6.0	SPATIAL RECEPTOR MODELING





This section examines the spatial pattern of PM10 mass and chemical species acquired at the 20 to 30 satellite locations during the summer, winter, and spring intensive periods.  Correlation matrix, spatial receptor modeling, and cluster analysis are performed to deduce the spatial variations of the PM10 components and to illustrate the zone of influence within the saturation monitoring network.





6.1	Correlations Among the Satellite Sites





Inter-site correlation coefficients for PM10 mass, silicon (Si), lead (Pb), light absorption (babs), chlorine (Cl), sodium (Na), and sulfur (S) are displayed in Tables 6�1 to 6�7, respectively.  These sites were arranged as the same north-south and east-west sequences as those listed in Section 5.5 for the time series analysis.





These correlation coefficients show which concentrations changed in the same way over time. Coefficients which exceed 0.80 show a fairly strong covariation; coefficients between 0.50 and 0.80 show a moderate covariation; and coefficients which were less than 0.50 were not considered to be physically significant (though they may be statistically significant).  High correlation coefficients were observed when pairs of variables originated from the same source, were equally affected by transport and dispersion, or underwent related chemical transformations.





With respect to PM10 mass and silicon concentrations, the highest correlations (r>0.80) were found for the sites along the U.S. border and within the U.S./Mexico transitional zone.  These concentrations were also moderately correlated (r>0.65) at the seven sampling sites south of the U.S./Mexico transitional zone from Calzada de Las Naciónes (CSLD) to the Mexicali (SEDD) site.  Moderate to high correlations were also observed among the three El Centro sites (i.e., ECRD, ELCD, ECSD), with higher (r>0.90) correlations between El Centro (ELCD) and El Centro South (ECSD) sites.  PM10 mass and silicon concentrations measured at the Niland (NILD) and Holtville (HTRD) sites were not correlated with any other sites except the Encanto Drive (CEDD) site.  Since PM10 measurements were made only during the spring intensive period at the Encanto Drive (CEDD) site, it is speculated that these correlations were not statistically significant due to the lower number (N = 7) of data points.





Correlations among PM10 lead concentrations were most significant among the sites in the U.S. transitional zone, as shown in Table 6-3.  PM10 lead concentrations at the El Centro (ELCD) site also showed high correlations (r>0.80) with the sites located in the U.S. transitional zone and with the other two El Centro (ECRD and ECSD) sites.  Inter-site correlation coefficients for PM10 lead were generally low (r<0.5) in the Mexicali Valley with a few exceptions (r>0.8) among the sites south of the U.S./Mexico transitional zone.  This implies that traffic adjacent to the sampling sites influenced the lead concentrations.





Table 6-4 shows that high PM10 light absorption (babs) correlation coefficients were observed in the following two groupings:  1) at the sites in the U.S. transitional zone extending northward to the El Centro (i.e., ECRD, ELCD, ECSD) sites, and  2) at the sites south of the Mexico transitional zone.  The Rio Presidio and Lazaro (RPLD) sites reported high correlations (r>0.80) with all the sites south of the northern boundary of the U.S./Mexico transitional zone with the exception of the Encanto Drive (CEDD) site, due to the lack of data points.  Correlations were low (r<0.5) at the sites north of the town of El Centro (i.e., HTRD, BRAD, NILD).  These phenomena corresponded to the emission density (e.g., population, restaurant, field burning) as well as vehicular traffic volume in the area.





Inter-site correlation coefficients for PM10 chlorine were similar to those of PM10 mass with moderate to high correlation coefficients (0.7<r<0.9) within and south of the U.S./Mexico transitional zone, as shown in Table 6-5.  The correlation matrix for PM10 sodium concentrations in Table 6-6 do not exhibit any clusters with correlation coefficients exceeding 0.80 at all of the sites except Progresso (PRGD).





PM10 sulfur concentrations experienced a similar correlation matrix to those of PM10 chlorine.  High correlation coefficients (r>0.8) were obtained at all the sites within the U.S. transitional zone.  High correlations were also found between the sites in the U.S. transitional zone; Rio Presidio and Lazaro (RPLD); Orcadas and Largo Tiberiade (OMND); and Mexicali (SEDD) sites.  Other groups of high correlations were found at the sites south of the Mexico transitional zone and the three El Centro sites (i.e., ECRD, ELCD, ECSD).





