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Disclaimer: This work does not represent EPA policy or guidance.
Introduction.

In December of 2016, the Environmental Protection Agency (EPA) issued amendments to the regulatory
requirements for state regional haze plans, which included changes to what days states are required to
use in their State Implantation Plans (SIPs) for projecting and tracking visibility improvement. The
amendments require states to focus efforts on the ‘20% worst days’ based on anthropogenic
impairment rather than the overall haze value, which was used in the previous round of SIPs due in
2007. This change was, in part, to address the concern that overall haze values can be heavily
influenced by non-anthropogenic sources such as wildfire and dust storms. Tracking progress on the
haziest days can create an incorrect signal for the public and for state decision makers about how well
states are addressing anthropogenic sources under their jurisdiction.

In June of 2016, the EPA published draft guidance on calculating new regional haze progress tracking
metrics, and proposed a statistical approach to determine anthropogenic impairment at each monitor.
The proposed statistical approach included a recommended method of determining extreme episodic
events (E3) for carbon and dust impacts that would then be considered non-anthropogenic in origin.
The proposed method of identifying E3 uses a 95 percentile threshold from the year with the lowest
impacted carbon or dust as the basis for identifying fire or dust E3 at each site.

The EPA proposed recommended metric for identifying anthropogenic impairment refocuses emphasis
away from days with extreme carbon and dust impacts. However, there remains concern that the EPA
proposed method may underestimate E3 impacts at the most frequently fire-impacted sites, and
overestimate E3 impacts at sites with few E3.

A modification to the approach proposed in the EPA recommended metric would be to use a more
sophisticated statistical analysis of the observed data, which could better identify daily wildfire and dust
contributions to PMys.

Receptor-based source apportionment modeling with Positive Matrix Factorization (PMF) is one such
approach that is explored here. PMF modeling identifies common chemical patterns in the monitored
data, which can be then linked to known sources of aerosol to perform a source apportionment of
measured PM,s. Both biomass burning and fugitive dust have unique chemical signatures that PMF
analysis can identify in chemically speciated PM, s measurements (Kotchenruther, 2016; Schlosser et al.,
2018). By identifying a chemical signature associated with biomass burning or dust, the PMF modeling is
able to allocate PM,.s mass to these aerosol sources, not only on E3 days identified under the EPA draft
metric, but also on less extreme days when these sources contribute a relatively smaller share of the
total aerosol burden. Hence, especially for monitoring sites with the most frequent non-anthropogenic
dust and carbon impacts, source apportionment with PMF may allow for better separation of wildfire


mailto:Kotchenruther.Robert@epa.gov

4/17/2018

and dust from sources of anthropogenic impairment. For sites with minimal non-anthropogenic dust
and carbon impacts this approach may still be viable, but should be used with more caution. This is
because this method relies on a source’s impact on a site to both chemically identify the source and
guantify the impact. Hence, results will have more uncertainty at sites with minimal non-anthropogenic
dust and carbon impacts. This paper focuses on carbon apportionment, future work may address dust.

Site selection.

The impairment-based approach discussed in the 2016 Regional Haze Rule amendments and draft
guidance document require a reevaluation of ‘20% worst days’ from that used in the first round of
Regional Haze SIPs. In order to use PMF receptor modeling as an alternate approach to the EPA draft
metric, ideally the full data record would be analyzed with PMF at each site. However, at a minimum
the 2000 — 2004 baseline period and the most recent 5-year period need to be analyzed.

In the exploratory analysis presented here, PMF modeling was performed for available data in the 5-
year baseline period, 2000 — 2004, and the 6-year period from 2011 — 2016. At the time this analysis
was performed, IMPROVE data that had been processed with the EPA draft metric was only available
through 2015, so the most recent 5-year period used in this analysis is 2011 — 2015 to be consistent with
the available EPA draft metric data. 2016 was included in the PMF modeling with an eye towards using
those results once 2016 data was available for the EPA draft metric. It should be noted that when data
were downloaded for this analysis (downloaded on 11/8/2017), 2016 IMPROVE data in the database
were not yet finalized.

In order to determine which sites would be best suited for PMF analysis, IMPROVE sites were evaluated
to determine which sites were most impacted by carbon and dust E3 as defined currently with the EPA
draft metric. To select sites with high carbon E3 (CE3), CE3 visibility degradation calculated as proposed
in the EPA draft guidance was summed for each year at each site, and the yearly sum was averaged for
the 2000 — 2004 baseline period and for 2011 — 2015 period for each site. 8 sites were found to have
high CE3 (yearly sum of CE3, averaged over the respective multi-year period > 300 Mm™?) in both the
baseline period and most recent period. These sites are listed in Table 1 below.

Table 1. Sites identified as having high carbon E3 in both the 2000 — 2004 baseline period and the 2011
— 2015 period.

Site Code Site Name Latitude Longitude Elevation State EPA Code
CRLA1 Crater Lake NP 42.8958 -122.1361 1996 OR 410358001
GLAC1 Glacier NP 48.5105 -113.9966 975 MT 300299001
LABE1 Lava BedsNM  41.7117 -121.5068 1460 CA 60930005
PASA1 Pasayten 48.3877 -119.9275 1627 WA 530470012
SAWT1 Sawtooth NF 44,1705 -114.9271 1990 ID 160370002
STAR1 Starkey 45.2249 -118.5129 1259 OR 410610010
TRIN1 Trinity 40.7864 -122.8046 1014 CA 61059000

YOSE1 Yosemite NP 37.7133 -119.7061 1603 CA 60430003

PM, s Data and PMF Analysis.

