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Abstract: A significant concern for public health and visibility is airborne particulate matter, es-
pecially during extreme events. Of most relevance for health, air quality, and climate is the role
of fine aerosol particles, specifically particulate matter with aerodynamic diameters less than or
equal to 2.5 micrometers (PM2.5). The purpose of this study was to examine PM2.5 extreme events
between 1989 and 2018 at Mesa Verde, Colorado using Interagency Monitoring of Protected Visual
Environments (IMPROVE) monitoring data. Extreme events were identified as those with PM2.5 on a
given day exceeding the 90th percentile value for that given month. We examine the weekly, monthly,
and interannual trends in the number of extreme events at Mesa Verde, in addition to identifying the
sources of the extreme events with the aid of the Navy Aerosol Analysis and Prediction (NAAPS)
aerosol model. Four sources were used in the classification scheme: Asian dust, non-Asian dust,
smoke, and “other”. Our results show that extreme PM2.5 events in the spring are driven mostly
by the dust categories, whereas summertime events are influenced largely by smoke. The colder
winter months have more influence from “other” sources that are thought to be largely anthropogenic
in nature. No weekly cycle was observed for the number of events due to each source; however,
interannual analysis shows that the relative amount of dust and smoke events compared to “other”
events have increased in the last decade, especially smoke since 2008. The results of this work
indicate that, to minimize and mitigate the effects of extreme PM2.5 events in the southwestern
Colorado area, it is important to focus mainly on smoke and dust forecasting in the spring and
summer months. Wintertime extreme events may be easier to regulate as they derive more from
anthropogenic pollutants accumulating in shallow boundary layers in stagnant conditions.

Keywords: Mesa Verde; aerosol; extreme PM2.5 events; dust; smoke; NAAPS; IMPROVE

1. Introduction

Particulate matter (PM) is a leading cause of death globally among environmental
threats and was the fifth-ranking mortality risk factor as of 2015 [1], accounting for over
7 million deaths per year (~4.2 million from outdoor pollution) according to the World
Health Organization [2]. In addition, atmospheric aerosol particles degrade visibility and
air quality and have important impacts on climate and the hydrological cycle. Of concern
are rare events when PM levels are extremely high, which can lead to an abrupt increase in
risk for living beings and the environment. A region especially vulnerable to such events is
the southwestern United States (U.S.), which is exposed to dust and smoke, in addition to
various forms of anthropogenic pollution. In particular, wildfires are of growing concern
owing to warming temperatures, and historic land management practices that yielded
conditions conducive to larger and more frequent fires over the western U.S. [3–5]. Recent
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decades have coincided with rapid population growth, land use change, and increasing
water shortages and drought, resulting in perturbations in aerosol emissions and their
eventual effects (e.g., health, cloud formation, visibility, climate) on the region [6–11].
Seasonal characteristics of aerosol composition and concentrations have been discussed
thoroughly in many past studies for the southwestern U.S. [12–16]. Of note is that the
southwestern U.S. has the highest fine soil levels in ambient particles as compared to the
rest of the country [17]. Furthermore, regulatory activities have been linked to reductions
over time over the western U.S. for anthropogenic pollutants such as sulfate [18].

Mesa Verde National Park (NP) in southwest Colorado, near the four-corners area
between Arizona, New Mexico, Utah, and Colorado (Figure 1), is located in an area
where several sources of PM combine to lead to extreme PM events. Such sources include
biomass burning, dust, natural biogenic and anthropogenic sources, and also long-range
transport from other regions [12,13,17,19–21]. There are relatively small populated centers
(population < 50,000) within a ~50 km radius, but there are major coal-fired power stations
including the San Juan Generating Station and Four Corners Power Plant about 46 km and
53 km south of Mesa Verde NP, respectively (Figure 1) [22]. Knowledge of the frequency,
intensity, and chemical characteristics of extreme PM events is helpful for developing
strategies to mitigate their negative impacts. As fossil fuel combustion can be more easily
controlled than natural aerosol sources (e.g., dust, smoke) [23], a potential concern for
this region is if dust and smoke air quality events are more prevalent than those linked
to anthropogenic emissions. Motivating this issue is that another study focused on the
southwestern U.S. reported a decline in the number of extreme aerosol events based
on criteria involving elemental carbon (i.e., anthropogenic pollutant) between 2001 and
2014 [24]. This study aims to use three decades of surface monitoring data at Mesa
Verde, coupled to global aerosol model results, to address the temporal frequency of
extreme PM events (monthly, day of week, interannual), categorization of such events into
source categories, and the aerosol chemical characteristics of these events as a function of
source category.
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(IMPROVE) monitoring site at Mesa Verde National Park (Colorado) in addition to other regional
locations. Image source: Google Earth.
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2. Methods
2.1. IMPROVE Site and Data Description

