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ABSTRACT

In support of studies maated by thel990 Clean Air Act Amendments, the Models-3
Community Multiscale Air Quality (CMAQ) model can be used to estnpollutant
concentrations and deposition associated with specified emission l&gesssment studies
require CMAQ-based distributional estimates of ozone, acidic depgdtM 5, and visibility on
seasonal and annual time frame®c8&use it is not financially feasible to execuMAD) over
such extended time periods, CMAQ must be execiated finite number of episodes under a
variety of meteorological classes. tatsticalprocedure called aggregation, must then be
applied to the CMAQ outputs to derive seasonal aimlial estimtes.

The objective of this research is to develop an aggregatjmmoach and set of episodes that
would support model-based distributional esties(over the continental domain) of air quality
parameters. Theparoach utized cluster analysis and tif®0 mbu andv wind field
components over the time period 1984-1992 to define homogenetesrological clusters. A
total of 20 clusters (five per season) were identified byebbnique. A stratified sample of 40
events was selectébm the clusters, using a systematic samgkadpnique.

This stratified sample is then evaluatbtbugh a comparison of aggetgd estimates of the
mean extinction coefficients £ to the actual mean,bpobserved at 20%aions nationwide for
a nine year period (1984-1992). Thg,la measure of visibility, was seltedfor use in the
evaluation for two reasons. First, of all of the air quality patens simulated by MAQ, this
visibility paraneterprovides one of the most spatially and temporally comprehenateesdts
available, and second, thglzan serve as a suratgfor PM, s for which little chta exists.
Results from the evaluation revealed a high level of agreemen0(988) indtating that the
aggregation and episode selection scheme was indeed representative.

"On assignment from the National Oceanic and Atmospheric Administration, U.S. Department of Commerce.
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17.0 AN AGGREGATION AND EPISODE SELECTION SCHEME DESIGNED TO
SUPPORT MODELS-3 CMAQ

17.1 Introduction

This chapter describes the development of an aggregation and episode selection scheme to
support the derivation of annual and seasonal astsof air quality parameters in Models-3
CMAQ. Relevant backgund information regarding thétivity, as well as a precise statement

of the present objectives,psovided in this ection. Sctionl17.2 summarizes the important
elements of the approach and the overadtsty, including the rationale behind the hwoets and

the limitations associated with them. Details of the development of an aggregation and episode
selection argrovided in ectionsl7.3, 17.4, and 17.5.e8tion17.6 contains an example
application and evaluation of the rhetlology using one patrticular air quality pasger (R, ),

and sectiorl7.7 provides a summary and discussion.

17.1.1 Background

In support of studies maated by thel990 Clean Air Act Amendments, the Models-3
Community Multiscale Air Quality (CMAQ) model is used by EPA Program Offices to estimate
deposition and air concentrations associated with specified levels of emigsssessment

studies and effects models requifgl&Q-based distributional estimates (such asual and
seasonal averages) of ozone, acidic deposition, and measated telvisillity. Such estinates
would ideally be obtained by using CMAQ to sisiid atmospheric chemigadocesses

associated with medeological conditions occurring on a daily basis over several years.
However, for logistical and cost reasons it is not currently feasible to exeRIA® Gver an
extended time period such as a full year. Therefore gictipe QMAQ must be executefdr a

finite number of episodes or “events,” which are selected to represent a variety of
meteorological classes. Aasisticalprocedure called aggregation, must then be applied to the
outputs from MAQ to derive the requirednaual- and seasonal-average eatasfrom this

finite number of events. The objective of the research described in this chapter is to develop
such an aggregation approach and eatalits effectiveness using thg.b

The basic problem of developing repretsg¢ine meterologicalcategories has been explored by
other researchers for a variety of purposes, including Fernau and Samson (1990a,b); Davis and
Kalkstein (1990); Eder et al. (1994). The approach used here is based on a variation of the
methods previously used by Brook et(@P95a,b) in selcting a30-event aggregation set for the
Regional Acid Deposition Model (RADM). The approach of Brook eihablved four major
components. Cluster analysis of wind fields was useeétirchine meterologically

representative categories. The determination of the number of clusters to retain wapbased
within-group variance gtterns and prior ark by Fernau and Samson (1990a,b). A procedure

for aggregating the episodic results into annual totals and averages involved frequency-weighted
sums and estimated depasitiprecipiation relationships. Event selectiprocedures were

designed to emphasize categories thavaeted for most of the annual wet suiéf deposition,
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while also representing some winter and dry events. A summary of some specific elements of
their approach is provided in Table 17-1.

Table 17-1 Summary of Methodology Used by Brook et al. (1995a; 1995b) for RADM

1. Determination of categories

e Used Ward's (1963) method of cluster analysis, which minimizes within-cluster sums of squares, in an
agglomerative, hierarchical mode for wind flow parameters. Used eastern North American zonal u and
meridional v 85-kPa wind components for 0000 UTC with 5° spatial resolution (two variables at 48 grid
nodes over three days).

. Clustered “consecutive” 3-day periods from 1979, 1981, and 1983, with subsequent classification of
remaining “running” 3-day periods from 1979-1985 into one of these clusters.

2. Determination of number of clusters to retain

«  Examined stepwise increases in within-group variance with decreasing number of clusters, expressed
through F-statistic.

e Retained 19 clusters based on results for wind flow, sulfate deposition, and prior work by Fernau and
Samson (1990a,b). Used quantitative information but somewhat subjective criteria.

3. Development of aggregation procedure

« Estimated total deposition for the group of sampled categories, from the sampled events (weighted sum,
accounting for the number of events sampled from each cluster and frequency of occurrence of the
clusters).

e Scaled up by ratio of total annual deposition to an estimate of annual deposition that is based on
aggregating the sampled categories. Estimates used either mean deposition from a sampled category or
deposition estimated from the deposition-precipitation relationship in the category.

4. Selection of “optimum” set of events

e Subdivided the 19 categories into wet and dry subsets, resulting in 38 new categories.

«  Primarily represented categories that accounted for most of the annual wet sulfate deposition (at least
75% when combined). Selected 19 events from these categories. Also selected 11 events from winter
(5) and dry (6) events to represent seasonal deposition differences, dry periods, and possible nonlinear
effects.

«  Number of events selected from each category was based on proportionality to the frequency of
occurrence of the category and the percent of total sulfate accounted for by the category.

« Examined 20 potential sets (each randomly generated) meeting all criteria, selected the one that
minimized RMSE for annual sulfate deposition (primarily) and precipitation (secondarily) at 13 sites.
Selected sets in stages, first choosing a set of 19 events from the wet categories and then a set of 11
events from winter and dry periods.

17.1.2 Objectives
The present objectives differ somewhaim those which motated the earlier research ABM

was primarily designed to address issues involving acidic depositidAQGddresses a more
diverse collection of air quality parameters with equaldantance. In addition, @AQ will be
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applied to a continental domain that is significantly larger than geographic area for which
estimates areupplied by RADM. The extensidnom the FADM domain to a continental
domain is extremely ambitious as it relates to episode selection and aggreddwerefore, the
development of an approach tl@icommodates this larger continental domain is particularly
challenging.

The objective of the activity described in this chapter is the development of an aggregation and
episode selectionpproach that supports model-based annual and seasonal air qualifesstim
that are at least as accurate (with respect to sampling uncertainty) as those achieMeipy R

in consideration of the more general applicability envisidoe €MAQ both with resgct to air
guality parameters and geographic represamtatihisaccuracy must be preserved while
minimizing any additional cost. In essence, “cost” refers to the number of émewtsich the

model provides estiates, each of which adds cost in fben of both comptationalprocessing

time and human labor.

17.2 Summary of theApproach

The analysis was carried out in phases, with information gatheeattinphase contributing to

the design of the next. For this reason, this chapter is structured to preseetea®ptriptions

of the methodology and results achievedath phase, in sequence, in sectibbh8, 17.4, and

17.5. This ection is intended as an overview of girecess prior to those detailed descriptions.
This overview consists of descriptions of some key elements of the methodology, the rationale,
scope, and linbations associated with the rhetlology, and the sitegy used to move in phases
toward the final result.

17.2.1 Basic Elements of the Methodology

Simply stated, the miedds that we have employed involve tlegedtmination of metaologically
representative categories, the selection of eVemtsthosecategories, and the use of evaluative

tools to ensure that the detailed aspects of those activities are defined in such a way as to achieve
optimal results, to the extent that we can measure optimality.

A specific goal is the definition of meteorologicaltegories that aoant for a significant

proportion of the variality exhibited by the air quality chacterizations of interest. The basic
approach used in the current analysis for theanination of categories and event selection
components is rated to that oBrook et al (1995a,b), but certain fundamental considerations
have been modified to reflect the differences inherent in the present objectives as described in
sectionl7.1. The common element is the cluster analysis of zosyadl meridional wind
components to defineeteorologicatategories.

