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1.   Project Summary 

In this report, we describe the first analysis of hourly patterns in air pollutant particle 

concentrations (particles less than 10 µm aerodynamic diameter, PM-10) and association with 

mortality.  This report uses an available 4 year 1992-1995 data span.  It shows that, similar to 

other urban communities in North America (HEI 2000; 90 cities study), the population of the 

Paso del Norte Airshed (PdNA) experiences a decrease or increase in mortality within 3 days of 

below average, or above average (1992-1995) PM10 levels, respectively.  For the PdNA, unlike 

other studies using daily average PM10 values, we found time-of-day was important.  When the 

magnitude of the frequent 8 PM evening PM10 peak (annual average peak values range from 25 

to 40 µg/m3) went above the average, mortality (deaths/day) went up by about 0.8% per 10µg/m3 

of PM10 peak.  Conversely, when the peak levels went down, mortality decreased.  PM10 

concentrations associated with blowing dust or sandstorms did not show a statistically significant 

association with mortality.  It must be kept in mind that other air pollutants are also present; 

PM10 may only be a surrogate variable for the total air pollutant mix that associates with 

mortality.  A portion of PM10 in the range less than 1 µm is the readily visible gray-brown cloud 

associated with wintertime temperature inversions in the PdNA. The percent of days that could 

be identified as solely, still air inversion days with correspondingly stagnant air was 10%. Our 

results relate mainly to the roughly 80% of days that had some period of wind speed that caused 

them to be classified in this study as mixed, i.e., too windy for “still-air” and not windy enough 

for the 10% of days with sandstorm conditions (Stout 1998). 

 

_____________________________________________________________________________
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2.   Introduction 

The PdNA encompasses El Paso, TX;  Cd. Juarez, Chih., MX; and Sunland Park, NM.  Adverse 

health effects are commonly anticipated after exposure to inhalable fine particles (Dattner 1994) 

produced  by  urban  air  pollutant sources,  sandstorms,  or  sequential combinations  of the  two 

(Hefflin, 1994, USEPA 1995, Pope 1996). In other western areas, the urban particle fraction 

(mobile sources, combustion sources, chemical emissions) alone has also been shown to increase 

the mortality rate (Schwartz,1999; Pope, 1999; HEI 1999; HEI 2000). These studies from other 

areas only found an increase in morbidity associated with windblown dust. In the PdNA, a study 

of the morbidity effects of inhalable particles has recently been done by VanDerslice and co-

workers (Hart 1999). They modeled pediatric emergency room admissions in 1994-95 for 

respiratory illness as a function of ambient levels of particulate matter with aerodynamic 

diameter less than 10 µm (PM10) and average daily ozone rather than hourly.  In the PdNA, they 

found that an increase in asthma-related emergency room visits was associated with a decrease in 

dew point temperature on the same day and an increase in PM10 two days before, but notably  

   not average daily ozone levels. 

 

Physical measurement of particulate matter concentrations in the PdNA became more 

sophisticated in the decade of the 1990’s and included hourly PM10 measurements.  Although 

several east-side, west-side, and central El Paso (Chamizal), and Sunland Park (west of the pass) 

locations had hourly data, only the Chamizal hourly data had been validated by the Texas 

Natural Resource Conservation Commission and transferred to the USEPA Aerometric 

Information Retrieval Service (AIRES) at the time this work was initiated.  For some years after 

1995, the data available was insufficiently complete for the purposes of this work (15 of 36 
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months only for 1996-1998).  However, the hourly PM10 data from the centrally located 

Chamizal National Memorial Continuous Air Monitoring Site for years 1992-1995 was deemed 

sufficiently complete for the purposes of this work.  Only 900 days of time-resolved 

measurements of all other US EPA priority pollutants; oxides of nitrogen (NOx), carbon 

monoxide (CO), and ozone (O3) were available for the Chamizal specifically.  The resources for 

this project did not permit retrospective and speculative, mapping of gasesous pollutant 

concentration estimates for Chamizal.  This was not deemed a critical issue at this time because 

varying levels of these gases and other “non-priority” pollutants that are officially measured, 

such as Volatile Organic Compounds (VOC’s) always accompany the measured PM10.  Hence, 

in this report, we use the PM10 association with changes in mortality as an indicator or the 

overall relationship of air quality and mortality.  Morbidity assessment was beyond the scope of 

this project. 

 

Data on the daily chemical composition of inhalable particulate matter are not available.  

However, the daily chemical composition of inhalable particulate matter is associated with 

ambient weather conditions (sandstorm or inversion).  Hence, particulate matter was categorized 

as gray, brown or mixed using weather variables. The regression model explaining daily 

mortality included interactions between the labels (based on weather variables) and the PM10 

level.  Inhalable particle characteristics change from a gray-black, sooty appearance on filters 

taken during inversion conditions to a tan, soil appearance on filters taken during sandstorms.   

Gray-black, sooty particulate matter (urban origin) is expected to have the higher adverse health 

effects than the tan or brown (crustal) particulate matter.  Mixed-day intermediate assignations 

were most commonly encountered in this work. Our assignations are defined in Section 6.3. 
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The multivariate technique of principal component analysis (PCA) was used to summarize a 24-

hour record of measurements of the variable, PM10. The principal component analysis captured 

day to day variations in more detail than the simple daily average (Service 1999). Principal 

component analysis of PM10 concentrations allowed the detection of associations with 

mortality, and reduced the margin of error in the estimates of those associations. This is 

described in detail for the PdNA data analysis in subsequent sections. 