IMPROVE chemical mass data (PM; ) were downloaded from the VIEWS website
(http://views.cira.colostate.edu/fed/DataWizard/Default.aspx) on 11/8/2017. Preparation of data prior
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to input into the PMF model was performed as discussed in several recent publications (Kotchenruther,
2015; Kotchenruther, 2017) and included corrections for missing or negative values, data completeness
issues, species double counting, and IMPROVE data advisories listed at
http://vista.cira.colostate.edu/improve/Data/QA QC/Advisory.htm. Some specific data corrections
based on the IMPROVE data advisories and other published work are as follows.

e Advisory: White, W.H., ‘Elemental concentrations above the MDL can go undetected’; correction: Al
data reported as below the Al minimum detectable limit (MDL) is treated as missing data.

e Advisory: White, W.H., ‘S interference in XRF determination of Si‘ and more fully explored in
Indresand and Dillner (2012); correction: for samples in the period from 12/1/2001 to 1/1/2011 with
S/Fe >= 8, Si and Al data are treated as missing data.

e Advisory: White, W.H., ‘Positive interference in PIXE titanium determinations’; correction: for
samples before 12/1/2001, Ti data is treated as missing data.

For the purpose of this analysis, it is important to note a shift that occurred in IMPROVE sampling and
analysis. For IMPROVE samples collected on and after January 1, 2005, new hardware was used for
IMPROVE_A Thermal/Optical Carbon (TOR) analysis

(http://vista.cira.colostate.edu/improve/Data/QA QC/Advisory.htm, see White, W.H., ‘Shift in EC/OC
split with 1 January 2005 TOR hardware upgrade’). This caused a shift in the OC/EC split and means that
OC/EC data collected before and after this hardware upgrade is not easily comparable. Since
identification of biomass burning aerosol using PMF analysis with speciated IMPROVE data relies on
specific OC/EC thermal fractions, the OC/EC chemical ‘fingerprint’ of biomass burning is expected to be
somewhat different before and after the hardware change. For this reason, data from the Regional
Haze Rule baseline period of 2000 — 2004 was analyzed with PMF separately from data from the same
site in the 2011 — 2016 period.

Source apportionment modeling was performed using EPA PMF 5.0 (Norris et al., 2014). Data from each
monitoring site was modeled independently and, as mentioned above, data from the 2000 — 2004 and
2011 — 2016 periods at each monitor was also modeled independently. Since 8 sites were selected for
analysis, and with 2 date ranges at each site, this resulted in 16 independent PMF analyses. Specific
information on how PMF analyses are performed and the quality assurance steps taken can be found in
Kotchenruther (2017).

General assumptions when using the PMF receptor model.

PMF modeling assumes that the chemical composition of emissions from each of the multiple sources
impacting the study site is relatively constant over the period of analysis. If the chemical composition of
emissions is not constant, PMF may resolve a factor with a chemical profile representing the average
emissions profile of a source over the period, or the model might resolve separate factors. Biomass
burning is a source that provides an example of this. At urban monitoring location, often 2 factors
related to biomass burning are resolved by PMF (Kotchenruther, 2016), one related to fresh smoke
(mainly related to wintertime residential wood combustion) and a second related to aged smoke (aged
wintertime residential wood combustion and summer wildfire smoke transported over variable
distances). Conversely, rural monitors analyzed with PMF typically resolve only one factor related to
biomass burning (Kotchenruther, 2017; related to summer wildfire smoke transported over variable
distances). As found in Kotchenruther (2017), this work analyzing rural IMPROVE monitor data mainly
resolved only one factor related to biomass burning, but at a few sites PMF was able to resolve two


http://vista.cira.colostate.edu/improve/Data/QA_QC/Advisory.htm
http://vista.cira.colostate.edu/improve/Data/QA_QC/Advisory.htm

4/17/2018

factors (likely, one factor related to fresher smoke from relatively close wildfires and a second factor
related to more aged smoke transported over variable distances).

PMF modeling also assumes that separate sources should have sufficient temporal, spatial, and/or
chemical variability to be resolved into separate factors. If there is insufficient variability, for example if
multiple sources have emissions at similar temporal frequencies and consistently impact the receptor on
the same days, single PMF factors may represent combinations of sources. PMF factors dominated by
ammonium nitrate or ammonium sulfate are a good example of this, where the nitrate or sulfate likely
comes from multiple sources of NOy and SOy, respectively.

Typically, when PMF is run on chemically speciated PM; s, the assumption is made that the chemical
composition input into the model includes all of the dominant chemical components and important
trace species needed to characterize the range of sources impacting a site and constituting the observed
PMys. If this assumption is invalid, then the aerosol sources attributed to each factor may be
incomplete. Because of the extensive set of elements and ions measured in the IMPROVE program, this
is not a strong concern in this analysis.

PMF Results.

PMF modeling for each of the 8 sites resulted in solutions with from 3 to 5 factors, depending on the
site. Tables 2 and 3 list the sites by the site code identifiers (see Table 1), the number of factors found at
each site for each modeling date range, and the name this author has assigned to each factor. Factor
names were assigned based on the factor chemical profile and temporal impact pattern, and
comparison of these with chemical profiles from source test data and known source activity patterns
(e.g., biomass burning), aerosols from the natural environment (e.g., sea salt), and previous PMF
analysis by the author at other locations and published PMF analyses from other researchers (e.g.,
motor vehicles). Some factor names were assigned based on the dominant chemical composition and
when multiple sources likely contribute (e.g., ammonium sulfate). The order of the factors presented in
Tables 2 and 3 are as the PMF model output them and are random with respect to the magnitude of
mass impact.

Table 2. PMF factors found and assigned factor names for the 2000 — 2004 period.