The definition of meteorologicalategories is designed topport the selction of eventfrom

those categories in@ocess known as stratified sampling (Cochran, 1977). Stratified sampling
exploits the internal homogeneity of the meteorologiea¢gories, or “strata,” to achieve more
precise estimates than would be possible using simpitona sampling (i.e., randomly seting
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events without regard toeteorologicatate@ry). Certain variations of stratified sampling are
relevant to this analysis. One relatively inefficient option for invoking stratified sampling would
involve seécting the same number of evefitsn each categry/stratum. This is known as

“equal allocatn.” An alternative is “proportional albation,” which involves selcting numbers

of events in direcproportion to the size of the stratum. Thus, more events @ edrom

strata that contain large numbers of events tl@an smaller stata. This is potentially much

more efficient than equal allocati, in the sense that it leads to much more precise (i.e., lower
variance) estimates. Estimates exhibiting absolute maximum efficiency (i.e., minimum variance)
are obtained by modifying this method slightly so that the number of evestsesilom each
stratum is in direcproportion to the product of the size of the stratum times the internal
variability (as chaacterized by the standard deviation of the measurement of interest) within the
stratum. Thus, strata exhibiting significant vaifighbamong events are sampled more heavily

than strata in which events are morefarm. This is known as “optimum atiation,” which is
identical to proportional allcation when within-stratum variances are equal.

While wind flow parameters were used to define the aretegicalcategories, other

meteorological paraaters were used in subsequent phases of the analysis to refine aspects of the
episode selection metdology, and as evaluative tools to assess tleeteféness of the

approach. These paraters include visibity (as represented by the,, temperature, and

relative humidity. Their specific roles are discussed in more detail in the following sections.

17.2.2 Rationale, Scope, and Limitations

As stated previously, thgpproach to selcting an aggregation and episode scheme is lhgsed
the definition of meteorologicaltegories that aoant for a significant proportion of the
variability exhibited by the air quality chaaterizations of interest. Strictly speaking these
characterizations include parameters such as acidic depositi concentrations, and measures
of visibility. Therdore, it might be argued that the definitionaaitegoriestsould be formwdted
directly using these parameters that are ultimately of interest. However, it is eqpaliiaint
that the model simulate the particular tqaor$ mechanisms involved in the assoed
atmospheric processes, and in particular that source-attribution analysethtethcThis
requires that categories be defined with an emphasis on wind flow paranhedesd,
characterizations of basic wind field patterns in essence defonibbel passages, along with all
of the meteorological properties typically assbed with them.

In view of the importance placed on the accurate simulation ofpwans:echanisms, a complete
evaluation of the episode selection and aggregatiohadelogy would require an assessment of
the accuracy with which transport is represented. Howevegdadbigacy cannot be measured,
as there is no technique available to supportectiquantifiable assessment of the
representation of atmospheric trpog. In addition, with the exception ofpthere are little air
guality data available with the required spatial andptanal resolution and range to support a
direct evaluation of the madds described in this chapter with regard to the outcome psaem
that will be of primary interest in/@AQ.
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For these reasons two meteorological patans (in addition tody), which are known to be

related to many of the air quality parameters of interestfanahich appropately resolved

data are available, were used as evaluative measures in this analysis. Specifically, temperature
and relative humidity were used; however, primary emphasis willdzegdlipon the b, which
provides a surrage measuréor fine particles. It must be recognized that this constitutes a
secondary evaluative tool, in the sense that trecefeness of thepproach cannot be dictly
measured as it relates to atmospheric praror to specific air quality paraters, both of

which are primary outcomes. For this reason, the methods were not developed and refined solely
toward the goal of optimizing p@rmance assoated with the estimation of vigiy. Instead,

this performance was evaited in combination with other considerations that were believed to

be important but for which performance may not be readily quantifiable.

17.2.3 Strategy

The basic strategy uséat the setction of events toupport aggregation-based estimation is
described in the steps outlined below. The term “cluster” describes a collection of events that
are defined to be meteorologicaliyndar basedupon cluster analysis results. The term

“stratum” describes a collection of metelogically smilar events to be used in stratified
sampling. In this chapter, “stratum” and “cluster” are essentially interchangeable since the
clusters defined in the analysis are ultimately used as the fetrat@mpling purposes.

1. We explored different approaches to the cluster analysis of wind compasaitsf
which resulted in the definition of a set of clusters (strata) ofongltmgically smilar
events, for possible use in alternative strediion schemes. Some alternatives that were
explored include annually defined clusters (i.eatstdefined using cluster analysis of
daily wind field datdrom several years, without regard to season), seasonally defined
clusters (i.e., strata defined using distinct cluster analyses of wind field data pertaining to
different seasons), and regionally defined clusters (i.e., strata defined using distinct cluster
analyses of wind field dafar different geographic regions).

2. The alternative stratification schemes explored in step 1 were compared using relative
efficiencies and meteorological considerations. The concept of relative efficieatsrel
to the variance associated with an estimate derived using different sampling schemes.
We explored the variances associated with estimates ohth@lbmeans of the
evaluative meteorological paraters describedoave (visilility, temperature, relative
humidity). The relative efficiency @ach stratification scheme is defined as the ratio of
the variance associated with simpladam sampling to the variance assted with
stratified sampling using that scheme. A large relative efficiency is indicative of a high
degree of precision (lower variance) associated with the estimate of interest. As discussed
previously, since these evaluative meteorological patars do notféord a compéte,
direct assessment of the validityprbcess with regard to the parameters to which it is
ultimately to be applied, meteological considerations were taken iaount in
combination with the relative efficiencies in order teesehl general stratification
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scheme. The selected scheme (seasonal stratififatas considered for moretailed
refinement in step 3.

We determined arparoprate number of clusters to retain in combination with an
acceptable number of events that would be necessary to achieve the objectives. The
determination was based on estimated standard deviations associated with several
alternative formulations, as well as other considerations. The standard deviations relate
specifically to estimates of th@mual means and 90th percentiles of the evaluative
meteorological paraeters. The “other considerations” included the objective of
matching or exceeding thenb@mance of the current aggregation methodology used for
RADM, as well as a goal of avoiding unsampled clusters. Unsampled clusters (the
inclusion of clusters for which no events would besedd) were considered to be
undesirable écause there would be ndarmation available in the aggregation process to
account for events contained in such a cluster. In concept, our view was that any
unsampled cluster should be combined with another cluster to which it isimmiézst. sin
practice, we achieved this by constrainingselves to cadictions of clusters that were
adequate toupport the sampling of at least one event feaunh cluster. Twenty clusters
were ultimately retained, consisting of five clusters defined in each dduhseasons,

and the number of events necessary to achieve the objectives was determined to be 40.

A stratified sample of 40 events was randomly seleicomal the 20 clusters defined in
step 3. Proportional altation was used in determining the number of events to be
selectedrom each cluster (stratum). Optimum allocation was considered but was not
used for several reasons, including: (1) it requires the quamtiiin of the variance of a
primary outcome parameter, whereas only secondary evaluative outcomday(visib
temperature, relative humidity) were available as discussed previously, and (2) the
variance of any outcome parameter varies geographically, so that optimum allocation
would likely result in differing numbers of events depending upon the geographic
location, whereas proportional atlation would not. It was verified that, at least based
upon the evaluative outcome pakgers that are available, in most geographic locations
the distribution of events that arises from proportionatation does not differ
substantially from that arising from optimum aldion.

Details concerning the implementation of thigpeoach are discussed in the followigtons.
Sectionsl7.3 and 17.4 correspond to steps 1 and 2 in theegly outlined laove, and sction
17.5 includes a discussion of steps 3 and 4.

17.3 Cluster Analysis of WindFields

The cluster analysis of wind components is described inght®s. This includes a description
of the wind field data, the basic analysis technique, variations of the basic technique, and
methods of preseation. Some graphical results of exploratory analyses are also included.
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17.3.1 Desription of Wind Data

To accommodate the continental domain and to achieve adequate spatiabresbletciuster

analysis involvesata at336 grid nodes with 2%5spatial resolution, as obtained from the
NCEP/NCAR 40-year reanalysis peoj (Kalnay et al 1996). In this analysis, 700 mb wind
components for 1800 UTC have been used, in consideration of the mountainous western regions
in the domain. Corners of the grid were cut back to guard against excessive influence from
ocean-based eteorology. Graphicdlustrations of this domain are referencater in this

section.

17.3.2 Basic Cluster Analysis Technique

Cluster analysis, in the present formulation, involves the cleassdn of a set of observations

into categories that are internally homogeneous with respect to defined multivariate relationships
in the data. In this case “multivariate” refers to the multiple variables used to characterize wind
fields, consisting of the andv components applicable &ach location within the previously
described domain and extending over an event that includes multiple days.

A 12-year period (1984-1995) was considered in the exploratory cluster anajesesefined to

a 9-year period (1984-1992) for the final clustering upon which episoeietisal was based.

Since CMAQ isactuallyrun for a 5-day period fagach event (the first two days establish initial
conditions, and model predictions from days 3-5 are saved as a “3-day event”), 5-day periods
were clustered rather than 3-day periods. To make the analysistationmlly feasible, the

first, third, and fifth days oéach5-day event were considered. Based upon the performance
noted by Fernau and Samson (1990a,b), Ward’s method of cluster analysis was used (Ward,
1963), minmizing within-cluster sums of squares, in an agglomerative (i.e., mérangmany
clusters toward fewer clusters), hierarchical (i.e., once clusters are joined they cannot be
separated) process. Thus, if a single observation (event) is considered to consist of 2,016
elements (the 2 andv components x 336 grid nodes x 3 days considered per event), then the
objective of the cluster analysis is to divide these observations into clusters (catégowag)h

the within-cluster sum of squares (sum of squared differences between the elements of individual
observations or means) is minimized.

