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Abstract. This study characterizes the spatial and temporall Introduction

patterns of aerosol and precipitation composition at six sites

across the United States Southwest between 1995 and 2016he southwestern United States is experiencing rapid pop-
Precipitation accumulation occurs mostly during the winter- ulation growth, land-use change, drought, and variability in
time (December_February) and during the monsoon Seasonrecipitation and water availability (WOOdhOUSG etal., 2010;
(July—September). Rain and snow pH levels are usually beCayan et al., 2010; Seager and Vecchi, 2010; Harpold et al.,
tween 5-6, with crustal-derived species playing a major role2012), which both affect and are affected by the region's
in acid neutralization. These species ¥€aMg?+, K*, Na) aerosol particles and precipitation. Ongoing changes in the
exhibit their highest concentrations between March and Jun&outhwest's climate are reducing the relative contributions
in both PMb5 and precipitation due mostly to dust. Crustal- Of winter snow versus summer rain to the annual water bal-
derived species concentrations in precipitation exhibit posi-ance (Cayan etal., 2010) and shortening the duration of snow
tive relationships with S§7, NOz, and CI, suggesting that ~ cover and melt (Harpold et al., 2012). Although chemical re-
acidic gases likely react with and partition to either crustallationships between particulate matter and precipitation have
particles or hydrometeors enriched with crustal constituentsbeen studied in a wide range of environments, few loca-
Concentrations of particulate §0show a statistically sig- tions exhibit as wide a range of sensitivity to atmospheric
nificant correlation with rain S§ unlike snow S@~, which chemistry as the Southwest. For example, dust deposition in
may be related to some combination of the vertical distri-S€aS0nal snowpacks increases melt rate during spring in the

bution of SCi* (and precursors) and the varying degree to mountains of Colorado (Painter et al., 2007). The amount of

. _ ) . - fine and coarse aerosol particles may also alter the amount
which SO",; -enriched particles act as cloud condensation nu- P Y

: . L : e fmd spatial distribution of potential rain or snow via their role
clei versus ice nuclei in the region. The coarse : fine aeroso . . . .
as cloud condensation nuclei (CCN) and ice nuclei (IN), re-

m ratio w rrel with cr I [ ncentration . o
mass ato. as corre ated .t crustal spec es conce tratio g’pectwely (e.g Rosenfeld and Givati, 2006). In both desert
in snow unlike rain, suggestive of a preferential role of coarse o .
. . . - . .. and montane ecosystems, the deposition of nitrate and sulfate
particles (mainly dust) as ice nuclei in the region. Preupﬂa-have been shown to be acidifying agents for aquatic ecosys-
tion NOj3 : sof; ratios exhibit the following features with 9a9 d y

potential explanations discussed: (i) they are higher in pre—.tems resources (e.g. Fenn etal., 2003), while excess nitrogen

cipitation as compared to PM; (ii) they exhibit the oppo- in precipitation has altered plant-soil nutrient relations and

site annual cvcle compared to particulate NCSCR-— ratios: induced directional biological shifts in ecosystems (Fenn et
y mpars b ) S 4 . al., 1998; Baron et al., 2000; Wolfe et al., 2003; Neff et al.,
and (iii) they are higher in snow relative to rain during the

wintertime. Long-term trend analysis for the monsoon sea-2008)' Consequently, the composition and acidity of wet de-

son shows that the Np: SO ratio in rain increased at the position in the Southwest have critical effects on terrestrial
L : A . : . and aquatic ecosystems.
majority of sites due mostly to air pollution regulations of

SO, precursors.
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Precipitation chemistry is governed largely by the compo-Prior to 2000, sampling was conducted twice each week with
sition of the seeds of warm cloud droplets (CCN) and snowa 24 h duration per sample. The change in sampling fre-
(IN), and gases and particles that deposit to these hydromeguency in 2000 is not expected to bias the results over the
teors. There have been limited attempts to examine precipmonthly and seasonal time scales of interest in this study.
itation chemistry in relation to air mass source origins andCollected samples are analyzed for ions, metals, and both or-
particulate matter composition in the Southwest. Hutchingsganic carbon (OC) and elemental carbon (EC). Ammonium
et al. (2009) focused on monsoon clouds near Flagstaff, Ariis not routinely measured in the IMPROVE program and
zona and suggested that windblown soils serve as CCN anthus its concentrations in precipitation are only discussed.
can be found in cloud water. It is widely accepted that dustSampling protocols and additional details are provided else-
particles act as both CCN (Levin et al., 1996; Rosenfeld et al. where fttp://vista.cira.colostate.edu/improve/Publications/
2001; Koehler et al., 2007) and IN (Isono and lkebe, 1960;SOPs/UCDavisSOPs/IMPROVESOPs.htm Nitrate is vul-
Kumai, 1961; Twohy and Gandrud, 1998; Heintzenberg etnerable to measurement artifacts and this issue is minimized
al., 1996; DeMott et al., 2003a, b; Sassen et al., 2003; Czvia the use of an annular denuder (to remove nitric acid,
iczo et al., 2004; Koehler et al., 2007; Prenni et al., 2009;HNO3) and nylon filters as compared to Teflon to prevent
Zimmermann et al., 2008), which is important for the South-NOj; loss via recapture of volatilized HNO(Ames and
west as it has the highest dust concentrations in the United/lalm, 2001; Yu et al., 2005). This study uses data from six
States (e.g. Malm et al., 2004). This is assisted by disruptedites summarized in Table 1 and Fig. 1 in terms of location,
soils from agricultural activity, vehicles, construction, graz- altitude, and range of dates for which data are examined. Spe-
ing, and mining operations (Schlesinger et al., 1990; Neff etcific species concentrations discussed in this study are from
al., 2005; Fernandez et al., 2008; Csavina et al., 2012). Atmothe “fine” fraction of aerosol, Pk, while total mass con-
spheric dust not only originates from regional sources in thecentrations are also reported for the “coarse” fraction, de-
Southwest and Mexico, but it can also be transported fronfined as PMp — PMz 5. Among the elemental measurements,
distant regions such as Asia, especially in spring months-ray fluorescence (XRF) is used for iron (Fe) and heavier el-
(VanCuren and Cahill, 2002; Jaffe et al., 2003; Wells et al.,ements while particle-induced x-ray emission (PIXE) is used
2007; Kavouras et al., 2009). In addition to dust, the regionfor elements ranging from sodium (Na) to manganese (Mn).
is impacted by diverse anthropogenic and biogenic source§ine soil is discussed in this work and is calculated from IM-
with the relative strength of each of these sources being selPROVE tracer concentrations using the following equation
sitive to meteorological and seasonal factors. (Malm et al., 2004):

The goal of this work is to examine co-located aerosol _. . _3 .
and wet deposition chemical measurements at six Southwedin€ SOil(ngm™) = 2.2[Al] +2.49Si] + 1.63C4
sites with an aim to characterize their spatiotemporal trends +2.42[Fe] + 1.94[Ti] @

and interrelationships. The analysis specifically aims to ad-giatistical methods used to analyze IMPROVE and the pre-

dress the following questions: (i) What is the annual pro-cipitation data below are briefly summarized in the Supple-
file of rain/snow water accumulation, precipitation pH, and yent.

composition of precipitation and aerosol particles?; (i) What

species are best correlated with each other in rain and snow?2.2 Precipitation data