Site PMF  Factor1 Factor 2 Factor 3 Factor 4 Factor 5
Code factors
CRLA1 5 Biomass burning  Ammonium Motor Vehicles Fugitive Dust Fugitive
and SOC Sulfate Dust, Ca rich
GLAC1 4 Ammonium Fugitive Dust Biomass burning  Ammonium Nitrate
Sulfate and SOC + Residential Wood
Combustion
LABE1 4 Biomass burning Motor Vehicles ~ Ammonium Fugitive Dust
and SOC Sulfate
PASA1 3 Ammonium Fugitive Dust Biomass burning
Sulfate and SOC
SAWT1 4 Motor Vehicles =~ Ammonium Fugitive Dust Biomass burning
Sulfate and SOC
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STAR1 5 Biomass burning  Fugitive Dust Ammonium Ammonium Nitrate Ammonium
and SOC Sulfate, elevated Sulfate
zinc
TRIN1 5 Fugitive Dust, Ca Biomass burning Motor Vehicles Ammonium Sulfate Fugitive
rich and SOC Dust
YOSE1 5 Ammonium Biomass burning  Ammonium Fugitive Dust Ammonium
Sulfate and SOC Sulfate, elevated Nitrate
zinc
Table 3. PMF factors found and assigned factor names for the 2011 — 2016 period.
Site PMF  Factor1 Factor 2 Factor 3 Factor 4 Factor 5
Code factors
CRLA1 5 Ammonium Biomass burning Biomass burning Sea Salt Fugitive
Sulfate and SOC Dust
GLAC1 5 Biomass burning  Motor Vehicles ~ Ammonium Ammonium Fugitive
and SOC Nitrate Sulfate Dust
LABE1 3 Fugitive Dust Ammonium Biomass burning
Sulfate and SOC
PASA1 5 Biomass burning Ammonium Biomass burning  Ammonium Fugitive
Nitrate and SOC Sulfate Dust
SAWT1 4 Biomass burning  Fugitive Dust Ammonium Biomass burning
Sulfate and SOC
STAR1 3 Biomass burning  Ammonium Fugitive Dust
and SOC Sulfate
TRIN1 4 Ammonium Fugitive Dust Biomass burning Sea Salt
Sulfate and SOC
YOSE1 4 Biomass burning  Ammonium Fugitive Dust Ammonium
and SOC Nitrate Sulfate

PMF factor interpretations for the 2000 — 2004 period.

The following common factors (assigned factor names in italics) were identified at one more of the 8

sites for the 2000 — 2004 period. General descriptions of each factor follow the assigned factor name.
Plots of the factors’ chemical profiles and mass allocation time series for all the sites can be found in a
separate appendix to this document.

Biomass burning and secondary organic carbon (SOC) factor. Factor composition was dominated by OC
and EC. Factor mass time series was characterized by winter minimum (< 1 ug/m?3), broad elevation in
summer mass (2 — 3 ug/m?3), and occasional large or very large spikes in summer mass (> 4 pug/m?). This
factor is thought to be a combination of biomass burning aerosol (mainly from wildfire, but could
possibly also including prescribed and agricultural fires) and secondary organic aerosol (assumed mainly
from biogenic VOCs, but also likely including some SOC from anthropogenic VOCs). This factor likely
combines SOC with biomass burning because of the dominance of OC in both sources, especially OC2,
0C3 and 0OC4, and the lack of other chemical measurements in the IMPROVE dataset that would
increase factor resolution (e.g., a chemical marker for biomass burning like levoglucosan).
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Fugitive Dust and Fugitive Dust, Ca Rich factors. Factors with compositions dominated by the mineral
dust components Ca, Fe, Si, and Ti (note, for the 2000 — 2004 period, Al data was excluded from PMF
model inputs due to data quality issues). Several sites had two fugitive dust factors, one that was rich in
Ca and the other not.

Ammonium Sulfate, Ammonium Sulfate with Elevated Zinc, and Ammonium Nitrate factors. Factors with
compositions dominated by either sulfate or nitrate. Several sites had two sulfate rich factors, one with
elevated zinc and the other without. The nitrate and sulfate in these factors is likely secondarily
produced from atmospheric oxidation of multiple NOy and SO, sources.

Motor vehicle factor. Factor composition dominated by OC (typically, 0OC2, OC3, and OC4), EC (typically
EC1), and NOs, with trace metal contributions (typically Zn).

Ammonium Nitrate + Residential Wood Combustion factor. Factor with winter maximum, summer
minimum, with chemical composition a mixture of nitrate and OC, EC, and K typical of wood
combustion.

PMF factors identified for the 2011 — 2016 period, but not identified in the 2000 — 2004 period.

The following common factors (assigned factor names in italics) were identified at one or more of the 8
sites for the 2011 - 2016 period, but not previously described above. General descriptions of each factor
follow the assigned factor name. Plots of the factors’ chemical profiles and mass allocation time series
for all the sites can be found in a separate appendix to this document.

Biomass burning factor. Factor composition dominated by OC and EC. Several sites in the 2011 — 2016
period had two factors associated with biomass burning. In these cases, the biomass burning factor had
occasional large or very large summer spikes in mass, but otherwise generally low summer and winter
mass allocation, and had a higher potassium composition. The second factor associated with biomass
burning, biomass burning and SOC, was similar to that in the 2000 — 2004 period and to that at sites in
this period with only one biomass burning associated factor. It is surmised, for reasons stated above
and in the next section, that the biomass burning factor is more directly related to recent, less aged,
combustion compared to the biomass burning and SOC factor.

Sea Salt factor. Factor composition dominated by Na and Cl-.
Examples of factors associated with biomass burning.

Results at the SAWT1 site for 2011 - 2016 give an example when PMF resolved two factors associated
with biomass burning. Figure 1 shows the SAWT1 Factor 1 (biomass burning) results for factor
composition and mass allocation. Figure 2 shows the SAWT1 Factor 4 (biomass burning and SOC)
results. The factor chemical profiles and time series are similar, but with differences as outlined above.

In the factor composition plots in Figures 1 and 2, the bars represent factor composition (note, plotted
on a log scale to better show trace species) and the circles represent the percent of each species
allocated to that factor at that site. The plotted factor composition has been modified from the raw
PMF output as follows: using the standard IMPROVE network assumptions, organic carbon species have
been multiplied by 1.8 to account for the unmeasured oxygen and hydrogen components of organic
mass; sulfate and nitrate have been multiplied by 1.375 and 1.29, respectively, to account for the
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unmeasured ammonium cation; and Al, Ca, Fe, Si, and Ti were multiplied to account for their typical
metal oxide to metal ratios in soil. The resulting profiles were then normalized so that the total profile
composition summed to a value of 1.