In the exploratory analyses, clusters were initially defined based upon “consecutive” rather than
“running,” or overlapping 5-day periods from 1987-1992. Thlach remaining event

(“running” 5-day periods from 1984 through 1995) was classified into the cluster thiaiizes

the sum (over the 336 grid nodes and three days) of the squared deviatiaosuwohndv

component from the cluster meamndyv. In the final cluster analysis, using 1984-198@gad
consecutive 5-day periods from 1984 through 1992 were clustered, and remaining events were
classified into those clusters according to the same criteria described above. Cluster analyses
were carried out using SAS (SAS Institute Inc., 1989); however, due to the extreme
computationaburden of these analyses it wasassary to calculate the distance matrix

externally from the clustering procedure itself.
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17.3.3 lllustration of Cluster Analysis Results

Representative resuliom the sedcted exploratry analyses, as well as all results from the final
cluster formulation, ar#lustrated graphically. Specifically, cluster definitions #itestrated

using maps of cluster average wind fields. In some cases, these are supplemented with
specialized maps illustrating the intracluster variability in the wind fields. Star chart histograms
are also used to illustte the frequency of oaoence of events fromach clusterfor each

month of the year.

To provide proper perggtivefor a review of this analysis, it is useful to considetifiaary

results for a set of 30 clusters initially defined using annai@fcom 1984-1995. The most
prevalent cluster (labeled Cluster 1) accounted for 12.19% of all 5-day events during this time
period, with nearly all of those events occurring during the summer months. Map-based graphs
of mean wind vectors for this cluster are contained in Figure 17-1 (a-c). Three maps are
included, representing mean vectors for days 1, 3, and 5 of the 5-day event. These maps
illustrate largely stagnanbaditions assoated with an anticyclonic pattern centered over the
southeastern U.S.; a zonal flow over southern Canada and a trough over the west coast of the
U.S.

As a second example, Figure 17-2(alkadtrates mean wind vectofsr a somewhat less

prevalent cluster that accounted for 3.65% of all 5-day events during this time period (ranking
ninth in overall prevalence and labeled as Cluster 9). Most of these events occurred between the
months of October and April, characterizednoythwesterly winds ass@ated with a large-scale

trough moving through the central and eastern portion of the domain.

While these maps are effectiveillostrating average behavior assateid with each cluster, they

do not give any indication of the varittty inherent in the clusters. Figuré3-4 (a-c) and 17-5

(a-c) contain additional maps that address this issue. The first map (FigureillList8ades the

wind field for the third day of an individual event (January 23-27, 1989) that was assigned to
Cluster 9. Comparison of this map to the mean wind field for day 3 of Cluster 9 (Figure 17-2b)
reveals fairly close resemblance between the two. By contrast, the maps in Figures 17-3b and
17-4c depict the third day from two other events belonging to Cluster 9. Téui#smp do not
resemble the mean wind field as closely, and are indicative of theiligramong individual

events that were assigned to this cluster.

Clearly it would be useful to simultaneously visualize the variability exhibited by all of the wind
fields assigned to each day of Cluster 9, and Fitjdré (a-c) represents attempt to do this.
These maps contain the mean wind vectorgémh day of Cluster 9 on a thimhkeut grid that

only includes alternating grid nodes. In addition, the maps contain groups of smalbdbtsf
which depicts the location of the wind vectorcavhead for an individual event assigned to this
cluster. The groups of dots amdtivelyillustrate the distribution ofreowheads for all events
belonging to Cluster 9.
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The dots surroundingach mean wind vectorrawhead appear in a somewhat circulattgrn,

and the extent of spread exhibited by the dots iitistrthe degree of varility among wind

vectors assigned to the cluster. Similatterns characterize the vaiiiép assocated with other
clusters (not shown). Clearly there is substantial véitjpassocated with the wind vectors
assigned to individual clusters. This variability emphasizes the ambitious nature of theoendea
In essence, the goal is to categorize many years worth obroleigical @tterns into a finite

number of classes. Furthermore, each oretegical @ttern does not simply describe a single
location at a given point in time; it is required to simultaneously repredentd spatial domain

over a significant temporal period. Indeed, it should not be surprising that a substantial amount
of variability is assoeited with the result.

Figure 17-5 (a-e) contains star chart histograms of the 30 clusters defined using atanual d
Each chartllustrates the frequency &tday events belonging to a given cluster, and the clusters
themselves are orderadcording to overall frequency of occurrence. As shown on the charts,
events from Cluster &ccounted for 12.19% of all 5-day events between 1984 and 1995, those
from Cluster Zaccounted for 12.10% of all evengs¢c. The numbers arranged radially on each
chart depict the number of events belonging to the clusterdemin month of the year. The

length of the line pointing to each monttpi®portional to this frequency of occurrence, and the
ends of the lines are connected tadlitate the visualization of patterns.

Several observations may be made based upon these charts:

. Although defined using annuahth, the cluster frequencies reveal definite seasonal
tendencies. That is, clusters do not occur randomly throughout the year, but rather
exhibit a tendency to occur more frequently within specific seasons. Thus, the annual
clustering procedure saessfully identifies and discrinates wind field patterns that are
associated with seasonally distinct negtdogical classes.

. While clusters containing summer events tend to be quite distinct from those containing
winter events (and vice versa), many clusters contain events from a combined
“transitional” season that includes both spring and fall months.

. The two most prevalent clusters heavily emphasize the summer months; each of these
clusters includes more than twice as many events as any other cluster, with the vast
majority of summer events contained in them.

The disproportioate representation of summer events by two of the 30 clusters ispiasiag,

since the wind fields are expected to be less variable in the summer. However, seasonal
differences in meteorology and atmospheric chemistry are important in explaining théityariab
exhibited by the air quality parameters of interest. The addition of more warm season clusters
could provide improved resolution in this regard. This is the primary motivation for conducting
analyses using seasonally distinct clustering.
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17.4 Evaluation of Alternative AggregationApproaches

The previous illustration clarifies the motivatitor investigating seasonally distinct clustering.
Similarly, regionally distinct clusteringffers an alternative that might provide improved

resolution of wind field groupings on smaller spatial scales. An added dimension to the problem
is that the number of clusters to be retained clearly affects the degree ofwasdliatigain an
understanding of the importance of these considerations as tagyteekstimation of the
meteorological paraeters used as evaluative tools in this analysis, these and other alternatives
were explored in several combinations. These explorations, designed to expeses@nd

trends from which to make an informedestion of a generalpproach, are described in this
section.

17.4.1 Desription of Alternative Approaches

Several variations of theandv wind vector clustering were investigated. As discussed
previously, these were selected to investigate patterngrapdrties, and notecessarily to be
considered as final candidates cluster definitions. They are as follows:

. Annually defined stta with variations in the number of stratai8, 20, 30, 60, and 90
clusters;
. Seasonally defined strata using warm and cold seasons: totfls2ff, 30, and 60

clusters equally divided between the warm season April-September period and the cold
season October-March period,;

. Seasonally defined stratp@oximately equally divided among summer (June, July,
August), winter (December, JamyaFebruary), and transitional (spring and autumn
combined) seasons: totals of 20, 30, and 60 clusters;

. Seasonally defined strata equally divided between summer and winter seasons, and with
approxinately twice as many strata defintd the transitional season: totals of 20 and 30
clusters;

. Seasonally defined stratp@oximately equally divided among summer, winter, spring

(March, April, May), and autumn (September, October, November) seasons: totals of 20
and 30 clusters; and

. Regionally defined strata: 30 clusters identified in eadowfsepaate cluster analyses
for the northeast, southeast, northwest, and southwest subsets of the domain

We also investigated the alternatives of strata defined to simpiyrrtiie four seasons

(disregarding all clusters), strata defined by clusterirRady events rather than 5-day events,
and strata defined by clustering the noetdogical pararaters used to evaluate thgpaoach.
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17.4.2 Desription of Meteorological Data

For the alternative stratification schemesJiprieary testing was péormed by examining the
uncertainty associated with the use of cludi@sed stratified sampling to estita the anual
mean of daily noontime levels of vidity, temperature, and relative humidity, with primary
emphasis placedpon visilility as discussed previously. Visibilifynits of km*) was specifically
expressed as the light extinction,{b less observations with precipitati and less observations
with relative humidity greater tha@0%. The light-extinction coefficient is often used to
characterize visility, although in general, it hdisnited ability to predict human visibility. The
visual rangey, (km) can be estimatdtbm the R,, by using the Koschmieder equation:

3.91
v, =y (17-1)

ext

Temperature is in units of degrees Celsius, and relative humidity in percent. These parameters
were taken from 201 gations in the continental U.far which coverage was at least 99%, as
illustrated in Figurel7-6. This was specifically defined as sites exhibiting at least 99%
completenestor light extinction coefficient; allowances were made for missing observations that
were associated with precipitation so as not to bias the inclusion of sites towardrdatysc

17.4.3 Analysis Methods

The average relative efficiency associated with the estimation of meaalavisihlity,

temperature, and relative humidity, using each alternative stratification scheme, was used for
comparison of the schemes. Specifically, at each locatiofoaedch scheme, the variance of
an aggregation-based estita(Cochran, 1977) of the annual mean watednined in three

ways, assuming that the estimated mean was calculated Lisagtratified sample with equal
allocation across strat@®) a stratified sample with proportional aldion across strata, and (3)
simple random sampling, with a total sample size consisting of the same numbers of events in
each case. Also at each looatithe ratio of the simple random sampling variance to the
variance associated with each of the two stratified sampling designs was calculated and
expressed as the relative efficiencyeath of those designs. Finally, those relative efficiencies
were averaged across sites to provide amatin of the overall efficiency of each scheme.