(iif) What species are most influential towards rain and snow

water pH?; (iv) How well-correlated are common speciesPrecipitation chemistry and pH data are reported from six
measured in aerosol and precipitation samples?; (v) Whasites (Table 1 and Fig. 1) from the National Atmospheric De-
is the nature of the nitrate:sulfate ratio in precipitation andposition Program (NADP) National Trends Network (NTN)
aerosol particles? and (vi) How have aerosol and precipita{http://nadp.sws.uiuc.edu/data/ntndata.as$pat span a gra-

tion species concentrations changed between 1995 and 2010fent of summer rain being dominant to roughly equal
contributions of summer rain and winter snow. These six

stations are co-located with the IMPROVE stations. Each

2 Data of the sites has a wet deposition collector that is only
open during precipitation events. Weekly samples are ob-
2.1 Aerosol data tained in cleaned containers, the contents of which are

sent to the Central Analytical Laboratory (CAL) at the
Aerosol composition data were obtained from the Intera-lllinois State Water Survey (ISWS) where the following
gency Monitoring of Protected Visual Environments (IM- measurements are conducted: free acidity (i.e. pH), con-
PROVE) network (Malm et al., 1994, 200#ttp://views. ~ ductance, and concentrations of ammonium {NHcal-
cira.colostate.edu/web/IMPROVE aerosol monitoring sta- cium (C&%1), chloride (CI), magnesium (M§"), nitrate
tions are located primarily in National Parks and Wilder- (NO3), potassium (K), sodium (N&), and sulfate (SQT).
ness Areas and contain samplers that collect ambient aeros@lata that were obtained from the NADP data repository
on filters over a period of 24 h, typically every third day. have undergone quality control and assurance protocols
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Table 1. Summary of co-located aerosol (IMPROVE) and precipitation (NADP/NTN) data used with coordinates, altitudes, and range of full
years in which data are analyzed. The location of sites is shown in Fig. 1. “NP” and “NM” refer to National Park and National Monument,
respectively. Altitudes are ASL.

Station State Lat’) Lon (°) Alt (m) Data analysis range
Mesa Verde NP (NTN) CO  37.198 —108.491 2162 1995-2010
Mesa Verde NP (IMPROVE) CcoO 37.198 —108.491 2172

Chiricahua (NTN) AZ 32.010 —109.389 1570 2000-2010
Chiricahua NM (IMPROVE) AZ 32.009 —109.389 1555

Organ Pipe Cactus NM (NTN) AZ 31.949 -112.802 501 2003-2010
Organ Pipe (IMPROVE) AZ 31.951 —-112.802 504

Bryce Canyon NP (NTN) UT 37.619 -112.173 2477 1995-2010

Bryce Canyon NP (IMPROVE) UT  37.618 —112.174 2481
Gila Cliff Dwellings NM (NTN) NM  33.220 -108.235 1772

Gila Wilderness (IMPROVE) NM  33.220 —108.235 1776 1995-2010
Bandelier NM (NTN) NM  35.779 —-106.266 1997 1995-2010
Bandelier NM (IMPROVE) NM  35.780 —106.266 1988
SR al., 1998), which are predominantly comprised of smoke and

dust. UV Al is used here as a proxy for dust owing to its
greater abundance relative to smoke in the region over the
time scales examined in this work.

3 Site descriptions

The six sites studied represent areas throughout the south-
western United States influenced by varying degrees of pol-
lution and meteorological conditions (Fig. 1). Organ Pipe
National Monument is the lowest altitude site 500 ma.s.l.)
and the closest to marine-derived emissions from the Pacific
Ocean. Organ Pipe is approximately 16 km north of the US-
Mexico border in southern Arizona. Anthropogenic pollution
sources include the towns of Sonoyta, Mexico (population
~ 15000, ~ 10 km south;http://www.inegi.org.mx/default.
asp® and Ajo, Arizona (city population~ 3500, ~ 36 km
north; US Census Bureau, 2010). Chiricahua National Mon-
ument ¢~ 1560 ma.s.l.) is located in the Chiricahua Moun-
tains in southeastern Arizona, approximately 18 km west of
(http://nadp.sws.uiuc.edu/data/ntndata.aspata have been e Arizona-New Mexico border. Willcox, Arizona (city pop-
categorized to separate rain and snow, with no instances dfl@tion~ 3800; US Census Bureau, 2010 is located 55km
gwest of Chiricahua and contains the Willcox Playa and the

rain-snow mixtures included in the analysis. Since sampl ; L ) .
handling procedures at all NADP/NTN sites changed sub-Apache Power Station, which is a coal-fired power station.

stantially on 11 January 1994, data are only used beginniniierra Vista, Arizona (city populatiory 44 000; US Census

in 1 January 1995 or the first day of January in another yeaPUréau, 2010) is located 97 km to the southwest of Chiric-
if data collection began in the middle of a year. ahua. The largest source of major urban pollution is Tuc-

son, Arizona (city populatiorr 520 000; US Census Bureau,
2.3 Remote sensing data 2010), which is 150 km to the west of Chiricahua. This site

can also be influenced by copper smelter emissions from
Regional maps of ultraviolet aerosol index (UV Al) were de- the Mexican towns of Cananea and Nacozari (140 km and
veloped using data from the Ozone Monitoring Instrument180 km south of Chiricahua, respectively).
(OMI) for the period between 2005-2008. Data were ob- The Gila stations £ 1775ma.s.l.) are in southwestern
tained at a resolution®1x 1.25 using a minimum thresh- New Mexico. The nearest town is Silver City, New Mex-
old value of 0.5 (Hsu et al., 1999). The UV Al parameter ico (city population~10000; US Census Bureau, 2010),
serves as a proxy for absorbing aerosol particles (Torres ewhich includes a number of large open-pit copper mining

Fig. 1. Spatial map of co-located EPA IMPROVE and NADP/NTN
stations used in this study.
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Operations. LordSbUrg, New Mexico (Clty populatr@r2800, A Mesa Verde (1995-2010)|| B Chiricahua (2000-2010)
US Census Bureau, 2010) is 70km to the southwest and e \wp e
is home to the Lordsburg Generating Station, a natural-gas
fired power station. A major source of urban pollution is Las
Cruces, New Mexico (city populatiorr 98 000; US Census
Bureau, 2010), which is 170 km to the southeast. The Ban-
delier National Monument stations-(1990 ma.s.l.) are lo-
cated in northern central New Mexico. Bandelier is situated
near the major population centers of Santa Fe, New Mex-|
ico (city population~ 68 000; US Census Bureau, 2010) and
Albuquerque (city populationr~633000; US Census Bu-
reau, 2010). Albuquerque is home to two natural gas-fired
power stations. The Reeves Generating Station is 72km tg
the southwest and the Delta-Person Generating Station ig
88 km to the southwest.

Mesa Verde National Park<(2165ma.s.l.) is in south-
western Colorado. It is close to the Colorado cities of Cortez
(city population~ 8500; US Census Bureau, 2010) and Du-
rango (city population~ 17 000; US Census Bureau, 2010).
Approximately 57 km to the southeast is the city of Farm-
ington (city population~ 46 000; US Census Bureau, 2010), Fig. 2. Seasonal HYSPLIT data showing the approximate source
which contains two large coal-fired powers stations. Theregions for air parcels ending 10m AGL at each of the six study
San Juan Generating Station and the Four Corners Poweites that are represented by red open markers. The colored borders
Plant are 46km and 53km south of Mesa Verde, respeclfepresent a minimum trajectory freque_ncy o_f 1% using three-day
tively. Bryce Canyon National Park is the highest altitude sitePack-trajectory data, where frequency is defined as the sum of the
(~2480ma.s.l.) and is in southern Utah. Cedar City (city ngmber of trajectories that passgd through each point on the map
population~ 29 000; US Census Bureau, 2010) is Iocatedd'vIGIed by the number of trajectories analyzed.

