9.0	SUMMARY AND CONCLUSIONS�PRIVATE ��





The project objectives were to acquire a database of sufficient accuracy, precision, and validity to examine spatial and temporal patterns of PM10; to apportion PM10 to its sources; and to estimate cross border transport of PM10.  These objectives have been met, as described in the previous sections of this report.  The major conclusions to be drawn from these measurement and modeling efforts are summarized in this section.





PM10 mass, ions, (e.g., nitrate, sulfate, ammonium), crustal-related species (e.g., aluminum, silicon, potassium, calcium, manganese, iron, zinc), and combustion/motor vehicle related species (e.g., organic carbon, elemental carbon, light absorption, soluble potassium, chorine, bromine, lead) were found above the lower quantifiable limits (LQLs) in more than 95% of the samples.  PM10 nickel and vanadium were detected in 65% and 36% of the samples, respectively.  Other metals (e.g., molybdenum, palladium, indium, tin, antimony, thallium) were detected in less than 10% of the samples, which is consistent with amounts reported in other U.S. urban areas.





Industrial-source-related toxic species such as arsenic, cadmium, selenium, and mercury were detected in less than 5% of the samples with the exception of selenium, which was found above the LQLs in more than 50% of the samples.  These specifications indicate that PM10 samples acquired in this study had adequate sample loadings for chemical specifications.  Furthermore, the minimum detection limits (MDLs) of the selected chemical analysis methods were sufficiently low to establish a valid measurement with associated uncertainties.





Comparison of collocated PM10 measurements among five different aerosol samples (i.e., high-volume size-selective inlet sampler [SSI]; medium-volume sequential filter sampler [SFS]; low-volume PM10 sampler [DIC]; and low-volume portable PM10 survey sampler [POR]) showed that these samplers acquired equivalent measurements, with correlation coefficients exceeding 0.9 in every pairwise comparison.  In most cases, the differences between the paired samples were within the measurement uncertainties (().  Overall, 70% of the paired differences were found within ±2(, and more than 80% of the measurements differed by no more than ±3(.  Only the hivol-SSI samples displayed a positive bias ranging from  6% to 39%.





The sum of measured chemical concentrations accounted for 64% of the PM10 mass, with high correlation coefficients (r>0.97).  The remaining portion of measured PM10 can be accounted for by unmeasured metal oxides in crustal material.





Tests of physical consistency were performed for:  1) sulfate versus total sulfur;  2) chloride versus chlorine;  3) soluble sodium versus sodium;  4) soluble potassium versus potassium; and  5) light absorption versus elemental carbon.  These comparisons identified a few outliers that were either invalidated, corrected or flagged.  Correlation coefficients were generally high (r>0.8) with the exception of the soluble sodium versus sodium comparison (r=0.74).  Total sodium measured by XRF was not adjusted for intra-particle x-ray absorption, and the AAS value is a more accurate estimate of the sodium concentration.





Particle absorption (babs) was highly correlated with elemental carbon (0.86<r<0.95).  Total carbon was also highly correlated with babs.  Elemental and total carbon concentrations on portable survey samples were estimated using the relationships established with the SFS.





Anion/cation balances with high correlations (r=0.94) support the accuracy and precision of:  1) ion chromatographic (IC) measurements for chloride, nitrate, and sulfate;  2) automated colorimetric (AC) measurements for ammonium; and  3) atomic absorption spectrophotometric (AAS) measurements for soluble sodium and potassium.  The lower-than-unity ratio (0.77) of cations versus anions suggested that soluble magnesium and soluble calcium might exist in the atmosphere of the study area in the form of magnesium sulfate (MgSO4), gypsum (CaSO4), and/or lime (CaO).





PM10 mass concentrations at the Calexico base site were only moderately correlated  (0.49<r<0.55) with PM10 measured at the Mexicali base site.  This implies that local sources within a few kilometers of the site have a major impact on PM10 measurements.  PM10 mass concentrations at the Mexicali site were consistently 30% to 50% higher than those observed at the Calexico site.





During the monitoring program, the twenty-four hour PM10 standard of 150 (g/m3 was exceeded on eight days at one or more of the measurement locations.  The standard was exceeded twice at the Brawley site, once at the El Centro site, six times at the Calexico Police and Fire Station site, and three times at the Calexico base site.  For the same monitoring period, PM10 concentrations exceed 150 (g/m3 on 23 occasions at the Mexicali base site.