This is best explained using a specific example. First, suppose that the mean annual temperature
at a given location is estimated as the average of the daily tempefedore€3® randomly

sampled 3-day events from the period 1984-1992, ateipldisregarding anyfiormation

related to clusters. uppose that the standard deviation asgedi with that estimate is G, so

that a 95% confidence interval would yield the eated mean 294°C (=1.96x1.5). Second,

suppose that the mean isteesd estimated as a weighted averfaga 30 3-day events, using

two events per cluster (i.e., stratified sampling with equal allmecgtand using the frequency of
occurrence oéach cluster as the weight applied to the temper&turethe corresponding

event. Suppose that the standard deviation agsalcwith that estimate is 20O, compared to
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1.5°C from simple random sampling. Last, suppose that 30 eventsectedalising

proportional alleation (i.e., the number of events seledted a cluster is proportional to the
number of events belonging to the cluster), and that the standard deviation of the resulting
estimated anual mean temperature is 0@ These standard deviations (1.5, 1.0, and 0.8)
translate to variances @f25, 1.0, and 0.64 for simple random sampling, stratified sampling with
equal allocatin, and stratified sampling with proportional afdon, resgctively. Thusfor this
hypothetical lgation, the relative efficiency of stratified sampling with equalcatoon is
2.25/1.0=2.25, and the relative efficiency of stratified sampling with proportionehttio is
2.25/0.64=3.52. Proportional adlation is more efficient than equal allocation in the sense that it
leads to lower variances and therefore tighter confidence intervals bounding tladezstiman.

17.4.4 Results

Tables 17-2 (a-b) and 17-3 present mean relative efficienciesatssbaith anual means of
the daily noontime temperature, relative humidity, and extinction coefficient, agestiosing
aggregation approaches based upon the various schemes described abagh.tdhle, results
are presented to illustte the relative efficiency of estimation imetls using equal aliation
(equal numbers of events selected to represent each clust@rpaodional allgation
(numbers of events sadted in direcproportion to the total number of eventtegorized into
the given cluster). Relative efficiencies reported in thétisn are validor any number of
events that might be selected, as relative efficiency is invariant to sampladeresqual or
proportional allcation

In the case of proportional aflation, the relative efficiencgctually refers to the minimum

variance that might theoretically be achieved if proportionatallon were carried out

precisely. In practice this might only be possible if a very large number of events were to be
sampled, since the apprageproportions might otherwise atate sampling of fractional

numbers of events from some clusters. Therefore, the relative efficiency reported for
proportional alleation may behtought of as an uppémit to the relative efficiency that might
actually be achieved in practice. In all likelod, this uppelimit cannot beattained, but it

should be possible to achieve a relative efficiency occurring somewhere within the range defined
by this uppeltimit and the relative efficiency assated with equal allocation of events among
clusters.

The first six rows in Table 17-2bustrate relative efficiencies associated with various numbers
of annually defined saita (i.e., clusters emergifrgm cluster analyses of daily wind field data
from 1984-1995 without regard to season). Several observations may be made dynipspe
first six rows in Table 17-2a:

. The relative efficiency associated with the estimation of mean temperature is consistently
highest, followed by that of relative humidity. This implies that the meteorological
clusters are most useful in distinguishing between events with regard to temperature, and
least useful in distinguishing extinction coefficient.
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. In the case of temperature, the variability asgeci with stratified sampling using wind
field-based clusters is consistently less than the \iliigadssocated with simple nadom
sampling (i.e., relative efficiencies are uniformly greater th@y Thus, ireach scheme
the clusters contribute important information that explains variation in temperature.

. For the estimation of mean relative humidity and mean extinction coefficient, the use of
stratified sampling based upon wind field clusters is consistently more efficient than
simple random sampling if proportional a&tion is @proximately satisfied. In most
cases, the use of equal allocation actually results in less efficient estimation than simple
random sampling; this reftts a wide range of stratum sizes that would bgpircgorately
represented using equal allocation.

. As would be expected, the efficiency associated pritiportional allgation increases as
the number of strata increases,amorating more refined repregations of the
meteorological classes within theagt.

. The efficiency associated with equal allocation decreases as the number of strata
increases. The stratum sizes become more divergent when more strata are defined, so
that the inefficiency of equal allocation is magnified.

Based upon the well-known properties of stratified sampling discussed above eativebyas

to design and implement a scheme based upon ap@@pnoportional allcation. The

numbers for equal akk@tion in these tables merely servegtovide a lower bound on the
efficiency that could be realized, since it was known that the precise degree of efficiency
reported for proportional al@tion might not be achievable in practice due to the requirement of
sampling integer-valued numbers of events.

As discussed in sectidtv.3.3 above in regard to the analyitustrated in the “30 Strata” row of

the table, summer events are dispropodtiely represented by two of the 30 clusters. To

evaluate the effect of jpnoving the resolution of summereteorological ptterns, as well as the
effects of imposing constraints that would alter the resolutionnoifiés of clustersinder a

variety of scenarios, various implementations of seasonally distinct clustering were investigated.
The last four rows of Table 17-2mstrate results associated with stratum definitions baped

a simple warm/cold seasonal dichotomy, in which separate cluster analysesnekoted to

force equal numbers of strdtar each seam. The following observations may be made based
upon this portion of the table:

. With the exception of extinction coefficient estimation under proportionaaglitmn,
stratification using seasonally defined clusters consistently yiefp®vad efficiency
over stratification using the same numbermfi@ally defined clusters. Thus, although the
annually defined clusters do adhere to a seasatti@m, the improved resolution
afforded by the forced inclusion of more warraather clusters (and reduction of cold
weather clusters) is particularly effective in explaining variation in temperature.
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. For seasonally defined clusters, the relative gains in efficiency associated with using equal
allocation are large as compared to the potential gains associated witprapogional
allocaton. Thus, in departing from proportional akdion (which is not precisely
achievable in practice as discussbdwa), seasonally defined clusters are likely to afford
improved efficiency over annually defined clusters.

Results associated wittirther seasonal stratftion schemes aiustrated in Tablel7-2b. The

first two rows correspond to approxately equal numbers of clusters divided among summer,
winter, and transitional (spring and autumn combined) seasons, the next two rows correspond to
equal numbers of clusters divided between summer and winter with apatelyitwice as many
transitional season clusters, and the fifth and sixth rows correspond to agtebxiegual

numbers of clusters divided among four seasongadtt case, the exact distributions are
constrained to result in total numbers of strata that are directly comparable to the numbers of
strata investigated in other seasonal amibial analyses.

Under proportional allwation, stratifcation schemes based on threéoor seasons offer

significantly improved efficiency in the estimation of mean temperature compared to two-season
and annual stratéation schemes with comparable total numbers of strata. They also
demonstrate slight but darm improvement in the estimation of extinction coefficient, and

mixed results in the estimation of relative humidity.
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Table 17-2a. Mean relative efficiert@ssociated with estimation of theraal (1984-1995)
mean of the indicated parameter, using various stratgapling approaches relative to simple
random samplingContinental analysis.

RH-Adjusted Extinction
Temperature Relative Humidity Coefficient
Equal Equal Equal
Allocation Propor- Allocation Propor- Allocation Propor-
Across tional Across tional Across tional
Method Strata Allocation Strata Allocation Strata Allocation
5 Strata 2.34 2.41 1.14 1.18 1.01 1.12
10 Strata 2.29 2.50 1.09 1.22 0.90 1.14
20 Strata 2.11 2.83 0.88 1.26 0.69 1.16
30 Strata 2.08 2.86 0.86 1.28 0.67 1.17
60 Strata 1.81 3.05 0.76 1.32 0.59 1.19
90 Strata 1.43 3.10 0.62 1.33 0.53 1.20
10 Strata Defined Seas-
onally (5 Warm, 5 Cold) 2.62 2.94 1.11 1.26 0.93 1.13
20 Strata Defined Seas-
onally (10 Warm, 10 Cold) 2.91 3.54 1.11 1.35 0.89 1.16
30 Strata Defined Seas-
onally (15 Warm, 15 Cold) 3.14 3.60 1.17 1.37 0.91 1.17
60 Strata Defined Seas-
onally (30 Warm, 30 Cold) 2.74 3.89 0.98 1.39 0.77 1.20

Relative efficiency is defined as the ratio of the variance associated with simple random sampling to the
variance associated with stratified sampling. The table entries are means of station-specific efficiency
ratios, averaged across stations within the continental domain.

2 Unless otherwise noted, stratum definitions are based on annual clustering of 5-day events from a
temporal subsample of the wind field data; the remainder of the sample is then classified into those
strata.

3
Reflects sampling of 3-day events from 1984-1995.
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Table 17-2b. Mean relative efficiercgssociated with estimation of theraal (1984-1995)
mean of the indicated parameter, using various stratified safpfipgoaches relative to simple
random samplingContinental analysis.