Figure 1. PMF model results for SAWT1 for the 2011 — 2016 modeling period. Factor composition plot
(left) and mass impacts plot (right) for PMF factor 1, associated with biomass burning.
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Figure 2. PMF model results for SAWT1 for the 2011 — 2016 modeling period. Factor composition plot
(left) and mass impacts plot (right) for PMF factor 4, associated with biomass burning and secondary
organic carbon.
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To find plots of all factor results for each site, see the separate appendix associated with this report.

The main chemical difference between the factor associated with biomass burning (Figure 1) and that
for biomass burning and secondary organic carbon (Figure 2) are a higher OC/EC ratio in the latter. The
higher OC/EC ratio likely represents the addition of more secondary organic carbon to the aerosol as a
result of longer travel times from the emission source compared to aerosol associated with the factor in
Figure 1. Even larger chemical differences are seen in fresh vs. aged biomass burning factors from PMF
analyses of urban monitoring data (Kotchenruther, 2016), where a portion of the biomass burning
aerosol is from residential wood combustion emissions occurring within the same 24-hour period as the
sample collection.
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The main temporal difference between the factor associated with biomass burning (Figure 1) and
biomass burning and secondary organic carbon (Figure 2) is a broad increase in summer mass allocation
for the biomass burning and secondary organic carbon factor (Figure 2). This broad increase in mass is
likely related to increased summertime SOA production. The reason why PMF may be mixing SOA with
aged biomass burning is that both likely have significant organic mass that is lower volatility and more
oxygenated (0C2, OC3, 0C4, and OP components of OC). Measurement of a biomass burning tracer like
levoglucosan would likely improve factor resolution in PMF, improving separation of SOA from biomass
burning.

Using PMF results to calculate the natural and anthropogenic components of light extinction for OMC
and EC components.

The draft EPA metric to calculate visibility impairment takes the calculated light extinction from
chemically speciated IMPROVE PM,.s measurements and separates the light extinction for each chemical
component into a routine natural conditions component, an E3 component for carbon and dust, and the
anthropogenic portion of light extinction. The PMF results can be used to re-allocate the natural and
anthropogenic portions of light extinction. This paper has a particular focus on using the results of PMF
to better quantify episodic impacts, what ramifications that has on selection of the 20% most impaired
days, and the natural vs. anthropogenic split in light extinction on those days. This paper focuses on re-
allocating carbon light extinction, but in principal the same methodology could be used for dust.

The following dataflow outlines the procedure used to develop PMF-based estimates of carbon natural
and anthropogenic light extinction, and E3 light extinction for comparison to the EPA metric. Figure 3 is
also a representation of this data flow.

1. Obtain IMPROVE PM mass data and process data for input into the PMF model.
2. Conduct PMF modeling, yielding PMF factors (factor mass allocations and factor chemical profiles).
3. Process PMF modeling output.
a. For each factor, normalize the chemical profile by:
i.  Assuming an OMC/OC ratio (1.8 was used here). Use metal oxide/metal ratios for
soil components based on the IMPROVE network assumptions. Assume NO; and
SO, are fully neutralized by NH4 and adjust the mass of NOs and SO4 accordingly.
ii.  Sum profile components and divide each component by the total.

b. Determine the total daily OMC and EC mass allocated to each factor. Do this by multiplying
the normalized (fractional) OMC and EC content of each factor by the factor mass allocated
to each factor on each observation day.

c. Determine the fraction of daily OMC and EC mass allocated to each factor. To do this for
OMC, divide the OMC mass allocated to each factor on each day (from step above) by the
sum of all OMC mass allocated by PMF on each day. This results in a factional OMC
allocation by factor and by day. Do the same for EC mass allocation to get a fractional EC
allocation by factor and by day.

d. Determine the source, or sources, making up each factor (e.g., compare factor chemical
profiles with known source profiles, compare time series of factor mass impacts with
temporal activity of known sources, etc.), and for each factor determine which factors are
from primarily natural vs. anthropogenic sources. For natural sources/factors, sum factional
OMC allocations for each day to get total factional OMC from natural sources for each day.
Repeat for EC to get factional EC from natural sources for each day.
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4. Obtain IMPROVE data processed using EPA’s draft recommended approach (RHRIII data in the
VIEWS database) for same dates as modeled in PMF. This includes daily light extinction for each
major aerosol component (e.g., OMC, EC, SOIL, sulfate, nitrate) and estimated routine natural light
extinction for each component as calculated using the EPA’s draft recommended approach.

5. Allocate daily observed OMC and EC light extinction into natural and anthropogenic components by
multiplying observed OMC and EC light extinction by daily factional OMC from natural and
anthropogenic sources in step 3d, respectively.

6. For comparison with the EPA draft metric, determine PMF-based E3 light extinction by subtracting
EPA estimated routine natural OMC and EC from PMF-based natural OMC and EC light extinction.

Figure 3. Data flowchart for developing PMF-based estimates of carbon natural and anthropogenic light
extinction, and E3 light extinction.
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To allocate carbon based on the PMF analysis, it is assumed that the carbon components of the PMF
factors labeled ‘biomass burning’, ‘biomass burning and SOC’, “fugitive dust’, ‘fugitive dust, Ca rich’ and
‘sea salt’ (sea salt is considered all natural, as in the draft recommended method) are the sum of routine
natural carbon and E3 carbon (step 3d in the dataflow above). While it is assumed these factors are all
natural in origin, this is likely not completely accurate, which is a source of uncertainty in this
methodology. For example, in the case of ‘biomass burning and SOC’, the SOC component may have
some anthropogenic component.