 

 

3.   Data Sources 

Daily mortality data in El Paso County were obtained from the Texas Department of Health 

(Austin TX) data for El Paso County.  Then the International Classification of Diseases (ICD)  

codes less than 800 were invoked to extract all non-accidental deaths.  Tests of results were 

carried out for ICD codes over 800 also.  Meteorological and air quality data was obtained from 

the National Climatic Data Center of the National Oceanic and Atmospheric Administration for 

the El Paso Airport station.  The PM10 data was obtained from the Aerometric Information 

Retrieval System,  (AIRS) USEPA for El Paso County with the assistance of the Data Analysis 

Division (Headquarters Group) of the Texas Natural Resource Conservation Commission for the 

centrally located Chamizal National Memorial site. 

     The results of this project are as described in the following sections. 

 



4.    Summary of Available Data 
 
Mortality data for ICD-9 codes less than 800, corresponding to all non-accidental deaths, were 

obtained for the 1461 days in the four-year interval 1992-1995.  The mortality data are complete.  

Twenty-four hourly measurements of dew point, temperature and PM10 were obtained for use as 

predictors of daily mortality.  Information for these explanatory variables was considered missing 

on a given day if there existed a data gap of 5 or more hours.  Data gaps of less than 5 hours -

were filled in as described in Section .5. 

Figure I displays the days with complete PM10 data.  The missing days appear in clusters, 

Table 1 summarizes by month and year the information in Figure 1. For example, January 1992 

had only one day with complete PM10 data.  April, May and October of 1994 had only 2 days 

with complete PM10 data. and November of 1995 had only 7 days of complete PM10 data.  

Missing data for PM10 reduces the number of days available for analysis from 1461 over the 

four-year interval to 1212 days. 

Figures 2 and 3 display the days with complete data for each of dew point and temperature, 

respectively.  Missing data for the weather variables, together with the missing days for PM10, 

further reduces the number of days with complete data to only 1006 days within the four-year 

period 1992-1995.  More than 30% of the days are missing data on one or more of the 

explanatory variables.  Figure 4 displays the 1006 days with complete PM10 and weather data.  

Table 2 partitions by month and year the 1006 days with complete data on all the variables.  The 

summary statistics for daily mortality, PM10, dew point and temperature are displayed in Tables 

3A and 3B: Table 3A is the subgroup of 1006 days with complete data on all variables, whereas 

Table 3B is for all available data on a variable.  The summary statistics in Tables 3A and 3B 

suggest that the subgroup of 1006 day with complete weather and PM10 data are a representative 

sample of the larger collection of all available data. 

 

 

 



5.   Functional Objects 
 

The first step in our analysis was to reconstruct the entire daily PM10 profile on the half-closed 

internal [0, 24) given the twenty-four hourly measurements.  A Fourier series was used to 

interpolate the twenty-four hourly measurements.  Ramsay and Silverman (1997) refer to the 

interpolated PM10 profiles as functional objects. We used S-PLUS programs written by Jim 

Ramsay for creating the functional objects.  These are available from the web site 

http://www.psych.mcgill.ca/faciilty/ramsay.html 

The Fourier series used 47 basis elements for a trigonometric series representation; this value 

was chosen to avoid smoothing so that the functional objects closely agreed with the PM10 data 

at the sampling points.  This basis consists of sine and cosine terms for 23 frequencies and a 

constant term.  Figure 5 has a plot of the 24 hourly PM10 measurements (dashed line) for several 

days.  Superimposed on Figure 5 is the functional object (solid line) which interpolates the data 

on the 24 hour internal.  The average of the 24 hourly measurements is typically used to report 

the PM10 level for a given day.  The loss of information experienced by reporting the average 

daily PM10 can be appreciated in Figure 5, where the daily average is shown as a horizontal 

dashed line.  The daily averages in Figure 5 are all well below the established federal guidelines 

of 150 ćg/m3 or annual average of 50 ćg/m3, yet the twenty-four hour PM10 profiles are quite 

different, some with very large exposures locally in time.  Another point of reference included in 

Figure 5 is the average of the PM10 hourly profiles by year. 

Figure 6 displays all the PM10 functional objects by year.  Figure 7 is a plot of the hourly mean 

of the PM10 functional objects by year.  The hourly mean PM10 profiles for 1992 and 1993 are 

quite similar, whereas 1994 and 1995 are similar to each other, but lower than the profiles in the 

two previous years.  The most prominent feature of the mean profile of PM10 for all 4 years is 

the peak near 8:00 pm followed by a steady decline in the level of PM10 until about 5:00 am in 

the morning.  After 5:00 am the mean profile of PM10 rises slightly and stays at a fairly constant 

level before it climbs to the 8:00 pm high levels. 



 It is difficult to discern the pattern for an individual day, from the collection of 

superimposed curves in Figure 6. The PM10 pattern of variation over time and the magnitude of 

exposure can best be captured by a principal component analysis (Jones and Rice 1992).  

Principal component analysis will help us describe the way in which daily PM10 profiles in 

Figure 6 vary about the average profiles displayed in Figure 7. 

 

 

6.   Principal Component Analysis 
 
The twenty-four hourly measurements of PM10 are typical summarized by averaging.  Averaging 

collapses into one summary statistic the twenty-four measurements taken throughout the day.  

The PM10 records exemplify the loss of information suffered by reporting the daily average of 

PM10 in El Paso for October 13, 1992, June 6, 1993 and October 22, 1995 displayed in Figure 8. 