80 km to the west and St. George (city populatieid0 000;

US Census Bureau, 2010) is located 127km to the southyne \imbres Basin by southwestern New Mexico. The ma-

west. The Navajo Generating Station is located 104 km t0 the, seasonal difference at the easternmost sites is that the

southeast in Arizona and is a large coal-fired power station. \yapJ trajectories originate farthest from the west, while
JAS tends to coincide with more influence from towards the
Gulf of Mexico. This is consistent with the arrival of mon-

Bandelier (1995-2010)
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4 Results soon moisture from the Gulf of Mexico during this time of
) ) year (Adams and Comrie, 1997; Higgins et al., 1997). Mesa
4.1 Air mass source regions Verde and Bryce Canyon exhibit similar trajectory frequency

maps and receive more influence from the northwest direc-

Figure 2 summarizes the representative air mass source req . o compared to the other sites. The DJF and ON sea-

gions for each site as a function of season using thréeggng are characterized by being influenced by air with the
day back-trajectory data from the NOAA HYSPLIT Model gmajiest range of distance away from the study sites ow-

(Draxler and Rolph, 2012). Four seasons are defined in thig,q o meteorological conditions suppressing transport rel-
study as follows: December—February (DJF), March-Junéyjiye 1o the other two seasons. The majority of the back-
(MAMJ), July—September (JAS), October-November (ON). ypiectories include the Phoenix metropolitan area, which
The MAMJ season is meant to include the months withpaye previously been linked to enhanced levels of anthro-
strongest dust influence, while JAS represents the MONS00fgenic species (e.g. sulfate, lead, copper, cadmium) in cloud

season. Air masses from the Pacific Ocean influence all Site"?/vater more than 200km to the north in Flagstaff, Arizona
with the strongest influence on Organ Pipe due to its prOXim'(Hutchings et al., 2009). '

ity to the ocean. The three southernmost sites (Organ Pipe,

Chiricahua, Gila) tend to exhibit similar trajectory frequency 4.2 Aerosol data

patterns relative to the three sites that are farther north. The

former three stations that are closest to the US-Mexico borThe majority of the aerosol mass at the study sites resides
der are most influenced by crustal emissions from the Sonoin the coarse fraction, which is due to the strong influence

ran Desert, dry lake beds such as Laguna Salada (southwest dust (Fig. 3). The two lowest altitude sites (Organ Pipe

of Yuma, Arizona), the Chihuahuan Desert and a network ofand Chiricahua) exhibit the highest coarse aerosol concen-
playas and alluvial, lacustrine, and aeolian sediments neatrations on an annual basis with their concentration peaks in

Atmos. Chem. Phys., 13, 7361379 2013 www.atmos-chem-phys.net/13/7361/2013/
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aerosol mass concentrations at six EPA IMPROVE sites. These re-£ s

sults are based on data ranges shown in Table 1 for each site. - 2

30

July (9.55+7.41 g nT3) and May (8.9 3.74 ug ITTS), re- 115 110 -105 - 415 110 105 -100
spectively. Owing to Organ Pipe’s lower altitude and closer tonaiude (dea) tongiiude (deg)

proximity to dust and sea salt sources, it exhibits highergig 4 average remotely sensed ultraviolet aerosol index values
concentrations year-round with fairly sustained averageomi) in the Southwest between 2005-2008 for four seasons. The
coarse aerosol concentrations between April and Septemwhite markers correspond to the six co-located pairs of IMPROVE
ber (8.25-9.55ug m?). The spatial and temporal patterns and NADP/NTN stations.
in coarse aerosol concentrations across the Southwest are
consistent with seasonal UV Al maps (Fig. 4). The high-
est regional values occur during MAMJ, followed by JAS, fraction is still examined owing to its significant contribu-
ON, and then DJF. The sites co-located with the highestion ranging from 10-29 % depending on the site and season
and lowest year-round UV Al levels are Organ Pipe and(Fig. 5); note that the inorganic aerosol constituents exam-
Bryce Canyon, respectively. A consistent feature at all sitedned account for between 28-47 % of PM Organic car-
except Organ Pipe is that the ratio of coarse:fine aerosobon has a variety of sources in the Southwest where it is
mass is highest during MAMJ (Fig. 5); this ratio can be produced via both direct emission and secondary production
used as a measure of when coarse dust aerosol influence figocesses from sources including biomass burning, biologi-
strongest from local sources (Tong et al., 2012). The averageal particles, biogenic emissions such as isoprene, combus-
coarse :fine ratio at Organ Pipe is highest in DJF (1.98); thetion, meat cooking, plant debris, and dust (Bench et al., 2007;
different behavior of this ratio at this site may be due to its Schichtel et al., 2008; Holden et al., 2011; Sorooshian et al.,
proximity to marine-derived sea salt emissions (Fig. 2). 2011; Cahill et al., 2013; Youn et al., 2013). Although the at-
PMz 5 concentrations peak between May and July for themospheric mixing height is largest between May-July in the
six sites, indicative of sources and production mechanismsegion (Sorooshian et al., 2011), OC concentrations are the
(i.e. gas to particle conversion) that differ from coarse aerosohighest at all the sites during this time suggestive of the influ-
in the region. The most abundant contributors tooBMre  ence of biomass burning and secondary OC production. Sul-
fine soil, organic carbon (OC), 30 and NG; (Fig. 6). Fine  fate production is enhanced during moist conditions, which
soil levels are highest in the spring months (April-May) ow- occurs during the monsoon months in the Southwest. As a
ing largely to dry conditions, high wind speeds, and also theresult, maximum concentrations (Fig. 6) and mass fractions
highest frequency of transported Asian dust (VanCuren andFig. 5) for S(j* are observed during JAS.
Cahill, 2002; Jaffe et al., 2003; Wells et al., 2007; Kavouras Nitrate is a marker for anthropogenic emissions as it of-
et al., 2009; Tong et al., 2012). The contributions of Ca, Mg, ten increases in concentration with decreasing mixing height
and Na to PMs are highest during MAMJ due most likely in the winter months and because it is thermodynamically
to fine soil emissions (Fig. 5). Potassium is associated withmore stable in colder conditions; however, it is also associ-
crustal matter and biomass burning emissions, and its highated with larger particles in the fine mode owing to reactions
est concentrations and mass fractions occur during MAMJof HNOg3 (or precursors) with dust and sea salt (Malm et al.,
Although no direct measurement of organic carbon (OC)2003; Lee et al., 2004, 2008). As a result, Néxhibits a bi-
is available in the precipitation datasets, OC in theoBM  modal concentration profile with a peak in the winter months

www.atmos-chem-phys.net/13/7361/2013/ Atmos. Chem. Phys., 13, 73&79 2013
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Bandelier, DJF  Bandelier, MAMJ  Bandelier, JAS Bandelier, ON Mesa V., DJF Mesa V., MAMJ  Mesa V., JAS Mesa V., ON
Coarse: 2.32 Coarse: 4.90 Coarse: 3.18 Coarse: 2.91 Coarse: 2.01 Coarse: 5.51 Coarse: 3.90 Coarse: 3.15
PM, : 2.18 PM, : 4.01 PM, : 3.76 PM, : 3.07 PM, . 1.82 PM, : 4.08 PM, : 4.13 PM,: 2.73
OC/PM,_:27%  OCI/PM,:20%  OCIPM,;25%  OCIPM,:27%  OCI/PM, 24%  OC/PM,:15% OCIPM,.:22%  OC/PM, 21%

Inorg/PM, :39%  Inorg/PM, .:30%  Inorg/PM, ;:30%

NO, Na
cl fng
Cal

Bryce C., DJF Bryce C., MAMJ Bryce C., JAS Bryce C., ON Chiricahua, DJF  Chiricahua, MAMJ Chiricahua, JAS Chiricahua, ON
Coarse: 1.39 Coarse: 4.00 Coarse: 3.47 Coarse: 2.23 Coarse: 4.19 Coarse: 7.66 Coarse: 5.32 Coarse: 4.99
PM, . 1.27 PM,: 3.29 PM,: 3.90 PM,: 2.32 PM,: 2.17 PM,: 4.46 PM,: 4.25 PM,: 3.28
OC/PM, ;:21% OC/PM, ;:24% OC/PM, ;:28% OC/PM, ;:23% OC/PM, ;:16% OC/PM,:12%  OC/PM, :14% OC/PM, :15%
Inorg/PM, :47% Inorg/PM, ;:34%  Inorg/PM, :30%  Inorg/PM,:38%  Inorg/PM,:39%  Inorg/PM, :34% Inorg/PM, :36% Inorg/PM, .:36%

o b4 A 4

Inorg/PM, :37%  Inorg/PM, ;:37%

Inorg/PM, .:30%  Inorg/PM, .:28%

Inorg/PM, .:32%

Gila, DJF Gila, MAMJ Gila, JAS Gila, ON Organ Pipe, DJF  Organ Pipe, MAMJ ~ Organ Pipe, JAS ~ Organ Pipe, ON
Coarse: 1.69 Coarse: 4.73 Coarse: 3.39 Coarse: 2.74 Coarse: 5.85 Coarse: 8.15 Coarse: 9.11 Coarse: 7.24
PM,: 1.62 PM,: 4.44 PM, : 4.97 PM,: 3.05 PM,.: 2.96 PM,.: 5.42 PM, . 5.12 PM, : 3.68
OC/PM, :22% OC/PM, :20%  OCIPM, ;:29% OC/PM,22%  OC/PM,:16%  OCIPM,:11% OC/PM, :10%  OC/PM, ;:12%
Inorg/PM, :34% Inorg/PM, :30%  Inorg/PM, :29%  Inorg/PM, :33%  Inorg/PM,:41%  Inorg/PM, :40%  Inorg/PM, :44%  Inorg/PM, ;:36%