4/17/2018

Summing the contributions to OMC and EC light extinction from the factors that are assumed to be the
sum of routine natural carbon and E3 carbon (listed above) gives a daily natural carbon light extinction

allocation (i.e., routine natural carbon + E3 carbon) for OMC and EC, with the remainder assumed to be
from anthropogenic sources.

For comparative purposes to the draft EPA recommended metric, to get PMF-based E3 allocation for
each day, the routine natural carbon value in the EPA draft metric is assumed, and then subtracted from
the PMF-based daily natural carbon allocation. Figure 4 shows a comparison of E3 allocation using PMF
and the EPA draft metric for the SAWT1 site and the 2011 — 2015 period (note, EPA draft metric
calculations were only available through 2015 at the time of this analysis). While technically the CE3
calculated from PMF no longer represent just extreme episodic events, but also includes biomass
burning impacts on non-extreme days, plotting the two together provides a comparison of light
extinction allocation between the two methods.

Figure 4. CE3 values for the SAWT1 site using the EPA draft metric and using PMF source
apportionment. Both left and right plots are the same data, but the plot to the right expands the y-axis
scale.
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Areas of uncertainty when using PMF results to calculate the natural and anthropogenic components
of light extinction for OMC and EC components.

When using PMF results to apportion OMC and EC light extinction between the natural and
anthropogenic components, there are several issues that lead to uncertainty.

In this analysis, PMF factors are categorized as either all anthropogenic or all natural. This is a
simplifying assumption to make separation of anthropogenic and natural possible, but may introduce
uncertainty. For example, for the factor labeled ‘biomass burning and SOC’, the SOC component was
surmised because the time series of mass impacts for this factor at most sites had a broad increase in
summer mass (the surmised SOC) punctuated by large spikes in mass (biomass burning plumes). The
SOC component is assumed to be mainly from biogenic SOA, but anthropogenic SOC contributions can’t
be excluded. Hence, assuming all carbon is natural in this factor likely overestimates the natural carbon
contribution to light extinction. Similarly, with factors like ammonium sulfate and ammonium nitrate
where the all the sulfate and nitrate are assumed to come from anthropogenic sources, any associated
OM and EC with these factors is also assumed to be anthropogenic. Hence, this assumption may lead to
an underestimate of the natural carbon contribution to light extinction.
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PMF attributes mass to each factor on each observation day. However, the sum of PMF mass
attributions rarely exactly matches the observed total mass. On average PMF tended to underestimate
the observed mass by about 25%, as determined from the average slope of linear correlations between
PMF attributions and observed mass. However, this average is dominated by underestimation of mass
at the highest mass loadings, as illustrated in Figure 5 for the CRLA1 site, in which elevated mass is
associated with wildfire plume impacts. As seen in Figure 5, the lower mass loadings are close to the 1:1
line when plotting observations and model prediction. Despite an underestimate of mass on high mass
loading days, on any specific day PMF can either under or overestimated the total observed mass. To
account for either under or overestimation, the PMF attribution results for each day are used in a
relative sense. That is, for each chemical component the mass attributed by PMF to each factor is
divided by the total PMF mass attribution on each day, then this fraction is multiplied by the observed
light extinction to get the PMF factor light extinction attribution. The correlation coefficient between
PMF mass attributions and observed total mass was good to excellent, with mean r? for the 8 sites
modeled at 0.82 and 0.91, for the 2000 — 2004 and 2011 — 2016 modeling periods, respectively
(between 0 — 2 outlier data points removed for each correlation). Using PMF results in the relative
sense for each day assumes PMF factors capture all of the sources impacting the monitoring sites.

One possible reason for systematic underestimation of mass at higher mass loadings, as seen in Figure 5,
is that the chemical composition of biomass burning is somewhat different on high mass loading days
(relatively fresh biomass burning plumes) compared to the more numerous lower mass loading days
(Kotchenruther, 2016). For example, fresh biomass burning typically has a lower OC/EC ratio. Since the
PMF factor for biomass burning represents an average smoke chemical profile over all days, the
difference in chemical composition of actual smoke on high mass loading days may account for the
discrepancy. As noted above, PMF results have been used in a relative sense in this work to account for
any bias.

Figure 5. Observed vs. PMF predicted PM;s for the Crater Lake (CRLA1) IMPROVE site, 2011 — 2016
data.
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Comparing anthropogenic and natural light scatting components on the 20% most impaired days as
calculated by the EPA draft metric vs. PMF modeling.

Regardless of the method used to apportion natural and anthropogenic light extinction, once that step is
complete, the Regional Haze Rule requires States to identify the 20% most impaired days and develop
state implementation plans to reduce visibility impairment on those days. In this work, differences
between the EPA draft metric and the PMF method occur in the amount of carbon attributed to natural
and anthropogenic sources. When the natural and anthropogenic light extinction data for all
components is then aggregated, the days selected as the 20% most impaired for each year are
somewhat different between the two methods. The average difference in days selected as the 20%
most impaired between the EPA draft metric and the PMF method was 34% for both the 2000 — 2004
period and 2011 — 2015 period, with the highest difference being 70% for the SAWT1 site in the 2000 —
2004 period and the smallest being 19% for the PASA1 site in the 2011 — 2015 period. Tables showing
the percent difference at each site for each modeling period are provided in the appendix. Also, plots of
the seasonal distribution of the 20% most impaired days are provided in the appendix. For many sites,
the seasonal distribution of 20% most impaired days shows an increase in the frequency of spring days
using the PMF method, and fewer days in summer through fall when there is typically more wildfire
activity.

The selection of different days as the 20% most impaired between the two methods means that there
will be differences in the chemical composition for all light extinction components for the 2 methods,
not just differences in carbon light extinction.

Tables 4 — 7 and Figures 6 — 8 show the light extinction values for the components of anthropogenic and
natural light extinction on the 20% most impaired days for the 2000 — 2004 period and the 2011 — 2015
period, and using the EPA draft metric and the PMF method discussed above. Tables 8 and 9 show the
percent change in these light extinction values from the 2000 — 2004 period to the 2011 — 2015 period,
and using the EPA draft metric and the PMF method discussed above, respectively.