The daily PM10 averages for these three days are comparable at 84.6. 99.5, and 75.0, 

respectively.  However, these three days have very different PM10 profiles over time.  The 

different PM10 patterns over time might be associated with specific sources of pollution.  The 

daily average of PM10 does not differentiate between days with acute exposures over relatively 

short time periods from those days with steady PM10 exposures throughout the day.  Better 

summary statistics for daily, PM10 are needed which capture both the magnitude of exposure and 

the local pattern of exposure over time.  We propose the use of principal component analysis 

(PCA) to define the summary statistics for PM10. 

Consider the PM10 functional objects displayed in Figure 6 and the hourly mean profile 

provided in Figure 7. We know that PM10 profiles vary from day to day.  The daily PM10 profile 

by hour can be quite different from the annual mean PM10 profile, that is, there is variation in 

the daily PM10 profiles about the mean.  PCA will capture recurring patterns of variation about 

the hourly mean PM10 profile., and the magnitude of that variation. 

The principal component directions (PC directions or harmonics) describe the major modes of 

variation for PM10 exposure over the twenty-four hour daily time period.  The principal 



component scores (PC scores) will measure the magnitude of the potential exposure along the PC 

directions.  The PC scores allow us to differentiate the health risks for days such as October 13, 

1992.  June 6, 1993 and October 22, 1995 which have similar cumulative exposures, but very 

different twenty-four hour profiles. 

We used S-PLUS programs written by Jim Ramsay for the principal component analysis of 

the PM10 functional objects.  These are available from the previously sited web site.  The reader 

is referred to Ramsay and Silverman (1997) for a development of PCA.  Next, the focus is on the 

interpretation of the PCA applied to the PM10 functional objects. 

 

 
6.1. PCA Interpretation 
 
 
 

PCA is applied to the PM10 functional objects to obtain: one ordered set of harmonics, and daily 

PC scores for each harmonic.  The first four harmonics of PM10 are shown in Figure 9 for a PC 

analysis executed by year.  Together, the first four harmonics describe over 70% of the variation 

of daily PM10 about the hourly mean profile.  The first harmonic alone explains about 40% of 

the variation in daily PM10 about the hourly mean profile.  It is reassuring that the shape of the 

harmonics is consistent across the years. 

 

The first PC harmonic is the direction of greatest day-to-day PM10 profile variation about the 

mean hourly profile.  The first PC score describes the magnitude of the variation about the mean 

hourly profile in the direction of the first harmonic.  Figure 10a displays a plot of the PM10 

hourly means.  The PMIO hourly means are similar for 1992 and 1993, but different from the 

means of 1994 and 1995; thus, these are displaced separately (solid line).  Figure 10a shows the 

effect of adding 70*(First Harmonic) to the mean (dotted line), 70 is the interquartile range (IQR) 

for the first PC score.  Note that the first harmonic has a peak near 8:00 pm (20:00 hours).  Thus, 

the size of the peak potential exposure at 8:00 pm is the feature that best differentiates between 



daily PM10 profiles.  The first PC score (PC1) describes the magnitude of the exposure of the 

PM10 peak which occurs near 8:00 pm.  The PM10 hourly profiles for the days corresponding to 

the minimum, maximum, quartiles, 10th and 90th percentiles of the PCl scores are plotted in 

Figures l0b-10e.  For example, the largest PCl score for 1992 was 508.36 and occurred on June 

13.  The functional object for the PM10 profile of June 13, 1992 is plotted in Figure 10b. 
 The second PC harmonic reflects the next direction of greatest day-to-day PM10 profile 

variation about the mean profile, and it must be orthogonal to the first PC direction.  The 

second PC score (PC2) obtained from the PM10 functional objects can be interpreted as a 

contrast (Figure 9).  It measures the magnitude of the daytime PM10 potential exposure (roughly 

between 10:00 am and 6:00 pm) relative to the magnitude of the evening exposure (after 8:00 

pm).  If the second PC score is positive, then the daytime PM10 exposure was higher than the 

evening exposure.  If the second PC score is negative, then the daytime PM10 exposure was 

lower than the evening exposure.  Figure lla shows the effect of adding 27*(Second Harmonic) to 

the mean, 27 is the interquartile range (IQR) for the second PC score.  Note that the second 

harmonic adjusts the PM10 level between roughly 10:00 and 18:00 h, while also slightly 

adjusting for the timing of the evening peak.  The PM10 hourly profiles for the days 

corresponding to the minimtim, maximum, quartiles, 10th and 90th percentiles of the PC2 scores 

are plotted in Figures 1lb-l1e. 

The third harmonic reflects the next direction of greatest day-to-day PM10 profile variation 

about the mean profile that is orthogonal to the first and second PC directions.  Figure 12a 

shows the effect of adding 29*(Third Harmonic) to the mean, 29 is the interquartile range (IQR) 

for the third PC score.  Note that the third harmonic adjusts the PM10 level between roughly 

0:00am and 6:00 pm, while also slightly adjusting for the timing of the evening peak.  The third 

PC score (PC3) measures the strength of the variation in the following direction: a steady decline 

in the level of PM10 in the early morning hours until about 5:00 am in the morning, after which 



PM10 levels begin to increase again.  The third PC score (PC3) is also interpreted as a contrast 

(Figure 9).  If the third PC score is positive then the level of PM10 exposure between 0:00 to 

18:00 h was higher than the evening exposure.  If the third PC score is negative, then the level of 

PM10 exposure between 0:00 to 18:00 h was lower than the evening exposure.  The PM10 

hourly profiles for the days corresponding to the minimum, maximum, quartiles, 10th and 90th 

percentiles of the PC3 scores are plotted in Figures 12b-12e. 

