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Abstract

This study examines co-located aerosol and precipitation chemistry data between 2010–2016 at 

Pinnacles National Monument ~65 km east of the coastline in central California. Positive matrix 

factorization analysis of the aerosol composition data revealed seven distinct pollutant sources: 

aged sea salt (25.7% of PM2.5), biomass burning (24.2% of PM2.5), fresh sea salt (15.0% of 

PM2.5), secondary sulfate (11.7% of PM2.5), dust (10.0% of PM2.5), vehicle emissions (8.2% of 

PM2.5), and secondary nitrate (5.2% of PM2.5). The influence of meteorology and transport on 

monthly patterns of PM2.5 composition is discussed. Only secondary sulfate exhibited a 

statistically significant change (a reduction) over time among the PM2.5 source factors. In contrast, 

PMcoarse exhibited a significant increase most likely due to dust influence. Monthly profiles of 

precipitation chemistry are summarized showing that the most abundant species in each month 

was either SO4
2−, NO3

−, or Cl−. Intercomparisons between the precipitation and aerosol data 

revealed several features: (i) precipitation pH was inversely related to factors associated with more 

acidic aerosol constituents such as secondary sulfate and aged sea salt, in addition to being 

reduced by uptake of HNO3 in the liquid phase; (ii) two aerosol source factors (dust and aged sea 

salt) and PMcoarse exhibited a positive association with Ca2+ in precipitation, suggestive of directly 

emitted aerosol types with larger sizes promoting precipitation; and (iii) sulfate levels in both the 

aerosol and precipitation samples analyzed were significantly correlated with dust and aged sea 

salt PMF factors, pointing to the partitioning of secondary sulfate to dust and sea salt particles. 

The results of this work have implications for the region’s air quality and hydrological cycle, in 

addition to demonstrating that the use of co-located aerosol and precipitation chemistry data can 

provide insights relevant to aerosol-precipitation interactions.
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1. Introduction

The largest uncertainty in quantifying global anthropogenic radiative forcing is linked to 

interactions of aerosol particles with clouds (IPCC, 2013), which is partly driven by the 

difficulty of conducting the required measurements and separating the influence of 

meteorology and aerosol pollution on clouds. The impact of aerosol particles on 

precipitation is challenging to address but is important for reasons extending from improving 

model representation of clouds and precipitation to identifying the impacts of wet deposition 

on aquatic and terrestrial ecosystems due to inputs of nutrients and contaminants that may 

have originated from particles serving as cloud condensation nuclei (CCN) or ice nuclei 

(IN). Precipitation has important effects on aerosol particles owing to scavenging and 

removing them from the air, in addition to also removing gases (e.g., MacDonald et al., 

2018). In this regard, monitoring the composition of wet deposition is important not just for 

impacts on ecosystems (e.g., Bobbink et al., 1998; Driscoll et al., 2003; Pardo et al., 2011), 

but for evaluating chemical tracer transport models (e.g., Rodhe et al., 1995; Liu et al., 

2001). As observational studies of aerosol-cloud-precipitation interactions relying on 

airborne in situ measurements and remote sensing have limitations (e.g., cost, statistics, 

temporal resolution and coverage), alternative methods of examining this complex system 

can provide much needed insight. One such method is to rely on long-term records of 

surface-based aerosol and precipitation chemistry data, as has been demonstrated in just a 

few studies focused on regions such as the southwestern United States (Sorooshian et al., 

2013) and Mexico City (Mora et al., 2017). Examining simultaneously collected aerosol and 

precipitation chemistry data can provide knowledge about topics with important implications 

including (i) sources of pollutants, (ii) potential interactions between gases and particles 

with precipitation drops including uptake processes and wet scavenging, and aerosol types 

impacting clouds that produce the precipitation.
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Aerosol-cloud-precipitation interactions have been the subject of extensive field projects 

across California, including for stratiform cloud decks off the coast (e.g., Russell et al., 

2013; Sorooshian et al., 2018) and for the more convective clouds inland that provide 

important rainfall for the state (e.g., Fan et al., 2014; Ralph et al., 2016), including intense 

precipitation events associated with wintertime atmospheric rivers (e.g., Ralph et al., 2004, 

2013). Many of these studies have tried to provide details about sources of pollution 

impacting the clouds and what the sign of the precipitation response was due to an increase 

in aerosol concentration. This study aims to fill a gap by examining for the first time long 

term datasets for aerosol and precipitation chemistry at a central California site, with results 

that can be contrasted with findings from other works that have relied on aircraft and remote 

sensing.

This study reports on long-term data collected at Pinnacles National Monument, which is 

distinguished from most other surface monitoring areas in California because of the co-

location of monitoring instruments for both aerosol and precipitation chemistry for a long-

term period. Another motivation for studying this site is that it represents an area impacted 

by a diverse set of sources (e.g., urban, agriculture, marine, shipping, wildfires, dust) due to 

its geographical position. Focus is first placed on a comprehensive analysis of the aerosol 

composition data to characterize temporal trends, sources of the pollutants, and the impact of 

meteorology and transport. Subsequently, the precipitation chemistry data are summarized 

and then compared with the aerosol composition data.

