximum net radiation at

Fort McMurray of about 470 (W m~2) calculated from the

radiation subroutine. The corresponding levals of radiation and

W are shown in Table 5. |t is recognized that these preliminary

values do not account for changes in fatent hest flux and ground
heat flux.

For negative radiation conditions, the analysis of the

surface energy budget becomes more difficult. Although in strong

radiation most of the net radiation appears as sensible heat flux
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Table 5. The adopted relationship between net radiation and heat flux
for convective conditions.

DESCRIPTOR NET RADIATION

(W m=2) (°C m/s)
Strong 400 0.20
Mcderate 200 0.10

S|ight 40 0.02




64

(for land surfaces), for negative radiation a significant fraction
of the net radiation is balanced by condensation processes. A
further problem is that negative radiation generates a stable
thermal regime which inhibits turbulent mixing and so permits a
decoupl ing of the surface and upper parts of the boundary layer.
Time and budgetary constraints did not permit a comprehensive
analysis of the relationship between negative radiation and
negative heat flux and the role that the mechanical mixing might
play. However, review of typical observed negative heat flux
values (e.g., Pasquilti 1974, leavitt et al. 1978), compared with
corresponding radiation values, suggested that a relationship
simitar to that for convective conditions would lead to physically
reascnable values of heat flux and of the stability parameter for
stable conditions, u, /fL. The effect of condensation on the
surface energy ©budget for negative radiation conditions was
altowed for in an approximate ad hoc way. The final formuiation
for heat flux in stable conditions is

4
F = 10™%) RAD (1 - 0.6 DLOSS
H (5 x ) ( D ) (64)

where: DLOSS =T + 20

40
and HF = heat flux
RAD = net radiation
DLOSS = condensation allowance
T = ambient temperature in °C

The above formuiation for condensation is only applied if the
relative humidity on the surface weather record is greater than
60%. The condensation allowance is in a preliminary ad hoc form.
However, it is consistent with values reported by Hicks (1976} aad
has a temperature dependence that is reasonable for the present

puUrposes.
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dod DEPOSITION

A first-order estimate of deposition was required as
part of the airshed management mcdel. A deposition estimate is
important in determining potential pollutant effects on
vegetation, water, soils, and other materials within the AQSERP
study arega. The results of this estimate may be useful as input

To more sophisticated deposition models.

4.4.1 Dry Deposition

A deposition velocity approach was used to estimate dry
deposition of gases. With this approach, the deposition flux L4

is defined to be
(&5)

where Vg 1is the deposition velocity and yx Is an alrborne
concentration. The units of Lg are mass per unit area per unit
tTime. In practice Lg and X are measured at a height of about
T me In the absence of a large vertical concentration gradient,
X is synonymous with the ground level concentration, or with the
concentration at the tTop of a vegetative canopy.

Sehmel {1980} reviewed experimentally derived values of
the SOp deposition velocity and found that they ranged over two
orders of magnitude. He attributed +this spread To The
complexities of +the actual deposition process and +to the
simplification of the deposition velocity concept for a complex
process. He suggested tThat scatter .in ekperimenfal Vg4 data is
inescapable.

Sehmel (1980 identified many of +the factors that
compl icate the actual deposition process. He grouped them into
Three classes: meteorological variables, pollufant properties, and
surface characteristics. Although by no means definitive, the
classification is useful in illustrating the multfidisciplinary

complexities of deposition.
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Among meteorological variables that determine the
transport of pollutants to fthe surface are stability, wind speed,
and roughness length. The effect of changes of the magnifude of
these variable on deposition rates is most pronounced above the
surface layer but is also evident at relatively low levels (Weseiy
and Hicks 1977). In the lowesT ievels, the influence of surface
characteristics becomes more Important. Above a wvegetative
surface, the deposition process seems itimited by the resistance of
the surface To sorption. However, above a water or snow surfacs,
deposition appears limited by wind speed and stabllity. Thus,
immediately above vegetation, +there is [little dependence of
deposition rate upen wind speed, but above snow and water
surfaces, deposition rates are proportional to friction wvelocity
{and so wind speed} and are substantially less In stabie
conditions than in neutral conditicns (Shepherd 1974; Dovland and
Eliassen 1976; Wesely and Hicks 1977},

Possibly the mosT important poflutant factors
influencing gas deposition are gas water sclubiiity, reactions
occurring in water, and gas concentration increases in the water
from prior deposition (Bird et al. 1960). Sltinn et al. (1978)
considered some of these factors., [f the gas reacts in water,
tThere is lessened resistance fo additicnal surface mass fransfer.
However, if the gas dissoives with reversible chemical reactions,
deposition may reach an equilibrium at tower rates +than with
irreversible reacticns (Sehmel 1980).

The nature of the surface can have a significant effect
upon rates of deposition. The effects of differences between
vegetation and non-vegetative surfaces were briefly menticned
above. Differences also arise within vegetative surfaces due Yo
differences in canopy height and density and amount of water on
exposed areas. During dry days, stomata are an important
poflutant sink (Fowler and Unsworth 1979). Wesely and Hicks
{1877} state that +he gquantitative effects of stomata on the
deposition rate are probably among the most difficult of ali

variables to estimate.
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The raticnale for using a first-order approach now
becomes clearer. There is no existing firmly based theoretfical or
empiricatl specification of many of these properties. Even with the
meteorological variables adequately specified, Tthe estimate would
stilt be limited by inaccuracies in the specification of surface
properties, To minimize the uncertainties in the estimate, the
deposition velocities in the model were averaged over a one-month
period, Day-to~day esTimates of dry deposition may thus be
unreliable; however, an estimate based on many realizations should
be more dependable.

The actual magnitudes of the depositicon velocity were
empirically estimated from the range of experimental values In
Sehmel (198C), Dennison (1979), and Western Research Development
(1978) based on seasonal variaticons of meteorcology and surface
characteristics in the AQSERP study area. The resulting
deposition velocities are shown in Table 6.

The program FRODTN allows the user several dry
deposition options. The first is the option to calculate and
display lcading due to dry deposition. In addition, if this
option is chosen, The user may use the default values of the
deposition velocities shown in Table 6, or may specify alternate

values at runtime.

4.,4.2 Wet Deposition

Wet deposition is calculated in the program FRQDIN based
on an irreversible capture mechanism. The calculation based on
irreversible capture will result in-an upper bound to the wet
deposition estimate. The equilibrium scavenging mechanism was
also investigated in some detail and is considered fo produce mere
realistic wet deposition estimates (Hales 1978). The inclusion of
the laTter mechanism into the existing model, if though To be
apprepriate, could be accomplished simply and quickly. Because of
this ease of modification, both wet deposition mechanisms will be

discussed.
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Table 6. Empirical estimates of deposition velocity V4 by season.

Season Vglem/s)
Winter 0.2
Spring 0.5
Summer . .0

Autumn 0.5
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4.4.2.1 Irreversible capfure. The assumption of Irreversible

capture results in irreversible wet loading (L;y) given by
(Dennison 1979):

= (66)
Liw AxH

where y is the average concentration +throughout a depth H and
A is a scavenging coefficient in units of s=! accounting for
the effects of all washout processes. The product ¥ H can be
thought of as a vertically integrated concenfration and depends
solely on the source strength. Thus, Equation 66 can be rewritten

as

iw UL (67)

where Q is The source strength, U is the mean wind speed, and L is
the plume width., In The present model, L was identified as the
width of a sector at the location of a receptor. Because L rather
Than ¢ is used, wel deposition can be dscoupied from +the
diffusio% procass.

The scavenging coefficient, A , will be a function of
precipitation rate. In a recent review, Dennison (1979) quotes
only four ftheoretical! values of A . The following equation is

representative of those given:

- 8
A=1.4x20%p 0.57 (68)
where P is precipitation rate in millimetres per hour. A factor
of Z scatter was evident in the data presented.
The assumption of irreversible  capture places

timitations on the physical and chemical processes of wet
deposition. Hales (1972) idenTified some of these |imitations as
high solubility of the poilutant gases in water, large drop sizes,

vertically thin plumes near the surface, and Irreversible chemical



70

reactions.  Although stable conditions resulting in vertically
Thin plumes cccur freguently in the oil sands area, Hales ([978)
characterizes S0, as only moderately soluble and the appropriate
reactions involving SO as readily reversible. Thus, at least
two of the requirements for irreversible scavenging are not
usually met. Therefore, the concept of irreversibie scavenging is

probably limited to calculating an upper limit to wet deposition.