COELISES

Fig. 5. Average monthly mass fractions of selected /Mtonstituents for all six IMPROVE sites and for four seasons. The labels for each
color in the top left pie are the same for the other pies. Also reported are averaggedPill coarse aerosol concentrations in units of Hﬁm

the concentration ratio of OC to PM, and the concentration ratio of the sum of the seven inorganic components of the pies ("Inorg”)
relative to PM 5. These results are based on data ranges in Table 1 for each site.

and during the spring months when soil dust is most abunseason, with the two highest amounts in July and August
dant. Nitrate mass fractions are usually highest in DJF. Chlo{71 mm and 90 mm, respectively). The relative amount of
ride exhibits peak concentrations in various months (March,snow in DJF relative to rain during JAS increases as a func-
May, June, October—December) depending on the site. Maxtion of altitude and distance to the north for the other sites:
imum concentrations observed at the majority of sites be-Bryce Canyon- Mesa Verde> Bandelier> Gila Cliffs. Ta-
tween March and June likely originate from a combination ble S1 (Supplement) reports more specific statistics for pre-
of crustal-derived particles and other sources such as biomasspitation data for each month and site. July and August are
burning (e.g. Wonascéhz et al., 2011). Chloride is especially the months with the most frequent rain days5—12 depend-
enhanced at Organ Pipe due to marine-derived sea salt, whidhg on the site). The month with most frequent snow days
is supported by higher mass fractions of Gind Na at this  (~ 1-7 days, depending on the site) varied between Decem-

site relative to others (Fig. 5). ber and February.
4.3 Precipitation data 4.3.2 Annual composition and pH profiles
4.3.1 Annual rain and snow accumulation profiles Rain pH levels are generally highest during MAMJ (Fig. 8)

with annual averages at the sites ranging between 5 and 6.
Precipitation falls in two major modes (Fig. 7). The first is Cloud water pH levels at a high-altitude site near Flagstaff,
during DJF mostly as a result of Pacific Ocean frontal storms Arizona ranged between 5.12—6.66, and were said to be high
These storms provide snow to high altitude sites and warndue to crustal acid-neutralizing components (Hutchings et
rain to lower altitude sites. The second mode is the summeral., 2009). Studies in other regions have shown that carbon-
time monsoon rainfall that typically occurs between July andate bases associated with dust can neutralize acidic inputs
October. The lowest altitude site, Organ Pipe, was the onlyto precipitation and increase pH (Schwikowski et al., 1995;
one to have no snow data recorded. The next lowest altitudéoye-Pilot and Morelli, 1988; Williams and Melack, 1991,
site, Chiricahua, has relatively similar amounts of snow andRhoades et al., 2010). Examples of regions with higher pH
rain during the DJF period. This site also is characterizedvalues ¢ 6) than those in the Southwest, mostly due to al-
by major enhancements in precipitation during the monsoorkaline species (e.g. ammonium from agriculture and calcium

Atmos. Chem. Phys., 13, 7361/379 2013 www.atmos-chem-phys.net/13/7361/2013/



A. Sorooshian et al.: Aerosol and precipitation chemistry in the southwestern US 7367

m Chiricahua m Organ Pipe m Gila Mesa Verde m Bryce Canyon m& Bandelier M Chiricahua m Organ Pipe m Gila Mesa Verde m Bryce Canyon W Bandelier
m’; 0.3
 or- | || | |
=
I ul |||II|I | ||I|||
S oo | [ b il 1
~ 5 Feb " Mar ~ Apr  May  Jun Aug  Sep Oct Nov Dec —
o 5— -
£
o 20 2
2 15 a
3 3
H Aug ' Sep ' Oct ' Nov ' Dec
= 7: 4 —
@ ] > 3
€ E 24 I I
o 1 ' 1 -
2 I | ||| | S |||I||||I|I il
S Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2 ||| it S0 v :
. 024
‘T_l
E’ 0.1 —
E * 00
=2 10 o Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
) 3
o 19
E
@ T 01
£
g — Jan Feb Mar Apr May Jun Jul "Aug Sep Oct Nov Dec
a .
6] 3.0 H
le] 2 R
£ 20
“o 1.0 1
> -
. .+ 00—
£ 4 “o Jan Feb Mar Apr May Jun Jul "Aug Sep Oct Nov Dec
0.06 — o
2 0.04 - Month

Jan " Feb " Mar | Apr ' May | Jun | Jul " Aug | Sep | Oct ' Nov ' Dec Fig. 8. Annual pH _and concentration proflles_, for rain in the South-_
Month west. Shaded regions represent when maxima are observed for in-
) ) ) dividual or groups of sites. These results are based on data ranges
F_lg. 6. Average mont_hly PMs constltu_ent mass concentrations gt shown in Table 1 for each site.
six EPA IMPROVE sites. Shaded regions represent when maxima
are observed for individual or groups of sites. These results are
based on data ranges shown in Table 1 for each site.

Penh (Cambodia), Ulaanbaatar (Mongolia) and Jiwozi and
Shuzhan in China (EANET Executive Summary, 2011). Re-
® 7 gandeer gions with lower rain pH values include the eastern United
7] cuacifs ‘ | 0 ‘ States, eastern Mediterranean, Canada, Turkey, Thailand,
IL“ 1 Il.l

60 —
- Raln m Snow| 50 -

204 20+

Singapore, and China (Granat et al., 1996; Al-Momani et al.,

€

£ o mallnn - [ 1 Ltamn. 1997; Sirois et al., 2000; Balasubramanian et al., 2001; Qin
:g 4OaJanFebMarApr a)JJun Jul AugSepOctNovDec JanF’:l:::r\Zrdl:a\)Jun JuIAug epOctNovDec and Huang, 2001' Basak and Alagha, 2004, leenS, 2007) It
£ 30 organPipe o is cautioned that the temporal range of measurements is var-
£ ied for these studies, which can affect pH comparisons; for
E I 11, I 0—-| I_|||| i I I__| I example, reductions in sulfur dioxide (§Qemissions in the