2. Methods

2.1 Site Description

California is of interest in this study owing to its large population (~36.5 million as of 1 July 

2017; US Census Bureau; https://www.census.gov/) that is impacted in various ways by 

aerosol pollution and precipitation. The Pinnacles National Monument (PNM) site was 

chosen for this analysis owing to its geographic location as an inland California site 

impacted by a diversity of sources (Figure 1), and because there are co-located aerosol and 

precipitation monitoring stations operated by the Environmental Protection Agency (EPA) 

Interagency Monitoring of Protected Visual Environments (IMPROVE) network and the 

National Atmospheric Deposition Program (NADP) National Trends Network (NTN), 

respectively. The PNM site is ~65 km east of the ocean and ~115 km south of San Jose 

(Figure 1). The California coastal range separates the marine atmosphere from the urban 

atmosphere over major cities such as San Jose (3rd largest in California), which when 

combined with Sunnyvale and Santa Clara forms a metropolitan area with an estimated 

population of ~1.9 million (as of 1 July 2017 according to the US Census Bureau; 

www.census.gov). To the north is the more populated metropolitan area including San 

Francisco, Oakland, and Hayward, with a combined population of 4.7 million (as of 1 July 

2017; www.census.gov). Aside from anthropogenic and marine sources, the general region 

containing the PNM site is impacted by wildfires (Westerling et al., 2006) and long-range 

transport of pollution from distant regions such as Asia (VanCuren and Cahill, 2002), 

Mexico (Xu et al., 2006), and neighboring states (Xu et al., 2006).
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2.2 Long-Term Surface Monitoring Stations

Data were retrieved from the NADP/NTN (36.4819°N, −121.155°W, 300 m above MSL; 

http://nadp.slh.wisc.edu/data/ntn/) and IMPROVE (36.4833°N, −121.1568°W, 302 m above 

MSL; http://views.cira.colostate.edu/fed/DataWizard/) sites between 5 January 2010 – 27 

December 2016 and 2 January 2010 – 29 December 2016, respectively. At the IMPROVE 

site, 24 hour filter samples were collected every third day during the study period. The 

collection system consisted of multiple separate sampling modules to characterize different 

aspects of either PM2.5 or PM10. Of relevance to this study are the measurements of species 

mass concentrations in the PM2.5 fraction, including water soluble ions in the PM2.5 fraction 

measured by ion chromatography (SO4
−2, NO3

−, Cl−), elemental mass concentrations in the 

PM2.5 fraction measured by either X-ray fluorescence (Fe and heavier elements) or particle-

induced X-ray emission (Na to Mn), elemental carbon (EC) and organic carbon (OC) 

quantified by thermal optical analysis according to IMPROVE-A protocol (Chow et al., 

2007), and total PM2.5 and PM10 mass concentrations via gravimetric analysis. PMcoarse is 

calculated as the difference between PM10 and PM2.5 mass concentrations. Additional 

details of sampling protocols and measurement techniques used in IMPROVE can be found 

elsewhere (Solomon et al., 2014; Chow et al., 2015).

NADP/NTN was initiated in 1978 to monitor the phenomena of wet deposition and its 

effects on terrestrial features (e.g., agriculture, forests, and water) (Lamb and Bowersox, 

2000). Every NADP/NTN site utilizes two instruments for collection of precipitation. The 

Belfort B5–780 rain-gauge mechanically measures and records the amount of precipitation 

each day to the nearest 0.01 inch. The Aerochem Metrics 301 precipitation collector (ACM) 

automatically collects precipitation samples on a weekly basis (Tuesday to Tuesday) for 

chemical analysis. Weekly samples obtained via the ACM are sent to the Central Analytical 

Laboratory (CAL) at the Illinois State Water Survey in Champaign, Illinois to quantify the 

weekly values of the following parameters: pH, conductance, and water-soluble ion 

concentrations (NH4
+, Ca2+, Cl−, Mg2+, NO3

−, K+, Na+, SO4
2−) measured by ion 

chromatography. The NTN has a vigorous quality assurance program described in more 

detail elsewhere (See et al., 1989; NADP, 2014). Weekly values of the chemical 

measurements and the precipitation amounts were used for calculation of monthly/annual 

precipitation-weighted averages of pH, ion concentrations, and ion mass fractions. 

Moreover, wet deposition amounts were calculated by multiplying the weekly ion 

concentrations by the weekly amounts of precipitation. For all calculations, values below 

detection limits were substituted with half of the detection limits (DL). A summary of DL 

values for species in the NADP/NTN and IMPROVE datasets is provided in the supporting 

information (Tables S1-S2).

2.3 Meteorological Data

Meteorological data including wind speed and direction, temperature, relative humidity, and 

solar radiation were obtained from the EPA Air Quality System (AQS) database (https://

www.epa.gov/outdoor-air-quality-data) for the PNM IMPROVE site. Precipitation 

accumulation data were obtained from the NADP/NTN site. Planetary boundary layer height 

(PBLH) data were obtained from the Modern Era-Retrospective Analysis for Research and 

Applications (MERRA-2) model with 0.5° × 0.625° spatial resolution. Values of near 
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surface specific humidity and surface soil moisture (0–10 cm) were obtained from the 

Global Land Data Assimilation System (GLDAS) with 0.25° × 0.25° spatial resolution. 