4.,4.2.2 Equilibrium scavenging. The basic precept of

equilibrium scavenging is that gas molecuies may absorb or
desorb from individua! raindrops (Hales {973). The governing

equations were given in Barrie (1981):

[302] +[H20] K«E [soz .HZO] (69)

alr

K
0+ |so H_ O L HSO™ +
" 50 - :
2 2 2 Ry [ 04 +[H3°] (70)
-1 % 2 (71

where Ky, Ky, and Kp are equilibrium constants and the
sguare brackets indicate concentration in moles per litre. Hales

(1978) expressed the solution as

SO] = S0 - Lig ot
[ 2 rain KH[ zjair 2[30 ox

i

. 2 i
+ 1 +
f{[ﬂsoj + & KlKl [302] }
ex air

where  [Hz0%] ., denotes the concentration of hydrogen ion

(72}

donated by sources other than sulphur dioxide. Generatly, the
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assumption is made that the concentration [H3O+I ax IS

equal to the free ion concentration, that is:

[ﬂso‘i = 1o PH (73)
b4

The solution of Equation 72 thus requires estimates of airborne
507 concentrations and the pH of rain upwind of 30, sources.

Barrie (1981) derived an alternate soluticn +o the
governing equations by assuming that the reaction in Equation 7
occurred rapidly. In the range of precipitation pH values of 3 fo
6, he assumed [S02] rqip = [HSO3] raint

“ ’31[502] (74)

air
rain -
[ﬁao l

Note that the hydrogen ion concentration in this equation denotes

ain

the fTotal from all sources. Thus, Equation 72 and Egquation 74 are
not directly comparable.

The equitibrium constants K, and Ky are temperature
dependent. Barrie (198{) gave The following empirical relation

valid over the temperature range 0°C to 30°C:

| _ 8
K, K, = 6.22x 10° exp (4755.5/1) (75)

where T is temperature in %K. Wet lcading due +o reversible

washout L., is then given by (Barrie [981)

(76)
Lrw SO
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where Wsozis a washeout ratio, P is precipitation rate, and % s

an alrborne concentration. The washout ratio is given by

so‘]
W = [ ; rain

50 ———=230
2 SOZ] (77)
air :

and is a function of concentration, temperature, and acidity. In
the model, the airborne concentration of S0, defined by X , is
replaced by a ground leve! concentration. This replacement
assumes elther a negligible vertical concentration gradient, or
reaction rates sufficiently fast for a droplet *to remain In
equilibrium with the local concentrations. Hales (1978) stated
that the governing reaction rates are very rapid, sco that the
replacement of ¥ by ground level concentration is perhaps
justified,

The choice of a sclution To the governing equations
depended on The intended application of the results and on the pH
of the air in the AQSERP study area. |t was felt that the modsl
should have the ability fo estimate sulphur loading due to wet
deposition in a pristine environment; that is, based on background
pH measurements before the establishment of industry. Equaticn 72
gives this ability. In addition, there are indications (J.W.
Bottenheim, AES, private communication, (98C}) that the pH values
in summertime precipitation in the AQSERP study area are near a
value of pH = 7, This 1Is somewhat outside The range of
applicability of Barriets (198!) solution. Thus, for this
application, the wuse of Equation 72 was considersed more
appropriate,

The assumption of equilibrium scavenging places some
limitations on the physical and chemical processes of wet
deposition, Hales (1978) identified some of these limitations as
small drop sizes, small changes in gas-phase concentration with
height, and low solubitities. It should be borne in mind that
these are limiting conditions; in practice, Hales (1978) suggested

that equilibrium conditions should prevail beyond about 20 stack
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heights downwind of tal! stacks. That distance is about 4 km for

a Syncrude-type source.

4.4.2,3 Model options. The program FRQDTN allows the modet user

several wet depositon options. The first option is whether or not
to priat +the results of wet deposition calculations. if this
option is specified, the user has the option to use the defaulft
form of the Iirreversible scavenging coefficient, or to specify
alternate values. The default values are 1.4 x (074 for the
constant and 0.57 for the expcnent, as given in Equation 68,

The mode! does not recognlize the difference between rain
and snow in calculating wet deposition. I1f the precipitation is
in the form of snow, the precipitation rate (P) in the ftime series
will be in melted water equivalents. Thus, the effective surface
area available for absorption by irreversible capture in the modsl
will be larger than in reality. This effect will fend To counter
the relatively large deposition rates produced by the assumption
of irreversible chemical reactions. Had equilibrium scavenging
been employed in the mode!, the Temperature dependence of +he
equilibrium constants would have been a concern, since these
constants are specified oniy to 0°C. [+ is tikely that both
reversible and irreversible wet deposition formulations would teng
To overestimate wintertime sulphur depositicon: the irreversible
capture technigue because of the assumption of irreversible
chemical reactions, and the equillbrium scavenging Tachnigue

because of its overestimation of the reaction rates below 0°C.

4.5 PROGRAM QUTPUT OPTIONS

The program FRQDTN can provide the user with a large
variety of information in several formats, depending on the
options requested by the user and on the data in the GLC file
produced by GLCGEN. The display options are:

l. Average ground leveil concentrations;

2. Fregquency distributions of ground level

concentrations;
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3. Inverse cumulative freguency distributicons of ground

level concentrations;

4. Frequency distributions of time between cccurrence

of extreme episodes of ground level concentrations;

5. Dry gaseous deposition;

6. Wet gaseous deposition;

7. Tota!l gaseous deposition; and

8. Time series of GLC values.

The options above may be displayed for each month of The Time
series file, or for the total period of all the time series files.
The values displayed may be averaged over a specified averaging
pericd or may be weighted by meteorological variables on the time
series file.

The options may be displayed at specific locations or
over an entire grid of receptors, depending on the receptor mode
run in GLCGEN. |f GLCGEN was run at specific receptors only, then
The specified receptor option must also be used by FRODTN. in
this case, ground level concentrations and depositions are |isted
for each receptor, and histograms and tables of frequency
distributions are presented. lf GLCGEN was run for a grid of
receptors, then either the specified receptor or grid option may
be used by FRQDTN. |f specified receptors are chosen, the value
at the receptor is defined as the value at the nearest grid point
and options are displayed in the above format. I'f the receptor
grid is chosen, two-dimensional maps of each option are produced.
Ground level concentrations and depositions provide one map of
mean values. Frequency distributions provide one map for each
specified ground level concentration class. The mapping routine
uses a second-order procedure Yo inferpoliate between grid points.

Examples of user-defined Input data and oufput displays

are presented in Volume 4 which is the User's Guide.
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5. SUMMARY

The documentation for the frequency disfribution model,
and for the data base synthesized in order to test and run it, are
presented in four volumes. Volume i has prasented the description
of the modei itseif and the rationzle for the various formulations
adopted. Voiume 2 describes the synthesis of the data base.
Volume 3 outlines the sensitivity and validation tests conducted
on the data base and The model. Finally, VYolume 4 is a Users'
Guide tTo the model. The changes In authorship of the various
volumes reflects the amount of effor® given to the various aspects
of the program by the Individuals and by the fwo groups developing
the system: INTERA Environmental Consultants Ltd., and Western
Research and Development. The following paragraphs provide a
summary of the model Itself. Recommendations for further model
testing and improvements are provided in Volume 3.

The model developed in this program is primarily
designed to provide long-term averaged output of ground iesvel
concentrations (GLC). |t was developed To provide a more fiexible
airshed management tool than other existing models such as the
Climatological Dispersion Mode! (CDM). In  addition, the
development included a more realistic dispersion formulation basad
upon present understandings of dispersien of plume effluents in
the planetary boundary layer (PBL) of the aTmosphere.