 Finally, the fourth harmonic reflects the next direction of greatest day-to-day PM10 

profile variation about the mean profile that is orthogonal to the first three PC directions.  

Figure 13a shows the effect of adding 19*(Fourth Harmonic) to the mean, 19 is the interquartile 

range (IQR) for the fourth PC score.  Note that the fourth harmonic adjusts the PM10 level 

between roughly 0:00 and 18:00 h, while also adjusting for the timing of the evening peak.  The 

fourth harmonic adjusts the PM10 level between 0:00 to 10:00 h in the opposite direction of the 

adjustment between roughly 10:00 and 18:00 h. The fourth harmonic suggests that some days 

have a steady decline in the level of PM10 after the early morning hours, before the late evening 

peak occurs (Figure 9).  The fourth PC score (PC4) is a contrast that measures the magnitude of 

this pattern of variation.  The PM10 hourly profiles for the days corresponding to the minimum, 

maximum, quarries 10th and 90th percentiles of the PC4 scores are plotted in Figures 13b-13e. 

The hourly mean PM10 profile together with the first four PC harmonics and PC scores 

can be used to construct approximations to the daily PM10 profiles.  That is, the hourly mean 

PM10 profile and the first four PC harmonics form a basis with which we can closely reconstruct 

the daily PM10 profiles, the PC scores provide the coefficients for the reconstruction.  Figures 

14a-14h show the effect of summing the hourly daily mean and ∑ = 1i
k

PCSCOREi * (ith 

harmonic); k=1,…,4.  The Hourly mean PM10 profile plus multiples of four harmonics 



reconstruct the major features of the daily profiles for most of the days displayed.  Not all of the 

profiles are reconstructed well from the first four harmonics, see for example Figures 14e and 

14f.  Higher order harmonics would have to be included to better reconstruct the profiles for 

those two days.  Looking back at Figure 6, we see that those two days in 1994 shown in Figures 

14e and 14f are atypical, in fact, they can be picked out as two of the most unusual profiles in 

1994. 

In summary, patterns of PM10 profile variation are best understood by looking at the first four 

PC harmonics.  These harmonics describe PM10 variations in one of the following time periods: 

PC Harmonic Period Hours 
PC 1 1 19:00-23:00 
PC 2 2 10:00-18:00 
PC 3 3 0:00-18:00 
PC 4 4 0:00-9:00 

Note that time-periods 1 and 3 cover the 24 hour clock, and that time period 3 is the union of 

time-periods 2 and 4.  We will be working primarily with time periods 1, 2 and 4 which partition 

the 24 hour clock. 

 
6.2. Pooling PCA Across Years by Averaging 
 

It was noted earlier that the PC harmonics displayed in Figure 9 have similar features across 

the four years.  For the PC scores to be comparable across years, it is necessary that the PC scores 

for all years be computed using the same set of four harmonics.  Thus, we pool the harmonics 

across the years and recompute the PC scores based upon the pooled harmonics. 

Figure 15a displays the first harmonic computed separately for 1992-1995.  The year 1994 

was missing almost 5 months worth of PM10 and weather data; hence it is not included in the 

computation of the first pooled harmonic.  Point wise averaging of the harmonics for 1992, 1993, 

and 1995, and then normalizing so that the squared integral was one obtained the first pooled 

harmonic.  Figure 15b has the second harmonic computed separately for 1992-1995.  The second 



harmonic for the 3rear 1993 is noisier than the others.  Looking back at the functional objects for 

the daily PM10 given in Figure 6, we see that 1993 had unusually noisy daytime PM10 levels 

compared to the other years.  This is the source of the noise in the second harmonic for 1993.  

Thus, the second pooled harmonic was obtained by point wise averaging of the harmonics for 

1992 and 1995, and then normalizing so that the squared integral was one. 

Figures 15c and 15d display the third and fourth harmonics, respectively, for 1992 and 1995 

which were subsequently pooled.  Figure 16 displays the pooled harmonics used to compute the 

PC scores for all four years.  By using a pooled harmonic basis, the PC scores are commensurate 

across all four years.  The PC scores based on the pooled harmonics were confirmed to be similar 

in value to the PC scores computed using the harmonics obtained by a PC analysis applied 

separately for each year.  Tables 4A and 4B have the summary statistics of the PC scores based 

upon the pooled harmonics for the subgroup (n=1006) of days with complete data on all the 

variables, and for the subgroup (n=1212) of days with complete PM10 data.  The two subgroups 

have similar summary statistics. 
Now that we have the PC scores based on the pooled harmonics, we may return to Figure 8, 

which displays the PM10 profile for three days with similar daily PM10 averages.  The PC scores 

based upon the pooled harmonics are provided below.  The first PC score (PC1) is largest for 

June 6 the day with the largest evening peak around 8:00 pm.  PC2 is largest for the two days in 

October with large PM10 exposures between 10:00 am and 6:00 pm and low exposures around 

8:00 pm.  PC2 is negative for June 6, which had a low exposure from 10:00 am and 6:00 pm, but 

a very high PM10 level around 8:00 pm.  The third PC score (PC3) measures the strength of the 

variation in the following direction: a steady decline in the level of PM10 in the early morning 

hours until about 5:00 am in the morning, after which PM10 levels begin to increase again.  This 

pattern is pronounced for October 13, and it has the largest PC3 score.  There is not much of a 

difference between PC4 for these three days.  The PC4 score is negative because of the mid-day 

increase in PM10. 