RH-Adjusted Extinction

Temperature Relative Humidity Coefficient
Equal Equal Equal
Allocation Propor- Allocation Propor- Allocation Propor-
Across tional Across tional Across tional
Method Strata Allocation Strata Allocation Strata Allocation

20 Strata Defined Seas-
onally (6 Summer, 6 2.66 3.91 0.95 1.31 0.90 1.18
Winter, 7 Transitional)

30 Strata Defined Seas-
onally (10 Summer, 10 2.60 4.12 0.87 1.35 0.78 1.20
Winter, 10 Transitional)

20 Strata Defined Seas-
onally (5 Summer, 5 3.31 4.06 1.06 1.33 0.89 1.19
Winter, 10 Transitional)

30 Strata Defined Seas-
onally (8 Summer, 8 2.91 4.17 0.96 1.36 0.80 1.20
Winter, 14 Transitional)

20 Strata Defined Seas-
onally (5 Summer, 5 3.23 3.86 1.11 1.36 0.92 1.18
Winter, 5 Spring, 5 Fall)

30 Strata Defined Seas-
onally (8 Summer, 8 2.82 3.88 1.03 1.38 0.84 1.19
Winter, 7 Spring, 7 Fall)

4 Strata Defined as

Seasons (Dec-Feb, etc.) 2.93 2.93 121 1.21 1.12 1.12
30 Strata Defined by

2.24 2.78 0.97 1.29 0.76 1.16
Clustering 3-Day Events
30 Strata; Seasonality
Removed from Met. 0.92 1.28 0.74 1.15 0.63 1.09
Parameters
30 Strata Defined by 0.51 1.89 0.30 1.11 0.57 1.45

Clustering Lt. Ext. Coeff.

Relative efficiency is defined as the ratio of the variance associated with simple random sampling to the
variance associated with stratified sampling. The table entries are means of station-specific efficiency
ratios, averaged across stations within the continental domain.

2 Reflects sampling of 3-day events from 1984-1995.
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The final four rows of Table 17-2b address issues that are useful in that they provide additional
perspectivdor this analysis. They are discussed in sequence below:

In view of the improvement assated with seasonal stratification schemes relative to
annual stratiftation, a natural question to ask is whether a seasonal scheme with one
stratum per season (i.e., no cluster analysis) is sufficient to support comparable
efficiency. Based upon the results in Table 17-2b, this method offers overall
improvement relative to an annual scheme with an appetgignequal number of strata
(i.e., five strata as shown in the first row of Table2a). As might be exgted, it is
significantly less efficient than the use of 20 strata equally divided afaangeasons,

but not dramatically so.

Another natural question is whether the clustering of five-day events (using wind data
from the first, third, and fifth days) has a metable impact on this analysis relative to the
clustering of three-day events that previous investigators have pursued. Based upon
results in Table 17-2b, the definition of 30asér using anual clustering of three-day
events producesmilar results to those assated with 30 strata using five-day event
clustering (fourth row of 17-2a) with resgt to the evaluative parameters. Note that this
does not necessarily address differences witheggp the characterization of trgast.

A consistent result in these analyses is that the relative efficiency associated with the
estimation of mean temperature is much greater than that associated with the estimation
of mean relative humidity, which in turn is slighthegter than the relative efficiency
associated with extinction coefficient. Since thdimigary results demonstrate
associations between the clusters and the seasons (even for annually defined clusters),
one might hypothesize that this cheteristic is related to the mgpeonounced seasonal
trends associated with temperature and theplessunced trends assatgd with

extinction coefficient. Table 17-2llustrates relative efficiencies associated with the

three meteorological paraters following the removal of seasonal trefide each.

(Trends were removed by analyzing deviations of each parafr@tea sinusoidal curve
fitted to the raw data at each locati) Indeed, the relative efficiencies for the three
parameters are much more comparable in this context, and muchimitarets the

results for extinction coefficient in other analyses. This analysis lends support to the use
of extinction coefficient as the primary evaluative outcome, because it reflectslitige ab

of each scheme to characterib®$-term neteorological ptterns aparfrom long-term
seasonal trends.

A final investigation in Table 17-2b also a&s to the ility of extinction coefficient as

the primary evaluative outcome. Under proportionatalion, the relative efficiencies
associated with it are not dramatically greater th&nindcating that stratified sampling
based upon wind field clustering produces consistent but not dramatic gains in efficiency
(relative to simple random sampling) in the estimation of mean extinction coefficient. To
put this observation in its proper pegspive, it is useful to consider the maximum relative
efficiency that might be achieved from any stratified analysis. In particular, a
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stratification of events was germed based upon extinction coefficient itself (rather than
wind fields). Under these optimal conditions, the relative efficiency agsacwith a 30-
stratum scheme was still only45, compared to a range of 1.17-1.20 for other 30-

stratum schemes based upon wind field clusters. Considered in this context, relative
efficiencies encountered in these tables are encouraging. (This clustering of extinction
coefficient provides some useful pegspive regarding this evaluative outcome

parameter, but is not pursued as a recommended methodology for estimation based upon
the rationale outlined in secti@?.)

To evaluate the ity of regionally distinct stratitation schemes, the continental domain was
divided into four quadrants and cluster analyses were performed on wind fieldsaaithin

region, resulting in four sets of 30 annually definedtsir For each regn, relative efficiencies

were summarized as in the previously described analyses. Since the mean relative efficiencies
are constrained to sites within each oegiresults in Table 17-2a are inappraf®ifor

comparison to these regional mean relative efficiencies. Therefore, Table 17-3 also includes
mean relative efficiencies only for the sites witbach regn, from comparable clustering of
continental data. These are displayed in combination with the resudtsata defined using

regional data.

For example, using 30 stratader proportional altwation, clustering of wind fields in the

northeast quadrant of the domain results in a mean relative efficiency (averaged over sites in that
guadrant) of 1.65 assated with the estimation of mean temperature. For 30 strana,

clusters defined over the entire continental domain, the mean relative efficiency, over those same
northeast sites is 3.14. The results in Table 17-8colely demonstrate thainder

proportional allgation, regional stratifiationproduces either no gains or only slight gains in
efficiency in both the southeast and southwest regions for any of the evaluativeteasarin

the northeast and northwest regions, tbahnique is markedly less efficient than continental
clustering with regard to temperature, and somewhat less efficient with regard to relative
humidity. There is only a negligible effect on extinction coefficient.

This result has significant importance, because it demonstrates thahorttern half of the
domain, clustering of continental wind field data is actually more effective than clustering
regional data in explaining variation in some roetdogical pararmaters on a regional scale.

Thus, the wind field patterns associated with different levels of temperanarddas markedly,
relative humidity) in a northern region are more distinctly identified on a continental scale than
on a regional scale. Furthermore, wind field patterns associated with different levels of
extinction coefficient (a primary evaluative parameter due to its close association with fine
particles) in a given region are no more distinctly identified on a regional scale than on a
continental scale.
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Table 17-3. Mean relative efficiencgssociated with estimation of theraal (1984-1995)
mean of the indicated parameter, using various stratified safpfipgoaches relative to simple
random samplingRegional analysis.

RH-Adjusted Extinction
Temperature Relative Humidity Coefficient
Equal Equal Equal
Allocation Propor- Allocation Propor- Allocation Propor-
Across tional Across tional Across tional
Region/Method Strata Allocation Strata Allocation Strata Allocation
Northeast; 30 Strata Def. 1.41 1.65 0.98 1.15 0.95 1.27
Using Regional Data
Northeast; 30 Strata Def, 2.27 3.14 0.77 1.20 0.61 1.28
Using Continental Data
Southeast; 30 Strata Def. 2.35 2.72 1.04 1.32 0.77 1.22
Using Regional Data
Southeast; 30 Strata Def. | =, 2.62 0.83 1.24 0.61 1.20
Using Continental Data
Southwest; 30 Strata Def. | o5 2.42 0.94 1.26 0.81 1.01
Using Regional Data
Southwest; 30 Strata Def. | =, gg 2.43 0.89 1.22 0.84 1.04
Using Continental Data
Northwest; 30 Strata Def. 1.17 1.66 0.92 1.27 0.82 1.08
Using Regional Data
Northwest; 30 Strata Def. 1.96 2.82 1.01 1.47 0.71 1.03
Using Continental Data

! Relative efficiency is defined as the ratio of the variance associated with simple random sampling to the
variance associated with stratified sampling. The table entries are means of station-specific efficiency
ratios, averaged across stations within the continental domain.

? Reflects sampling of 3-day events from 1984-1995.

In view of the current obgtive of matching or exceeding therfpemance of the current RADM
stratification scheme over the continental domain, ipr@prate to compare the relative
efficiency of the stratification scheme used in the aggregatio®bMRoutput compared to the
relative efficiency of the schemes defined above. Table 17-4 addresses this specific issue. In
addition to the results associated with equal@ogortional alleation, this tablellustrates the
mean relative efficiencies associated with the actual allocation of th&B®MRvents, which

lies somewhere between those extremes. (Proportionedidlo was not a specific goal of the
methods developed forADM, although it is not inconsistent with the less formaihted goal

of selecting more eventsom the clusters thatccounted for most of the acidic deposition.)
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Table 17-4. Mean relative efficiencgssociated with estimation of theraial (1982-1985)
mean of the indicated parameter, using various stratified safpfipgoaches relative to simple
random samplingRADM comparativeanalysis.