The Mesa Verde National Park (NP) Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) site (37.1984◦ N, 108.4907◦ W) in southwestern Colorado (Figure 1)
is based in Montezuma County and at 2172 m above sea level (ASL). Other notable regional
cities are shown in Figure 1, including Santa Fe, New Mexico (~295 km away), Phoenix,
Arizona (~540 km away), Denver, Colorado (~405 km away), and Salt Lake City, Utah
(~490 km away). This IMPROVE site collects 24 h filter samples throughout the week, with
two collected per week (Wednesday and Saturday) before 2000, and one every third day
after 2000. This shift in sampling schedule is not expected to bias the results shown in this
study as the day-of-week analysis is only conducted for the period starting in 2000. Sam-
pling details and protocols are explained in detail elsewhere (http://vista.cira.colostate.
edu/improve/Publications/SOPs/UCDavis_SOPs/IMPROVE_SOPs.htm (accessed on
23 May 2021)), with numerous studies summarizing IMPROVE data details (e.g., [13,25]).
Data are used for total mass concentrations of PM with aerodynamic diameters less than or
equal to 2.5 µm (PM2.5) and 10 µm (PM10), as measured gravimetrically. Speciated data
are used from the PM2.5 samples, with water-soluble ions (e.g., SO4

2−, NO3
−) detected

via ion chromatography, elements from sodium (Na) to manganese (Mn) measured with
particle-induced X-ray emission (PIXE), and elements ranging from iron (Fe) to lead (Pb)
detected with X-ray fluorescence (XRF). Organic carbon (OC) and elemental carbon (EC)
were measured with a thermal optical reflectance method of carbon analysis [26,27]. We
report IMPROVE concentrations for fine soil in the PM2.5 fraction, which are calculated
using this equation [25], supported by earlier analysis of local soils and ambient aerosol
particles [28,29]:

Fine Soil (µg m−3) = 2.2[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti] (1)

The criteria used here to define extreme events hinges on calculating the 90th percentile
value of PM2.5 for each month based on data for the full-time duration of this study, and
assigning any day with a PM2.5 level above that threshold as an extreme event. A similar
strategy has been used in other studies of this nature for parts of the southwestern U.S. [24].

2.2. Meteorological Data and Calculations

A series of datasets were collected from 1 January 2014 through to 31 December 2018
co-located with the Mesa Verde NP IMPROVE site and are briefly described here. The max-
imum and minimum temperatures were retrieved via the University of Utah’s MesoWest
database [30–32]. The closest station to the park was Cortez-Montezuma County Airport
(KCEZ; 37.3031◦ N, 108.6281◦ W) at an elevation of 1799 m ASL. Average temperature data
were retrieved from the Western Regional Climate Center (WRCC; station COOP) [33].
Precipitation accumulation data were retrieved from the National Atmospheric Deposi-
tion Program (NADP) site at the Mesa Verde NP-Chapin Mesa site (CO99; 37.1979◦ N,
108.4910◦ W at 2162 m ASL) [34]. Cloud fraction data were retrieved from the moderate
resolution imaging spectroradiometer (MODIS)-Aqua platform at 1◦ spatial resolution.
Planetary boundary layer height (PBLH) data were retrieved from Modern-Era Retrospec-
tive analysis for Research and Applications-Version 2 (MERRA-2) at a spatial resolution
of 0.5◦ × 0.625◦ [35]. Data for specific humidity and soil moisture at a depth of 0–10 cm
at a spatial resolution of 0.25◦ were obtained from the Global Land Data Assimilation
System (GLDAS) [36]. Data for the aforementioned four parameters (cloud fraction, PBLH,
specific humidity, and soil moisture) were downloaded from NASA GIOVANNI [37]. Wind
speed data were retrieved from Environmental Protection Agency (EPA) Air Quality Moni-
tors associated with the EPA Air Quality System (AQS) at the Mesa Verde NP Resource
Management Area IMPROVE station [38].

MesoWest reported maximum and minimum daily temperature values for each year
examined. The average maximum and minimum temperatures were calculated for each

http://vista.cira.colostate.edu/improve/Publications/SOPs/UCDavis_SOPs/IMPROVE_SOPs.htm
http://vista.cira.colostate.edu/improve/Publications/SOPs/UCDavis_SOPs/IMPROVE_SOPs.htm
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month of a given year, and then the average of each month was taken for both temperature
parameters across all five years (2014–2018). WRCC reported the monthly average of
average daily temperatures at the chosen site starting in 1922, which were used to calculate
the average monthly temperature within the time period. The total amount of precipitation
measured via a rain gauge per month at the CO99 site was reported for each year after April
1981. The average amount of precipitation for each month during the 2014–2018 period
was calculated from the given values. Cloud fraction, PBLH, specific humidity, and soil
moisture content were reported as monthly means for the given time period, and the
average for each month was calculated across all five years. Daily average wind speed
values were averaged for each month of the year and then the average of each month was
taken across all five years.