Principal Component Scores for Three Days with Similar Daily Averages: 

  PC1 PC2 PC3 PC4 
13-Oct-92 81.688 358.243 269.031 -96.107 

June 6. 1993 772.813 -181.797 -319.998 -78.463 
October 22. 1995 129.488 301.796 208.177 -117.989 

Thus the PC scores provide summary statistics for the daily profile without the loss of 

information suffered using the daily mean PM10. 

 
6.3. Brown, Gray, and Mixed PM10 
 

One goal of this study was to try to tease apart the health effects of acute PM10 potential 

exposures attributed to urban combustion (gray) sources from the health effects of acute PM10 

exposures attributed to blowing dust (brown).  A time period for a given day is said to have: low 

wind speed (ws) if there is no more than 1 hourly ws reading over 6 mph; high wind speed if at 

least 2 hourly ws readings are greater than or equal to 17; mixed wind speed, otherwise. 

Labels were assigned to each time period and to the corresponding PC score on a given 

day.  The labels served to describe the PM10 exposure during each time period as gray, brown, or 

mixed.  The labels are assigned rising both the wind speed (ws) and the PC scores.  Gray or 

brown time-periods must have an acute PM10 exposure; that is, higher than average PM10 level 

(as defined by PC scores) in that time-period. 
Period 1 label   

PC 1 label   
19:00-23:00 Criteria based on wind speed and PC1 score 

Gray If PC1 > 0 low ws 
Brown If PC1 > 0 high ws 
Mixed Otherwise 

 
Period 2 label   

PC 2 label   
10:00-18:00 Criteria based on wind speed and PC2 score 

Gray If PC2 > -9 and low ws 
Brown If PC1 > 4 and high ws 
Mixed Otherwise 



 
Period 4 label   

PC4 label   
0:00-9:00 Criteria based on wind speed and PC4 score 

Gray If PC4 > -2 and low ws 
Brown If PC4 > -3 and high ws 
Mixed Otherwise 

Consider the labeling scheme for the first time period.  A 'brown' time period 1 requires both 

high winds and a higher than average PM10 count near 8 pm.  A 'gray' time-period 1 is 

characterized by low wind speeds (possibly an atmospheric inversion) and a higher than average 

PM10 count near 8 pm.  The use of the PC score in the classification of the time period has the 

effect of lumping together as ‘mixed’ those periods with either mixed wind speed or lower than 

average PM10 levels. 

Recall that PC2 and PC4 were interpreted as contrasts in PM10 exposure relative to time-

period 1. The PC2 cutoff points of -9 and 4 correspond to the median of PC2 for those days with 

low ws and high ws, respectively.  The PC4 cutoff points of -2 and -3 correspond to the median 

of PC4 for those days with low ws and high ws, respectively. 

The third time-period (0:00-18:00) is the union of time-periods 2 and 4. So time-period 3 and 

PC3 are labeled as: brown, if either of time-periods 2 or 4 is brown: gray, if it is not brown and 

either of time-periods 2 or 4 is gray; mixed, otherwise.  Table 5 has the summary statistics for 

brown, gray and mixed PC scores. 

 Each day is classified as having a predominantly gray, brown or mixed exposure by 

considering the four time periods.  A day is classified as: brown, if any of the time periods is 

brown; gray, if it is not brown and any of the time periods is gray; mixed, otherwise.  Table 6 has 

the summary statistics for brown, gray and mixed daily average PM10. 

  Below is a summary of the number of time periods and days in each of the brown, gray, and 

mixed categories using the labeling scheme described above. 

 

 

 



 
 Number of Brown, Gray, Mixed Time Periods and Days, n=1006 

 

 

 

 

 
 
7.   Ordinary Least Squares Regression Modeling 
 
 

Ordinary least squares (OLS) implemented in SAS Proc Reg was used to fit the linear models 

considered in this section.  The terms for inclusion in the linear model predicting daily deaths 

were selected by applying backwards-variable selection using OLS.  After the important terms in 

the model were identified, Poisson regression implemented in SAS Proc Genmod was applied.  

The parameter estimates from OLS and Poisson regression will differ.  In OLS the mean of daily 

deaths is modeled as linear in the predictors, whereas in Poisson regression the log of the mean 

of daily deaths is assumed to be linear in the predictors.  Poisson regression is preferred for 

counts of rare events such as deaths, and provides more reliable standard errors for parameter 

estimates. 

 
7.1. Baseline Model 
 

Figure 17 is a plot of the number of daily deaths during 1992-1995 versus time (n=1461).  The 

number of deaths ranges from 1 to 21 with an average of 8.5 deaths per day (Table 3B).  

Superimposed on the scatter plot of Figure 17 is a nonparametric smooth computed with the 

function srnooth.spline in the statistical software package Splus with the penalty chosen by 

visual inspection.  Seasonal variation in daily deaths is pronounced, so the first step was to fit a 

baseline regression model including 24 sine and 24 cosine terms to cover all cycles with periods 

Time Period Brown Gray Mixed 

1 25 48 933 
2 17 42 947 
3 78 57 871 
4 62 17 927 
Days 94 100 812 



from 1 month to 24 months, an annual dummy variable, linear and quadratic time trends to 

account for changes in the population size, and dummy variables for the date of week. 