_ an'Fopvarprivafjun s hugSep'octNovber Southwest over the last several years have resulted in reduced
e particulate sulfate levels (Matichuk et al., 2006; Sorooshian
et al., 2011), which influences precipitation pH.
To more closely examine when dust impacts precipita-
B T o e vy P o e o tion in the Southwest, Ga and Mg are used as rain
Month tracer species (e.g. Stoorvogel et al., 1997; Reynolds et al.,
Fig. 7. Average monthly precipitation accumulation at the six 2001; Rhoades et al., 2010); other crustal-derived rain con-
NADP/NTN sites over the data ranges shown in Table 1. stituents such as Kand Na/CI~ are not used as they likely
have contributions from biomass burning and sea salt, re-
spectively. The rain water concentration sum ofCand
carbonate from soil dust), are India (Khemani et al., 1987;Mg?* is highest at all sites during the months of April-June
Kulshrestha et al., 2005; Mouli et al., 2005), Jordan (Al- (Fig. 8), which coincides with the highest levels of dust ac-
Khashman, 2009), Niger (Galy-Lacaux et al., 2009), Spaincording to IMPROVE and satellite data (Figs. 3—-6). Organ
(Avila et al., 1997, 1998), Israel (Herut et al., 2000), Phnom Pipe and Mesa Verde exhibit the highest levels of fine soil
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DJF (pH=5.29) DJF (pH=5.36) DJF (pH =5.19) DJF (pH =5.57)  DJF (pH =5.37)
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Fig. 9. (Top four rows) Summary of pH and chemical mass fraction data for rain during different periods of the year. (Bottom row) Snow pH
and chemical mass fraction data for DJF, which is the season with the most snow data available. The labels in the top left pie are the same
for the other pies. Note that during DJF there is no rain data for Bryce Canyon or snow data for Organ Pipe.

between April-May, which presumably explains why they 4.3.3 Precipitation species mass fractions

also have the highest rain pH in those months. Rainazid

K™ concentrations are also highest during MAMJ, likely due ) ) ] ]

to crustal emissions (dust and sea salt); @lmost abundant ~ Either CI", SG;~, or NOj s the dominant rain anion on a

at Organ Pipe for nearly the entire year due to sea salt froniass basis depending on the site and season (Fig. 9). Chlo-

marine-derived air masses that impact the site year- rounalde exhibits the highest anion mass fraction in Organ Pipe

(Fig. 2). Nitrate and S§T exhibit different annual concen- ain during DJF (29 %) due largely to sea salt. Nitrate is the

tration profiles in precipitation as compared to PMor rea- ~ dominant anion at Organ Pipe during JAS (44 %) and ON

sons that will be discussed subsequently. (39 %), while all three anions are nearly equivalent contribu-
Figure S1 (Supplement) shows annual cycles for snow walors during MAMJ (20-24 %). Sulfate and NCexhibit the

ter constituent concentrations. Annual snow pH values rangdighest anion mass fractions in rain at the other sites with

between 5 and 6 at the various sites, similar to rain water@ consistent trend being that IifGaccounts for the highest

Snow pH and the concentration sum of2Cand Mg+ are mass frqctlon in JAS and MAMJ. The highest ca'Flon_ mass

highest between March and May for three sites (Gila Wilder-fraction in rain was usually for C# (6-27 %) at all six sites

ness, Chiricahua, Mesa Verde), and between September aft'd Seasons with the following exceptions: NKL0-13 %;

October for Bryce Canyon and Bandelier. The rest of theBandelier DJF, Chiricahua DJF/ON, Organ Pipe JAS); Na

species exhibit their highest concentrations in a wide rangd14-18 %; Organ Pipe DJF/MAMJ). Snow mass fraction data
of months depending on the site. are only shown for DJF in Fig. 9 due to insufficient data

in other months. The highest snow cation mass fraction in
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DJF was always for Ga (9—19 %), followed by either N[‘fl closest to marine emissions, Organ Pipe=(.00). These
(5-7 %), K (8 %), or Na" (9 %). The anion with the highest two species exhibit high correlations for both rain and snow
mass fraction in snow was usually N@28-49 %), followed  at the other sites too & 0.66-0.97).
by soji* (19-29 %), and Cl (4-14 %). Sulfate, NI—}{, and NG are highly correlated with each

In other regions such as those associated with the Acid Deother relative to other species in rain and snow reflecting non-
position Monitoring Network in East Asia (EANET; EANET crustal sources, specifically anthropogenic emissions in the
Executive Summary, 2011), the Tibetan Plateau, Canaddorm of SG, nitrogen oxides (N¢), and ammonia (Nb).
Spain, India, and Israel, the dominant precipitation cation hasSulfate, NG, and NHj in precipitation originate from scav-
been reported to be either &g Nat, or NH} (Avila et al., enging of these species in the aerosol phase and also from
1998; Herut et al., 2000; Kulshrestha et al., 2005; Zhang etransfer of their vapor precursors: $0from SQ; NO3
al., 2007 and references therein; Aherne et al., 2010; Yi efrom nitric acid (HNG), which originates from NQ emis-
al., 2010; Zhang et al., 2012). Those studies also showe&ions; NHj from NHz. Ammonium typically serves as a
that SCi_ was the dominant anion, which may be due to base for sulfuric and nitric acids and originates fromg\NH
significant anthropogenic influence in those studies; the onavhich is emitted from livestock waste, fertilizer applications,
exception was in western Canada where marine-influence@iomass burning, motor vehicle emissions, and coal combus-
air promoted CI to be the dominant anion. Calcium and tion (e.g. Apsimon et al., 1987; Asman and Janssen, 1987;
Cl~ were shown to be the dominant cation and anion, re-Kleeman et al., 1999; Anderson et al., 2003; Battye et al.,
spectively, in Jordan rain water (Al-Khashman, 2009). Con-2003; Sorooshian et al., 2008). The dominant route by which
sistent with our results, Hutchings et al. (2009) showed thatSO;  becomes associated with drops is thought to be aerosol
NO; was frequently more abundant than30n northern ~ scavenging (e.g. van der Swaluw et al., 2011). Other work
Arizona monsoon cloud water; however, they also showedhas shown that the close relationship betweer} S@nd
that NH; was the dominant cation. San Joaquin Valley andNOj in rain and snow is mainly linked to anthropogenic in-
Sacramento fog water in California exhibited high O  puts (e.g. Wake et al.,, 1992; Legrand and Mayewski, 1997;
SO;~ concentration ratios (equivalent/equivalent) of 4.8 andSchwikowski et al., 1999; Preunkert et al., 2003; Olivier et

8.6, respectively, due to the influence of agricultural emis-&l-» 2006; Dias et al., 2012). Ammonia from anthropogenic
sions (Collett et al., 2002). It is cautioned again that suchsources has also been linked to soluble ion measurements in

comparisons are sensitive to the time span of data examinel§€ and rain (Kang et al., 2002; gou etzil., 2203)' .

due to reasons such as varying air quality regulations at dif- 1he crustal cation species (€3 Mg=", K™, Na") ex-
ferent locations and times. Significant changes in the relativaiPit Statistically significant correlations with %_O’ NO;,
amounts of S@T and NG, have been observed in the United and CI at all sites. This is suggestive of reactions of acids

States since the 1980s (e.g. Butler and Likens, 1991: Lynch e-g. nitric, sulfuric, hydrochloric acids)_with crustal surfa}cgs
al., 1995; Nilles and Conley, 2001; Butler et al., 2001: EPA, such as dust and sea salt (e.g. Matsuki et al., 2010). This link
2003). is supported by a large inventory of previous work: (i) mea-

surements in Asia indicate that dust is a significant source
of sofl—, largely of anthropogenic origin which comes to-

5 Discussion gether with dust, in snow and glaciers (Wake et al., 1990;
Kreutz et al., 2001; Zhao et al., 2011); (ii) a close association
5.1 Sources of precipitation species of SOf{ with crustal matter was argued to explain the close

relationship between SiO and C&" in rain water in India
5.1.1 Interrelationships between precipitation species  (Satyanarayana et al., 2010); (iii) Zhang et al. (2007) sug-
concentrations gested that acids such as HCI react with windblown crustal
particles to yield a high M§/CI~ correlation in China; and
Correlation matrices for rain and snow chemical concentra<jy) dust surfaces have been shown to become coated with
tions are used to provide more support for common sourcegg|yple species such as ?O NO3, and CI- (Desbouefs et
of species, using Organ Pipe and Bandelier as representgg. 2001; Sullivan et al., 2007; Matsuki et al., 2010) lead-
tive examples for rain and snow, respectively (Table 2). Ta-jng to enhanced hygroscopic properties (Levin et al., 1996;
bles S2-S3 report the rest of the matrices for the six siteskgenler et al., 2007; Crumeyrolle et al., 2008; Sorooshian
which show the same general relationships as those in Tagt a1, 2012). Correlations between similar subsets of species
ble 2. The crustal-derived species {€aMg?*, K*, Na*, (crustal species, SP/NH;/NO3, and the combination of
CI™) exhibit statistically significant correlations (95 % con- the |atter two) have also been observed in other regions
fidence using a two-tailed Student’sest; this condition ap-  gych as the Mediterranean, Turkey, India, Brazil, Mexico,
plies to all correlations reported hereinafter) with each othergg china (Al-Momani et al., 1997; Basak and Agha, 2004;

in both rain and snow (= 0.48-1.00n = 90-107), suggest-  safaj et al., 2004; Mouli et al., 2005; Baez et al., 2007;
ing that their common source is dust or sea salt depending on

the site. Sodium and Clare strongly correlated at the site
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Table 2. Correlation matrix £ values) for rain water constituent concentrations measured at Organ Pipe between 2003 and 2010 and snow
water constituent concentrations measured at Bandelier between 1995 and 2010. Values are only shown when statistically significant (95 %)
with a two-tailed Student’'stest. Refer to Supplement for all data for the six sites.