RH-Adjusted Extinction

Temperature Relative Humidity Coefficient
Actual Actual Actual
Propor-| Alloc. of Propor-|Alloc. of Propor-|Alloc. of
Equal | tional | RADM | Equal | tional | RADM | Equal | tional | RADM
Method Alloc. | Alloc. | Events | Alloc. | Alloc. | Events | Alloc. | Alloc. | Events

19 Existing RADM Strata
Defined from Clustering 0.98 | 1.58 1.45 0.76 | 1.18 | 1.07 | 0.67 | 1.18 1.11
1979-83 3-Day Events

38 Existing RADM Strata
Defined After Separating 0.83 | 1.76 1.12 0.59 1.19 0.88 0.49 | 1.17 0.92
Wet & Dry Categories

4 Strata Defined as
Seasons (Dec-Feb, etc.)

! The table entries are means of station-specific efficiency ratios, averaged across stations within the
RADM geographic domain.
2 Reflects sampling of 3-day events from 1982-1985.

3.06 | 3.05 2.77 1.13 1.13 1.02 1.17 | 1.18 1.11

In the RADM development, 19 stia were defined basegon clustering of 3-day events
occurring between 1979 and 1983. These were then subdivided into wet aatedories,
ultimately resulting in twice as mai{$8) stata that are actually employed in aggrematiased
estimation. (Events from the 1982-1985 time period were classified into thetse with 30
events selectefdr use in ADM.) The temporal and spatial domains applicable to the RADM
development differ from those of the current analysis; therefore, any comparisons should be
considered in this context.

The RADM domain pproximately orresponds to the combined northeast and southeast regions
displayed in Table 17-3. A comparison of Table 17-4 to Table 17-3 results under proportional
allocation suggests superiorrfimance assoated with the strata identified using clustering of
continental wind field data, with respect to the outcome measures used here. When the actual
allocation of FADM events is considered, the superioritypodportional alleation associated

with the continental analysis is further ed¢ed.

17.5 Refinement of the Sampling\pproach

Based, in part, on the results discussed in setfioh a stratified sampling scheme involving
seasonal clustering based upon four distinct seasons watesBdr further consideration and
refinement. The general superiority of three- and four-season staifi sSchemes was
discussed previously in relation to results depicted in Tabi2 (a-b), and a four-season scheme
was selected following additional considerations regarding differences in emission patterns
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between spring and autumn that would not be apparent using our evaluativetpesaione.

Another benefit of using this type of scheme is that it naturally lends itself to the development of
seasonal estimates basgubn four-season partitions. The derivation of such agtisirom a

two- or three-season scheme would not be as well defined, and the estimates themselves would
likely be less precise.

Having selected this genergd@oach, refinements were neededeatedmine an gpropriate

number of strata, and to arrive at an adequate number of éeesésnpling. These

refinements, and a description of the sample of events that ultimately was selected, are discussed
in this secton. This aspct of the analysis wdisited to a refined time frame consisting of the
nine-year period from 1984-1992, which was édegl to ultimately represent baseline

meteorology for use in modeling.

17.5.1 Determination ofAppropriate Numbers of Strata and Events

The analysis proceededhder the assumption that, in order to satisfy the goaht¢mmng or
exceeding the pormance of the RDM 30-event stratifiation scheme, a minimum of 30
events would be required in the framework of the continental domain. The precisioataslsoci
with the estimation of annual means of the evaluative patensaiwas investigatddr a range of
30 to 60 events, and for 16, 20, 24, and 28 seasonally defiata(4ir5, 6, and 7 sata per
season, regetively).

These numbers of strata were chosen as candidates because 19 dvivakgel clusters were
defined in the RADM scheme, whidffers a certain degree of resolution with regard to the
characterization of trapsrt (which is not specifically addressed by the evaluative pteEm
investigated here). The range of 16 to 28 strata was seleqisaide comparable resolution of
wind fields and associated trgast, noting that higher numbers ofagt result in greater

variation in the sizes of those strata, and this wiarlce a more pronounced deviation from the
goal of proportional allcation. As discussed previously, a primary goal was to ensure that every
stratum is sampled, i.e., that there are no clusters which go unrepresented in the final set of
events.

Note that we did not adhere to traditional rules of thumb regarding the determination of
approprate numbers of clusters to retain. These rules are basedan assumption that some
finite number of clusters is approaté to represent the varility inherent in these gitterns, and
that additional clusters beyond that point add relatively little information. In reality, clusters
defined during this process represent a continuum, and traditional atesicsillustrate this
continuum quite smoothly. There is no magic number of clusters after which the relative
importance of additional clusters drops ne#bly. Indeed, as cluster analysis is used here
merely for the definition of stta and not as an end in itself, there is no cdimgeeason to be
restricted by existinganventions regardingederminations of an optimal number of clusters.

Standard deviations associated with estimatiother all of the combinations described above are
illustrated in Tablel7-5. Furthermore, the process wasgdpd after seasonal adjustment of
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each outcome parameter (seasonality was removed by analyzing devratioasfited

sinusoidal curve), to ensure that long-term seasonal trends do not unduly influenaéany p
The standard deviations in Table 17-5 provide arcatain of the degree of precision associated
with estimation, and are influenced by the observed within-stratum i&yiabthe paraneter.

One would expect the inclusion of more strata tdifate greater precien, unless this increased
precision is offset by incurred deviations from proportionatalimn.

Table 17-5. Standard deviatioamssociated with estimation of theraal mean of the indated
parameter, using stratified sampfingth 16, 20, 24, or 28 stta and0, 35, 40, 45, 50, 55, or 60
events. Continental analysis.

: . RH-Adjusted Extinction
0,
\o. of Temperature, deg. C Relative Humidity, % Coefficient, km * (x10%)

Events | 1¢ 20 24 28 16 20 24 28 16 20 24 28
Strata | Strata | Strata | Strata | Strata |Strata |Strata |Strata | Strata | Strata |Strata |Strata

NOT SEASONALLY ADJUSTED

30 097 1] 098 | 0.95 | 0.95 ] 2.38 | 240 | 2.38 | 240 | 6.69 | 6.73 | 6.73 | 6.77

35 089 1089|087 | 087 ] 219 | 220 | 2.20 | 2.21 | 6.03 | 6.08 | 6.10 | 6.23

40 083 10831081 ] 081] 204 | 205|206 |205] 571 | 563|570 |5.71

45 079 1077 | 076 | 0.75 ] 1.93 | 1.92 | 1.93 | 1.93 | 5.38 | 5.34 | 5.33 | 5.36

50 074 1074 1072 | 072 ] 1.82 | 1.83 | 1.82 | 1.82 | 5.09 | 5.06 | 5.07 | 5.08

55 071 1070 | 069 | 0.68 | 1.74 | 1.74 | 1.73 | 1.73 | 4.78 | 4.79 | 4.83 | 4.83

60 0.67 | 0.67 | 0.66 | 0.65 ] 1.66 | 1.66 | 1.65 | 1.65 | 4.62 | 4.62 | 4.60 | 4.60

SEASONALLY ADJUSTED

30 0.75 1076 | 0.75 | 0.75 ] 232 | 234 | 233 | 235 ) 6.67 | 6.70 | 6.70 | 6.75

35 069 | 0.69 | 069 | 0.69 | 2.14 | 215 | 216 | 2.16 | 6.01 | 6.05 | 6.08 | 6.21

40 064 | 0.64 | 0.64 | 0.64 ] 199 | 201 | 202 | 2.01 | 569 | 5.61 | 5.68 | 5.69

45 0.61 1 060 | 0.60 | 0.60 | 1.89 | 1.88 | 1.89 | 1.88 | 5.36 | 532 | 5.31 | 5.34

50 0.57 | 057 | 057 | 057 | 1.78 | 1.79 | 1.78 | 1.78 | 5.07 | 5.04 | 5.05 | 5.06

55 054 1 0541054 | 054] 170 | 1.70 | 1.70 | 1.69 | 4.77 | 4.78 | 4.81 | 4.81

60 0.52 ] 0.52 | 0.51 | 0.51 ] 1.62 | 1.62 | 1.62 | 1.62 | 4.60 | 4.60 | 4.59 | 4.59

! The table entries reflect the standard deviation associated with the average station-specific variances
(averaged across stations within the continental domain).
%2 Resuilts reflect sampling of 3-day events from 1984-1992.

For temperature and relative humidity, the table suggests that for any given number of events,
any effect associated with different numbers of strata is negligible. For extinction coefficient,
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standard deviations for 30 and 35 event schemes increase slightly with increasing numbers of
strata. There is a minimum standard deviation associated with 20fstréite 40-event scheme,
and only negligible effects across stragagreater numbers of events.

The objective of this determination was to developficently large set of sata toprovide
some resolution with regard to the characterization of pahsyet be sufficiently concise to
avoid any reduction in precision that would result from unsamplathstrfrom the inality to
approxinately satisfyproportional allgation. In consideration of these criteria and the above
results, 20 strata were determined to constitutepprogrately sized set.