2.3. Trajectory Modeling

The NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [39,40]
was used to obtain air mass back-trajectory information. We used the Global Data As-
similation System (GDAS) for simulations at 0.5◦ × 0.5◦ spatial resolution along with the
“model vertical velocity method” to drive vertical transport. We used the ending point at
the IMPROVE station for simulations and a 0.5 km ending altitude as that level has been
used successfully in several other studies examining surface layer air quality [41–43].

We also used concentration weighted trajectory (CWT) analysis to gain insight into the
predominant source regions and transport corridors for elevated PM2.5 levels at Mesa Verde
for different seasons. A weighted concentration is applied to HYSPLIT grids derived from
measured concentrations linked to individual 96 h back-trajectories passing each grid. This
method is described in more detail in the literature [44–48]. The TrajStat software package
(GIS-based) was used to develop CWT profiles [49]. CWT analysis was conducted using
the most recent five years of the study period as this duration was deemed representative
of general conditions for the entire 30 year period.

2.4. NAAPS and Air Mass Type Assignments

For determining whether smoke or dust contributed to individual extreme event days,
we rely on the Navy Aerosol Analysis and Prediction System (NAAPS) [50], which is
summarized at https://www.nrlmry.navy.mil/aerosol/ (accessed on 18 June 2021). The
model has 25 vertical levels and provides data every 6 h at 1◦ × 1◦ spatial resolution. The
Navy Global Environmental Model (NAVGEM) [51] provides meteorological data to drive
NAAPS. We specifically used data for optical depths and surface mass concentrations
associated with dust, smoke, and sulfate in this work for assigning extreme events to
specific sources. We use the NAAPS results to classify extreme PM2.5 events into the
following categories: (i) “Asian dust” if elevated dust optical depths extend from Mesa
Verde to East Asia; (ii) “non-Asian dust” if there are high dust optical depths and surface
mass concentrations regionally but not extended towards East Asia; (iii) “smoke” if there are
enhanced smoke optical depths and surface mass concentrations regionally; and (iv) “other”
if there were not enhanced dust or smoke optical depths or surface mass concentrations
regionally. It is cautioned that NAAPS data were used starting in March 1998, and thus
the air type classifications do not extend across the entire time range of analysis starting
in 1989.

3. Results and Discussion
3.1. Meteorological Profile

Meteorological data are first analyzed to provide environmental context for the study
region (Figure 2). Hereafter we use the following seasonal acronyms: December–February
(DJF), March–May (MAM), June–August (JJA), September–November (SON). The summer
months (JJA) had the hottest temperatures with maximum levels exceeding 30 ◦C while
the winter (DJF) and spring (March–April) months had a consistent minimum temperature
below 0 ◦C (Figure 2a). The average temperature for the period of meteorological analysis

https://www.nrlmry.navy.mil/aerosol/
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(Jan 2014–Dec 2018) was 10.73 ◦C, with an overall maximum of 32.68 ◦C and minimum of
−9.45 ◦C. The majority of precipitation occurred in the summer months (July–August) and
the fall month of September, followed by a heavy precipitation period in late fall/early-mid
winter (November–January) (Figure 2b). Maximum precipitation occurred during August
with an average of 54.25 mm, while the minimum amount occurred during March averag-
ing 14.53 mm (Figure 2b). The general trend for the cloud fraction included higher values
in January (0.71) followed by a decrease until the end of June (0.26), with a mostly-gradual
increase to December (0.77; Figure 2b). PBLH exhibited a trend following temperature
with the lowest values in winter and reaching maximum heights in summer, peaking at
1742 m in June (Figure 2c). Specific humidity followed a similar trend to temperature,
with a maximum humidity of 7.99 g kg−1 in July (Figure 2c). Wind speed had a peak
during April (3.77 m s−1) with a mostly downward trend through the end of the year
(Figure 2d). Soil moisture exhibited its highest values in the summer with a peak in July
(7.99 × 10−3 kg m−2) (Figure 2d).
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Figure 2. Monthly averages over a 5–year period (January 2014–December 2018) at Mesa Verde NP for (a) maxi-
mum/minimum (MesoWest) and average (WRCC) temperature (◦C), (b) precipitation (mm) (NADP) and cloud fraction
(MODIS-Aqua), (c) planetary boundary layer height (PBLH) (m) (MERRA-2) and specific humidity (g kg−1) (GLDAS), and
(d) soil moisture (kg m−2) at 0–10 cm (GLDAS) and wind speed (m s−1) (EPA AQS).