There are several major features of the present model
that permit a very flexible usage. The contributions of GLC
values occurring at particular *times of the day or under
particular meteorological conditions can be included, excluded, or
included with a fractional weighting when averages are calculated.
Thus, for example, the GLC values occurring under reduced receptor
sensitivity can be omitted or de-emphasized. The model s
designed Yo be able *to vary source strengths or "turn off"
particular sources without having fo rerun the whole model. Thus,
the Incremental effects of existing or proposed sources and the
dispersion of different effluent species can be undertaken without

a major model rerun. The model produces a time series of
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predicted GLC values corresponding to +the meteorological time
series being used fo drive the model. Thus model predictions can
be used to evaluate whether particular mixing situations are being
properity simulated, by comparison Yo observations. This Is
vitally important if the model is to be used as a management fool
to examine +the effects of alfernative developmental scenarios.
The time series of GLC values can be processed further as desired.
Several statistical analyses have been included in the model and
others can be added very easily. '

The additional model capabilities are due To the way
That the dispersion calculations are stored and utilized. The
present mcde! first calculates the ground level concentrations for
each source-receptor palr for each dispersion class and stores
This information on a random access file. A second program,
FRODTN, is then used to calculate a Time series of GLC values
corresponding fo a time series of meTeorological data. I+ is in
this second program that source strengths are selected, and GLC
contributions cccurring under selected meteorological conditions
can be included, excluded, or fractionally included depending upon
receptor sensitivity. Thus, the Typical variations needed for
airshed management and impact studies c¢an be underftaken using
FRQDTN without the need to re-run the dispersion calculations.

The plume sigmas in the present mode! are related to the
wind azlmuth and elevation angle fluctuations Through the
statistical dispersion theory. The model contains the concept of
a source dominated region and a sigma matching to environmental
conditions by means of an effective downwind distance. The
environmental 94 and Ug values are calculable from a FBL
parameterization., The stability parameters used Yo establish The
values of G a and Op are tThose defined by present day
understanding of PBL similarity theory. These parameters are
defined as continuous variables of the main input parameters of
wind speed, surface heat flux, and convective mixing height. The
discretization of the stability parameters, and hence of the plume

sigma curves, is defined by the product of the number of levels of
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the main input parameters chosen by the user, and typically, may

be 80 levels for positive heat flux conditions and

I8 for negative
heat flux conditions.

Validation and model sansitivity studies are presented

in Volume 3 of this report.
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7. APREND | X
7.1 GLCGEN DESCRIPTION
Talal Overview of GLCGEN Structure

Program GLCGEN calculates ground level concentrations at
receptors due to multiple sources for a farge number of dispersion
classes. I+ creates a random access file onto which the GLC
values are written. This GLC file is used as input To the
frequency distribution program FRQDTN.

A brief summary of the program structure follows. User
defined input data are read. Source=-receptor gecmefry is
calculated. Various dispersion parameters are computed and
classified. Based on these dispersion parameters, tThe stability
of the boundary layer is calculated. FPlume parameters are fThen
computed. Centeriine and sector-averaged ground level
concentration are determined for each source-receptor pair, for
each dispersion class. Finaily, tThe sector-averaged GLCs are
written to the random access GLC file. Figure 5 illustrates the
calling structure of the program and Figure & illustrates the loop

structure within the program.

Talo2 Subroutine Descriptions

This section gives a brief description of each
subroutine, and lists all common blocks used in that subroutine.
An "input" common block s defined as one that brings a value to a
variable in the subroutine, whils an 'output™ common block is one
that is being written onto by the subroutine. Thus, if a common
block appears in both the input and the cutput Iists, it means
That the variables tThat It carries are modified inside that
subroutine. Table 7 summarizes the flow of all the common blocks

through the different program units.
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ALLGIN

FBLCLS

PLUME

| SIGMA

GAUSS

"

~

GLCOUT

Y CLOSMS

Figure 5.

Subroutine call

structure

DCLSIN

1 srcIN

RCPTIN

QPENMS

WRITMS

1 TABLE

in GLCGEN .
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GLCGEN

INPUT
Dispersion Classes
Receptor Locations

Source Locations
and Characteristics

{. WIND SPEED LOOP <

2. HEAT FLUX LCCP. IF <«
HEAT FLUX <g ONLY ! MH CYCLE

e

3. MIXING HEIGHT LOOP e

Calculate Stability

Plume Height
Transition Disfances
for All Sources

4. WIND DIRECTION LOOP <€
5. SOURCE LOOP e———

8. RECEPFTOR LOOP  gmemmemi

Compute %, 9,

Sector Average GLC
Over W/D Sector

5.6. EOL

I—Write GLC File

1,2.3.4  ECL

Figure 6. GLCGEN block flowchart.
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Tatie 7. Subroutine-block commen and subroutine-parameter list

refationships in the program GLCGEN;.

Common Block Subroutine

GLCGEN
ALLGIN
DCLSIN
SRC I
RCPTIN
PBLCLS
TABLE
PLUME
S IGMA

GAUSS

GLCOUTY

CLASS
FILE 0] f I I !

SCURCE I I Q

STACK 0 !

RECPTY | 0

ENVR 0 10 |

PLMCH 10

STGMA 10 o 10
CONC 0 Q

RSCIDX I 0 0 0

WIND i0 |10

SIGMAY i o i I
SIGMAS 0 !

<

Parameter
List [0

8l: Common block inputs a value or values to the subroutine

O: Common block is written to by the subroutine.



GLCGEN

PURPOSE;

[ NPUT :

QUTPUT :

PROCEDURE :
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This program computes Gaussian ground level
concentrations for all combinations of specified
dispersicon classes and source-receptor pairs. These

GLC values are written to a GLC fitle which is accessed

by the fregquency distribution program FRGDTN.

COMMON/CLASS/NWD ,NST,NWS ,NMH, WD IR (16) ,WSPD(56) ,HMIX(6) ,
STAB(6)
COMMON/SOURCE/NSC,XS(10),YS(§0),DS(10),VS(10),TS(IG},
HS(10),Q5¢10)

COMMON/RECPT/NR ,XR(400) ,YR(400)

COMMON/PLMCH /HP
COMMON/SIGMA/XS |G, S1GMY ,S1GMZ ,DXY ,DXZ ,XT
COMMON/W | NO./OWD ,P |
COMMON/S{GMA 1 /S1GT,SI GE,LAGY ,LAGW,Z1L,UST

COMMON/F ILE/IRD, IPR, IGLCF, I OF, IOF
COMMON/STACK /DSTK,VSTK, TSTK,HSTK, QSTK
COMMON/PLMCH/HP
COMMON/S1GMA/XS G, S1GMY, S1GMZ,DXY,DXZ, XT
COMMON/CONC/GLCGS ,NGLCF ,GLC(4000)
COMMON /W IND/CWD ,P |

The program first calis ALLGIN which reads afl input
data. Next source-receptor distances and angles are
cafculated. Entry point SETUP is called which creates
a tabkle of values of Monin-Obukhov length L. At this
point, the program enters a serlies of nested loops, one
for each dispersion class parameter. With values of
wind speed, heat flux, and mixing height specified in
these 1loops, subroutine PBLCLS is called fo determine

the stability of the boundary layer. For each source,
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subroutine PLUME is called Yo determine plume heights,
transition distances, and distance corrections. For
sach wind direction and each source receptor pair,
plume height and wind zangles are checked. If plume
height is more than 100 m above the mixing height or if
the wind direction is not within a specified angle from
the source-receptor angle, ground level concentrations
are set To zero for This particular
source-receptor-dispersion class combination., % plume
height and wind direction are within acceptable bounds,
subroutine SIGMA is called to calculate plume spread.
Then subroutine GAUSS is called which calculates a
ground tevel centerline concentration. The program
then calcuiates a sector-averaged GLC. For each
dispersion class, ground tlevel ceoncentrations are
written to the random access GLC file. The program

ends with the closing of the random access file.