Parameters obtained from both MERRA-2 and GLDAS were calculated over 0.5° × 0.625° 

and 0.5° × 0.5° areas, respectively, extending around the PNM site.

2.4 Calculations

2.4.1 Positive Matrix Factorization (PMF)—A PMF model (US EPA’s PMF version 

5) was applied to the field data to identify sources and evaluate corresponding contributions 

impacting a sampling site (Paatero and Tapper, 1994; Paatero, 1997; Hopke, 2016). PMF has 

been widely implemented as a way to conduct source apportionment of PM2.5 (Polissar et 

al., 2001; Lee et al., 2006; Masiol et al., 2014). Seventeen species (SO4
2−, NO3

−, OC, EC, 

Na, Al, Si, Cl−, K, Ca, V, Mn, Fe, Ni, Cu, Zn, Br) were included in the analysis and 

categorized as “strong” based on exhibiting a signal to noise ratio (S/N) above one. 

Summary statistics for PM2.5 and speciated concentrations included in PMF analysis are 

given in Table S2. PM2.5 was added to the model as a total variable, categorized as a “weak” 

species to minimize its effect in driving the model results (Kim et al., 2003). Based on 

Polissar et al. (1998), concentration values below the DL were substituted with a value equal 

to half of the DL, with an uncertainty of 5/6 of the associated DL. For missing values, 

median species concentrations were used, with an uncertainty of four times the median. An 

additional 10% uncertainty was added to account for unconsidered errors for all species.

The uncertainty associated with the model output was assessed via bootstrapping (BS), 

displacement (DISP), and bootstrapping with displacement (BS-DISP). For BS, 300 

resamples were used with a threshold value of 0.6 for the correlation coefficient (r) to 

qualify as successful mapping in each run. For DISP and BS-DISP analyses, factor swaps 

and uncertainty in the model output were assessed for dQmax equal to four.

2.4.2 Concentration Weighted Trajectory (CWT) Analysis—As a way of tracking 

the trajectory of specific aerosol chemical signatures to the sample site, Concentration 

Weighted Trajectory (CWT) analysis was employed (e.g., Hsu et al., 2003). This method 

considers grid cells that are assigned a weighted concentration calculated by taking the mean 

of sample concentrations that have associated trajectories crossing a particular grid cell. The 

GIS-based software TrajStat (Wang et al., 2009) was used to obtain the CWT profiles. In 

order to obtain CWT profiles, 96 h back-trajectories were used from the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015; Rolph, 

2016) ending 500 m above ground level at PNM. Trajectories were obtained every six hours 

using the National Centers for Environmental Prediction/National Center for Atmospheric 

Research (NCEP/NCAR) reanalysis data with the “Model vertical velocity” method. Using a 

domain of −180° to −100° longitude and 20° to 70° latitude with grid cell size 0.5°×0.5° 

resulted in an average of ~20 trajectory end points for each cell. A point filter was applied to 

reduce weight in the effect of the cells with only a small number of end points (Wang et al., 

2009). Trajectory frequency maps from 2010 to 2016 are provided in Figure S1, showing 

that the majority of air masses originated over the Pacific Ocean, especially in the summer, 

which exhibited a more distant trajectory of air down the coastline of the western United 

States towards the PNM site.
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3. Results and Discussion

3.1 Meteorological Profile

The monthly meteorological profile is summarized in Figure 2 for the study region. 

Precipitation occurred between October and June without any accumulation in the summer 

months between July and September. The peak of precipitation accumulation was between 

December and March. Soil moisture expectedly followed the same general monthly profile 

as precipitation, suggestive of a greater likelihood of local soil emissions in summer months, 

especially when coupled to higher wind speeds in those months. Specific humidity was most 

enhanced in the summer months (July-August) unlike relative humidity, which is sensitive to 

temperature and exhibited higher levels in the winter months. The PBLH expectedly 

followed the same general trend as ambient temperature and solar radiation with higher 

levels in the summer months.

3.2 Source Apportionment of PM2.5

PMF analysis was conducted to identify key sources, and multiple PMF solutions ranging 

from having three to 10 characteristic pollutant sources were analyzed. The final solution 

with seven sources was chosen based on the physical validity of the results (described in 

Supporting Information, Figures S2-S6), which also showed the proximity of the calculated 

ratio of Qtrue/Qexpected (1.1) to 1.0. The optimal solution also exhibited the following 

characteristics: i) all factors were mapped in BS runs; ii) during DISP, no factor swap was 

observed (Table S3) and the decrease in Q values was less than 1%; and iii) there were no 

factor swaps in BS-DISP (Table S3) where OC, EC, SO4
2−, NO3

−, Cl−, K, and Na were 

actively displaced. In addition, there was a high coefficient of variation between measured 

and predicted PM2.5 (r2 = 0.91), which added confidence in relying on the PMF model for 

source apportionment of PM2.5.

The seven resolved source profiles of PM2.5 are shown in Figure 3, with their associated 

monthly profiles summarized in Figure 4, which were derived from BS resampling (n = 

10000). Time series plots of PM2.5 mass concentrations from each source are shown in the 

supporting information (Figure S7). The smoothed results of CWT analysis associated with 

each factor for the full study period are shown in Figure 5, with seasonal maps shown in 

Figure S8.