Differences in the data in Tables 4 — 7 and Figures 6 — 8, between the EPA draft metric and the PMF
method, are a result of both a reallocation of carbon between natural and anthropogenic in the PMF
method and a selection of different days as the 20% most impaired. In order to better elucidate the
impact of carbon reallocation vs. different days selected, tables are presented in the appendix to this
document that show the 20% most impaired days as determined by the EPA draft metric, but using the
light extinction composition as determined by the PMF method on those days.

Table 4. Components of anthropogenic and natural light extinction on the 20% most impaired days via
EPA draft recommended metric for 2000 — 2004.

EPA Draft 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Metric (Mm-1) (Mm-1)
Ammonium Ammonium Coarse Elemental Organic Total Sea Carbon Dust Routine  Total Total

Site Code Nitrate Sulfate Mass Carbon Mass Soil  Anth. Salt Rayleigh E3 E3 Natural Natural (Mm-1)
CRLA1 0.332 5.565 0.000 1.474 1.447 0.000 8.819 0.077 9.000 0.318 0.282 7.609 17.286  26.105
GLAC1 8.446 10.834 0.216 4.051 9.772 0.019 33.338 0.083 11.000 1.384 0.016 8.181 20.665 54.003
LABE1 1.484 5.608 0.000 1.345 3.836 0.019 12.293 0.073 10.000 0.703 0.176 8.295 19.247  31.540
PASA1 0.849 6.675 0.000 0.839 2.212 0.018 10.594 0.057 10.000 0.756 0.105 7.671 18.590 29.184
SAWT1 0.025 2.482 0.000 1.743 5.845 0.000 10.095 0.010 10.000 0.538 0.162 5.574 16.285  26.380
STAR1 12.872 7.266 0.038 1.805 4,725 0.000 26.706 0.092 10.000 1.949 0.101 8.816 20.959  47.665
TRIN1 3.200 6.934 0.008 1.383 4.550 0.027 16.102 0.079 10.000 1.391 0.131 8.200 19.800  35.902
YOSE1 7.170 7.559 0.362 1.857 5.099 0.061 22.107 0.095 10.000 0.663 0.219 7.884 18.862  40.969

12



4/17/2018

Table 5. Components of anthropogenic and natural light extinction on the 20% most impaired days via
PMF method for 2000 — 2004.

PMF 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Method (Mm-1) (Mm-1)
Ammonium Ammonium Coarse Elemental Organic Total Sea Carbon Dust Routine  Total Total

Site Code Nitrate Sulfate Mass Carbon Mass Soil  Anth. Salt Rayleigh E3 E3 Natural Natural (Mm-1)
CRLA1 0.330 5.435 0.000 1.506 0.395 0.000 7.666 0.088 9.000 1.884 0.329 7.245 18.546  26.212
GLAC1 9.194 11.358 0.194 3.606 13.039 0.014 37.405 0.114 11.000 2.571 0.000 8.429 22.114 59.519
LABE1 1.517 5.793 0.000 0.329 0.587 0.021 8.247 0.097 10.000 3.345 0.189 7.453 21.084  29.330
PASA1 0.898 6.813 0.000 0.162 0.088 0.017 7.978 0.074 10.000 3.307 0.078 7.035 20.493 28.471
SAWT1 0.029 3.057 0.000 0.923 2.449 0.000 6.458 0.057 10.000 4.284 0.232 4.790 19.362  25.820
STAR1 13.351 7.274 0.034 1.164 2.461 0.000 24.285 0.234 10.000 4.008 0.087 8.484 22.813 47.097
TRIN1 3.744 7.189 0.006 0.691 0.799 0.026 12.456 0.166 10.000 5.563 0.157 8.073 23.959  36.415
YOSE1 7.760 7.257 0.323 0.838 1.429 0.063 17.668 0.113 10.000 4.205 0.245 7.133  21.697  39.365

Table 6. Components of anthropogenic and natural light extinction on the 20% most impaired days via
EPA draft recommended metric for 2011 — 2015.

EPA Draft 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Metric (Mm-1) (Mm-1)
Ammonium Ammonium Coarse Elemental Organic Total Sea Carbon Dust Routine  Total Total

Site Code Nitrate Sulfate Mass Carbon Mass Soil  Anth. Salt Rayleigh E3 E3 Natural Natural (Mm-1)
CRLA1 0.000 5.689 0.000 0.909 1.090 0.000 7.688 0.189 9.000 0.273 0.252 7.468 17.182  24.870
GLAC1 2.185 6.024 0.212 2.941 8.544 0.000 19.906 0.108 11.000 0.622 0.047 8941 20.718 40.624
LABE1 0.576 5.304 0.011 0.810 2.392 0.000 9.094 0.134 10.000 0.245 0.154 8.010 18.543  27.637
PASA1 0.206 5.335 0.047 0.470 0.921 0.000 6.979 0.083 10.000 0.202 0.106 7.737 18.128  25.108
SAWT1 0.040 2.707 0.008 0.900 3.809 0.000 7.464 0.021 10.000 0.416 0.202 5.800 16.438  23.902
STAR1 5.129 6.229 0.000 0.883 2.483 0.000 14.729 0.169 10.000 0.125 0.030 9.260 19.584  34.313
TRIN1 0.393 6.066 0.113 0.961 3.138 0.000 10.671  0.244 10.000 0.362 0.299 7.670 18.574  29.245
YOSE1 3.006 6.754 0.596 1.097 3.895 0.061 15.409 0.225 10.000 0.143 0.433 8216 19.017 34.426

Table 7. Components of anthropogenic and natural light extinction on the 20% most impaired days via
PMF method for 2011 — 2015.