ALLGIN

PURPOSE :

ENPUT :

QUTPUT:

PROCEDURE :

89

This subroutine controls reading and echoing of all
input parameters for the run, and records receptor,
source, and dispersion class information in the random

access GLC file.

COMMON/F 1 LE/ IRD, IPR, IGLCF , | {DF, [OF , [DATAC
COMMON/CLASS/NWD ,NST ,NWS ,NMH WD IR (16) ,WSPD(6) ,HMIX(6),
STAB(6)
COMMON/SOURGE/NSC, XS 10),YS(10),0$¢10),VS(10),TS(10),
HS(10),0S(10)

COMMON/RECPT/NR,XR(400) , YR(400)

COMMON/RSC 1DX/RSC{60)

COMMON/CONC/GLCGS ,NGLCF ,GLC{4000)

The data check option {IDATACY is read in, and +he
subroutines DCLSIN, SRCIN, and RCPTIN are cailed +to
read and echo the remaining input data:. |f the run is
a data check only, execution is ferminated. Otherwise,
receptor, source, and dispersion class information is
written fo the random access GLC file which will be
used by the program FRQDTN,.



DCLSIN

PURPOSE :

I NPUT :

CUTPUT ¢

PROCEDURE:
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This subroutine reads dispersion class information

necessary to create the GLC fite.

COMMON/F ILE/RD, IPR, IGLCF I IDF,IOF
COMMGCN/W IND/DWD P |

COMMON/CLASS/NWD,NST ,NWS,NMH , WD IR( 16} ,WSPD(6) ,
HMIX(6) ,5TAB(6)

COMMON/RSC 1 DX/MWD ,MST ,MWS ,MMH , WSPDB (5 ) ,HMIXB(5) ,
STABB(6), DUMA(38)

COMMON,/W [ ND/DWD ,P |

The following information is read and echoed:

i. Title (TITLE);

2. Number of classes for each dispersicn parameter:
wind direction (NWG), stability (NST), wind speed
(NWS) and mixing height (NMH); and

3. {Class upper boundaries of each dispersion
parameter, and representative values for each
class to be used in calculating the GLC values.

The bearings delineating wind direction sectors are

generated based on the indicated number of wind

direction class.

Dispersion class information is written to common

blcck RSCIDX which passes source, receptor, and

dispersicon information +o the GLC file.



SRCIN

FURPOSE :

INPUT :

OUTPUT:

PROCEDURE :

g1

This subroutine reads source layout information and

stack emission parameters.

COMMON/FILE/IRD, I PR, IGLCF, | |DF, |OF

COMMON/RSCD | X/DUMA(30) ,MSC,XSS¢10),YSS(10} ,DUMB(9)
COMMON/SOURCE/NSC ,XS(10),YS(10),08(10},VS(i0},
TS(10) HS(10),Q5(10)

The following information is read and echoed:
. Number of sources (NSC);
2. X and y co-ordinates for each source (X3,YS); and
3. Stack and emission information for each source
[diameter (DS}, exit wvelocity ({V¥S§}, exit
temperature {TS), stack height (HS) and pollutant
emission strength (QS)].
Source information is writtea into common BGlock RSCIDX
which passes source, receptor, and dispersion
information fo the GLC file,



RCPTIN
PURPQSE :

[ NPUT ¢

QUTPUT:

PROCEDURE :

92

This subroutine reads recepter iayout information.

COMMON/FILE/IRD, IPR,IGLCF , 1 1DF ,IOF

COMMON/RSC |1 DX/DUMA(25) ,NRGX ,NRGY,DS ,XCR, YOR,DUMB (30}
COMMON/RECPT/NR,XR(4001,YR(400)

The number of gridpoints in The x-direction (NRGX),
y=direction (NRGY), and specified receptors (NRS) are
read in. The total number of receptors (NRGX¥NRGY+NRS)
is checked fo ensure That the program dimensicn of 400
is not exceeded, if grid calcutations are indicated
(NRGX and NRGY non-zero), then grid spacing (DS) and
coordinates of origin (XORIG, YORIG) are read and ¢rid
point locations calculated. |t specified receptfors are
indicated (NRS non-zero), The coordinates of each
receptor (XR,YR) are read. All receptor locations are

echoed.
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OPENMS

PURPOSE: This subroutine readies the random access GLC file for
use, 1T is a CYBER system subroutine; it is likely
that on other computer systems, this subroutine will be
replaced or deleted.

INPUT: [GL.CF,NRECZ,0

QUTPUT ; iGX



WRITMS

PURPCSE :

INPUT :
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This subroutine writes receptor, source, and dispersion
class information to the second last record of the
randem access GLC file for use by Tthe program FRQDTN.

This subroutine is a CYBER system subroutine which
fikely will be replaced or deleted on other computer

systems.

tGLCF,RSC,60,NRECI



PBLCLS

PURPOSE :

INPUT

QUTPUT ;

PROCEDURE :
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This subroutine deftermines stability of the planetary

boundary layer.

COMMON/ENYR/Z1 ,U400,WT

COMMON/SIGMAT /SIGT,S1GE,LAGY ,LAGW, Z1L,UST
COMMON/S1GMA3/Z,70,F,C1,C2,C3 ,ALPHAS N
COMMON/ENVR/Z1,V400,WT

The first cail to PBLCLS is to the entry point SETUP.
Constants [n DATA statements are accessed and echoed.
Subroutine TABLE is then called which creates z tfabile

of values of Monin=Obukhov length L.

Subsequent calls fo PBLCLS first calcuiate values of
mixing heighfts in neutral and stable conditions.
Values of L are calculated explicitly or by calling
TABLE I, an entry point in subroutine TABLE. Standard
deviations of tatera! and vertical wind fluctuations
are calculated and Lagrangian length scales are

spacified.

PBLCLS is called from GLCGEN once for each dispersion

class.



TABLE

PURPCSE:

ENPUT ¢

OUTRUT :

PROCEDURE. :
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This subroutine sets up a table from which values of

Monin=Cbukhow length L can be calculated.

KLU, WT,USTAR
COMMON/SIEGMAZ/GT ,VK

USTAR XL

The first call to TABLE creates a table of L values
which is accessed by subsequent calls to this routine.

Later calls to TABLE are via entry point TABLElI. Based
on values for the righft-hand~side of the equation, the
correct value of L is bracketed and then determined by
| inear interpolation. The friction velocity Is also

calculated.



PLUME

PURPOSE :

INPUT :

QUTPUT

PROCEDURE :
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This subroutine calculates plume rise using The

formulation of Briggs.

COMMON/ STACK/DSTK,VSTK, TSTK HSTK,GSTK
COMMON /ENVR/HM, UW, FLUX
COMMON/SIGMAL/SIGT, S1GE,RLAGY ,RUAGW, Z 1L, UST

COMMON/PLMCH/HP
COMMON/S1GMA/XSIG, STGMY , SIGMZ ,DKY ,DXZ ,XT

Plume rise is calculated according +o stabifity. Plume
rise under unstable, neutrai, and wmechanically
dominated stable conditions is calculated using Briggs'
unstable formutation. Plume rise under thermslly
dominated stable conditions is calculated using the
stable formutation. Final plume rise XF is assumed to
occur at 2 km downwind. The ftransition distance
between source and environmentally-dominated diffusion
processes XT is calcutated., The minimum XT is assumed
to be 800 m.

Plume spread is constrained To be at least as fast as
that predicted by Pasquill. Distance corrections
(DXY,DXZ) are calculated, based on enhanced dispersion

in the source~dominated region.



S1GMA

PURPOSE

INPUT:

OUTPUT:

PROCEDURE :

98

This subroutine calculates plume sigmas.

COMMON/S IGMAT /316GT ,S1GE,RLAGY ,RLAGW, Z 1L ,UST
COMMON/S1GMA/XS16G,S16GMY , STGMZ ,DXY ,DXZ ,XT

COMMON/ STEMA/XSIG, SIGMY ,SIGMZ,DXY ,DXZ, XT

The effective distance from the source 1o receptor
{XEY,XEZ) s «calculated as the sum of the actual
distance XS1G and the distance corraction for enhanced
source-ragion dispersion (DXY,DXZ) found in subroutine
PLUME. Pilume standard deviations are then calculated
based on Pasquill Flx  with  xI/2  distance

variation.