At the Calexico base site, the highest PM10 concentration measured on the sequential filter sampler of 223 ± 11 (g/m3 occurred on 12/02/92, with a corresponding value of 474±24 (g/m3 at the Mexicali site.  The second highest PM10 concentration of 194±10 (g/m3 at the Calexico site on 10/09/92 corresponded to a concentration of 402±20 (g/m3 at the Mexicali site. Both of these corresponded to the EPA sixth-day sampling schedule.  





At the Mexicali site, the highest concentration of 462 ± 22 (g/m3 occurred on 12/24/92, with a corresponding concentration or 105 ± 18 (g/m3 at the Calexico site.  The second highest concentration at Mexicali was 452 ± 23 (g/m3 on 12/16/92, with a comparable third-highest concentration of 449 ± 23 (g/m3 on 11/26/92.  Corresponding concentrations at Calexico were 105 ± 18 (g/m3 on 12/16/92 and 23 ± 1 (g/m3 on 11/26/92.  High concentrations at Calexico corresponded to high concentrations at Mexicali.  It was not the case that high concentrations at Mexicali always corresponded to high concentrations at Calexico.





Annual average PM10 mass concentrations at the Calexico site exceeded the federal annual PM10 standard of 50 (g/m3 by more than 20%.  Unstratified annual average PM10 mass concentrations between 09/03/92 and 08/29/93 were 62 ± 43 (g/m3 at the Calexico site and 126 ± 106 (g/m3 at the Mexicali site.  Crustal species accounted for approximately 32% to 35% of the annual average PM10 mass, whereas organic carbon accounted for approximately 15% to 20% of the annual average PM10 mass at the two sites.  Although the relative proportions of the major source types were similar at the two base sites, the absolute PM10 chemical concentrations for soil-related species (e.g., aluminum, silicon, potassium, titanium, calcium, iron, zinc), motor vehicle related species (e.g., bromine, lead), residual oil combustion related species (e.g., nickel, vanadium), and organic and elemental carbon were a factor of two to three higher at the Mexicali site than the corresponding measurements at the Calexico site.  Secondary aerosol (e.g., nitrate, sulfate, ammonium) accounted for 7% to 10% of the average PM10 mass, with 25% to 50% higher concentrations observed at the Mexicali site.





Average PM10 mass concentrations during the pilot study period between 03/11/92 and 08/28/92 were 30% to 35% less than the unstratified annual average with no 24�hour or annual standard exceedances at the Calexico site.  Although the absolute PM10 concentrations during the pilot period were 20 (g/m3 to 40 (g/m3 less than the corresponding annual average at the two base sites, the relative amounts of major source types were nearly identical to the annual PM10 compositions.





Average and maximum PM10 mass concentrations among the pilot, annual, intensive, mini-intensive, and winter (winter intensive plus mini-intensive) periods were compared.  Site-to-site variations were significantly higher than the differences between measurements at the same sites between monitoring periods.  These averages for each sampling period ranged from 39 ± 21 (g/m3 (mini-intensive period) to 63 ± 43 (g/m3 (annual period) at the Calexico site, and ranged from 83 ± 41 (g/m3 (pilot period) to 146 ± 118 (g/m3 (mini-intensive period) at the Mexicali site.





Hourly PM10 concentrations at Calexico showed a distinct and reproducible diurnal pattern, with elevated peaks appearing around 0700 to 0800 PST and 2000 to 2100 PST.  These peaks corresponded to the morning and evening traffic patterns and evening cooking activities (note that dinner time is generally around 2000 to 2100 PST in Mexico).  Six-hour average PM10 concentrations often varied by more than a factor of two through the day, with the lowest concentrations generally observed during the afternoon.





On average, crustal material was the most abundant component and accounted for 50% to 62% of PM10 mass.  Carbon was the second most abundant component, accounting for over 25% of PM10 mass.  Levels of ions (i.e., sulfate, nitrate, ammonium), trace species (i.e., species other than soil-related crustal species), and sea salt (i.e., soluble sodium, chloride) were generally low, ranging from 1% to 4% of PM10 mass.





Concentrations measured at nearby sites were often highly correlated (r>0.9).  These inter-site correlations showed that similar phenomena, most probably of meteorological origin, affected the PM10 mass and chemical concentrations in similar ways throughout the region. Cluster analysis yielded results similar to the correlation analyses.





	Spatial receptor modeling with Receptor Model Applied to Patterns in Space (RMAPS) reported three source vectors:  1) combustion sources such as motor vehicle exhaust and vegetative field burning;  2) industrial and marine aerosol; and  3) geological material.  RMAPS was unable to quantify the source type contributions, however.  It is speculated that:  1) the data set was too small to return a statistically significant modeling result;  2) day-to-day variations from the three intensive sampling periods exceeded the site-to-site variations due to variable meteorological conditions during each season; and  3) intermittent local sources such as agricultural tillage, field burning, and traffic affected the emissions flux at different time periods and it was difficult to quantify the source contributions.