Organ Pipe Rain{=107) Bandelier Snows{ = 90)

Ca Mg K Na NH, NO3 CI SO pH| Ca Mg K Na NHy NO3 Cl SO pH
Ca 1.00 1.00
Mg 0.76 1.00 0.87 1.00
K 0.92 0.82 1.00 0.83 0.84 1.00
Na 0.59 0.96 0.68 1.00 0.68 0.76 0.70 1.00
NH; 0.21 - 0.25 - 1.00 — 0.23 0.29 0.45 1.00
NO3z 0.28 - 034 - 0.89 1.00 0.28 036 041 043 0.61 1.00
Cl 059 0.96 0.68 1.00 — - 1.00 048 061 053 085 044 038 1.00
SO, 047 045 056 028 067 079 026 1.00 036 048 049 060 0.81 051 0.60 1.00
pH 0.44 054 0.49 0.50 — — 0.51 - 1.000.72 0.72 0.65 0.43 - - 0.21 — 1.00

Table 3. Correlation ) of aerosol mass concentrations (fine soil, sulfate) and the coarse : fine mass concentration ratio with precipitation
species mass concentrations. Values are only shown when statistically significant (95 %) with a two-tailed $tiedenThere are no snow
data at Organ Pipe. The sample range for data below is 39-240.

Particulate Fine Soil Particulate Sulfate Coarse:Fine Mass Ratio

Band BC Chi Gila MV OP|Band BC Chi Gila MV OP| Band BC Chi Gila MV OP
Rain Ca 0.27 040 0.33 032 0.15 - - 0.23 - - - - - - - - 0.18 -
Rain Mg 0.39 045 025 0.34 0.20 - - 0.22 - - - - - - - 0.12 - -
Rain K - 0.23 023 0.15 031 - - - - - - - - - - - 0.16 -
Rain Na 0.33 0.36 - 0.18 0.20 - - 0.29 - - - - - - - - - -
Rain NH; - 0.22 0.26 0.16 - 0.23 - 0.18 0.19 0.21 - 0.30 -0.16 - - =013 - -
Rain NO; - 0.30 031 0.21 - 0.2 - 0.30 0.23 0.26 - 0.32 -0.17 - - - - -
Rain CI 0.32 0.37 - 0.20 0.22 - - 0.34 - - - - - - - 0.14 - -
Rain SQ - 0.28 0.23 0.19 - 0.24 0.14 041 - 0.39 0.20 0.29 - - - - - -
Snow Ca - 0.23 - 0.73 0.74 - - - - - =021 - 022 019 - 0.63 027 -
Snow Mg - 0.26 - 0.73 0.56 - - - - - -0.24 - 0.30 019 - 0.65 028 -
Snow K - - - 0.70 0.39 - - - - - -0.19 - 0.30 - - 072 028 -
Snow Na - - - 0.59 - — - - - - - - 0.34 0.17 - 0.57 0.27 -
Snow NH; - 0.18 - 0.38 - - - - - - - - - - - 0.36 - -
Snow NG - - - 0.46 - - - 0.15 - - - - 0.22 - - 0.48 - -
Snow Cl - - - 0.59 - - - - - - - - - - - 0.60 023 -
Snow SQ - 0.24 — 061 0.34 - — 0.18 - - - — - - - 0.57 - -

Zhang et al., 2007; Teixeira et al., 2008; Yi et al., 2010; Ra-shown in Table 3, particulate Clwas only correlated with

man and Ramachandran, 2011). rain CI- (r =0.29; n =105) at one site (Organ Pipe) be-
cause of the proximity of Organ Pipe to the Pacific Ocean;
5.1.2 Interrelationships between aerosol and particulate Ct was also correlated with Naat this site
precipitation species (r =0.29,n = 105). Interestingly, NH, sof;, and NG; in

rain are also correlated with fine soil at four sites includ-
It is of interest to examine the extent to which aerosol anding Organ Pipe. This result is consistent with these same
precipitation species concentrations are related. AS$®d  anthropogenically-related species being related to the crustal
fine soil represent the most abundant Monstituents of  species in the rain data. Fine soil levels exhibit statistically
interest in this work (excluding other constituents such assignificant correlations with those of crustal-derived species
carbonaceous species), their particulate concentrations aig snow at Bryce Canyon, Mesa Verde, and Gila.
compared to all precipitation species concentrations in Ta- Particulate S(ﬁY exhibits a statistically significant corre-
ble 3. The following factors could bias the interpretation of |5tion with so}; in rain at all sites except Chiricahua. Par-
these results: (i) gases that partition to hydrometeors; an‘aculate SCi‘ was also correlated with Npand NH; in
(ii) different air masses affecting altitudes at which the IM- .. o+ o0y sites including Organ Pipe and Chiricahua. Par-
PROVE mea;urements tal'<e place and vvhere preC|p|tat|pn fculate scj— exhibits few statistically significant correla-
produced. With the exception of Organ Pipe, CrUStaI'der'thions with snow species: it only exhibited positive correla-

s_pecies_in _r:_ain (CH, Mng' KT, _CI_'_ Na+)_exhibit statls- tions with SCi‘ and NG at Bryce Canyon. The different
tically significant correlations with fine soil. Although not
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relationships of particulate ﬁOwith sof; inrainand snow 5.3 Nitrate:Sulfate ratio

may be caused by the vertical structure ofﬁSQand pre- L L

cursors) in the atmosphere and the varying degree to whic N€ Precipitation N@ : SO ratios in this study, and those
SO~ -enriched particles act as CCN versus IN in the region.of Hutchings et al. (2009) in the same region, are higher
Sulfate (and precursor) concentrations decrease with altitugé'an those observed in other regions. In this study, the cu-
since its sources are near the surface. It is noted that monthlyhulative average at each site ranges from 0.97-1.49 for
averaged particulate $Oconcentrations generally decrease /" aqd 0.74-2.08 for snow, using concentrations units of
from the lowest-elevation IMPROVE stations to the high- H€dL". These units are now applied for comparison with
est ones (Fig. 6). Sulfate-rich particles are hygroscopic andiocumented values in the following regions: Brazil1.10,
expected to be efficient CCN, which likely are removed by Pias et al., 2012:~0.61, Migliavacca et al., 20045 0.11,

warm rain prior to reaching higher freezing altitudes where Migliavacca et al., 2005); Turkey~(0.625, Topcu et al.,
IN activation oceurs. 2002); Jordan~{ 0.51, Al-Khashman, 2005); India«0.28,

Motivated by previous findings that dust particles act asSingh etal., 2007); Costa Ricea 0.05, Herrera et al., 2009);