GAUSS

PURPOSE :

INPUT :

QUTPUT :

PROCEDURE :
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This subroutine calculates a Gaussian ground level

concentration along the plume centerline.

COMMON/SI|GMA/XS1G,S1GMY, S1GMZ, DXY,DXZ ,XT
COMMON/ENVR/HM, UW, FLUX

COMMON/ STACK/DSTK, VSTK, TSTK, HSTK , QSTK
COMMON/PLMCH /HP

COMMON,/CONC/GLCGS ,NGLCF ,GLC(4000)

In stable conditions, | reflection from the surface is
allowed, but only when the ratio of plume height to
vertical standard deviation is less than three.

in convective conditions, if the ratio of vertical
standard deviation o mixing height is greater than
{6, The plume is assumed to be uniformly mixed in The
vertical and the centerline GLC is a linear function of
plume standard deviation and mixing height.

if +the plume is not uniformly mixed, multiple
reflections at the mixing height are allowed until the

effect of additional reflections is negligibla.



GLCOUT

PURPOSE :

I NPUT ;

PROCEDURE :

This subroutine writes GLC values 1o The random access

fite and printer.

COMMON/F | LE/ {RD, IPR, IGLCF, | IDF, |OF
COMMON,/CLASS/NWD,NST ,NWS ,NMH, WD IR( 16) ,WSPD(6)
HMIX(6),STAB(6)

COMMON/CONC/GLCGS ,NGLCF ,GLC(4000)

I'WD, I WS, I ST, {M4

The random access file index is calculated for tThe
current dispersion class. The subroutine WRITMS is

called to store the current GLC values in the GLC file.
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CLOSMS

PURPOSE : This subroutine closes the random access GLC file., (T

is a CYBER system subroutine that |ikely will be

replaced or deleted on other computer systems.

INPUT : 1GLCF
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7.2 FRQDTN DESCRIPTION

7241 Overview of FRODTN Structure
Program FRQDTN is the operational part of the model and is

the component that wouid be run by most users. It accesses the file of
ground level concentrations produced by GLCGEN and the hourly fime
series files of meteorclogical parameters produced by TIMSER.

A brief summary of tThe program structure follows. User
defined input data are read. The source and receptor layout are
regenerated and source strengths are specified. A record is read from
the times series file. Wet deposition and a GLC weighting facter are
calculated. A dispersion classification is assigned and the
appropriate value read from the GLC fite. A GLLC 1s caiculated and the
frequency distribution information is updated. After each month of
data, dry deposition is determined and a2 monthiy summary of results is
printed. When alt months have been examined, a summary for the total
period is printed. Figure 7 shows the calling structure of the program

and Figure 8 illustrates the loop structure within the program.

T.2.2 Subroutine Description

The present secTion gives a short description of each
subroutine, and |ists all common blocks used in That subroutine. An
Tinput" common block is defined as one That brings a value To a
variable in the subroutine, while an "output'" common block is one that
is being written onte by the subroutine. Thus, if a common bilock
appears in both the input and output lists, it means that the variables
that it carries are modified Inside that subroutine. Table 8
summarizes the flow of all the common blocks through The different

program units,
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Figure 7.
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OPENMS

TIMEIN

i

ALLIN

READMS

WETLD

SCQIN

GLEWT

FROIN

ASSIGN

SWTIN

e

READMS

CLSIN

FREQ

RCLIN

ORYLD

DEFIN

UtTPJT
PERIDDY/

YPE O
OUTPUT?

SPOUT

HiST

D5POUT

GROUT

MAP

MSCLS

' DGROUT

CLOSMS

Subroutine cali structure in FRQDTN.

SPCL
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FRODTN

INPUT

Run Parameters

Dispersion Class
Boundaries
from GLC File

MONTH LOCP

DAY LOOP €

AVERAGING PERICD LOCP

HOURLY RECORD LOOP —

Include Record
Weighting Function

Access GLC File
Sum for Source

Wet Deposition

4.

L

EQL

Frequency Distribution
Classification

3.

EQL

ECL

Dry deposition

Output

EQL

Cutput

Figure 8.

FRQCTN block flowchart.
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Table 8. Subroutine-biock common and subroutine-parameter list
relationships in the program FRODTNZ,

Common Biock Subroutine
Name

FRODTN
ALLIN
SCQIN
FROIN
SWTIN
CLSIN
RCLIN
DEPIN
WETLD
GLCWT
ASSIGN
FREQ
DRYLD
GROUT
SPOUT
DGROUT
DSPOUT
MAP
MSCLS
SECL.
HIST

FILE Y

TSFILE I

GLCF I

METHR 0

OPT I

PSCRT i

TDIFF 0 10
0
0
0

@}
[oNe]

PERIQD
TIME
AVGFD
TDAY
SOURCE
FREQ
WEIGHT 0 |

RECPT § o L | i ! i
RSCIDX G I I

TITLE 0 I N
UNITS o | ! A

DCLS o] (I [
RGRID 0]

RCORD o |

WET o 1

MAPA ' 0 0 [ 1
SPCL 1O
CLSMB {0 10

O

Parameter
List C 0 0 1o +r 4 |

a1: Common block inputs a value To the subroutine
0: Common block is written fo by the subroutine



FREDTN

PURPOSE :

INPUT:

QUTRUT ¢
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This program analyses a Time series of meteoroclogical

data, relying on pre=-calculated values of GLC based on a
dispersion classification scheme, andg generates
frequency distributions of ground level concentrations

and deposition.

COMMON/RECPT/NR,NRSP, 1RPT(20)

COMMON/TSFILE/NFILE, IFILE(20)

COMMON/GLCF /NGLCF

COMMON/OPT /MOPT (4) , IOPT(4) ,MDCPT (3), 1DOPT(3)
COMMON/PSORT/NPARM, | SORT(20) ,PARAM(20)
COMMON/TDAY/NAPD ,NAVG, INCL(24)

COMMON/FREQ/NCCLS ,NTCLS,CCLS(10) ,TCLS(10) ,CFREQ(400,107
TFREQ(400,10) ,GLCPK,CFREQM(400,10) ,TFREGM, (400,10)
COMMON/ SOURCE/NSC,XS(103,¥YS(10),05(10)

COMMON/F I LE/ IRD, | PR, I GLCF , I TSF

COMMON/METHR /WD, U ,P

COMMON/DY/VG(12) ,NWET
COMMON/PSORT /NP ARM, | SORT (20) ,PARAM (20)
COMMON/TD | FF/TLAST

COMMON/PERIOD/1P(12), IPERICD(12,2)
COMMON/TIME/ I YR, IMON, | DAY, IHRS

COMMON/AVGPRD/NAP ,GLCAP(20)
COMMON/FREQ/NCCLS ,NTCLS,CCLS( 10),TCLS(1G) ,CFREQ(400,10)
TFREQ(400,10),6LCPK,CFREQM(400, 10) , TFREQM(40C, 10)



PROCEDURE :
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FRQDTN first calls the CYBER system subroutine
which readies the random access GLC file.
Subroutine ALLIN is then called to read all input
data, and to read dispersion class, scurce, and
receptor information from the GLC file.