 
7.2. Weather Model 

Next, a weather model was built from the baseline model.  Backwards variable selection was 

used to identify weather variables which are predictors of daily death.  There were only n = 1299 

days available with complete data on dew point and temperature.  The following variables were 

considered for the concurrent day and with lags up to three days: 

1.   Standardized average dew point; 

2.    Standardized average temperature; 

3. Dummy variable for hot days, set at the 95th percentile of average temperature; 

4. Dummy variable for cold days, set at the 5th percentile of average temperature; 

5.    Dummy variable for humid days, set at the 95th percentile of average dew point; 

6.    Dummy variable for hot and humid days. 

The backwards-variable selection procedure was generous in that it kept weather variables in the 

model, which were significant at the 0.2 level of significance, while forcing all terms from the 

baseline model.  Following are the weather variables that were left in the model by the 

backwards-variable selection procedure: 

Variable             Estimated Regression Coefficient Standard Error  P-value 
Dew point, lag 1 -0.28 0.16 0.0745 
Cold days, lag 3 1.04 0.49 0.0335 
Humid days, lag 3 0.88 0.48 0.0673 
   

The residuals of the fitted weather model are displayed in Figure 18 together with the 

nonparametric smooth.  The daily deaths adjusted for seasonal patterns and weather display no 

obvious temporal trends, suggesting that the model is adequately specified. 



Figure 19 is a plot of the squared residuals versus the predicted deaths.  The smooth (solid 

line) reveals the dependence of the variance on the mean; the dotted line illustrates the Poisson 

relationship between variance and mean.  The data suggests a homoscedastic variance structure 

that is suitable for modeling with Ordinary Least Squares. 

 
7.3. Additional Full Pollution Model with Average PM10 
 

There were only n = 1006 days with complete data on dew point, temperature, and PM10.  A 

linear model with average PM10 as a predictor of daily deaths, and an average PM10 slope 

adjustment for gray and brown days was considered.  These predictors were all included with 

lags of up to three days.  An indicator variable for a closely timed sequence (up to three days 

apart) of brown or gray days was included.  Closely timed events of brown or gray days occurred 

thirty-six times over the four-year period.  Backward variable selection was applied.  Nothing 

was significant at the 0.05 level.   

 
7.4. Full Pollution Model with PM10 PC Scores 
 

In section 6., we demonstrated that PC scores summarize the twenty-four hourly measurements, 

while maintaining the ability to differentiate between days reporting similar average daily PM10 

levels.  For this reason, we considered a model with PC1, PC2, PC3 and PC4 scores as predictors 

instead of average daily PM10.  PC scores with lags of up to three days were included in the 

linear model.  The model also included the indicator variable defined in the last section for 

closely timed sequences (up to three days apart) of brown or gray days.  Parameters adjusting the 

slope for brown PM10 PC scores and for gray PM10 PC scores, concurrently and with a lag of 

three, were included to capture any additional health effects of brown or gray exposures as 

compared to mixed exposures.  Following are the significant pollution terms at the 0.05 level of 

significance rising backwards-variable selection while forcing inclusion of the variables from the 

weather model: 



Variable             Estimated Regression Coefficient Standard Error  P-value 
PC1, lag 3 0.0031 0.0014 0.021 
Gray PC3, lag 3 0.0279 0.0116 0.0167 1 
The Durbin-Watson statistic is 2.047 suggesting that the errors are uncorrelated.  The first order 

autocorrelation is estimated as -0.027. There is little evidence to suggest the presence of serial 

correlation. 

 The day June 6, 1993 with the maximum PC1 score (Figure 10c) was an outlier, but not an 

influential point.  The parameter estimates were recomputed with this one-day removed from the 

computation: 

Variable             Estimated Regression Coefficient Standard Error  P-value 
PC1, lag 3 0.0035 0.0014 0.0144 
Gray PC3, lag 3 0.0278 0.0116 0.0168 

The days March 2, 1992 and May 26, 1995 corresponding to the minimum and maximum, 

respectively, of the Gray PC3 scores were outliers and influential points.  They were influential 

points only in that they altered the significance of the gray PC3 term with a lag of 3. However, 

the parameter estimates themselves were not, sensitive to these two days.  March 2, 1992 was 

followed by 2 deaths three days later, whereas May 26, 1995 was followed with 10 deaths three 

days later.  Figures 20 and 21 display the PM10 profiles for these two influential days.  Below are 

the parameter estimates recomputed with these two days removed from the computation: 

Variable             Estimated Regression Coefficient Standard Error  P-value 
PC1, lag 3 0.0032 0.0014 0.0198 
Gray PC3, lag 3 0.0277 0.0201 0.1685 

 

Since the PCl term is significant, this analysis suggests that high PM10 levels in the late 

evening (8 pm) are associated with more deaths three days later.  The Gray PCl and the Brown 

PC1 terms were not significant, thus we were not able to detect a significant difference in the 

health effects of brown or gray versus mixed for these evening exposures.  The significance of 



only the gray PC3 term and not the PC3 term suggests that high (relative to the evening PM10 

exposure) gray PM10 levels during the time period 3 (0:00-18:00 hours) are associated with 

increased deaths three days later.  However, the significance of this term is lost when two 

outlying gray PC3 days are deleted. 

These associations cannot be interpreted as causal based on these data.  PM10 may be a 

surrogate variable for some other agent which is responsible for the mechanism which leads to 

the increase in deaths. 