3.2.1 Biomass Burning—The mass concentration associated with the biomass burning 

source factor accounted for 24.2% of total PM2.5. As compared to other sources, biomass 

burning contributed the most to the overall mass concentrations of EC (55.7%), OC (52.0%), 

and K (41.1%) (Figure 3), the cluster of which is known to be associated with biomass 

burning in the western United States (Cahill et al., 2008; Schlosser et al., 2017) owing 

mainly to wildfires and wood burning for domestic heating (Wang et al., 2012; Masiol et al., 

2017). The temporal profile of biomass burning differs from the other six source factors in 

that it exhibits its highest concentrations (> 1 µg m−3) for an extended period of the year 

(November – April), and with a minor concentration peak in the summer months of July-

August (Figure 4). The more pronounced and longer concentration peak stems most likely 

from domestic heating, while the smaller peak in the summertime, coupled with the highest 
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variability in mass concentration, is linked to wildfire activity (Westerling et al., 2006; 

Dennison et al., 2014) (Figure 4). The CWT plot presented in Figure 5 shows that the 

strongest sources of this pollutant type are expectedly over the western United States, with 

strong influence from the neighboring states of Oregon and Nevada.

3.2.2 Dust—The dust source factor accounted for 10.0% of total PM2.5. This factor is 

linked to dust, supported by it contributing the most to the mass concentrations of the 

following crustal elements (e.g., Malm et al., 1994; Chow et al., 2003; Prabhakar et al., 

2014a): Al (81.8%), Si (76.3%), Mn (63.3%), Fe (61.1%), and Ca (50.2%). Dust exhibited a 

bimodal temporal profile with minimum concentrations between November and February 

owing to low wind speeds and high soil moisture. Maximum mass concentrations of dust 

occurred between the spring months of March and May, likely related to dust transport from 

distant sources including Asia (Tratt et al., 2001; VanCuren and Cahill, 2002; Wells et al., 

2007; Kavouras et al., 2009; Creamean et al., 2014; Lopez et al., 2016) and neighboring 

states such as Nevada (Figure 5). Locally generated dust likely did not contribute 

significantly in those months as PMcoarse did not exhibit its highest levels (Figure 4). Ideal 

conditions for local dust emissions (low soil moisture, high wind speed) occurred later in the 

summer months. In contrast to March-May, the second concentration peak for dust between 

September-October was most likely driven by local sources, supported by PMcoarse 

exhibiting maximum mass concentrations (Figure 4) and its highest correlation with dust 

during these months (Table 1); furthermore, soil moisture is near its lowest values in these 

months too.

The CWT map of dust is somewhat similar to that of biomass burning in that major sources 

are California, Nevada, and Oregon. Dust can be co-emitted with biomass burning emissions 

due to the buoyancy and turbulence associated with fires near the surface (e.g., Kavouras et 

al., 2012; Popovicheva et al., 2014; Maudlin et al., 2015). The impact of Asian dust is 

recognizable from seasonal CWT maps (Figure S8) where spring months showed the 

greatest dust concentrations for trajectories transported over the Pacific Ocean. As Asian 

dust has previously been linked to California orographic precipitation (Ault et al., 2011), the 

PMF and CWT results emphasize the importance of considering also locally generated dust 

and plumes from neighboring states with regard to impacts on clouds and precipitation in the 

study region. At high altitudes, dust has been shown to be an important source of IN (e.g., 

Heintzenberg et al., 1996; Twohy and Gandrud, 1998; DeMott et al., 2003).

3.2.3 Secondary Sulfate—The secondary sulfate source factor (11.7% of total PM2.5) 

contributed the most of any factor to the mass concentrations of sulfate (51.5%), V (77.0%) 

and Ni (53.5%), the group of which is linked to fuel oil combustion such as with shipping 

(Moldanova et al., 2009; Coggon et al., 2012). Aside from secondary production of sulfate 

stemming from SO2 emitted by ships and potentially other regional combustion sources, 

another significant source of sulfate in the region is secondary production from 

dimethlysulfide (DMS) emissions over the ocean. Sulfur emissions from ships were 

previously found to be of the same order of magnitude as that of DMS fluxes in a marine 

environment (Corbett and Fischbeck, 1997). The peak in mass concentration for secondary 

sulfate in July is consistent with many past studies showing a summertime peak owing to 
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enhanced photochemical activity and reactions facilitated in conditions of high moisture 

(e.g., Hidy et al., 1978; Baumgardner et al., 1999; Tai et al., 2010; Hand et al., 2012).

The CWT map shows that strong contributions come from marine areas, especially along the 

southern coast where both the Port of Los Angeles and the Port of Long Beach are situated. 

These two ports are among the busiest ones in the United States by container volume (US 

Department of Transportation, 2017). The high sulfate levels stretch from between those 

ports to farther north by Oakland and San Francisco where there is major port activity as 

well.