The program then enters its major loop through
which it cycles once each month. Varicus monthly
arrays are initialized. The secondary icop in a
day, is then entered; the tertiary loop for the
numgper of hours in the averaging period in entered
immediately thereafter. A recod is read from the
appropriate Time series file, and the
meteorclogical parameters reordered if necessary.
Wet deposition is calculated by subroutine WETLD if
precipitation is reported for the hour. Subroutine
GLCWT is called to calculate weighting functions
for the GLC. Subroutine ASSIGN is called which
maiches a dispersion class in tThe GLC file, and
returns a file index. System subroutine READMS
uses the index To return a GLC for each
source-receptor combination. The program then
loops through the socurces and receptors and
generates a GLC at each receptor due fo multiple
sources. The tertiary loop ends with the weighting
function being applied to the GLC and the GLC being
summed over the averaging priocd. At the end of the
averaging period, subroutine FREQ is called which
increment the appropriate frequency distribution
classes, This procedure continues for each
averaging period in the day. At the end of each
menth, subroutine DRYLD is called fo compute dry
deposition, and GLC and deposition arrays are

incremented.
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Appropriate  output subroutines are then called,
dependsnt upon whether recsptors are defined on a grid
“or at specified locations. This ends the major loop of
the program. When all calculations are conciuded, the
output routines are again calfed the output GLC's,
frequency distriboutions, and deposition. The final call
to CYBER system subroutine CLOSMS closes the random

access GLC file.
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OPENMS

PURPOSE : This subroutine opens *the random access file of
information created by the program GLCOGEN. It is a
CYBER system subroutine; on other computer systems this
subroutine may need to be replaced or deleted.

I NPUT : {GLCF

QUTPUT: | GX



ALLIN

PURPQSE :

INPUT :

QUTPUT :

PRCCEDURE :
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This subroutine controls reading and echoing of afl

input parameters for the run.
COMMON/F I LE/1RD, PR, 1GLCF , I TSF, IDATAC

COMMON/RSCIDX/RSC(60)
COMMON/TI TLE/TITLE(Z20)

The +title and data check option are read. The
subroutines TIMEIN, READBMS, SCQIN, RQIN, SWTIN, CLSIN,
RCLIN, and DEPIN are called to read and echo the
remaining input data, and toc generate output indicating
which options have been specified for the analysis. If
the run is meant merely 1o echo input data and to
display the choice of output options, tThe run Is

terminated in this subroutine.



TIMEIN

PURPOSE :

INPUT :

OUTRUT :

PROCEDURE :

11

This subroutine determines which meteorological time
series data records will be used in the frequency

distribution analysis.

COMMON/FILE/IRD, IPR, iGLCF, | TSF

COMMON/TSFILE/NFILE ,IFILE(12)
COMMON/TDAY /NAPD,NAVG, INCL(24)

Parameters are read indicating:
l. Which files of meteoroiogical time series fo
use;
Which records (hours) of each fiie to use; and
3. Number of records to combine for calculating a

time averaged GLC.

Lnformation echoing the input data and indicating the

selected options is printed.



SCOIN

PURPOSE:

ENPUT :

QUTPUT:

PROCEDURE :

This subroutine determines source information for the

analysise.

COMMOM/F ILE/ IRD, IPR, IGLCF, ITSF
COMMON /RSCIDX/DUMA(30) ,MSC,XSS(10),
YSS(10),0UuMB(9)

COMMON/ SOURCE/NSC,XS(10),YS(10),05(10)
COMMON/UNITS/TUNIT,CUNIT(2,7},15CU,
CONVERT

information is read for emission scaling of each
source, input emission units, output <concentration
units, and the conversion factor between input and
output units for +the analysis. The information 1s
echoed along with the source coordinates used to create
the GLC file. Information on number of sources and
Their locations is passed from common block RSCIDX to
SOURCE. Source strengths are pre-scaled according to

the units of concentration.



FREIN

PURPCSE :

INPUT :

QUTPUT :

PROCEDURE :

113

This subroutTine determines frequency distribution

information for the analysis.

COMMON/FILE/IRD, IPR,1GLCF, ITSF
COMMON/UNITS/TUNIT ,CUNIT(56,7)15CU ,CONVERT

COMMON/OPT/MOPT(4), LOPT (4) ,MDOPT(3) , 1DOPT(3)
COMMON/FREQ/NCCLS ,NTCLS,CCLS (10,

TCLS( 10} ,CFREQ(400,10) ,TFREQ(400,10),6LCPK,
CFREQM(4C0, 10), TFREQM(400, 10)

The following input dafa are read:

. Number of frequency distribution classes of
ground level concentraticn and time between GLC
ep isodes;

2. The upper boundaries for each class of The
frequency distributions; and

3. Output options for displaying monthly or total
period average ground level concentrations and
frequency distributions,

The input data are echoed and the selected output

options are |isted.
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SWTIN

PURPCSE : This subroutine reads Iinformation for reordering
parameters on the meteorological time series and for
weighting the calculated GLC,

INPUT : COMMON/FILE/IRD, iPR,1GLCF, I TSF

QUTPUT: COMMON /PSORT/NPARM , § SORT (20) ,PARAM(Z20)
COMMON/WE I GHT /NBWT , IBWT (20) ,PTHL(10),
PTHUCIQ), INDWC10)

PRCCEDURE: The folleowing Input data are read:

'« Number of meteorclogical parameters on the
time series file;

2. Indices indicating the order in which the
meteorological parameters appear;

3. Number of meteorological parameters fo be
included in weighting analysis for GLC;

4. Index of each metecrological parameter to be
included in weighting;

5. For each metecrological parameter, lower and
upper threshold values defining the rangs to be
welghted; and

6. Weighting index specifying relationship between

weight and meteorological parameters.

Qufput is generated echoing the Input data and

indicating the options selected.



INPUT :

OUTPUT :

FRCCEDURE :
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This subroutine regenerates the dispersion classes used
in creating the GLC file.

COMMON/FiLE/IRD, IPR, IGLCF, I TSF
COMMON/RSCIDX/MWD ,MST ,MWS ,MMH ,WSPB(6)
HMIXB (6),STABB(6) ,DUMA(38)

COMMON/DCLS/NWD , NST ,NWS ,NMH ,WSPL: (6}
HMIX(6),STAB{6)

Information for number of classes and representative
data valuss for each class used in calculating the GLC
fite is transferred from the common block RSCIDX (GLC
fite informaticn) To the common block DCLS (frequency

distribution analysis information).

A summary of the dispersion classes is listed.



RCLIN

PURPQSE ;

INPUT :

QUTPUT:

PROCEDURE :

This subroutine specifies the layout for receptors

where GLC information is required.

COMMON/FILE/IRD, IPR, IGLCF, I TSF
COMMON/RSCIEX/DUMA{25) ,NRGX ,NRGY ,0S ,XOR , YOR ,NSC,
DUMB(29)

COMMON/GLCF/NGLCF
COMMON/RECPT/NR,NRSP, IRPT(20)
COMMON/RGR I D/NX ,NY ,XOR1G, YOR{G,DH
COMMCN/RCORD/XR(400) ,YR{400) ,XRSP(20) ,YRSP(20)

The number of specified recepfors is read. I not
equal to zero, the coordinates of the receptors are
then read. |f the GLC file produced by GLCGEN contains
GLCs for a grid of receptors, grid point locations are
regenerated. |f the grid is regenserated and specified
recepfor locations are required, the location of the

nearest grid point to each receptor is determined.

The coordinates of receptor locations are listed.



INPUT:

QUTPUT :

PROCEDURE :

117

This subroutine reads information specifying deposition
calculations To be performed and calculates preliminary

information required for the depositicn computations.

COMMON/F I LE/IRD, | PR, {GLCF, | TSF
COMMON/SOURCE/NSC ,XS(10),YS(10},QS8(10)
COMMON/RECPT /NR,NRSP, 1RPT(20)
COMMON/DCLS/NWD ,NST ,NWS ,NMH ,WSPD (6},
HMIX(6),STAB(6)
COMMON/RCORD/XR{400),YR(400) ,XRSP(20), YRSP(2C)

COMMCN/DRY/VG(12) ,NWET
COMMON/OPT/MCPT(4) , ICPT(4) ,MDOPT(3), IDOPT(3}
COMMON/WET/A,8,TH(400, 10),CWL(400,10)

The type of deposition cutput for each monthly analysis
and the total period 1is determined from input

information.

Dry deposition velocities and wet deposition scavanging
coefficients are assigned either by input or default.
Statements echoing these constants and indicating the
selected options are printed. Sector width and
coordinate system angles are calculated for all

source-receptor combinations.



WETLD

PURFPOSE:

INPUT :

GUTPUT :

PROCEDURE:

This subroutine calculates sulphur loading due to wet

deposition.