3.2. PM Profile

Monthly mean values of PM2.5 and PM10 are summarized in Figure 3, in addition to
the 90th percentile values of PM2.5 per month (Figure 3a) that are used as the threshold
concentrations above which PM2.5 values qualify as an extreme event in this study. PM2.5
levels exhibited peak monthly mean levels between April and August (3.9–4.6 µg m−3)
and lowest levels in DJF (1.7–1.9 µg m−3). The 90th percentile values of PM2.5 expectedly
followed the same monthly cycle as monthly mean PM2.5 levels ranging from as low as
2.8–3.4 µg m−3 in DJF to as high as 6.0–7.6 µg m−3 between April and August. The higher
levels of PM2.5 in the spring and summer months are coincident with the months with the
most dust and wildfire activity [9,20,52,53], in addition to high incident solar radiation and
moisture that help promote secondary aerosol formation [19,54].
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Figure 3. Monthly averages of (a) PM2.5 and (b) PM10 at Mesa Verde NP based on IMPROVE data between 1989 and
2018. Shown in (a) as black markers are the 90th percentile of PM2.5 based on data for each month over the full study time
duration; an extreme PM2.5 event is defined in this study as any day with a PM2.5 value exceeding the 90th percentile value
for a given month.

Monthly mean PM10 values ranged from lower values in DJF (3.2–4.1 µg m−3) to peak
values between August and July (9.2–10.4 µg m−3). The difference between PM2.5 and
PM10 is presumed to be largely due to dust particles in this region [9,20,22]. The highest
PM10:PM2.5 ratios based on monthly mean concentrations occur in March (2.6) and April
(2.5), which is presumed to be a marker indicative of high local dust influence [55].

Seasonal concentrated weighted trajectories from the most recent five years of the
study period (December 2013–November 2018) (Figure 4) were used to provide further
insight on influential transport corridors leading to high PM2.5 at Mesa Verde NP. The high
mass concentrations during the summer (JJA) are largely associated with trajectories from
the southwest and northwest. The next highest mass concentrations during the spring
months (MAM) are linked to similar transport behavior as JJA albeit with reduced PM2.5
concentrations. A subtle difference between MAM and JJA is that the latter has more ‘hot
spots’ of influential PM2.5 to the northwest, possibly from biomass burning owing partly
to dry and hot conditions (Figure 2a), whereas the former has more influence from the
southwest direction likely from dust owing partly to high winds and low soil moisture
(Figure 2c,d). Subsequent extreme event source analysis for each season (Section 3.3) will
support these speculations. The CWT map for MAM shows the widest reach in terms
of how far away areas impacted PM2.5 at Mesa Verde, consistent with high surface wind
speeds (Figure 2) and well-documented influence from long-range transport in this season
from as far upwind as East Asia [56]. The SON and DJF seasons had lower PM2.5 and the
DJF was particularly unique in terms of having the narrowest spatial range of influential
source regions. This is due largely to the colder months having more stagnant conditions,
as demonstrated by low surface wind speeds (Figure 2d) and shallow boundary layer
heights (Figure 2c).
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3.3. Demonstration of Extreme PM2.5 Events

We next demonstrate case examples of each source type contributing to extreme
PM2.5 events at Mesa Verde NP before examining temporal trends. The first event shown
(Figure 5) on 5 April 2010 was classified as an Asian dust event based on NAAPS and
HYSPLIT results. NAAPS data going as far back as 24 March 2010 show significant
dust optical depths over northeastern Asia that persisted along their journey across the
Pacific Ocean towards the Mesa Verde area. Areas with higher dust surface concentrations
coincided with areas with higher dust optical depth. On the day of the event, the following
IMPROVE concentrations were measured, with the concentrations for species beginning
with fine soil specific to the PM2.5 size fraction: PM2.5 = 34.5 µg m−3; PM10 = 186.8 µg m−3;
fine soil = 41.2 µg m−3; Fe = 1.3 µg m−3; Al = 4.9 µg m−3; Ca = 1.5 µg m−3; K = 0.9 µg m−3;
Si = 9.8 µg m−3. All of the aforementioned PM constituents are associated with Asian dust
and each was pronounced in magnitude.
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The second event shown from 16 April 2013 is a non-Asian dust case as it clearly
demonstrates the lack of any extended dust optical depths from Mesa Verde NP towards
Asia on the days preceding this event (Figure 6). The likely source of the dust was regional
in nature (i.e., eastern Arizona) based on the HYSPLIT and NAAPS results. As dust events
are most common in MAM for the study region, it is expected that the Asian and non-Asian
events will typically reside in greatest number in the spring months. IMPROVE concen-
trations during this event day were as follows: PM2.5 = 40.3 µg m−3; PM10 = 98.2 µg m−3;
fine soil = 27.6 µg m−3; Fe = 1.4 µg m−3; Al = 2.8 µg m−3; Ca = 1.5 µg m−3; K = 0.7 µg m−3;
Si = 6.1 µg m−3.