Principal component analysis (PCA) identified four source types:  1) geological material;  2) combustion sources (i.e., a combination of motor vehicle exhaust and vegetative burning emissions);  3) marine aerosol; and  4) secondary sulfate.  Geological material is the most significant source, accounting for over 45% of the variance in the data set.  Combustion sources are the second most significant sources, accounting for 25% to 35% of the total variance in the data set.  Marine aerosol and secondary sulfate each accounts for less than 10% of the total variance in the data set.





Chemical mass balance (CMB) receptor modeling confirmed the PCA modeling results with quantitative source contribution estimates.  The CMB results show that the relative source mix at the two base sites was similar, on average, even though the absolute PM10 mass concentrations and source contributions were approximately twice as high at the Mexicali site.





Primary geological material was the single largest contributor during all periods, accounting for over 70% of the PM10  mass on average.  Significant day to day variations were found in geological material source contributions.  On a windy day like 08/23/93, geological material accounted for over 90% of the PM10 mass (173 (9 (g/m3 ) at the Calexico site.





Primary motor vehicle exhaust was the second largest contributor, typically contributing 6 to 10 (g/m3 at the Calexico site and 10 to 20 (g/m3 at the Mexicali site; motor vehicle exhaust and accounted for 10% to 15% of the PM10 mass.  Maximum motor vehicle exhaust contributions were found on 01/01/93 (New Year’s Day) at the Calexico site (25 ( 7 (g/m3, 26% of PM10 mass) and on 11/26/92 (Thanksgiving Day) at the Mexicali site (37 ( 17 (g/m3, 8% of PM10 mass).  The highest motor vehicle exhaust contribution (34 ( 12 (g/m3, 15% of PM10 mass) was found at the Mexicali site on 12/13/92 (New Year’s Eve).  All of these days occurred during long holiday weekends.





Primary vegetative burning was the third largest contributor, accounting for 4% to 8% of the PM10 mass, on average.  This source was only detected in 16% of the samples on an annual basis, with 40% to 60% of the cases occurring during wintertime.  On any given day, contributions from vegetative burning sources could constitute a significant (>30%) portion of the PM10 mass.   The largest vegetative burning contribution was measured at the Calexico site on 01/01/93 (32 ( 12 (g/m3, 33% of PM10 mass) and on 12/02/93 (30 ( 12 (g/m3, 14% of PM10 mass).  At the Mexicali site, the two highest vegetative burning contributions occurred on 12/02/92 (130 ( 39 (g/m3, 27% of PM10 mass) and on 11/26/92 (108 ( 33 (g/m3, 24% of PM10 mass).





Contributions from primary marine aerosol were generally low, accounting for 2% to 3% of PM10 mass at the two base sites.  Primary marine aerosol contributions were found in over 70% of the cases, with elevated contributions found during the summer and spring periods.  Maximum marine aerosol contributions were reported on 08/23/93, with 10 ( 1 (g/m3 (5% of PM10 mass) at the Calexico site and 11 ( 1 (g/m3 (5% of PM10 mass) at the Mexicali site.  The second highest marine aerosol contribution occurred during the pilot study period on 07/23/92, with 8 ( 1 (g/m3 (12% of PM10 mass) at the Calexico site and 7 ( 1 (g/m3 (12% of PM10 mass) at the Mexicali site.  The third highest marine aerosol contribution occurred during the summer intensive period on 08/21/92, with 9 ( 1 (g/m3 (10% of PM10 mass) at the Calexico site and 7 ( 1 (g/m3 (7% of PM10 mass) at the Mexicali site.  Wind directions on these days showed transport of marine air from the Gulf of California for when the marine contribution was detected.





Secondary ammonium sulfate contributions were generally low, in the range of 2 to 4 (g/m3.  Elevated secondary ammonium sulfate contributions were found during winter on days with high relative humidities and low PM10 mass concentrations.  The two highest ammonium sulfate contributions occurred on:  1) 01/07/93, with 5.6 ( 0.4 (g/m3 (22% of PM10 mass) at the Calexico site and 8.1 ( 1.0 (g/m3 (25% of PM10 mass) at the Mexicali site; and  2) on 01/13/93, with 3.8 ( 0.2 (g/m3 (20% of PM10 mass) at the Calexico site and 8.9 ( 1.0 (g/m3  (21% of PM10 mass) at the Mexicali site.