Figure 17-7 (a-c) provides pegsgive regarding the relative precisiprovided by sample sizes

of 25 or more events associated with estimatiomatial means of the evaluative paeders,

based upon the use of 20 seasonally defined clusterss sitihe standard deviation displayed

in each graph is actually associated with the average of the variances across sites. These graphs
illustrate the advantage of stratified sampling yitbportional alleation relative to simple

random sampling. They aldlustrate the relative gains in precisionxfeessed as reduction in
standard deviation) that are realized as the number of events is increased. The star symbols
plotted on the graphs indicate the actual standard deviation that would be realssztted
sample sizes under a 20-stratum scheme, with events distrib@ecbidance with proportional
allocation to the extent possible. The selected sample sizes were choserpbagasictical
limitations nvolving the number of events that might realistically be implemented. The stars do
not fall strictly on the proportional attation airve kecause ofimitations associated with the
sampling of integer-valued numbers of events.

These graphs indicate th&dr temperature, it might be gctical to achieve a standard deviation

in the range of 0.6—1.0°C, and that a much larger sample size would be needed to reduce the
standard deviation below 0.5°Cim#tarly, standard deviations assatgd with estimates of mean
relative humidity can possibly be achieved in the range of 1.5-2.5%, and realistic standard
deviations associated with extinction coefficient might be in the rang®045-0.0070 km
Geographic variability with reget to many of these results is described later in this section.

Although the estimation of mean levels of paed@ns is likely to be a primary point of emphasis
for many model-based results, thecurate estimation of extremes is also of significant
importance. This issue was specifically addressed by investigating the precisioatadseith
the estimation of the 90th percentiles of the evaluative parameters.

In contrast to the standard deviations associated with estimation of the mean, there is no closed-
form solution to étermine the variality assocated with the estimation of 90th percentiles.
Therefore, a Monte Carlo-type resampling approach wigedtto estinate these standard

deviations. This specifically involved randomlyeseting200 artificial samples adctual data,

each consisting of the required number of evdrim) the 20 seasonally definedata. From

each sample and at each site lamgtthe 90th percentile of the parmter was estimated. The
variance of the resulting collection 200 estinates was averaged across sites, and the associated
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standard deviation served as an estimate of the precision associated with the particular sample
size. This exercise was repeatedsets of 30, 40, 50, and 60 events.

The graphs in Figure 17-8(a4tilistrate the resulting standard deviations, along with the standard
deviations associated with estimation of the mean using the indicated number of events. As
would be expected, the standard deviations associated with estimation of the 90th percentile are
higher than those associated with estimation of the mean of each parameter. This difference is
most pronounced for extinction coefficient, with standard deviations for 90th percentile
estimation being approxmtely three times thoger mean estimation. For relative humidity,

they are approxiately twice as large. The difference is lgasinounced for temperature,

where the increase is less then 20%ednh case, there is only slight, graduadriovement in

the precision of 90th percentile estimation for sample sizesatgrthan 40 events.

The next step is to arrive at an appraf@inumber of events to be distributed among these 20
strata. Tabld 7-6 displays the standard deviation asseci with the estimation of thamual
mean of each evaluative parameteath raw and seasonally adjusted) that would result from
samples consisting of 30, 40, 50, and 60 events. For comparison purposes, these standard
deviations represent average variances restricted toAB®&IRjeographic domain. The table
also displays the standard deviation associated with the aggregatioB-d&gGvents in a
sample stratified using the original RADM clusters. From this, it is clear that any number of
events would be sufficient to provide improved resolution relative to Ai@MRscheme, in the
context of the evaluative parameters reviewed here.

Although these results suggest that a 30-event sample would be sufficiezgttthenobjective

of matching or exceeding thenf@mance of the RDM approach with regard to estimation
precision for these outcome parters, other results displayed in this section demonstrate clear
improvement in the precision assateid with estimation of both means and extremes by moving
from a 30-event sample to a 40-event sample. In addition, a 40-event set is needed to ensure
equal precision to the RADMparoach with regard to the estimation of wet deposition amounts.
The RADM set of 30 events included 20 evdnisn categories that were identified as “wet”,

i.e., for which average wet $0deposition exceeded the medfaneach cluster. In other

words, 20 events were setedfrom the “wettest’50% of all events.

This oversampling of wet events was originally pursued to ensure theaaelegpresentation of
those events that contributed most significantly to wet depositmause the accurate
characterization of wet deposition was the primaugpose of RDM at that time. However,
concerns have since arisen that the disprop@t@representation of these events may have
introduced an overall bias with regard to the ambient concentrations of pollutants that are
influenced by cloud cover and pretgtion. In view of these concerns, and since wet deposition
is not the primary focus forMAQ, the oversampling of wet events was deemegpnapriate

for present purposes. In the absence of this oversampling,litigsessary to include a

sufficient number of events to ensure that wet deposition isicteaized as accurately here as in
the RADM gproach. This would require approxitely 20 wet events, and the same median-
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based definition of wet versus dry events implies that appedgign20dry events should also be
included. Therefore, a total of 40 events was deeraedssary to satisfy all of the objectives.

Table 17-6. Standard deviattamssociated with estimation of theraal mean of the indated
parameter, using stratified sampfingth 20 strata and0, 40, 50, or 60 eventR ADM
comparativeanalysis.

: - RH-Adjusted Extinction
0,
Temperature, deg. C Relative Humidity, % Coefficient, km * (x10°)
No.
of Existing Existing Existing
Eve RADM RADM RADM
nts 20 Strata Sample 20 Strata Sample 20 Strata Sample
(30 Events) (30 Events) (30 Events)
NOT SEASONALLY ADJUSTED
30 0.96 2.34 6.65
40 0.82 2.01 5.60
1.78 2.58 8.28
50 0.73 1.79 5.01
60 0.66 1.63 4.59
SEASONALLY ADJUSTED
30 0.74 2.32 6.64
40 0.63 1.99 5.60
0.82 2.41 8.23
50 0.56 1.77 5.00
60 0.51 1.61 4.58

! The table entries reflect the standard deviation associated with the average station-specific variances
(averaged across stations within the RADM geographic domain).

2 “Existing RADM Sample” results reflect sampling of 3-day events from 1982-1985. Other results reflect
sampling of 3-day events from 1984-1992.

Recalling thafor 40 events the precision assded with the estimation of meanraal

extinction coefficient (the primary evaluative parameter) was optimized using 20 seasonally
defined strata (Tabl&7-5), a final plan was adopted for sampling 40 events from 2 <6
strata per seas) using approxi@tely proportional allgation.

Figure 17-9(a-d) displays star chart histograms of the 20 clusters defineatasthis
arrangement. Each chdlustrates the frequency of aaaence of 5-day events belonging to a
given cluster, and the clusters themselves are or@eeading to overall frequency of
occurrence. The numbers arranged radiallgach chart depict the number of events belonging
to the cluster froneach month of the year. Mdased graphs of mean winelctors for day 3 of
each cluster are contained in Figui@s10 through 17-29.
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In order to examine the imapt of this scheme geographically (in the context of the precision
associated with the estimation of mean levels of the evaluative parameters), we examined
graphically (not shown), the standard deviatioraxh site location alongside the actual mean

with which that standard deviation is associated. Similarly, analogfmrsnation assoated

with the estimation of 90th percentiles were examined. This examination confirmed the relative
geographic uniformity with respect to the standard deviations, which servgspastgor the

use of “average” standard deviations in drawing conclusions throughoutdtieans

17.5.2 ®lection of Stratified Sample of Events

A stratified sample of events was randomly seleiath the 20 seasonally definedattafor the
period 1984-1992. The sample waestdd wihout rephcement to ensure that no single day
was selected into more than one five-day event, i.e., that there was no overlap between selected
events. Systematic sampling (Cochran, 1977) was used w#hmstratunfor which more than
one event was to be selected. Specifically, all events assigned to the stratuordese
chronologically, an event was seted near the beginning of ttatlering, and subsequent events
were selected to be evenly spademtighout the remainder of the orderingk #vents were to

be sampled from a cluster containmgvents, to illustite the simple case in whialfk is integer
valued, the first event would be randomly seledtenh any of the chronologically firsi/'k

events, and everylk)th subsequent event would be selected. pihipose of this approach was
to ensure appro@ie representation over the entire nine-year period.

Table 17-7 displays the total number of events belongieg@th stratum, the number of events
sampled, and the dates of the sampled events. These dates are the middle dates of the three-day
events for which the model ultately is to beun (i.e., the last three days of the sampled five-

day event). This sample of 40 events includes representatiorevery month of the year, and

from every year during the period 1984-1992. Table 1ltis8rates this representation by

displaying the number of events seledt®adn each month anffom each year.
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Table 17-7. Stratum sizes, number of sampled events per stratunataseievents in sample.
Dates shown are for middle day of 3-daxent.

Total # of | Number
Days in of
Stratum, | Sampled
Stratum | Season []1984-1992 | Events Event Dates
1 Spring 292 3 12 March 1985, 08 May 1987, 27 March 1990
2 Summer 267 3 17 July 1985, 20 August 1987, 10 August 1990
3 Autumn 238 3 08 September 1986, 12 October 1988, 08 October 1991
4 Winter 210 3 04 January 1986, 15 December 1988, 02 December 1992
5 Spring 200 2 07 May 1984, 06 March 1990
6 Winter 188 2 03 January 1987, 07 January 1992
7 Spring 185 2 01 April 1986, 26 March 1991
8 Summer 171 2 05 August 1986, 29 June 1992
9 Summer 171 2 07 August 1984, 12 July 1989
10 Winter 170 2 18 January 1984, 25 January 1989
11 Autumn 168 2 18 October 1985, 12 September 1991
12 Autumn 150 2 17 November 1987, 14 September 1992
13 Winter 139 2 19 February 1985, 27 January 1990
14 Autumn 135 2 17 October 1988, 24 November 1991
15 Summer 129 2 03 July 1987, 09 July 1992
16 Autumn 128 2 25 November 1985, 07 November 1990
17 Winter 102 1 18 December 1989
18 Summer 90 1 22 July 1989
19 Spring 89 1 09 May 1990
20 Spring 62 1 30 April 1991
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Table 17-8. Number of sampled events represestich month of the year and each yeam
the period 1984-1992.