The third event on 30 October 2003 was a smoke event marked by transport from
southern California and Baja California (Figure 7). High smoke optical depth was observed
in this region two days before the extreme smoke event was identified at Mesa Verde
NP. High smoke surface concentrations can be seen stretching from southern California
across the southwestern U.S. on the day of the event. IMPROVE measurements the day of
the event support a smoke source based on enhancements in documented smoke tracer
species [57–59]: PM2.5 = 32.5 µg m−3; PM10 = 117.7 µg m−3; fine soil = 12.0 µg m−3;
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OC = 8.7 µg m−3; EC = 0.9 µg m−3; K = 0.6 µg m−3; Ca = 0.8 µg m−3; SO4
2− = 0.7 µg m−3;

NO3
− = 1.4 µg m−3.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 18 
 

 

concentrations during this event day were as follows: PM2.5 = 40.3 µg m−3; PM10 = 98.2 µg 
m−3; fine soil = 27.6 µg m−3; Fe = 1.4 µg m−3; Al = 2.8 µg m−3; Ca = 1.5 µg m−3; K = 0.7 µg m−3; 
Si = 6.1 µg m−3. 

 
Figure 5. Case study features for an Asian dust event observed on 5 April 2010. (a) 300 h air mass 
back-trajectory ending 500 m AGL above the Mesa Verde NP IMPROVE site (black circular marker) 
the day of the extreme event. (b) NAAPS speciated optical depths 12 days before the extreme event. 
(c) NAAPS speciated optical depths the day of the extreme event. (d) NAAPS dust surface concen-
trations the day of the extreme event. 

 
Figure 6. Case study features for a non-Asian dust event observed on 16 April 2013. (a) 48 h air mass back–trajectory ending
500 m above the Mesa Verde NP IMPROVE site (black circular marker) the day of the extreme event. (b) NAAPS speciated
optical depths the day before the extreme event. (c) NAAPS dust surface concentrations the day of the extreme event.

Atmosphere 2021, 12, x FOR PEER REVIEW 9 of 18 
 

 

Figure 6. Case study features for a non-Asian dust event observed on 16 April 2013. (a) 48 h air mass back–trajectory 
ending 500 m above the Mesa Verde NP IMPROVE site (black circular marker) the day of the extreme event. (b) NAAPS 
speciated optical depths the day before the extreme event. (c) NAAPS dust surface concentrations the day of the extreme 
event. 

The third event on 30 October 2003 was a smoke event marked by transport from 
southern California and Baja California (Figure 7). High smoke optical depth was ob-
served in this region two days before the extreme smoke event was identified at Mesa 
Verde NP. High smoke surface concentrations can be seen stretching from southern Cali-
fornia across the southwestern U.S. on the day of the event. IMPROVE measurements the 
day of the event support a smoke source based on enhancements in documented smoke 
tracer species [57–59]: PM2.5 = 32.5 µg m−3; PM10 = 117.7 µg m−3; fine soil = 12.0 µg m−3; OC 
= 8.7 µg m−3; EC = 0.9 µg m−3; K = 0.6 µg m−3; Ca = 0.8 µg m−3; SO42− = 0.7 µg m−3; NO3− = 1.4 
µg m−3. 

 
Figure 7. Case study features for a smoke event observed on 30 October 2003. (a) 100 h air mass back–trajectory ending 
500 m above the Mesa Verde NP IMPROVE site the day of the extreme event. (b) NAAPS speciated optical depths two 
days before the extreme event. (c) NAAPS smoke surface concentrations the day of the extreme event. Mesa Verde is 
marked by a black circular marker. 

Finally, the fourth event on 9 January 2003 was classified as “other”, with transport 
from the Texas-Mexico border area (Figure 8). The likely sources contributing to this 
“other” event are anthropogenic in nature, and the high sulfate optical depths over west-
ern Texas support this notion. Sulfate was the only speciated optical depth recognized as 
enhanced by NAAPS for the region shown two days before the extreme event. NAAPS 
sulfate surface concentrations were elevated at Mesa Verde the day of the event because 
the sulfate-rich air mass was transported from western Texas to the Mesa Verde area. IM-
PROVE concentrations were as follows, with sulfate being notably enhanced: PM2.5 = 4.1 
µg m−3; PM10 = 6.0 µg m−3; fine soil = 0.6 µg m−3; OC = 0.6 µg m−3; EC = 0.2 µg m−3; K < 0.1 
µg m−3; Ca = 0.1 µg m−3; SO42− = 1.0 µg m−3. The DJF season is the season most likely to 
experience the most “other” events owing to stagnant conditions accumulation local and 
regional pollution, and also due to the lack of other extreme event sources that are more 
common in MAM and JJA such as dust and fires. 