Analysis using the non-parametric Mann-Kendall test at the 95% significance level revealed 

that secondary sulfate is the only PM2.5 factor showing a significant trend versus time in its 

mean annual concentration. In agreement with previous studies showing sulfate reductions 

(e.g., Malm et al., 2002; Sorooshian et al., 2011; Chan et al., 2018), this factor exhibited a 

decreasing trend (−0.06 μg m−3 yr−1) over the study period most likely due to the reduction 

in SO2 emissions (Hand et al., 2012). This is an important result with regard to impacts on 

regional aerosol properties as sulfate is a hygroscopic component of ambient particles and its 

reduced levels can alter overall water-uptake properties; also, less sulfate in ambient 

particles can allow for more ammonium nitrate production as formation of this latter salt is 

thermodynamically less favorable than ammonium sulfate (e.g., Seinfeld and Pandis, 2016). 

Less particulate sulfate also has the important effect of limiting the ability of this species to 

reduce precipitation acidity, where H2SO4 has been shown to be the more significant 

acidifying agent in wet deposition in contrast to the other major inorganic acid, HNO3, for 

some regions (e.g., Tuncer et al., 2001; Naimabadi et al., 2018).

3.2.4 Secondary Nitrate—The secondary nitrate source factor accounted for 5.2% of 

total PM2.5, the lowest of any factor. As expected, this source was the dominant contributor 

to nitrate (63.2%), which is a result of secondary formation from NOx, sources of which are 

diverse in the region including ship exhaust, biomass burning, agricultural activity, and 

urban emissions (Prabhakar et al., 2014b). The monthly profile of secondary nitrate mimics 

what would be expected for a species favoring conditions associated with colder conditions 

in winter months (December – February), coincident with more wood burning and a 

shallower PBLH. Thermodynamically, nitrate favors the aerosol phase at lower temperatures 

(e.g., Johnson et al., 1994). In contrast to the other source factors, the CWT map for 

secondary nitrate exhibits strong sources both over the ocean and over the western United 

States spanning the states of California, Nevada, Oregon, and Washington, consistent with 

precursor sources being over land and the ocean.

3.2.5 Fresh and Aged Sea Salt—The fresh sea salt source factor accounted for 15.0% 

of total PM2.5. This factor contributes the most to the overall mass concentrations of Na 

(60.6%) and Cl− (93.9%). The monthly profile reveals that the highest PM2.5 concentration 

of fresh sea salt was in May and June. The CWT map expectedly shows greater mass 

concentrations associated with trajectories coming from the northwest over the Pacific 

Ocean.
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The aged sea salt factor contributed 25.7% to total PM2.5. In contrast to fresh sea salt, this 

factor contributed more to a wider range of species Na (37.1%), Br (36.3%), nitrate (34.9%), 

Cu (28.6%), OC (24.7%), sulfate (25.1%), and Ni (24.4%), in addition to having a negligible 

contribution to Cl−. The high concentration of sulfate, nitrate, and OC can be attributed to 

sea salt aging processes. Sea salt aging includes the reaction of sea salt aerosol with acidic 

gases that replace Cl− (chloride depletion) by other anions and release hydrochloric acid 

(Meinert and Winchester, 1977; Eldering et al., 1991). Sulfuric acid and nitric acids are 

among most abundant inorganic acids causing chloride depletion (Sievering et al., 1991; ten 

Brink, 1998; Yao et al., 2003). Moreover, organic acids emitted from various sources (e.g., 

wildfires) will alter sea salt composition. For instance, in a study at a nearby coastal site, 

Braun et al. (2017) showed that Cl−exhibited substantially diminished concentrations during 

the Soberanes Fire.

The temporal profile of aged sea salt differs from that of fresh sea salt in that the peak 

concentrations were between June and September rather than May-June. This may be 

explained by more efficient production of secondary aerosol species in the summertime 

owing to higher incident solar radiation and photochemical reactivity (Lack et al., 2004; Tai 

et al., 2010). More specifically, there are enhanced biogenic volatile organic compound 

emissions during the summer in the study region (Sorooshian et al., 2015), which, when 

coupled to high concentrations of oxidants (e.g., hydroxyl radicals), can produce high levels 

of secondary organic aerosol (SOA) species such as organic acids that have been shown to 

partition to coarse sea salt particles (Laskin et al., 2012; Braun et al., 2017). Also notable 

during the summertime in the region is efficient aqueous chemistry to produce SOA, 

especially organic acids, and secondary sulfate (Sorooshian et al., 2007) that can 

subsequently interact with sea salt particles. Similar to fresh sea salt, the CWT map for aged 

sea salt shows that the major sources reside over the Pacific Ocean, with the difference being 

that there is more influence from sources, including ship exhaust, closer to the coastline 

extending from central California to British Columbia. The spatial pattern of highest 

concentrations is expectedly close to that of secondary sulfate. The findings associated with 

sea salt emphasize the importance of distinguishing between aged and fresh sea salt owing to 

different chemical profiles, and thus varying hygroscopic and radiative properties.

3.2.6 Vehicle Emissions—The vehicle emission source factor contributed 8.2% to total 

PM2.5. This factor contributed the most to EC (27.0%) and OC (13.6%), in addition to 

metals including Cu (71.4%), Zn (46.0%), Fe (20.6%), and Mn (17.3%). OC and EC are 

established markers of both diesel and gasoline vehicular exhaust (El Haddad et al., 2009; 

Zhu et al., 2010; Pant and Harrison, 2013). The presence of metal tracers in this factor is due 

not only to vehicular exhaust, but also non-exhaust emissions such as brake wear, tire wear, 

and re-suspension of dust (Wahlin et al., 2006; Fabretti et al., 2009; Pant and Harrison, 

2013). There is also a notable contribution from this factor to Br (30%), which has been 

observed in vehicle exhaust in previous studies (Lim et al., 2010; Peltier et al., 2011). In fact, 

Br is common additive element used in gasoline and lubricating oil (Huang et al., 1994).