These correlation matrixes showed that clusters of high correlation coefficients were often found among the sites in close proximity of each other.  The pair correlations often exceeded or were close to 0.9.  These inter-site correlations indicated that similar phenomena - most probably meteorological - affected the PM10 mass and chemical concentrations in the same way throughout the valley.





6.2	Receptor Model Applied to Patterns in Space (RMAPS)





The Receptor Model Applied to Patterns in Space (RMAPS) was developed by Henry and co-workers at the University of Southern California as a method of apportioning the average concentration of a species at many sites among several spatially distinct sources (Henry et al., 1994� XE "Henry et al., 1994" �).  The model is based on a combination of the Empirical Orthogonal Function (EOF) modeling technique and a self-modeling multivariate methodology.  Each of these approaches has been used previously in meteorological and chemometric applications.  In addition, EOF analysis have been applied to air pollution measurements by Peterson (1970)� XE "Peterson (1970)" �, Ashbaugh et al. (1984)� XE "Ashbaugh et al. (1984)" �, and Henry et al. (1991)� XE "Henry et al. (1991)" �.  Henry et al. (1991) are the first researchers to place this spatial receptor modeling approach on a firm theoretical foundation and to demonstrate that EOFs reproduce the net emission fluxes used as input to a dispersion model.





The RMAPS modeling procedure is similar to that of the Principal Component Analysis (PCA) receptor model discussed in Section 7.1, which includes the following five steps:  1) select the source contribution estimates and measurement cases to be included;  2) calculate the covariance coefficients between the species measured over the same time period at several sites;  3) calculate the eigenvectors and eigenvalues of the covariance matrix;  4) select eigenvectors to be retained; and  5) rotate these eigenvectors into a more physically meaningful space.





6.2.1	Data Selection and Source Patterns Determinations





For this study, the RMAPS multivariate receptor model was applied to PM10 mass and chemical measurements acquired at the 30 satellite sites during the three intensive sampling periods.  Since no missing values can be allowed in the RMAPS input data set, sampling sites and days with many missing values were excluded.  As a result, a data set consisting of 24�hour PM10 mass for 23 days at 15 sites was constructed.  This subset of the data still contained a few isolated missing values, however.  These missing values were replaced with estimated values utilizing a regression equation calculated from data observed at nearby sites.  All the intensive sampling days were used in the RMAPS modeling except for 08/27/92, due to its incomplete data.  The sampling locations selected for the RMAPS modeling are shown in Figure 2-1 and documented in Table 2-1.





The RMAPS model required that the number of basic source patterns be estimated.  Therefore, the eigenvalues calculated from the correlation matrix were examined and three dominant factors or source vectors explained most of the variance in the data set were retained.





6.2.2	RMAPS Model Application and Results





Figure 6-1 displays the output of the RMAPS modeling results.  Each of the 15 sites is associated with the line that designates the ranges of the source contribution estimates.  The convex region bounded by the dark line represents the area where the source contribution estimates at all sites are non-negative.  The source patterns must lie within this convex region where all the sites have non-negative source contributions.  Since there are three potential sources as determined by the eigenvalues, a triangle that surrounds the data and lies within the convex region defines the solution to the source contributions.  As expected, there are a number of choices for the three points that can satisfy the conditions given above.  Table 6-8 lists several model solutions where source contribution estimates varied by up to an order of magnitude at a given site.  The somewhat non-robustness of the modeling results implied an inadequacy of the model input data.  It is speculated that this problem arises from the fact that:  1) the data set is too small to return statistically significant modeling results.  Henry (1995)� XE "Henry (1995)" � suggests that samples acquired at up to 50 sampling sites over a single time period is desired for RMAPS modeling;  2) the data from the intensive sampling period were collected over the summer, winter, and spring seasons with variable meteorological conditions making the RMAPS modeling even more complex; and  3) the intensive study was designed to characterize special local events such as agricultural tillage, field burning, and trans-border traffic.  These local sources makes it difficult to explain concentration gradients.





The dashed triangle in Figure 6-1 shows one reasonable selection of the three source vectors that describes the data.  These source vectors were used to calculate the source contribution estimates by site (in units of (g/m3) and by date (normalized with the average equal to unity), as shown in Figures 6-2 and 6-3, respectively.  Comparisons of these results with the temporal and spatial analyses presented in Section 5 allows each series to be assigned to sources as follows:





Series one, correlated with light absorption measurements, was assigned to motor vehicle exhaust and vegetative burning.