COMMON/METHR/WD , U ,P

COMMON/SOURCE/NSC ,XS{10),YS(10),Q5C10)
COMMON/RECPT/NR ,NRSP, IRPT(20)
COMMON/UNITS/tUNIT,CUNIT(2,7), | SCU,CONVERT
COMMON/DCLS/NWD ,NST ,NWS ,NMH ,WSPD(6) ,HMIX(6)
CCOMMON/WET/A,B,TH(400,10),CWi_(4C0, 1C)STAB(S6)

WETDEP

This subroutine is called for each hour during which
precipitation is indicated on the meteoroclogical Time
series. Wet Joading 1is caicuiated employing the

irreversibie capture technigue.



GLCWT

PURPOSE :

INPUT:

OQUTPUT :

PROCEDURE :

This subreoutine determines a weight for the calculated
GLC based on the magnitude of sslected parameters for

the current time series record.

COMMON/PSORT /NPARM, 1 SORT(20) ,PARAM(20)
COMMON/WE | GHT /NBWT , IBWT (0 ,PTHL (10},
PTHUCIO) ,INDW(10)

WE | GHT

if weighting was not specified in The input data for
the run, a weight of unity is returned. |[|f weighting
was specified for a number of time series parameters,
the weight returned is the product of all individual
parameter weights. Weighting parameters are calculated
based on Threshold values specified in the input data.
If weight was specified for increasing parameter
values, the weight is unity for all parameter values
above the upper threshold, and zero for all parameters
below the J{ower threshoid. Weight specified for
decreasing parameter values would be tThe opposite,
i.e., zero for parameter values above tThe upper
threshold, and unity for parameters bhelow the lower
threshold. Weight wvaries linearly for all wvalues in

the range between the upper and lower threshoids,



ASSIGN

PURPOSE :

INPUT :

QUTPUT :

PROCEDURE :

120

This subroutine defermines which GLC dispersion class
correspends to the current record of the meteorological

tTime series.

COMMON/PSORT/NPARM, [ SORT(20) ,PARAM(20)
COMMON/TIME/ I YR, 1MON, 1DAY , IHRS
COMMON/DCLS/NWD ,NST ,NWS ,NMH , WSPD(6) , HMIX(6)STAB(6)

I NDEX

Wind direction, windspeed, net radiation, and mixing
height are read directly from the time series record.
Heat flux is calculated from net radiation. The
classes into which each of these parameters fall are
determined, and the GLC file index corresponding to the

overal| dispersion class i{s obfained.



READMS

PURPOSE :

INPUT:

CUTPUT:

This subroutine reads the GLC file record for the
current dispersion c¢lassification, It is a CYBER
system subroutine designed Yo reac¢ randem access files.
It is likely that this subroutine will be deleted or

changed on other computer systems,

INDEX, IGLCF, NGLCF

GLC



FREQ

PURPOSE :

INPUT :

OUTPUT:

PROCEDURE :

122

This subroutine calculates, for each receptor, tThe
current time-~averagsd GLC and adds the value to The
frequency distributions for GLC and Time difference

between peak episodes.

COMMON/ ID I FF/TLAST (400)

COMMON/TIME/ I YR, IMON, | DAY, 1HRS

COMMON/AVGPRD/NAP ,GLCARP(400)

COMMON/FREQ/NCCLS ,NTCLS,CCLS(1C),TCLS(I1C) ,CFREQ(400,10)
TFREQ{4C0,10} ,GLCPK ,CFREM(400,10) , TFREQM (400, 10)
COMMON/RECPT/NR,NRSP, IRPT(20)

COMMON/TD | FF/TLAST(400)

COMMON/ AVGPRD/NAP ,GLCAP (400)

COMMON/FREQ/NCCLS ,NTCLS,CCLS(10),TCLS( 10},
CFREQ(400, 10), TFREQ(400, 10) ,GLCPK ,CFREQM(400, 107,
TFREQM(400,10)

For each receptor, The fime-averagéd GLC is obtained.
The appropriate frequency distribution class
for the current month and total pericd is incremented.
If the time-averaged GLC excesds the peak value, tThe
time interval since the last excedance Is calculated,
and the appropriate cilass of +the *Time difference
frequency distribution for the current month and the

total peried is incremented.



RRYLD

PURPQOSE :

| NPUT :

QUTPUT :

PROCEDURE :

123

This subroutine calculates sulphur leoading due o dry

deposition.

COMMON/DRY/VG{12) ,NWET
COMMON/RECPT/NR ,NRSP, tRPT(20)
COMMON/UNITS/ TUNIT,CUNIT(2,7),15CU,CONVERT
GLCMON ,NMONTH, IF

DRYDEP

For each receptor, dry deposition is calculated as the
product of monthly average deposition velocity, GLC,
and fraction of the month for which there is no

preciptation.



SPOUT

PURPGSE :

INPUT :

PROCEDURE :

124

This subroutine provides cutput of average ground level
concentration, frequency distribution and inverse
cumuiative freguency distribution of GLC, and frequency
distribution of tTime difference between peak GLC for

individual receptors.

COMMON/F I LE/IRD, IPR, IGLCF, I TSF
COMMON/PERICD/ 1P (12), IPERI0D(12,2)

COMMON/ FREQ/NCCLS ,NTCLS ,CCLS( 10), TCLS( 1)

CFREQ (400, 10), TFREQ (400, 10) ,GLCPK ,CFREQM(400, 10),
TFREQM(400,10)

COMMON/RECPT/NR,NRSP, IRPT(20)

COMMON/TI TLE/TITLE(20)

COMMON/UNI TS/ 1UNIT,CUNIT(2,7), | SCU,CONVERT

KOPT ,NUM,CONCF , TDF,GLC, 1 1,12

Praliminary calculations for arranging cutput
information are performed, Depending on the output
options specified, a table showing average
concentration at all receptors is orinted. Header
information for frequency distribution tables is also
prinfed. The subroutine HIST is called tc print a
histogram for *the freguency distribution at each

receptor.
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HIST

PURPOSE : This subroutine plots a histogram for freguency
distributions.

[NPUT: COMMCN/F ILE/IRD, PR, IGLCF, | TSF
NUM,NCLASS,FREQ,CLASS

PROCEDURE : The shape of the histogram curve is calculated from the

frsquency array and stored in an output array. The
output array is then printed in +the form of a

histogram.
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DSPOUT

PURPOSE : This subroutine provides output of dry, wet, and total
deposition for specified receptor locations.

INPUT : COMMON/F ILE/IRD, IPR, IGLCF, | TSF
COMMON/PERIOD/1P( 12}, IPERICD(12,2)
COMMON/RECPT/NR,NRSP, IRPT(20)

COMMON/TITLE/TITLE(2O)
DRY,WET ,KOPT, 11,12
PROCECURE : |f specified by the output opticon indices, average,

dry, wet, and tfotai depositions are prinfed for each

receptor.



GROUT

PURPOSE :

INPUT ¢

QUTPUT :

PROCEDURE :

127

This subroutine provides oufput of average ground level
concentration, frequency distribution, and inverse
cumulative frequency distribution of GLC, and frequency
distribution of time difference between peak GLC for an

entire grid of receptors,

COMMON/F I LE/ IRD, IPR, 1GLCF, I TSF
COMMON/PERIOD/ IP(12), IPERIOD(12,2)
COMMON/FREQ/NCCLS,NTCLS ,CCLS(10),TCLS(10) ,CFREQ(400, 10}
TFREQ(400,10),GLCPK CFREQM(400,10) ,TFREQ(400, 10)
COMMON/T I TLE/T1TLE(20)
COMMON/UNITS/ TUNIT ,CUNIT(2,7), 1SCU,CONVERT
COMMON/PGR1D/NX,NY ,XOR1G,YOR1G ,DH

KOPT ,NUM,CONCF , TDF ,GLC, 11,12

COMMON/MAPA/ARRAY {20,20)

Each type of output is handled individually in the
following manner. The output option selection indices
are checked for which type of output is specified. The
information for all gridpoints is assigned to the map
array, ARRAY. Header information is then printed and
the subroutine MAP is calied to print cut the grid of

values.,



uap

FURPOSE :

[ NPUT :

QUTPUT :

PROCEDURE :

128

This subroutine prints a fwo-dimensional array of

frequency class symbols arranged in an x-y grid.