The monthly profile of the vehicle emissions factor differs from all other sources in that it 

exhibited a dominant peak in October, which is coincidentally the month where dust 

exhibited a secondary peak and linked earlier to locally generated sources rather than long-
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range transport. Dust can be emitted via vehicular activity (i.e., road dust), which is the 

connection between vehicular emissions tracers and dust. The lowest concentrations of this 

source factor in the summer months may be due to more dilution owing to the highest year-

round PBLHs (Figure 2). The CWT map shows that the main source regions coincide with 

areas containing busy roadways including the Central Valley, southern California, and 

western Nevada.

3.3 PMcoarse

Although not a PMF source factor, PMcoarse is relevant to the discussion as it provides 

insight into the nature of larger aerosol particles, specifically dust and sea salt. Its monthly 

profile most closely resembles that of aged sea salt rather than dust or fresh sea salt owing to 

the proximity to the ocean and because the aerosol has been aged by the time it reaches the 

PNM site, respectively. Consistent with that result, PMcoarse concentrations are best 

correlated with those of aged sea salt (r = 0.65) followed by dust (r = 0.55) on annual time 

scales (Table 1). PMcoarse is best correlated with aged sea salt for half of the year (MAM, 

JJA), while it was best correlated with dust for the other half of the year (DJF, SON). The 

CWT profiles of PMcoarse expectedly represent a hybrid of the two sea salt factors and dust.

PMcoarse exhibited a statistically significant upward trend in its mean annual concentration 

during the study period (0.17 µg m−3 yr−1), which, as will be shown subsequently, may have 

been driven to at least some extent by increasing levels of coarse dust particles. This 

speculation is based on a significant relationship between PMcoarse and a dust tracer in wet 

deposition (Ca2+), whereas PMcoarse exhibited insignificant relationships with both major 

sea salt constituents (Na+ and Cl−) (Table 2).

3.4 Cumulative Precipitation Chemistry Profile

The monthly profiles and time series of species concentrations and pH are summarized in 

Figure 6a and Figure S9, respectively. The non-parametric Kruskal-Wallis test was applied 

(Table S4) to the NADP/NTN data to determine whether the species concentrations and pH 

values exhibited significant (p < 0.05) monthly differences. Except for Na+, Cl−, and Mg2+, 

all other species and pH showed significant differences in averaged monthly values. Monthly 

averaged values of pH ranged from 5.33 to 5.51. Of note are the higher concentrations for all 

species and lowest pH in May, owing largely to very low precipitation in that month and 

presumably less dilution in solution as compared to other months. This would have led to 

higher concentrations of acidic species. For analagous reasons, the month with the highest 

precipitation accumulation, December, exhibited among the lowest ion concentrations and 

the highest pH. The non-parametric Mann-Kendall test was applied to the precipitation 

species concentrations and pH to see if any significant trends were evident during the study 

period, and none appeared.

The monthly profile of mass fractions reveals that the most abundant species was either Cl
− (0.18 – 0.39), SO4

2− (0.14 – 0.25), or NO3
− (0.11 – 0.33). The least abundant species was 

usually K+ with the exception of June when it mass fraction reached 0.11 in contrast to 

being < 0.02 in other months. It is unclear though as to what the source was as the biomass 

burning factor (a major source of K+) exhibited its lowest concentration in that month.
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Another way to examine the precipitation data is by examining deposition fluxes (Figure 

6c), which has similarity to the monthly profile of precipitation accumulation. Among 

months with precipitation, deposition fluxes of the species examined peaked in February, 

March, and December, with the lowest fluxes being in June. In most months with 

precipitation, the major sea salt components (Na+ and Cl−) accounted for most of the 

deposition by mass among the species examined. Sulfate and NO3
− were the next highest in 

terms of overall deposition flux among the nine months with recorded data, with especially 

high levels in June and October, as evident by their high combined mass fractions in those 

months.

There were strong interrelationships between the various ions measured (Table S5), with the 

strongest being between sea salt constituents: Na+ and Cl− (r = 1.00), Mg2+ and Cl− (r = 

0.99), Mg2+ and Na+ (r = 0.99). The significant relationships between species typically 

associated with secondary production mechanisms (SO4
2−, NO3

−, NH4
+) and the rest which 

are commonly associated with sea salt and/or crustal particles, is consistent with other 

regions (Hutchings et al., 2009; Satyanarayana et al., 2010; Sorooshian et al., 2013; Mora et 

al., 2017). This can be explained by the partitioning of secondarily produced species to the 

coarser aerosol particle types (sea salt, dust) or by scavenging of the former by 

hydrometeors (Granat et al., 2002; van der Swaluw et al., 2011). The pH of wet deposition 

exhibited a significant relationship with only NO3
− (r = −0.35) indicative of how that 

species, at the minimum, is associated with more acidic precipitation. Liquid water in the 

form of drops readily takes up HNO3, which is a likely explanation for the reduction in pH.