Secondary ammonium nitrate contributions were also low, in the range of 2 to 3 (g/m3.  Maximum ammonium nitrate contributions were found on 12/02/92, with 17.6 ( 3.7 (g/m3 (8% of PM10 mass) at the Calexico site and 10 ( 4 (g/m3 (2% of PM10 mass) at the Mexicali site.





Industrial source contributions were generally insignificant or not detectable.  Source contributions from the manure-fueled power plant were not detected over the entire study period.  Source contributions from the glass plant were detected on fewer than 8% of the total sampling days, with a maximum source contribution of 4.4 ( 1.3 (g/m3 (2% of PM10 mass) occurring at the Mexicali site on 08/23/93.





For the summer and winter intensive sampling periods, maximum source contributions were found mostly during nighttime periods (1800 to 2400 PST), with the lowest contributions found during afternoon periods (1200 to 1800 PST).  For the spring intensive sampling period, maximum source contributions usually occurred during morning periods (0600 to 1200 PST) and lasted through the day, with lowest contributions found during early morning periods (0000 to 0600 PST). Contributions from secondary aerosols such as ammonium sulfate and ammonium nitrate experienced showed less diurnal variation than contributions from primary geological material, primary motor vehicle exhaust, and primary vegetative burning.





Although relative source contributions were found to be similar at the two sites during the mini-intensive sampling period, the absolute source contributions of major source types at Mexicali were three to seven times higher at the Mexicali site those at the Calexico site.  The largest difference in source contributions was found to be vegetative burning.  It is speculated that increased quantities of charbroil restaurant cooking occurred in the Mexicali Valley during the holiday season between 12/15/92 and 01/06/93.





The CMB modeling at 30 satellite sites showed that geological material, motor vehicle exhaust, and vegetative burning source contributions were largest during the winter intensive period, while marine aerosol contributions were largest during the summer and spring intensive periods and uniformly low during the winter intensive period.





Meteorological analysis shows that air flow in the study area is channeled by the Imperial Valley and is usually from the northwest or southeast, with northwesterlies being most frequent.  Hourly PM10 concentrations were larger during southerly flow than during northerly flow.  For both flow directions, PM10 initially decreased with wind speed due to improved ventilation, then increased at high wind speeds due to increased suspension of soil particles.  





Average cross-border transport was three times higher for southerly flow from Mexico than for northerly flow from the United States into Mexico.  Total cross-border transport was only about one-and-one-half times higher from Mexico, because wind directions were more often from the United States during the study period.  PM10 mass concentrations at the Mexicali site were highest when flow was over the main Calexico-Mexicali urban area (northwesterly flow).  PM10 mass concentrations at the Mexicali site were lower when flow was from less urbanized desert areas (southeasterly flow).  Large differences in PM10 concentrations at the Calexico and Mexicali sites during northwesterly flow indicates the effects of substantial source emissions from the Mexicali urban area. 





Eight days had 24-hour PM10 concentrations exceeding 150 (g/m3 at one or more Imperial Valley monitoring sites.  Two days (i.e., 01/25/93, 03/14/93) had consistent flow from the northwest, which rules out transport from Mexico.  The exceedances at Calexico Fire and Police Station on these days are due to U.S. sources and not to Mexican sources.  Emissions must be within close proximity to the sampling sites, wince concentrations were relatively low at the nearby Calexico base site.





Five of the exceedance days (i.e., 03/13/92, 10/09/92, 12/02/92, 01/19/93, 03/20/93) were associated with stagnation conditions, and little transport took place.  On these days, Calexico and Mexicali emissions might mingle on both sides of the border.  It is unlikely, however, that sites in El Centro and Brawley would receive significant contributions from Mexican sources.  On 01/19/93, the concentration in Brawley exceeded the standard, but concentrations were low in Calexico, so this exceedance cannot be attributed to Mexican sources.  On 3/13/92, only the Calexico Fire and Police Station site measured an exceedance, and this cannot be attributed to transport from Mexico because concentrations were low at the Mexicali site.  The 10/09/92 and 12/2/92 periods showed high values at all sites, and result from spillover from Mexicali onto the U.S. side of the border.   One day, 08/23/93, appeared to be dominated by transport from Mexico.  





Winter PM10 concentrations were generally higher than spring and summer PM10, probably the result of lower ventilation in the winter.  Meteorological characteristics significantly affect PM10 concentrations.  A pollution build-up period was found between 12/14/92 and 12/17/92 with elevated PM10 mass and chemical concentrations reported on 12/17/92.  Good ventilation associated with frontal passage resulted in two days (i.e., 12/11/92, 12/18/92) being relatively clean during the winter intensive period.
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