Figure 7. Case study features for a smoke event observed on 30 October 2003. (left) 100 h air mass back–trajectory ending
500 m above the Mesa Verde NP IMPROVE site the day of the extreme event. (middle) NAAPS speciated optical depths
two days before the extreme event. (right) NAAPS smoke surface concentrations the day of the extreme event. Mesa Verde
is marked by a black circular marker.

Finally, the fourth event on 9 January 2003 was classified as “other”, with trans-
port from the Texas-Mexico border area (Figure 8). The likely sources contributing to
this “other” event are anthropogenic in nature, and the high sulfate optical depths over
western Texas support this notion. Sulfate was the only speciated optical depth rec-
ognized as enhanced by NAAPS for the region shown two days before the extreme
event. NAAPS sulfate surface concentrations were elevated at Mesa Verde the day of
the event because the sulfate-rich air mass was transported from western Texas to the
Mesa Verde area. IMPROVE concentrations were as follows, with sulfate being notably en-
hanced: PM2.5 = 4.1 µg m−3; PM10 = 6.0 µg m−3; fine soil = 0.6 µg m−3; OC = 0.6 µg m−3;
EC = 0.2 µg m−3; K < 0.1 µg m−3; Ca = 0.1 µg m−3; SO4

2− = 1.0 µg m−3. The DJF season is
the season most likely to experience the most “other” events owing to stagnant conditions
accumulation local and regional pollution, and also due to the lack of other extreme event
sources that are more common in MAM and JJA such as dust and fires.
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3.4. Monthly Profile of Extreme PM2.5 Events

The number of extreme PM2.5 days per month based on source category is summarized
in Table 1 based on the criteria used from Section 2.1. “Other” sources were the most
abundant relative to the other three categories for most of the annual cycle including
between October and February. The “other” sources were especially influential compared
to other sources in the colder winter months owing to limited dust and wildfires, in addition
to stagnant conditions conducive to the build-up of local anthropogenic emissions (i.e.,
Figure 4).

Table 1. Monthly categorization of extreme PM2.5 events between 1998 and 2018 impacting the IM-
PROVE monitoring station in Mesa Verde, Colorado. Extreme events are days with PM2.5 exceeding
the 90th percentile value for that given month. Only data starting in 1998 are shown as the source
categorization was possible starting this date based on availability of NAAPS data. NAAPS data for
1998 are limited to March, April, November, and December. NAAPS data was also unavailable for
extreme events days in October 2001.

Months Asian Dust Non-Asian Dust Smoke Other

January 0 0 0 12
February 0 1 1 5

March 6 2 5 7
April 12 2 5 3
May 9 0 5 3
June 0 3 12 3
July 0 0 13 5

August 0 0 19 4
September 0 2 10 7

October 0 1 4 11
November 1 2 0 13
December 0 1 0 10

Total 28 14 74 83

Dust sources were most responsible for extreme events in March (40%), April (64%),
and May (53%), whereas smoke was most important in June (67%), July (72%), August
(83%), and September (53%). These results are in line with expectations for the following
reasons. The predominant months linked to dust events, whether from Asia or regional



Atmosphere 2021, 12, 1140 11 of 17

sources, are in the springtime [9,56,60–62], whereas wildfires are active in the hot and dry
summer months [59,63–65]. Asian dust was much more influential towards contributing
to extreme PM2.5 events as compared to non-Asian dust between March and May owing
likely in some part to the high altitude of this site being more receptive to long-range
transported dust as compared to lower elevation sites such as in Arizona that have more
influence from local sources [24].

3.5. Day of Week Profile of Extreme PM2.5 Events

Natural sources of aerosol particles (e.g., dust, sea salt) are not expected to follow a spe-
cific weekly cycle in contrast to anthropogenic sources that typically yield higher pollutant
concentrations during the workweek and lower values during the weekend [66–70]. How-
ever, a concern in populated regions is anthropogenic dust (e.g., construction, recreational
activity, resuspension from vehicular traffic) [71–75], which can follow a traditional weekly
cycle with higher levels in the workweek similar to other traditional anthropogenic tracer
species such as EC [57,66]. Although our analysis is not a typical weekly cycle analysis in
that we are investigating selected events based on criteria of exceeding a monthly-specific
90th percentile of PM2.5 concentration, it is still of interest to examine the temporal profile
of extreme PM2.5 events. This day of week analysis is shown in Table 2 and is limited
to data beginning in 2000 when IMPROVE sampled every third day rather than only on
Wednesday and Saturday in earlier years.

Table 2. Daily categorization of extreme events over the study period. Extreme event classifications
include Asian dust, non-Asian dust, smoke, and “other”. This analysis is only for data between
2000 and 2018 as earlier years had collected samples Wednesday and Thursday rather than every
third day.