Series two, correlated with particulate sulfur and chlorine concentrations, was assigned to a mixture of secondary sulfate and marine aerosol.





Series three, correlated with particulate silicon concentrations, was assigned to crustal or geological material measurements.





Figures 6-4, 6-5, and 6-6 show the spatial source contributions for each of the three potential source types.





6.3	Cluster Analysis





Cluster analysis is a multivariate statistical procedure for detecting natural groupings in data without a prior knowledge of the group characteristics.  This procedure has been used to determine the cluster of different chemical species with similar sampling intervals (Saucy et al, 1987� XE "Saucy et al, 1987" �).  Alternately, cluster analysis can be used to determine the grouping of chemical species based on their geographic locations.  The distribution of chemical species among the satellite sites may be a result of a recurring meteorological condition or source emissions.





For a spatial cluster analysis, the data must be presented in a two-dimensional matrix consisting of the concentration measurement of a specific species for each date and site.  For an unnormalized data matrix, species with high concentrations will dominate the resulting clusters.  To overcome this bias, the mass and chemical data from the three intensive study periods were transformed by centering to the mean and then scaling to the standard deviation using the following equation:





� EMBED Equation.2  ���		(6-1)





where:		Ci = the concentration of the species i at a site





�		Ci = the average concentration of the species i at a site





		(i = the standard deviation of the species concentration at a site





Normalizing the data to the standard deviation allows the usage of a wide range of chemical concentrations since each trace species is given as much weight as a major component.





Several key species indicative of the potential emission source in the study area were selected for this exercise.  PM10 chlorine, lead, and elemental carbon (derived from the collocated babs measurements) were chosen to represent motor vehicle and vegetative burning emissions; PM10 silicon and iron were used to represent geological material; and PM10 sodium was selected to represent marine aerosol (Hopke et al., 1977� XE "Hopke et al., 1977" �).





The statistical software package, SYSTATW5 (SYSTAT Inc., Evanston, IL),  was used which includes the K-means clustering methodology (Wilkinson, 1990� XE "Wilkinson, 1990" �), to examine the aerosol data from the three intensive periods combined.  K-means clustering separate the data set into a selected number of sub-groups by maximizing the variations between groups and within each group.  This method is similar to one-way analysis of variance (ANOVA) where groups are unknown, and the largest F-value is sought by reassigning members to each group.





The cluster analysis using K-means followed a procedure designed to isolate the most realistic cluster groupings which had real physical meaning.  The K-means clustering was initially set to six possible groupings for each of the species examined.  This analysis resulted in a pattern of one, two, or three groupings with isolated single-site clusters.  The single-site clusters were found to be at the perimeter of the saturation network, or the border of a well-defined cluster.  To determine if the clusters would sub-divide further or retain the original grouping of sites, a second analysis was performed which eliminated the single-site clusters identified in the first analysis.  This additional analysis confirmed the two major groupings:  1) clustering of sites in a north-south direction, and 2) one cluster centered on the sites located within the cities of Calexico and Mexicali that extends outwards to encompass all but the most distant satellite sites.





6.3.1	North-South Clusters





Figure 6-7 illustrates the north-south clustering pattern for normalized PM10 mass concentrations.  As a first approximation, the K-means attempted to assign the normalized mass concentrations to six clusters with four single-site clusters:  Niland (NILD), El Centro (ECRD), Holtville (HTRD), and Calzada de Las Naciónes (CSLD).  The remaining two clusters show a roughly north-south split which lies along the U.S./Mexico transitional zone except for the inclusion of the Primaria (PRID) site further to the south.  There is also an extension on the north cluster up to the Brawley (BRAD) site that suggests the association of similar emission events or meteorology with the southern sites.  However, this linkage is unstable since the intervening sites of El Centro (ECRD) and Holtville (HTRD) are not included in this cluster.  The K-means clustering was re-run with the exclusion of four single-site clusters.  This analysis resulted in two north and south clusters and two new isolated sites, Estación de Bomberos (EDBD) and south El Centro (ECSD).  This north-south clustering of PM10 mass reflects the presence of two regional groupings.  As noted in Section 6.1, the sites along the U.S. border and within the U.S./Mexico transitional zone were highly correlated.  The cluster analysis supports this correlation, and provides an indication that within the study area, PM10 concentrations may be influenced by two separate although not mutually exclusive environmental processes.  The difference may not be a result of meteorological conditions, but more likely represents physical factors related to land use, as well as activity levels, in the vicinity of the sites.  A greater number of unpaved roads were located south of the U.S./Mexico border.  This results in more PM10 emissions per vehicle mile traveled, which could account for some of the increased variance in the PM10 mass loadings in the south.