3.5 Aerosol-Precipitation Chemical Interrelationships

Mass fractions of the precipitation species were compared to concentrations of the PMF 

factors, PM2.5, and PMcoarse (Table 2), with the results essentially resembling those when 

comparing concentrations of the precipitation species with those of PMF factors. The pH of 

precipitation was inversely related to factors associated with more acidic elements such as 

secondary sulfate and aged sea salt. The fact that pH was only correlated with NO3
− among 

the precipitation species and not secondary nitrate in the aerosol phase is further supportive 

of the speculation that there was uptake of HNO3 in the liquid phase, which would not 

manifest itself in the surface aerosol measurements.

The mass fraction of Ca2+ in precipitation exhibited its highest r value (0.34) with the dust 

source factor, suggestive of dust seeding precipitation leading to the higher Ca2+ levels in 

precipitation samples. As described in previous studies, dust aerosol can play a role as IN 

and increase preciptation in mixed-phase clouds (e.g., Muhlbauer and Lohmann, 2009; 

Rosenfeld et al., 2011). A similar link between dust and precipitation has been observed in 

nearby regions such as Arizona and New Mexico (Hutchings et al., 2009; Sorooshian et al., 

2013), Texas (Ponette-González et al., 2018), and the Sierra Nevada in California (Ault et 

al., 2011; Creamean et al., 2013). In contrast to fresh sea salt, the aged sea salt source factor 

was also correlated with Ca2+ in precipitation (r = 0.25), suggesting that marine emissions 

are another contributor to Ca2+ in the region’s wet deposition.

For the three most abundant components in precipitation based on mass fractions, Cl− was 

only correlated with dust, SO4
2− was correlated with dust, secondary sulfate, and aged sea 
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salt, while NO3
− was correlated with fresh sea salt and vehicle emissions (Table 2). It is 

noteworthy that there was a significant relationship between SO4
2− in precipitation with both 

the dust and aged sea salt factors of PM2.5, in addition to PMcoarse, owing most likely to the 

partitioning of secondary sulfate to coarse aerosol surfaces (Usher et al., 2002; Manktelow et 

al., 2010; Wang et al., 2016). In the aerosol phase, the secondary sulfate factor was 

positively correlated with the dust factor (r = 0.32, p < 0.05), aged sea salt factor (r = 0.30, p 

< 0.05), and PMcoarse (r = 0.38, p 0.05). Size-resolved aerosol measurements closer to the 

coast in central California show that SO4
2−, NO3

−, and organic acids reside in the same size 

range as where sea salt and dust aerosol exhibit their highest mass concentrations (Maudlin 

et al., 2015). Lastly, it was of note that the biomass burning source factor did not exhibit a 

significant relationship with the mass fraction of any precipitation species.

4. Conclusions

This study leveraged a long-term dataset of co-located aerosol and precipitation composition 

measurements at a central California site (Pinnacles National Monument) that is impacted 

by diverse pollutant types including marine emissions, dust, wildfires, and urban emissions. 

The goal was to critically examine the data to understand pollutant sources and to 

additionally use interrelationships between aerosol and precipitation species to gain insight 

into both aerosol types impacting clouds that produce the precipitation and interactions 

between gases and particles with precipitation drops (e.g., uptake processes and wet 

scavenging).

A thorough characterization of pollution sources was presented including their relative 

contributions to total PM2.5 and the influence of transport, meteorology, and time of year. 

Aged sea salt was the most influential source on a mass basis to PM2.5, which was shown to 

exhibit a distinct chemical profile relative to fresh salt in that there was a likely contribution 

from inorganic and organic acids stemming from precursors emissions from both natural and 

anthropogenic sources. Interstate transport of pollution was shown to be important with 

regard to aerosol types linked to dust, wildfire emissions, secondary nitrate, and vehicular 

emissions, while Asian dust was shown to be impactful in the study region in spring months. 

Of note was that secondary sulfate represented the only PM2.5 pollutant source exhibiting a 

significant trend during the study period as its levels have decreased, with implications of 

this phenomenon discussed. In contrast, PMcoarse exhibited a significant increase owing 

most likely to the influence of dust.

Intercomparison of aerosol and precipitation data revealed that the two aerosol source 

factors (dust and aged sea salt) and PMcoarse exhibited a positive association with Ca2+ in 

precipitation, suggestive of directly emitted aerosol types with larger sizes impacting 

precipitation. Furthermore, sulfate levels in both the aerosol and precipitation samples 

analyzed were significantly correlated with dust and aged sea salt PMF factors, pointing to 

the partitioning of secondary sulfate to dust and sea salt particles. Presumably other acids 

may partition to these coarse aerosol types as well and impact precipitation, such as organic 

acids; however, speciated organics were unavailable in the precipitation dataset. 