 

8. Poisson Regression Model 

The full pollution model obtained in Section 7.4. was fit again using Poisson regression as 

implemented in Proc Genmod in SAS.  A multiplicative over dispersion parameter Đ was 

included to model the variance function for the Poisson as: V (ć) = Đć.  The over dispersion 

parameter Đ  was estimated to be 1.1579, suggesting a very small amount of over dispersion 

since the estimate is slightly larger than 1. The parameter covariance matrix and the likelihood 

function are adjusted accordingly by the scale parameter ( Đ) for the tests of significance of 

the terms in the model. 

 The sequential F-test, after including terms from the baseline and weather model, yield 

the following results: 

Variable             Estimated Regression Coefficient Standard Error  P-value 
PC1, lag 3 0.0004 0.0002 0.0223 
Gray PC3, lag 3 0.0036 0.0015 0.0135 

The estimated regression coefficient for PCl with a lag of 3 days is 0.0004; the interquartile range 

(IQR,) for PCl is roughly 70 units.  Thus, a 70-unit change in the PCI score, while holding all the 

other variables fixed, would be associated with a relative risk of mortality of 1.036 on the 



succeeding 3rd day.  That is'. an increase in the PCl score by 70 units on the prior 3rd day is 

estimated to increase total deaths by 3.6%.  A 70-unit increase in the PCI score corresponds to 

increasing the mean level of PM10 as shown in Figure 10a.  It can be seen that a 70-unit increase 

in the PCI score corresponds to roughly a 35-unit increase from f 40 ćg/m3 to 75 ćg/m3 in the 

PM10 level near 20:00 h. 

Recall that the PC3 score measures the cumulative exposure between 0:00 to 18:00 hours 

relative to the exposure between 19:00 to 23:00 hours.  The estimated regression coefficient for 

gray PC3 with a lag of 3 days is 0.0036; the IQR for gray PC3 is roughly 25 units.  Thus, a 25-

unit change in the PC3 score on a gray day,  while holding all the other variables fixed, would be 

associated with a relative risk of mortality of 1.094 on the succeeding 3rd day.  That is, an 

increase in the PC3 score on a gray day by 25 Units on the prior 3rd day is estimated to increase 

total deaths by 9.4%. An increase in the PC3 score corresponds to increasing the mean level of 

PM10 as shown in Figure 12a; this figure uses the IQR=29 for PC3.  A 25 unit increase in the 

gray PC3 score corresponds to roughly a 5-10 unit increase in gray PM10 level between 0:00 am 

to 6:00 pm relative to the evening exposure. 

 These associations cannot be interpreted as causal based on these data.  PM10 made be a 

surrogate variable for some other agent which is responsible for the mechanism which leads to 

the increase in deaths. 

 The parameter estimates were recomputed without the two influential points with extreme 

values of gray PC3: 

 
Variable             Estimated Regression Coefficient Standard Error  P-value 
PC1, lag 3 0.0004 0.0002 0.0196 
Gray PC3, lag 3 0.0031 0.0023 0.1892 

 

It can be seen that the gray, PC3 with a lag of 3 is no longer significant.  The parameter estimate 

for gray PC3 decreased slightly and the standard error increased.  A 25 unit change in the PC3 

score on a gray day while holding all the other variables fixed, would be associated with a 



relative risk of mortality of 1.081 on the succeeding 3rd day and is not significantly different 

from 1. 

 
9. Accidental Deaths 
 
Daily deaths with ICD-9>= 800 were obtained.  Summary statistics for accidental deaths are 

shown in Table 7. We went through the same procedure of building the weather model from the 

baseline model.  The weather terms found significant were: 

 
Variable             Estimated Regression Coefficient Standard Error  P-value 
Hot day -0.39 0.21 0.0662 
Hot day, lag 2 0.44 0.21 0.0395 
Cold day -0.6 0.19 0.0013 
Cold day, lag 3 0.33 0.19 0.0813 
Humid day, lag 1 0-37 0.19 0.0587 
Humid day, lag 2 -0.55 0.21 0.0083 
Humid day, lag 3 0.28 0.2 0.1646 
Hot and humid days 1.25 0.58 0.0312 
Hot and humid days, lag 3 -0.82 0.5 0.1023 
Standardized average       
   Temperature, lag 2 -0.17 0.11 0.1249 

 

Pollution variables were then added to the weather model using backwards-variable selection.  

The sequential F-tests found that none of the pollution variables were significant at the 0.05 

level. 
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10. Discussion and Implications. 

Discussion.  Firstly, we note the major conclusions, and then, the process.  The findings: 

When the magnitude of the frequent 8 PM evening PM10 peak (annual average peak values 

range up to 40 µg/m3) rises above the average, mortality (deaths/day) rises, after a 3-day 

lag, above the seasonal average (Fig. 17) by about 0.8% per 10µg/m3 of PM10 peak.  

Conversely, when the peak levels decrease, mortality decreases insofar as the limit of zero 

µg/m3 of PM10 peak allows. We only observe this life-shortening pattern superimposed on 

non-accidental death patterns because it varies.  Constant PM10 levels everyday or 

invariant air-related mortality are not found. PM10 concentrations associated with blowing 

dust or sandstorms did not show a statistically significant association with mortality.   