Three north-south clusters were found for the crustal-related species.  Figures 6-8 and 6-9 show that PM10 silicon and iron experienced a similar pattern with:  1) a southern cluster composed of the Calzada de Las Naciónes (CSLD), Orcadas and Largo Tiberiade (OMND), Mexicali (SEDD), Water Treatment Plant (WTPD), Quipac (QPCD), and Orcadas and Largo Tiberiade (OMLD) sites,  2) a central cluster containing most of the sites within the U.S./Mexico transitional zone, extending southward to include Primaria (PRID), Universada (UNVD), Rio Presidio and Lazaro (RPLD), and Progresso (PRGD) sites, and 3) the northern cluster which includes the El Centro (ECRD, ELCD), Brawley (BRAD), and Niland (NILD) sites.  These three cluster patterns suggested the difference in the land use pattern from the urban-industrial area in the south, to urban-commercial area along the U.S./Mexico border, and the suburban-residential/agricultural area in the north.





As shown in Figures 6-10 and 6-11, a similar north-south pattern was found for PM10 lead and sulfur, respectively.  The lead clusters exhibit a north-south division along the U.S./Mexico border, but with a southern extension to the Primaria (PRID) site.  This may be indicative of a difference in the formulation of gasoline between the U.S. and Mexico.  Different lead contents in the fuels would develop a different distribution of lead concentrations in the study area, which results in the southern and northern clusters.  The cluster pattern for PM10 sulfur shows that the north-south dividing line has shifted to the north of Calexico.  The pattern suggests that sulfate formation is concentrated over the more heavily populated urban environments of Calexico and Mexicali, extending southward towards Progresso (PRGD), Quipac (QPCD), and Orcadas and Largo Tiberiade (OMLD) sites.  Moving northward from this conurbation, another cluster emerges extending from the sites of El Centro (ECRD, ELCD, ECSD) and Holtville (HTRD) towards the Brawley (BRAD) and Niland (NILD) sites.  The northern cluster was formed as a result of lower sulfur concentrations.





6.3.2	Central Clustering





Figure 6-12 displays the clustering of sites for PM10 sodium measurements.  Essentially all sites aggregate as one cluster except for the sites at Niland (NILD) and Progresso (PRGD) which are the farthest northern and southeastern sites, respectively, from the core study area.  With the prevailing northeast-southwest wind pattern along the axis of Imperial/Mexicali Valley, it is likely that the Niland (NILD) and Progresso (PRGD) sites received most impact from the Salton Sea and Gulf of California, respectively.  These marine aerosols seem to impact the remaining satellite sites with a similar magnitude.  Excluding the Niland (NILD) and Progresso (PRGD) sites and re-running the cluster analysis reconfirmed that the area is equally impacted by marine aerosol incursion.





A centralized cluster that encompasses a majority of the satellite sites was also found for the elemental carbon and potassium measurements.  Elemental carbon can be considered to be an indicator of combustion processes.  K-means analysis for six clusters revealed that most of the sites within the study region grouped together as a single cluster with a few singularities outside the main cluster.  The primary cluster centered within the two border cities, represents an area that was homogeneously impacted by the combustion sources.  The sites which cluster as singularities at the edges of the study region may be indicative of sites that are impacted upon by the aerosols at different times.





The cluster analysis for this study is hampered by its relatively small data set with significant seasonal variability.  It is speculated that day-to-day variability among the three intensive periods exceeded the site-to-site variability on many occasions which inhibited a statistically robust model solution.  However, the cluster analysis does support the presence of a north-south concentration gradient in the chemical measurements.  In addition, it illustrates that some of the chemical species seem to have affected the study region on a scale that was larger than the spatial distribution of the two base sites.
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