PMF 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Method (Mm-1) (Mm-1)
Ammonium Ammonium Coarse Elemental Organic Total Sea Carbon Dust Routine  Total Total

Site Code Nitrate Sulfate Mass Carbon Mass Soil = Anth. Salt Rayleigh E3 E3 Natural  Natural (Mm-1)
CRLA1 0.000 5.670 0.000 0.397 0.245 0.000 6.311 0.212 9.000 1.220 0.249 6.545 17.225 23.536
GLAC1 1.954 6.493 0.230 2.107 3.889 0.000 14.672 0.113 11.000 2.751 0.036 7.616 21.516 36.189
LABE1 0.541 5.465 0.012 0.226 0.394 0.000 6.638 0.173 10.000 1.402 0.224 6.760  18.559 25.197
PASA1l 0.183 5.249 0.046 0.122 0.132 0.000 5.732 0.114 10.000 0.764 0.144 6.678 17.700 23.432
SAWT1 0.046 3.112 0.006 0.208 0.413 0.000 3.784 0.045 10.000 1.884 0.139 4.438 16.507 20.291
STAR1 5.248 6.241 0.000 0.344 0.401 0.000 12.235 0.181 10.000 1.742 0.028 8.501 20.451 32.687
TRIN1 0.484 6.401 0.087 0.217 0.399 0.000 7.588 0.526 10.000 2.159 0.256 6.853 19.794 27.381
YOSE1 3.181 6.535 0.549 0.424 0.903 0.061 11.652  0.258 10.000 2.382 0.372 7.266  20.279 31.931
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Table 8. Percent change from the 2000 — 2004 period to the 2011 — 2015 period, in components of
anthropogenic and natural light extinction on the 20% most impaired days as determined via the EPA
draft recommended metric. Note, in cases where there is a zero value in the 2000 — 2004 period, a
percent change cannot be evaluated and is designated as ‘DIV/0!" in the table.

EPA Draft 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Metric (% change in Mm-1) (% change in Mm-1)

Ammonium Ammonium Coarse Elemental Organic Total Carbon Dust Routine Total
Site Code Nitrate Sulfate Mass Carbon Mass Soil Anth. Sea Salt Rayleigh E3 E3 Natural Natural Total
CRLA1 -100.0 2.2 DIV/0! -38.3 -24.7 DIV/O!  -12.8 146.9 0.0 -14.3  -10.5 -1.9 -0.6 -4.7
GLAC1 -74.1 -44.4 -1.9 -27.4 -12.6  -100.0 -40.3 29.3 0.0 -55.0 184.3 9.3 0.3 -24.8
LABE1 -61.2 -5.4 DIV/0! -39.7 -37.6  -100.0 -26.0 84.9 0.0 -65.1 -12.4 -34 -3.7 -12.4
PASA1 -75.8 -20.1 DIV/0! -44.0 -58.4 -100.0 -34.1 46.0 0.0 -73.3 0.6 0.9 -2.5 -14.0
SAWT1 57.8 9.1 DIV/0! -48.4 -34.8 DIV/0!  -26.1 115.1 0.0 -22.8 243 4.0 0.9 -9.4
STAR1 -60.1 -14.3 -100.0 -51.1 -47.3  DIV/0!  -44.8 83.8 0.0 -93.6 -70.1 5.0 -6.6 -28.0
TRIN1 -87.7 -12.5 1369.9 -30.5 -31.0 -100.0 -33.7 208.1 0.0 -74.0 1289 -6.5 -6.2 -18.5
YOSE1 -58.1 -10.6 64.7 -40.9 -23.6 -0.6 -30.3 135.6 0.0 -78.4 97.8 4.2 0.8 -16.0

Table 9. Percent change from the 2000 — 2004 period to the 2011 — 2015 period, in components of

anthropogenic and natural light extinction on the 20% most impaired days as determined via the PMF
method. Note, in cases where there is a zero value in the 2000 — 2004 period, a percent change cannot
be evaluated and is designated as ‘DIV/0! in the table.

PMF 20% Most Impaired Days Anthropogenic Light Scattering 20% Most Impaired Days Natural Light Scattering
Method (% change in Mm-1) (% change in Mm-1)

Ammonium Ammonium Coarse Elemental Organic Total Carbon Dust Routine Total
Site Code Nitrate Sulfate Mass Carbon Mass Soil Anth. Sea Salt Rayleigh E3 E3 Natural Natural Total
CRLA1 -100.0 4.3 DIV/0! -73.7 -38.0 DIv/0! -17.7 139.6 0.0 -35.3 -245 -9.7 -7.1 -10.2
GLAC1 -78.8 -42.8 18.3 -41.6 -70.2  -100.0 -60.8 -0.4 0.0 7.0 DIvV/0! -9.6 -2.7 -39.2
LABE1 -64.4 -5.7 DIV/0! -31.3 -32.8 -100.0 -19.5 78.5 0.0 -58.1 18.6 -9.3 -12.0 -14.1
PASA1 -79.6 -23.0 DIV/0! -24.6 49.6 -100.0 -28.1 54.1 0.0 -76.9 85.3 -5.1 -13.6 -17.7
SAWT1 57.6 1.8 DIV/0! -77.5 -83.2 DIV/0! -41.4 -21.2 0.0 -56.0 -39.8 -7.3 -14.7 -21.4
STAR1 -60.7 -14.2 -100.0 -70.4 -83.7 DIV/0! -49.6 -22.7 0.0 -56.6 -67.6 0.2 -10.4 -30.6
TRIN1 -87.1 -11.0 1255.4 -68.6 -50.2  -100.0 -39.1 216.9 0.0 -61.2 630 -15.1 -17.4 -24.8
YOSE1 -59.0 -9.9 70.0 -49.4 -36.8 -2.9 -34.0 127.8 0.0 -43.3 51.8 1.9 -6.5 -18.9
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Figure 6. Anthropogenic light extinction for four chemical components in the 2000 — 2004 period, for the
8 sites analyzed, and for the EPA draft metric (grey bars) and PMF methods (black bars).
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Figure 7. Anthropogenic light extinction for four chemical components in the 2011 — 2015 period, for the
8 sites analyzed, and for the EPA draft metric (grey bars) and PMF methods (black bars).
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Figure 8. Total anthropogenic light extinction for the 2000 — 2004 and 2011 — 2015 periods, for the 8
sites analyzed, and for the EPA draft metric (grey bars) and PMF methods (black bars).
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As expected, comparing anthropogenic light extinction results on the 20% most impaired days shows
generally less carbon anthropogenic extinction in the PMF method compared to the EPA draft metric.
This was expected because the PMF method attributes wildfire light extinction as natural at all levels of
impact, not just high impact levels as in the EPA draft metric. One notable exception is for the GLAC1
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site in the 2000 — 2004 period, which showed higher carbon anthropogenic extinction by the PMF
method. This is likely because one of the factors identified by PMF for GLAC1 in the 2000 — 2004 period
was interpreted as ‘ammonium nitrate + residential wood combustion’, with maximum impacts
centered on winter months, and was designated as anthropogenic in the PMF method. The EPA draft
metric may be interpreting some of these higher winter impacts as natural carbon E3. While the PMF
method identified a winter-maximum ‘ammonium nitrate’ factor in the results for GLAC1 in the 2011 —
2016 period, no significant winter residential wood combustion related factor was identified. So for the
GLAC1 site in the 2011 — 2016 period, the PMF method allocated less carbon anthropogenic light
extinction on the 20% worst days when compared to the EPA draft metric.