IN, the coarse : fine aerosol mass concentration ratio is comSPain ¢ 0.46 from 1984-1993 and 0.94 from 1998-2009;

pared to snow and rain chemical concentrations (Table 3)/Zauierdo et al., 2012); Mexicox(1.03; Baez et al., 2007);
The coarse : fine ratio exhibited statistically insignificant cor- 21d numerous sites in Asia including in China, Japan, the
relations with most rain water species at all sites. However, hilippines, Thailand, Vietnam, Malaysia, and Hong Kong
the same ratio is positively correlated with snow species af ™~ 0-36-1.14, Yeung et al., 2007). The sites with the lowest
all sites except Chiricahua and Organ Pipe, where the latf@tios were strongly influenced by $@nd source types such
ter site experienced no snow. The coarse : fine ratio was typ&S vehicles, volcanoes, refineries, petrochemical activity, and

ically only correlated with the crustal species ¢aMg?+, ~ thermoelectric plants. The NO SO; ratiois hypothesized
Na*, K+, CI") and NG, suggestive of a preferential role of to be larger in the Southwest due to some combination of the

coarse particles as IN in the region. following: (i) different time ranges of data collection, which
would make the comparisons less meaningful due to vary-
o ) o ing levels of pollution regulations at different times and lo-
5.2 Species influencing precipitation pH cations; (ii) reduced S©emissions as compared to the other
regions; and (iii) enhanced NDeither due to its associa-
The six sites exhibit similar interrelationships between pre-tion with crustal matter or partitioning of its gaseous precur-
cipitation chemical concentrations and pH (Table 2 andsors into rain and snow. With regard to periods of data col-
Tables S2-S3). The crustal-derived rain and snow speciekection, it is critical to note that at least in North America,
(Ca&t, Mg?*, Naf, KT) are positively correlated with pH. more significant reductions in $@s compared to NQover
The PMps aerosol constituents that rain and snow pH arerecent decades likely bias intercomparisons of;NGQ;~
best correlated with are Ca, K, Na, and fine soil (Table S4).ratios between different studies (e.g. EPA, 2003; Kvale and
These results provide support for dust increasing precipi-Pryor, 2006). Measurements in the eastern United States have
tation pH in the region, which is consistent with increasespointed to reductions in precipitation sulfate unlike nitrate
in the following parameters during the season with highestsince the 1980s (e.g. Butler and Likens, 1991; Lynch et al.,
rain pH (i.e. MAMJ): fine soil and coarse aerosol concen-1995; Nilles and Conley, 2001; Butler et al., 2001).
trations, particulate crustal species concentrations (Ca, Mg, The precipitation NQ :Soﬁ_ ratios in this study are also
Na), the coarse :fine aerosol ratio, and UV Al. The MAMJ interesting in the following two ways: (i) they are higher in
pH peak in the Southwest is in contrast to India, where theprecipitation samples as compared tof4\0.16—0.47); and
highest values are observed during the monsoon due to larg@) the NOj : SOf( ratio in rain typically increases from
inputs of sea salt from marine-derived air masses (SatyabJF (0.64-1.16) until JAS (1.09-1.63) before decreasing
narayana et al., 2010). Ammonium was also positively corre-again, which is the opposite temporal trend for the particulate
lated with pH at three sites (Bryce Canyon, Bandelier, Chir-NO3 :Soﬁ‘ ratio. One explanation for both findings could
icahua), albeit more weakly than other cations. The weakebe that the coarse aerosol fraction has highergNSOf(
relationship between pH and NHas compared to traditional  ratios than what is reported for P, and that those larger
crustal-derived bases such as?Cauggests that the latter particles efficiently serve as CCN and IN thereby driving
are more effective regionally as neutralization agents; thisup the ratio in precipitation. To indirectly examine the po-
has also been observed in other regions such as the Eagential role of coarse aerosol in influencing the precipitation
ern Mediterranean and Turkey (e.g. Al-Momani et al., 1997;ratios, the coarse : fine aerosol mass ratio was compared to
Basak and Alagha 2004). Sulfate is negatively correlatedhe NG, :sof; rain water ratio (Fig. S2). The two ratios
with snow (Bryce Canyon, Gila, Mesa Verde) and rain pH do not exhibit a statistically significant positive relationship,
(Mesa Verde) because of its acidic nature. Sulfate is the maimnd the coarse :fine ratio is typically the smallest in JAS.
dominant source of acidity in precipitation in other regions This weakens the case for nucleation scavenging of coarse
such as Brazil (Teixiera et al., 2008). particles with high Ng:SOﬁ‘ ratios, assuming that the
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air masses affecting clouds are similar to those influencingsult is that the snow ratio of ND: sof; does not exhibit

the IMPROVE stations. Another potential explanation is thata statistically significant relationship with the coarse:fine
gaseous precursors of NCare scavenged more effectively aerosol mass ratio at any site. It is unclear as to whether this
in clouds relative to those for go Hayden et al. (2008) Is due to dissimilar air masses influencing altitudes where
used airborne measurements to show that the NS]D?[ snow is produged_relative to the_ IMP_ROVE s_ta_tions. More
ratio usually was higher in cloud drop residual particles thandetailed investigations would assist with explaining the find-
sub-cloud particles, and that the predominant mechanism b{'9S above related to the I\gOSQﬁ ratios, especially ex-
which NQ; partitioned to drops was by transfer of gas-phase@mining HNGQ; partitioning behavior and the role of different

HNOs. That study showed that unlike NO S parti- particle types in serving as CCN and IN in the Southwest.
. 4

tioned to drops mainly by nucleation scavenging. Indepen-

dent measurements on a mountaintop in Sweden showed that4 Interannual variability in aerosol and precipitation

NOj3 activated more efficiently than S0 into cloud drops chemistry

(Drewnick et al., 2007). However, our results show that par-

ticulate NGy concentrations only exhibit a statistically sig- Previous analyses of NADP/NTN concentration data over

nificant correlation with precipitation NDlevels at one of ~ the United States between 1985 and 2002 showed general
increases in ammonium, reductions in sulfate, and mixed

&hanges in nitrate depending on location (Lehmann et al.,

six sites. Therefore, the preferential activation of N@ther 2005); furthermore, reductions in sulfate have been shown
to be more significant as compared to nitrate (Lehmann

than SCﬁ is ru_Ied out here as the e_x_planatlon.Amore plau and Gay, 2011). As JAS is the season with the most

sible explanation could be the efficient transfer of gaseous . S .
X . available precipitation data across all sites, a long-term

precursors of N@ to rain and snow, which cannot be quan- ; : .

o . trend analysis for this season shows that the only species

tified with surface aerosol measurements. The annual cycle

of HNO; at a site in the Southwest (Johnson et al., 1994)|n rain gxh|b|t|ng a staﬂstu;ally S|gn|f|caqt 'concentratlon
: _ S change is Sﬁf (Table 4). This species exhibited a decreas-
was previously measured to be the same ag N80, in

our study, which can help explain the increase of this ratio in'nY trend at Bryce Canyon-(0.062mg L yr ) and_ G"a.
rain frorr)(the wintertime Ft)o JA?S. Cliff (—0.057mgL-tyr1). The decreasing trend is ubig-

Another interesting observation in the Southwest is thatuitous across the'region in the fjne aerosol fr";}C“oT' with
the NG; mass fraction and the Npsoﬁ— ratio are both the Iargest_ reduction at Qrgan PipeQ.109 pg m=yr=);

. : . . ) the reduction at other sites ranged betweed.029 and
higher in snow relative to rain during DJF. In contrast, NH

_ o S 9eaTT _0.047 pg m3yr—L. This reduction in the region can be ex-
and S(j both exhibit higher overall mass fractions in rain plained by air regulations ofSiO precursors (e.g. Matichuk

relative to snow during DJF. One explanation is the effi- o 5| 2006; Sorooshian et al., 2011). Nitrate does not exhibit
cientadsorption of gaseous y@recursors suchas HNG g geatistically significant change in concentration in rain or in

snow (e.g. Jacobi et al., 2012); however, the relative strengtiy, icles, except relatively small reductions as compared to
of partitioning of HNG; to rain drops and snow is uncertain gy