Day Total Asian Dust Non-Asian Dust Smoke Other

Sunday 25 2 2 9 12
Monday 20 5 2 8 5
Tuesday 25 3 2 10 9

Wednesday 23 3 2 7 12
Thursday 29 3 1 15 10

Friday 30 4 4 14 8
Saturday 30 5 1 11 13

The days with most events across the entire study period were Friday and Saturday
(30), with the other days having between 20 (Monday) and 29 (Thursday) extreme PM2.5
events. The two types of sources with the highest potential to have an anthropogenic
signature include foremost “other” followed by non-Asian dust, assuming the latter had
influence from anthropogenic dust emissions. The “other” category exhibited most of its
events on Saturday (13), with the other days of the week having between 5 (Monday) and
12 (Sunday and Wednesday) events per day. Non-Asian dust events were most common
on Friday (4 events), although there was a fairly small range between the days of the week
(1–4 events per day of the week). The frequency of smoke events per day ranged from
7–15 per day, whereas Asian dust ranged from 2–5 per day. The day of week analysis does
not point to any clear weekly cycle of when extreme PM2.5 events, which is a consequence
partly of the appreciable contribution of non-anthropogenic forms of PM to these events.
Furthermore, meteorological factors that do not typically exhibit weekly cycles are likely an
interfering factor for when PM2.5 levels reach abnormally high levels in certain months [54].
Another study focused on extreme aerosol events across Arizona also did not observe any
statistically significant differences for number of events on specific days of the week [24].

3.6. Interannual Profile of Extreme PM2.5 Events

Figure 9 shows the interannual frequency of extreme PM2.5 events, broken down into
source categories with the caveat that 1998 had sparse NAAPS data across the full year. The



Atmosphere 2021, 12, 1140 12 of 17

years 2002 and 2003 had the most events (29 and 27, respectively), with the most common
source being smoke (45% and 48% of events, respectively). The “other” category tended to
contribute relatively more to extreme events up to 2008, after which the dust and smoke
categories became relatively more influential. Smoke was the largest contributor in recent
years (2012, 2013, 2015, 2017, 2018; 54–100% of events per those years).
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the NAAPS archive.

3.7. Chemical Characteristics of Extreme PM2.5 Events

Average (±standard deviation) characteristics of total PM and speciated concentra-
tions and selected chemical ratios are discussed next (Table 3) to parse out features specific
to the individual sources identified with NAAPS. Both PM10 and PM2.5 were highest for the
Asian dust events, followed by non-Asian dust, smoke, and “other”. The PM10:PM2.5 ratios
were expectedly highest for the two dust categories (2.99–2.98) as compared to smoke (2.27)
and “other” (2.01); this is due to dust having higher levels of coarse particles than the other
two source categories. Fine soil levels were also expectedly higher for the two dust cate-
gories (8.57–5.10 µg m−3) as compared to smoke (2.80 µg m−3) and “other” (1.96 µg m−3).
These results provide support for the accuracy of the dust source categorizations.

There was a lack of notable difference in concentration among the other listed species
such as sulfate and nitrate. However, one exception was that OC was higher for the smoke
category (2.35 µg m−3 versus 0.76–1.29 µg m−3 for other categories). This result is consistent
with literature showing that organics are an abundant component of wildfire emissions
over the western U.S. [59]. Elemental carbon is also an important constituent in smoke
and it was highest for this category (0.28 µg m−3) followed by “other” (0.23 µg m−3),
which is consistent with how EC is an anthropogenic pollutant. While K is a biomass
burning tracer [58], its highest levels were in the dust categories presumably because K
is also a natural component of soil [76]. The two species showing higher levels in the
“other” category among the IMPROVE dataset were Ni and Se. Nickle is documented as
being a combustion tracer species associated with fossil fuel combustion and industrial
operations [77]. Selenium has been observed in the U.S. southwest to arise from smelting
emissions [57].
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Table 3. Average (±standard deviation) of PM2.5, PM10, and PM2.5 species: sulfate, nitrate, organic
carbon, elemental carbon, potassium, fine soil, nickel, and selenium. Relevant mass concentration
ratios are also shown.