Comparing anthropogenic light extinction for other chemical components besides carbon on the 20%
most impaired days, typically the PMF method shows slightly higher anthropogenic attribution for
sulfate and nitrate, and about the same impact for the remainder of components. This is not a
surprising result, since the PMF method removes some of the emphasis on carbon impairment, and as a
result, when selecting the 20% worst days, allows more emphasis to be placed on the other dominant
anthropogenic light extinction components.

Comparing deciview values, uniform rate of progress, and derived natural conditions as calculated by
the EPA draft metric vs. PMF modeling for the 20% most impaired days.

For each site analyzed, Table 10 lists the total, natural, and impairment values in deciviews for the 2000
— 2004 and 2011 — 2015 periods on the 20% most impaired days based on the calculations using the EPA
draft metric. Table 10 also lists the derived natural conditions estimate and uniform rate of progress
(URP) slope using the EPA draft metric. Table 11 lists the same values calculated using the PMF method.
For the best ‘apples to apples’ comparison, the derived natural conditions using the EPA draft metric is
presented as the average of natural deciview values from the 2000 — 2004 and 2011 — 2015 periods,
rather than from the full data record.

Because more carbon light extinction is allocated to natural in the PMF method, the derived natural
conditions are higher in the PMF method. Also, in most cases the total deciviews on the 20% most
impaired days for the baseline period is lower in the PMF method, likely a result of less emphasis of
wildfire impacted days in the PMF method. Both of these act to reduce the URP slope in most cases.
Plots of the data in Tables 10 and 11 can be found in the appendix associated with this document.
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Table 10. Results of using the EPA draft metric for 8 IMPROVE sites to calculate 2000 — 2004 deciviews,
2011 - 2015 deciviews, derived natural conditions, and the uniform rate of progress slope on the 20%
most impaired days.

URP Calculated Total Derived Natural
2000 - 2004 Deciview Values 2011 - 2015 Deciview Values Deciview Values URP Slope = Conditions*
deciview
Site Impairment Natural Total Impairment Natural Total Year 2015 Year 2028 peryear deciview
CRLA1 4.061 5.296 9.357 3.523 5.083 8.607 8.593 7.690 0.069 5.190
GLAC1 9.450 6.841 16.290 6.690 7.070 13.760 14.579 12.556 0.156 6.955
LABE1 4.883 6.395 11.277 3.907 6.016 9.923 10.347 9.248 0.085 6.205
PASA1l 4.465 5.946 10.411 3.222 5.747 8.969 9.574 8.585 0.076 5.846
SAWT1 4.833 4,784 9.617 3.717 4.848 8.564 8.737 7.696 0.080 4.816
STAR1 7.722 6.824 14.546 5.219 6.381 11.600 13.090 11.369 0.132 6.603
TRIN1 5.744 6.305 12.048 4.455 6.001 10.457 10.968 9.690 0.098 6.153
YOSE1 7.459 6.066 13.525 5.878 6.320 12.198 12.181 10.592 0.122 6.193

* based on average of natural deciview values from 2000 - 2004 and 2011 - 2015 periods

Table 11. Results of using the PMF method for 8 IMPROVE sites to calculate 2000 — 2004 deciviews,
2011 - 2015 deciviews, derived natural conditions, and the uniform rate of progress slope on the 20%
most impaired days.

URP Calculated Total Derived Natural
2000 - 2004 Deciview Values 2011 - 2015 Deciview Values Deciview Values URP Slope = Conditions*
deciview
Site Impairment Natural Total Impairment Natural Total Year 2015 Year 2028 per year deciview
CRLA1 3.416 5.775 9.191 2.916 4,991 7.907 8.493 7.668 0.063 5.383
GLAC1 9.482 7.602 17.085 5.109 7.236 12.345 15.313 13.218 0.161 7.419
LABE1 3.240 7.165 10.405 2.945 5.922 8.867 9.697 8.861 0.064 6.544
PASA1l 3.261 6.636 9.897 2.753 5.525 8.278 9.198 8.371 0.064 6.081
SAWT1 2.820 6.093 8.913 2.000 4.854 6.854 8.282 7.537 0.057 5.473
STAR1 6.551 7.551 14.103 4.241 6.711 10.951 12.825 11.314 0.116 7.131
TRIN1 3.907 7.952 11.859 3.152 6.530 9.683 11.013 10.012 0.077 7.241
YOSE1 5.538 7.323 12.861 4.457 6.895 11.352 11.806 10.560 0.096 7.109

* based on average of natural deciview values from 2000 - 2004 and 2011 - 2015 periods
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