. " , Rt _ _ , at Chiricahua £0.006 ugnt3yr-1) and Organ Pipe
and requires additional investigation for this region. Another(_0 016 ug mr3yr—1). Other work in the Southwest has sug-
explanation could be the preferential role of different parti- X '

. X . h lack of a ch f he | i
cle types in serving as CCN versus IN, which was alreadygeStedt ata lack of a change of flover the last decade in

ted t lain wh ticulat ?ON inl at least one part of the Southwest (i.e. southern Arizona) may
stiggested to explain why particuiate as mainly cor pe gue to competing factors: (i) land-use changes (e.g. agri-

related with Slop in rain rather than snow. More effective ¢ jtyral land to urban areas) can reducegNdhissions and
nucleation scavenging of hygroscopic particles Conta'n'ngparticulate NG formation; and (ii) higher NQ emissions

SC.)ff atlower alt'itudes iq the form of CCN would limit their linked to population growth and reductions in $Callow for
ability to reach higher altitudes where deeper clouds producc?“Ore NH to neutralize HNG to promote ammonium nitrate

snow. At those higher altitudes, dust partic_les can serve aﬁ\lH4N03) production (Sorooshian et al., 2011). While the
eﬁzc(t;lvele élslo;;;":d.”:ebeb 1960{ TUTQ%G?)G}VI -l;\tNothyl NO3 :sof-( ratio in the fine aerosol fraction only increased
and andrud, » neintzenberg etal, »DeMottetal.,; Jhe site (Mesa Verde), there was an increase in rain at all

2003a, b; Sassen et al., 2003; Czizco et al,, 2004; Koehleg . o except Chiricahua and Organ Pipe. Rain pH has also in-

et al., 2007; Prenni et al., 2007; Zimmermann et al., 2008) : .
1 1 1 ’ - ’ 3 ” M V P . h
and as noted already, they contain enhanced levels gf NO F:reased at all sites except Mesa Verde and Organ Pipe; the

due to reactions with HN®(e.g. Malm et al., 2004; Lee et Increase at fgur of the §|tes s due to .reductlons I'iS@S

al., 2008). This speculation is partly supported by the ﬁnd_compare:-d to increases in ",JOA poten.tlal .reasonias to Vi’hy
ing that the coarse : fine aerosol ratio was positively corre-Organ Pipe does not show increases in either thg r\&‘Dﬁ. _
lated with snow pH at more sites (Bryce Canyon, Gila, Mesalatio or pH, even though it showed the largest reduction in

Verde) than with rain pH (Mesa Verde). But a conflicting re- Particulate Slop may be due to an increasingly important
role for coarse particle types relative to fine particles. More

the six sites (Gilar =0.34,n = 265), whereas Sﬁ) shows
a positive relationship between rain and aerosol at five of th
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Table 4.Long-term trend analysis for the Southwest monsoon season (JAS). Slopes of each parameter versus year are shown with correlatior
coefficients (2) of the linear best fit line in parenthesis. Units are u*(fryrfl for the aerosol species, mgtyr—1 for the rain species, and
yr—1 for the coarse : fine ratio, ND: so}l— ratio, and pH. No other common aerosol and rain water species are shown as they do not have

statistically significant changes over the durations shown in Table 1.

Bandelier Bryce Canyon Chiricahua Gila Cliff Mesa Verde Organ Pipe
Particulate S@ —0.037 (0.56) —0.029 (0.71) —0.038 (0.52) —0.047 (0.72) —0.042(0.78) —0.109 (0.80)
Particulate N@ —0.006 (0.43) —0.016 (0.44)
Particulate NQ: SOy 0.005 (0.26)
Particulate Coarse : Fine 0.084 (0.30)
Rain SQ —0.062 (0.28) —0.057 (0.53)
Rain NGz
Rain NGz : SOy 0.037 (0.33) 0.049 (0.26) 0.065 (0.52) 0.080 (0.81)
Rain pH 0.028 (0.42) 0.051 (0.32) 0.026 (0.38) 0.034 (0.43)

specifically, Organ Pipe was the only site to show an increassiii.
in the coarse : fine aerosol mass ratio in JAS, with an increas-
ing rate of 0.084yrl. This result is suggestive of the pres-
ence of more coarse particle types, mainly sea salt and dust,
that can react with HN@to form particulate N@, simulta-

neous with reduced fine aerosol ?O)ver time.

6 Conclusions iv.
This study characterized aerosol and precipitation composi-
tion at six sites in the US Southwest. The main results of this
work are as follows, following the order of questions posed

in Sect. 1:

i. Precipitation accumulation is concentrated in a winter-
time mode (DJF) and a monsoon mode (JAS), with only
warm rain associated with the latter. The relative amount
of rain and snow during DJF depends on geography and
altitude, with rain being more abundant farther south
near the international border and at lower altitudes. All
aerosol and precipitation species concentrations typi-

cally were highest during MAMJ (including precipita- ,

tion pH) due to increased dust concentrations.

ii. Statistically significant relationships in the regional rain
and snow are observed for numerous crustal-derived
species (C&, Mg?t, K*, Na'), mainly from dust, and
a subset of species with anthropogenic sourcesjl(NH
so};, NO;3). Species in the crustal group also exhibit
positive relationships with SP, NO;, and CI, sug-
gesting that acidic gases likely react with and partition to
either coarse crustal particles or hydrometeors enrichedvi.
with crustal constituents. Organ Pipe, the site closest to
the Pacific Ocean, shows an especially strong relation-
ship between N& and CI™ in rain water due to sea salt
influence, indicating that this aerosol type more strongly
affects precipitation in parts of the Southwest closest to
the ocean.

www.atmos-chem-phys.net/13/7361/2013/

Rain and snow pH levels were usually between 5-6.
Rain pH was highest during MAMJ, which was coinci-
dent with the highest rain and particulate concentrations
of crustal-derived species (€ Mg?t, K+, Na). Rain

and snow pH were generally well-correlated with these
species showing that dust in the region is highly influen-
tial in acid-neutralization.

Crustal-derived species in both rain and snow?%(Ga
Mg?t, K*, CI~, Na") exhibit statistically significant
correlations with particulate fine soil. The coarse: fine
aerosol mass ratio was correlated with snow concentra-
tions of crustal species (s, Mg?t, Na*, K+, CI7)
and NG, suggestive of a preferential role of coarse par-
ticles (mainly dust) as IN in the region. ParticulateﬁSO
concentrations exhibit a statistically significant correla-
tion with rain SG~ at most sites unlike snow, which
may be related to a combination of the vertical struc-
ture of S(j‘ (and precursors) in the atmosphere and the
varying degree to which Sfp—enriched particles act as
CCN versus IN in the region.

The precipitation NQ@ : sof; ratios in this study ex-
hibit the following features: (i) higher in precipitation
samples as compared to BM (ii) exhibit the opposite
annual cycle compared to the particulate NGSCO;~
ratio; and (iii) are higher in snow relative to rain dur-
ing DJF. Multiple explanations are discussed that re-
quire more detailed investigation, including partition-
ing of gaseous N precursors (i.e. HNg) to rain and
snow.

Long-term trend analysis for rain chemistry during the
monsoon season (JAS) shows that thegNGOﬁ‘ ratio
increased at most sites, due to air regulations reducing
Sd{ precursor concentrations. Sulfate was the particu-
late species showing the most consistent reduction over
time across the Southwest. The only site that did not ex-
hibit an increase in either the I\gOSOf,r‘ ratio or pH

Atmos. Chem. Phys., 13, 7379 2013
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in rain was Organ Pipe, which exhibited the only long- Supplementary material related to this article is
term increase in the particulate coarse : fine mass ratioavailable online at: http://www.atmos-chem-phys.net/13/
Increasing relative amounts of coarse particles as com7361/2013/acp-13-7361-2013-supplement.pdf
pared to fine particles is thought to increase rain pH due
to reduced influence from fine particulate ?Oand in-
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