Parameter Asian Dust Non-Asian Dust Smoke Other

PM2.5 (µg m−3) 11.64 ± 7.88 9.67 ± 9.64 9.45 ± 4.68 6.18 ± 3.10

PM10 (µg m−3) 44.24 ± 61.59 27.24 ± 23.54 21.95 ± 17.53 14.03 ± 15.20

PM10:PM2.5 2.99 ± 1.10 2.98 ± 1.19 2.27 ± 1.03 2.01 ± 1.15

SO4
2− (µg m−3) 0.96 ± 0.50 0.75 ± 0.24 0.80 ± 0.33 0.86 ± 0.39

NO3
− (µg m−3) 0.32 ± 0.14 0.27 ± 0.14 0.23 ± 0.18 0.31 ± 0.37

OC (µg m−3) 0.76 ± 0.71 0.87 ± 0.67 2.35 ± 1.92 1.29 ± 2.07

EC (µg m−3) 0.08 ± 0.08 0.11 ± 0.11 0.28 ± 0.23 0.23 ± 0.38

K (µg m−3) 0.24 ± 0.21 0.16 ± 0.17 0.12 ± 0.09 0.07 ± 0.07

Fine Soil (µg m−3) 8.57 ± 9.52 5.10 ± 7.30 2.80 ± 2.82 1.96 ± 2.40

Ni (ng m−3) 0.14 ± 0.17 0.18 ± 0.18 0.54 ± 2.83 0.76 ± 2.31

Se (ng m−3) 0.14 ± 0.13 0.20 ± 0.14 0.18 ± 0.12 0.27 ± 0.23

Fe:Ca 0.68 ± 0.24 0.66 ± 0.26 0.61 ± 0.24 0.67 ± 0.27

K:Fe 0.68 ± 0.15 1.21 ± 1.79 1.55 ± 1.41 1.12 ± 1.18

Si:Al 2.43 ± 0.29 2.55 ± 0.26 2.46 ± 0.30 2.57 ± 0.36

Al:Ca 1.49 ± 0.73 1.17 ± 0.42 1.26 ± 0.54 1.25 ± 0.50

A series of selected elemental ratios are compared between the source categories as
their values have previously been used to distinguish between different dust sources [78].
It is cautioned that our analysis is based on just the PM2.5 fraction of aerosol particles and
not PM10 or other less restrictive size ranges as in other studies. Ratios have often been
used to compare Asian dust to African dust, with the former having lower Fe:Ca ratios
(~0.80–1.35) [79], higher K:Fe ratios that typically exceed ~0.5 [79,80], higher Si:Al ratios
reported to be above ~2.8 [78,80,81], and lower Al:Ca ratios (<2.6) [62,78–81]. In contrast
with the aforementioned reported ratio values, Asian dust events in this study exhibited
the following values: K:Fe (0.68 ± 0.15), Fe:Ca (0.68 ± 0.24), Si:Al (2.43 ± 0.29), Al:Ca
(1.49 ± 0.73). The reported mean ratios in Table 3 for Asian dust do not all align with the
aforementioned ranges in the literature. Specifically, the Si:Al ratios are somewhat lower
owing presumably to the data being only for PM2.5 and missing concentrations of these
elements at coarser sizes (>2.5 µm). However, the Fe:Ca, K:Fe, and Al:Ca ratios are in line
with past reports. Among these four ratios, only K:Fe showed an appreciable difference in
Asian dust as compared to the other categories (0.68 versus 1.12–1.55) with the other three
ratios being more comparable among the four categories.

4. Conclusions

The current study examines multiple decades of IMPROVE aerosol data at the Mesa
Verde NP site in southwestern Colorado, which is exposed to a variety of pollution sources
locally, regionally, and from distant continents like Asia. By using specific criteria related
to PM2.5 concentrations, the temporal and chemical characteristics of extreme PM2.5 events
were studied, including categorization of such events into four categories. The results
indicate that the predominant source of events varies by season, with dust more common
in spring months, smoke abundant in summertime, and other sources such as local and
regional anthropogenic pollution more influential in the more stagnant winter months. No
weekly cycle was observed for the number of events in each source category. Furthermore,
interannual analysis shows that the relative abundance of dust and smoke events has
increased in the last several years, especially since 2008. Chemical characteristics examined
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for each source category confirm the validity of the source categorization scheme using
NAAPS. While this dataset has provided unique insight into extreme PM2.5 events, further
work is recommended to investigate such episodes at other sites across the western and
eastern U.S. and other global regions. It is of interest to see how the relative importance of
local versus transported emissions changes in terms of extreme aerosol events at different
locations. Furthermore, using datasets with more available data (e.g., daily rather than
every third day) would enhance the type of analysis conducted here.

From an air quality management perspective, minimizing the effect of extreme PM2.5
events is difficult in spring and summer months owing to the prevalence of natural sources
such as dust and smoke. The effects of those types of events can be minimized with accurate
forecasting and adaptation by nearby communities to stay indoors. These types of dust and
smoke events have become more common relative to the “other” category (presumed to be
mostly anthropogenic in nature) in recent years based on the analysis of this study pointing
to increased attention towards natural aerosol extreme events. Wintertime events are linked
more to anthropogenic emissions that are easier to regulate; however, an added interfering
factor is that the meteorological set-up (stagnation, boundary layer height) is important in
whether such emissions will lead to an extreme PM2.5 event. Lastly, it is important to note
that numbers of total and “other” extreme events have declined in the most recent years
of this study as compared to the beginning years, suggestive of regulatory improvements
such as for SO2 across the United States [18].
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