Number of Events in Number of Events in
Month Year
Sample Sample
January 6 1984 3
February 1
1985 5
March 4
April 2 1986 4
May 3 1987 5
June 1
1988 3
July 5
August 4 1989 4
September 3 1990 6
October 4
1991 5
November 4
December 3 1992 S

17.6 Application and Evaluation

In this secon, examples of the aggregation calculation for annual mean concentrations and total
wet depositions, applicable to this sample of events, are provided. Following this example is a
description of an evaluation exercise in which the aggregation calculation was carried out for
light extinction coefficient, and the aggregated estimates were compared to the actual values
based on datiiom all of the days in the period.

17.6.1 Application of the Aggregation Procedure

Aggregation calculations will be applied to model-based depositions and concentrations obtained
for each sampled event, to achievsiased estiatesfor annual and seasonal means and other
summary statistics within each grid cell. Since the goal of sanfplingevery defined stratum is
achieved in this approach, these calculations are simplified in comparison to earlier aggregation
methods (NAPAP, 1991). In essence, these aggregation calculations merely produce weighted
means, totals, or other summary measures, from the sample of events.

To illustrate the aggregatiorpproach, consider the estimation of a mean annual air

concentration using model output for the 40 evenexsedl dove. These events represent 20
strata; denote these using the subsc¢riptl,2, ..., 20.Letf; denote the frequency of
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occurrence assatied with stratum i.e., the total number of 3-day events belonging to the
stratum during the period 1984-1992. For an individual grid cell, also let

CMODELi

represent the mean model-based concentration associated with all samplett@wesitatum.
Thus, for stata with a single sampled event, it is just the event mean concentration in the grid
cell. For strata with two or three sampled events, it is the mean conceritvatdirof those
events. Then the estimatethaial mean air concentration is given by

20
,_ZlfiCMODELi
Mean Air Concentration= '? : (17-2)

i=1

Estimatedor most other paraeters (e.g.dry depositions) and other summatgtstics are
calculated usingimilar mehods. The calculation for wet deposition is different, primarily
because the weighting is partially dictated by precipitatiLet

DMODELi ' PMODELi ' PMEAs

represent the mean 3-day modeled deposition for sampled events in stthimean 3-day
modeled precipitatiofor sampled events in strattigrand the total measured precipitation
accounted for by all events belonging to stratpyraspectively. Then the estimated totahaal
wet deposition is given by

201 D
Total Wet Deposition= X ] x Pygag % L (17-3)
i-1 3x9

PMODELi

This expression can be thought of as a weighted sum in which the modeltedtinet
concentration for a stratum is weighted by the total measured pagioipiassociated with the
stratum. The final component of this expression is included txctdfie fact that each day is
counted three times in the calculated gdore to the use of 3-day events) and that ttadastre
defined over a nine-year period.
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17.6.2 Evaluation

In order to @étermine the effectiveness of the aggregation technique and subsequent episode
selecton, comparisons were made between the observed maaiohthe period 1984-1992 and
the aggregated estimates of that mean using the stratified sample of events destriied in
and listed in Table 17-7. This firinary evaluatn, which includes simple regression analysis,
is similar to that pgormed on RADM (Eder and LeDucl1996; Eder et al.,1996).

Results comparing the observed and aggregated ngga(bhsed on Equation 17-2) are
promising as seen in the scattergatvide in Figure 17-30. The correlation between the 201
observed and aggregated meagnvims very high correlation?(= 0.988). Estirates of the
regression coefficients between the observed and aggregated ygemaveal an intercept value
of -0.0012 that is not significantly different from zeso< 0.05). The slope (1.018), however; is
significantly different from 1.0,o{ = 0.05) indcating a slight tendendpr these particular
episodes to provide an over-esti® of the expected meag.b This slight, “apparent” bias is,
however, well within the expected varilitlh assocated with the particular set of episodes in this
stratified sample. To wit, selection of a differemdam set of episodes would just as likely
result in a slight under-estate of the expected mean,.b

Perhaps a better way itlustrate the effectiveness of this technique can be shiosengh an
examination of the percent deviation in aggregate estimates of the ggarhbre the
deviations are relative to the observed mean (aggregatedlserved &,/ b, observed).
These percent deviations, which were calculated over the d&&-1992, are presented in
Figure 17-31. For the most part, the deviations are within £ 10%aituly excellent agreement
between the actual meag.land the aggregated estimates of the mgan b

The slight over prediction tendency mentioned above appears to be somewhat spatially biased as
also seen in Figure 17-31. As seen in the top of the figure, areas of generally positive deviations
(aggregation approach yields a highgf, hence lower visibilities than observed) appear to
concentratédrom east Texas into the southeasteates and again in thgoper midwest between
Minnesota and the Dakotas. The states off@ala and Idaho also exhibit positive deviations.
Negative deviations, presented in the bottom of the Figure 17-31, tend to predram the
northeasttes into the Great Lake States and southwestward toward the states of Kansas, New
Mexico and Arizona. This spatial dependence of the estimates is, once again, well within the
expected variality. Selection of a different radom set of episodes would likely result in a

different pattern of positive and negative deviations, as there is a natural tefatesi®s at

close proxmity to behave in a similar fashion.

The scatter plot in Figure7-30 also reveals an increase in variance about the regression line
starting at an observed meag bf 0.085. Unlike the positive bias, discussed above, this
increase in variance does not appear to be spatially biased, but rather exhibits a random
distribution across the domain. This is represented in Figure 17-31 byathering of the larger
biases (i.e. biases > 5.0%) evenly across the domain.
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17.7 Summary and Disassion

The objective of this research was to develop a new aggregppooaagh and set of events to
support model-based distributional esttes of air quality parameters (acidic depositair
concentrations, and measures related toiktig)over the continental domain. The basic
approach is to define eteorologicatategories that aocnt for a significant proportion of the
variability exhibited by these air quality paraters, as well as the particular trpog
mechanisms involved, so that souatéibution analyses are féitated. This requires that
categories be defined with an emphasis on wind flow parameters. Tadhthe cluster
analysis of zonalh and meridionaV wind field components has been useddtednine
meteorologically represéative categories.

The research described in this chapter was carried out in three phases:

Phase 1: Various stratification schemes were evaluated and compared on different
temporal and geographic scales to support tleeseh of a preferred general
methodology. The setted mdtodology involved clustering of wind fieldata over the
continental domain within each of thaur seasons, and definingaia to be equivalent to
the resulting clusters. This methodology dematstt superior relative efficiency
compared to methods defined on an annual time frame or on a regional scale fiesstim
involving the evaluative steorological paraseters, and is designed tapport seasonal
estimation with both simplicity and precision.

Phase 2: Determinations were made regardapgaprate numbers of clusters and events
to support sampling using the general methodologycsed in Phase 1. The resulting
scheme involved a total of 20 clusters (5 per season), and 40 events, defined over the
time period 1984-1992. This scheme affords superior precision to previous approaches
for estimates mvolving the evaluative eteorological paraaters, gpports approximtely
equivalent representation of wet events to thggeaaches without oversampling, and
provides adecpte resolution of wind field patterns that characterize p@ms

Phase 3: A stratified sample of events was selaatddr approxirateproportional
allocatbn, using systematic sampling withinagtr, in acordance with the scheme
determined in Phase 2. This sample was successfully evalbededt a comparison of
aggregated estimates of the meggtd the actual mean,p revealing a high level of
agreement, although there was a slight tendency of the aggregation and e péssina sel
technique to over-estimate the expected mean b

The goal of this research was to categorize many years worth adroletgcal @tterns into a

few classes. This represents a very ambitious goal, and it should not be surprising that there is
substantial variability assatied with the wind vectors assigned to individual clusters.
Nevertheless, the results described above suggest that the approach achieves a reasonable
characterization dfontal passage scenarios and leads to clusters that explain variation in the
evaluative meteorological paraters used in this analysis (temperature, relative humidity, and
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visibility), and therefore can be used to achieve improvedastinof these parameters relative
to estimates obtainddom simple random sampling. Moreover, the constrained definition of
distinct seasonally-based clusters brings further improvement toitiye @flihe clusters to
explain the variation in these parameters, and therdeads to more precise esdir@s
associated with them. The evaluative parameters were seflectadir known associations with
many air quality parameters of interest, thus suggesting that the clisteld aslso be eéictive

in defining stratdrom which events can be seted to estimate those air quality parameters.
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Fig.17.1 (a) Mean windactors for day 1 of annually defined cluster
1 (of 30).

17-34



EPA/600/R-99/030

1 (of 30).

Fig.17.1 (c) Mean windectors for day 5 of annually defined cluster
1 (of 30).
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