 

To do this, we captured the salient characteristics of hourly PM10 concentration patterns (PC1, 

PC2, PC3, PC4 harmonics and scores from PCA) as a measure of pollution.  This included 

information otherwise lost if only 24 hour average PM10 levels had been used.  Common hourly 

patterns were evident. The most important characteristic (the first principal component, PC1) 

described the magnitude of the peak PM10 level occurring during the evening hours (7 PM to 11 

PM). This distinguishing feature of the hourly variation explained 40% of the variation in hourly 

readings from the overall mean level for that hour.  

 

Three other predominant characteristics of these daily patterns were evident to us.  PC2 

described the relative difference between the daytime (10 am to 6 pm) levels and the evening 

peak at 8 pm. The third PC described the differences in the PM10 levels between midnight to 6 

pm and the evening peak. Finally the fourth PC adjusts the level of PM10 between midnight and 

10 am. Together these four components account for 70% of the variation in the hourly PM10 

data and thus capture important characteristics of hourly PM10 concentration patterns that 

occurred over the day. 
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The PC scores extracted from the analysis for each day were evaluated as predictors of daily 

mortality.  While controlling for day-of-week, long-term non-linear trend, seasonal variation, and 

standard meteorological factors, the first PC was significantly associated with the number of 

non-accidental deaths three days later in both the OLS and Poisson models. Gray day PC3 was 

also associated with death three days later in the OLS and Poisson models, however, the 

elimination of two outliers reduced the strength of this association. in both models. 

 

The Poisson regression analysis indicated that a 70 unit spread across the Inter-Quartile Range 

(Section 8.) corresponded to a 1.028 ratio of Mortality (2.8% change) across that range.  This 

percent change was calibrated as described in Section 8 as a 35µg/m3 increase in evening peak 

PM10 level.  Thus, the %Mortality/10µg/m3 is obtained as about 0.8% per 10µg/m3 peak 

magnitude.  These values are similar to those found in other studies which range from 0.5% to 

1% increase in deaths from a similar increase in average PM10 concentration.  We did not find 

average PM10 to be a significant mortality predictor, so the direct comparison is problematic. 

 

Implications for the future; Recommendations.  We do not know whether these statistical 

associations describe a causal relationship for particles alone.  Inhaled particles less than 10 

microns can lead to irritation, pulmonary edema and pulmonary stress; varying levels of irritant 

gases such as ozone will also be found in association with PM10.  

1. Morbidity cost to the community associated with mortality increases after high pollution 

days is an unknown.  Exploring the degree of hourly covariation and the relationships of all 

pollutants with death and illness is one area that should be pursued. This requires validating 

available particle and gas data from many stations that are not in AIRES yet.  Mortality is 

compiled specifically by law.  Morbidity information requires a local information project. 
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The lag of 3 days between the time of peak PM10 and the increase in deaths is plausible if PM10 

is the putative agent and is in general agreement with some studies, however other researchers 

have found shorter (1 day) lag times (HEI 2000).  

2.  Sorting this out requires continuation of PM10 data acquisition, at least at the Chamizal 

site where this current data was obtained.  All PM10 measurements are presently stopped in 

lieu of the new PM2.5 program.  No long term health study for particles and health effects 

using the current archival PM10 data is possible if this is not corrected. 

 

Furthermore, this study followed the convention of many studies in examining the relationship of 

air quality with all non-accidental deaths. For some specific causes (e.g., death from colon 

cancer) there is no obvious biological association with exposure to ambient air pollutants. The 

strength of the observed relationship between PM10 and death might be strengthened by 

considering only deaths from pulmonary or cardio-pulmonary maladies.  A biologically plausible 

example, such as death from Chronic Obstructive Pulmonary Disease, as an apparent or 

underlying cause of the death related to exposure to one or more of the air contaminants is 

readily conceived.  Other "natural" causes are less plausible. 

3.  Perform the current PCA type of analysis again and restrict causes of death. 

 

This study was hampered by the limited availability of hourly air quality data. Adequate hourly 

data was available from only one station located at the Chamizal in south-central El Paso. 

Clearly these hourly measurements less reflective of actual hourly concentrations occurring in 

other parts of the county.  Future analyses based on appreciable hourly PM2.5 data (particles less 

than 2.5 micrometers aerodynamic diameter) will benefit by limiting the study to individuals 

who live in areas ‘close’ to the stations   hence reducing the level of potential exposure 
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misclassification.  It must be recognized that limiting the geographic extent as well as the 

specific causes of death included in the study will reduce the total number of deaths.   It is not 

known whether such restriction will reduce the overall power of a study to detect statistical 

associations between time-varying measures of air quality and the daily number of deaths. 

4.  Use the "In Hand" Latitude-Longitude conversion capabilities (Robert Gray, CERM-

UTEP private communication) to explore mortality or morbidity as a function of  

geographic elevation and distance. 

 

Finally, this work is the first effort to physically interpret the PC Harmonics (Fig. 9) obtained 

from PM10 hourly data.  The extracted PC scores and PC Harmonics are linked to annual PM10 

hourly means as shown in Fig. 10a-13a.  Future models will explore the relationship of these 

scores to air pollution metrics being used for regulatory purposes so that the results of the 

mortality models can be better linked to existing regulatory and/or air pollution research results.  

5. Specific work to combine meteorological data and physical interpretation of principal 

component scores as a means to capture differences in the likely physical composition of 

the particles (e.g. combustion products vs. crustal material). 

 

The use of PCA is very new in the air pollution field. It holds great promise for better 

characterizing the complex patterns of PM10 concentration over a day and may be extended to 

represent other air pollution constituents as well.  
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