Intercomparisons of the aerosol and precipitation datasets reveal that there likely was 

efficient uptake of HNO3 to drops, which served to reduce precipitation pH values.
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The results of this analysis revealed that simultaneously collected aerosol and precipitation 

chemistry data at a single site can indeed provide useful insight into processes associated 

with aerosol effects on clouds (via CCN and IN sources) and also precipitation effects on 

aerosol (via scavenging and uptake of gases). Further research is warrranted to validate some 

of the explanations provided in this intercomparison as the current datasets cannot provide 

unambiguous proof of cause-and-effect relationships. However, a major motivation of the 

intercomparison is to infer about processes to subsequently validate with more focused 

measurements and modeling studies.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Characterization of aerosol and precipitation chemistry at a central California site

Co-located aerosol and wet deposition data examined between 2010 and 2016

Positive matrix factorization and concentration weighted trajectory maps were used

Seven sources were identified with temporal profiles dependent on meteorology

Insights were gained into aerosol-precipitation interactions
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Figure 1. 
Map showing the study region, including where the collocated IMPROVE and NADP/NTN 

stations are at Pinnacles National Monument relative to major urban centers and the 

coastline.
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Figure 2. 
Monthly profiles of (a) precipitation accumulation, (b) specific humidity and relative 

humidity, (c) planetary boundary layer height (PBLH), (d) temperature and solar radiation, 

(e) soil moisture, and (f) wind speed based on data between 2010 and 2016. These profiles 

are obtained from different data sources including EPA AQS monitoring network, 

MERRA-2, and GLDAS.
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Figure 3. 
Seven source factor profiles from PMF analysis using chemically-speciated PM2.5 data from 

PNM IMPROVE station. Blue bars represent the mass concentration of the species while red 

filled markers signify the percent contribution of a particular source factor to the mass sum 

of a species’ overall concentration. Black circles and error bars represent mean and range, 

respectively, of DISP values of the species mass concentration.
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Figure 4. 
Monthly mean statistics of source factor mass concentrations. Solid lines and shadings 

represent the mean and 95th confidence intervals, respectively, calculated using 

bootstrapping (n = 10000).
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Figure 5. 
Concentration Weighted Trajectory (CWT) maps of PMF source factors in addition to 

PMcoarse.
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Figure 6. 
Monthly (a) precipitation-weighted average of weekly species concentrations, (b) 

precipitation-weighted average of weekly species mass fractions, and (c) wet deposition flux 

of species from the PNM site between 2010 and 2016. The number of samples in each 

month ranged from 6–23, except for June (n = 3) and July-September (n = 0).
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Table 1.

Correlation coefficients (r) between PMcoarse and seven PMF factors corresponding to the PM2.5 fraction of 

sampled aerosol. Values are only shown when statistically significant based on p < 0.05.

PMcoarse

Annual DJF MAM JJA SON

Biomass burning − − − 0.22 −

Dust 0.55 0.79 0.46 0.58 0.83

Secondary sulfate 0.38 − 0.34 0.36 0.21

Secondary nitrate − − 0.47 0.41 −

Fresh sea salt 0.24 − 0.39 0.26 −

Vehicle emissions 0.18 0.23 0.33 0.33 0.29

Aged sea salt 0.65 0.36 0.55 0.68 0.49
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Table 2.

Correlation coefficients (r) of both weekly mass cocentrations (values before “/”) and mass fractions (values 

after “/”) of precipitation species versus the weekly averaged aerosol mass concetrations for seven PMF 

factors and also total PM2.5 and PMcoarse. Values are only shown when statistically significant based on p < 

0.05.

Ca2+:Rain Mg2+:Rain K+:Rain Na+:Rain NH4
+:Rain NO3

−:Rain Cl−:Rain SO4
2−:Rain pH:Rain

Biomass burning − / − − / − − / − − / − − / − − / − − / − − / − -

Dust 0.36 / 0.34 − / − − / − − / −0.25 0.31 / − 0.31 / − − / −0.24 0.30 / 0.37 -

Secondary sulfate −/ 0.27 − / − − / − − / − − / − − / − − / − − / 0.45 −0.23

Secondary nitrate − / − − / − − / − − / − − / − − / − − / − − / − -

Fresh sea salt − / − − / − − / − − / − − / − − / −0.20 − / − − / − -

Vehicle emissions − / − − / − − / −0.19 − / − − / − − / 0.25 − / − − / − −0.31

Aged sea salt 0.26 / 0.25 − / − − / − − / − − / − 0.23 / − − / − − / 0.24 −0.24

PM2.5 0.24 / − − / − − / − − / − − / − 0.19 / − − / − 0.20 / 0.21 −0.23

PMcoarse 0.28 / 0.22 − / − − / − − / − 0.19 / − 0.24 / − − / − 0.23 / 0.34 -

Sci Total Environ. Author manuscript; available in PMC 2020 February 15.


	Abstract
	Graphical Abstract
	Introduction
	Methods
	Site Description
	Long-Term Surface Monitoring Stations
	Meteorological Data
	Calculations
	Positive Matrix Factorization (PMF)
	Concentration Weighted Trajectory (CWT) Analysis


	Results and Discussion
	Meteorological Profile
	Source Apportionment of PM2.5
	Biomass Burning
	Dust
	Secondary Sulfate
	Secondary Nitrate
	Fresh and Aged Sea Salt
	Vehicle Emissions

	PMcoarse
	Cumulative Precipitation Chemistry Profile
	Aerosol-Precipitation Chemical Interrelationships

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