COMMON/F ILE/IRD, IPR, IGLCF, | TSF

COMMON,/ SOURCE/NSP,XSP ( 10), YSP(10),05(10)
COMMON/PGR I D/NX,NY ,XOR |G, YORIG,DH
COMMON/MAPA/ARRAY (20 ,20)

COMMON/ SPCL/ROW( £25) ,NXINT ,NY INT ,NROW
COMMON/CLSMB/CLASS (20) , SYMBOL (20) ,NC

COMMON/SPCL/ROW( 1253 ,NXINT ,NYINT ,NROW
COMMON/CLSMB/CLASS (20) , SYMBOL (20) ,NC

An array of data is received from the cailing program.
The subroutine MCLS is called to assign the array
values into classes and provide a symbol for each
class. Map scale and axes are generated. Values of
The map data between grid points are generated by
second-order interpolation of grid point values. The
subroutine SPCL is called to assign special map symbols
for reference points if required. The map data are

Then output iine-by=~line,



MSCLS

PURPGSE:

INPUT :

OUTPUT:

PROCEDURE :

This subroutine generates classes of data, assigns a

map symbol for each, and outputs a generated legend.

COMMON/1FILE/IRD, IPR, {GLCF ,1TSF
COMMON/RGR1D/NX, NY ,XCR1G,YOR! G,DH
COMMON/MAPA/ARRAY (20,20)
COMMON/CLSMB/CLASS(20),SYMBOL(20) ,NC
{ZERD

COMMON/CLSMB/CLASS{20),SYMBOL(20),NC

The maximum and minimum values in the oufput array are
determined. Classes are generated based on the range
of data, the number of classes NC, and I1ZERC, the index
specifying a iower bound of either zero or the minimum

value of data. A map legend is generated and printed.



SPCL

PURPOSE :

INPUT:

OUTPUT :

PROCEDURE :

This subroutine plots a special symbol (¥*) at reference

poinfts on the map.

COMMON/RGRID/NX,NY , XORI1G,YOR | G,DH
COMMON/ SOURCE /NSP,XSP(10),YSP(10),05¢(10)
COMMON/SPCL/ROW( 125 ) ,NXINT ,NY I NT ,NROW

J

COMMON/SPCL/ROW( 125) ,NX INT ,NY INT ,NRCW

Atl the reference points are scanned To determine the
print row in which They will occur. |f any points tiie
on the current row (J), the special symbol(*)} is

inserted at the x location of the point.



DGROUT

PURPOSE :

INPUT:

OUTPUT :

FPROCEDURE :

131

This subroutine provides output of dry, wet, and total

deposition for an entire grid of receptors.

COMMON/F ILE/IRD, 1PR, IGLCF , 1TSF
COMMON/PERITOD/ IP(12) ,1PERICD (12,2}
COMMON/TITLE/TITLE(20)
COMMON/RGRID/NX  NY , XOR1G,YORIG,DH
DRY,WET ,KOPT, 11,12

COMMON/MAPA/ARRAY (20,20)

fach type of deposition is handled individualliy in the
following manner. The output option selection indices
are checked for the type of output specified. The
information for all gridpoints is assigned to the map
array, ARRAY. Header information is then printed and

The subroutine MAFP is called To print out the grid.



CLOSMS

PURPOSE :

I NPUT :

132

This subroutine ctoses the GLC file at the end of the
frequency distribution analysis. It is a CYBER system
subroutine designed to manipulate random access files.
On ofher computer systems, this subroutine is likely to

be changed or delsted.

IGLCF



133

8. LIST OF AQSERP WIDE DISTRIBUTION RESEARCH REPORTS

Report Project Reference

1 PM Alberta 0il Sands Environmental Research Pro-
gram. 1976. First annual report, 1975. Alberta
0il Sands Environmental Research Program. AQSERP
Report 1. 58 pp.

2 AF 4,11 Kristensen, J., B.S. O0tt, and A.D. Sekerak.
1976. Walleye and goldeye fisheries investi-
gations in the Peace-Athabasca Delta--1975.
Prep. for the Alberta 0il Sands Environmental
Research Program by LGL Ltd., Environmental
Research Associates. AOSERP Report 2. 103 pp.

3 HE 1.1.1 McVey, W.W. 1976. Structure of a traditional
baseline data system. Prep. for the Alberta
Qi1 Sands Environmental Research Program by
the University of Alberta, Population Research
Laboratory. AOSERP Report 3. 26 + 266 pp.

b VE 2.2 Stringer, P.W. 1976. A preliminary vegetation
survey of the Alberta 0il Sands Environmental
Research Program study area. Prep. for the
Alberta Qi1 Sands Environmental Research
Program by Intraverda Plant Systems Ltd. AOSERP
Report 4. 108 pp.

5 HY 3.1 Strosher, M.T. and E. Peake. 1976. The evalua-
tion of wastewaters from an oil sand extraction
plant. Prep. for the Alberta 0il Sands Environ-
mental Research Program by the University of
Calgary, Environmental Sciences Centre (Kananaskis).
AOSERP Report 5. 103 pp.

6 PM Patterson, R. and A.M. Lansdown. 1976. Hous~-
ing for the north--the stackwall system; con-
struction report--Mildred Lake tank and pump
house. Prep. for the Alberta 0il Sands Environ-
mental Research Program by the University of
Manitoba, Faculty of Engineering, Northern Hous-
ing Committee. AOSERP Report 6. 36 pp.

7 AF 3.1.1 Jantzie, T.D. 1977. A synopsis of the physical
. and biclogical limnoliogy and fishery programs
within the Alberta oil sands area. Prep. for
the Alberta 0il Sands Environmental Research
Program by Renewable Resources Consulting Ser-
vices Ltd. AOQSERP Report 7. 73 pp-.
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Machniak, K. 1977. The impact of saline
waters upon freshwater biota (a literature
review and bibliography). Prep. for the
Alberta 0il Sands Environmental Research
Program by Aquatic Environments Ltd. AOSERP
Report 8. 258 pp.

Croft, B.R., A. Lamb, and R.N. Dawson. 1977,

A preliminary investigation into the magnitude
of fog occurrence and associated problems in
the c¢il sands area. Prep. for the Alberta 0il
Sands Environmental Research Program by Stanley
Associates Engipeering Ltd. AQOSERP Report 9.
87 pp.

Mitiar, J.F.V. 1977. Development of a research
design related to archaeclogical studies In the
Athabasca 0il Sands area. Prep. for the Alberta
0il Sands Environmental! Research Program by the
University of Saskatchewan. AOUSERP Report 10.
69 pp.

Flannagan, J.F. 1977. Life cycles of some
common aquatic insects of the Athabasca River,
Alberta. Prep. for the Alberta il Sands
Environmental Research Program by Fisheries
and Environment Canada, Freshwater Institute.
ADSERP Report 11. 20 pp.

Mercer, J.M. and R.B. Charlton. 1977. Very
high resolution meteorological satellite study
of o0il sands weather: '"a feasibility study'.
Prep. for the Alberta 0il Sands Environmental
Research Program by the University of Afberta,
Department of Geography. AOSERP Report 12.

44 pp.

Davison, D.S., C.J. Fortems, and K.L. Grandia.
1977. Plume dispersion measurements from an

oil sands extraction plant, March 1976. Prep.
for the Alberta 011 Sands Environmental Research
Program by Intera Environmental Consultants Lid.
AOSERP Report 13. 195 pp.

none

Denison, P.J. 1977. A climatology of low-level
air trajectories in the Alberta oil sands area.
Prep. for the Alberta 0il Sands Environmental
Research Program by Acres Consulting Services.
ADSERP Report 15. 118 pp.
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Barge, B.L., R.G. Humphries, and S.L. Olson.
1977. The feasibility of a weather radar near
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