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Abstract We use empirical orthogonal function (EOF) analysis to investigate the role of meteorology in
controlling the interannual variability of ﬁne dust concentrations in the western United States during
2002–2015 March–May. We then develop a prediction model to explore the causes of an observed increase in
ﬁne dust concentrations during March in the Southwest. For each spring month, 54–61% of the total variance
in ﬁne dust anomalies can be explained by the ﬁrst two leading EOF modes, which consist of a coherent
pattern of covariability across the West and a dipole northwest-southwest pattern. We identify the key
meteorological controlling factors to be regional precipitation, temperature, and soil moisture, which are in
turn mostly driven by large-scale changes in sea surface temperature and/or atmospheric circulation
patterns, including the El Niño–Southern Oscillation (ENSO) and Paciﬁc Decadal Oscillation (PDO). In addition,
ﬂuctuations in the trans-Paciﬁc transport of Asian dust likely contribute to ﬁne dust variability in March and
April. We ﬁnd that March ﬁne dust concentrations have increased from 2002 to 2015 in the Southwest
(0.06 ± 0.04 μg m3 a1, p < 0.05). Multiple linear regression analysis suggests that these increases are
associated with the following: (1) regionally drier and warmer conditions driven by constructive interference
between ENSO and PDO, (2) soil moisture reductions in areas spanning the North American deserts, and
(3) enhanced trans-Paciﬁc transport. Our results provide an observational basis for improving dust emission
schemes and for assessing future dust activity under climate change.

Plain Language Summary Soil-derived particulate matter, also known as mineral dust, contributes
to air quality degradation, visibility reduction, and public health risks in the western United States, where
abundant arid lands serve as dust sources. Dust is also transported here from Asian deserts across the
Paciﬁc Ocean. Improved understanding of how meteorology inﬂuences airborne dust levels in the present
day can help us assess future changes due to human-caused climate change. Using statistical methods, we
identify the key drivers of year-to-year changes in springtime dust across the West to be regional
precipitation, temperature, and soil moisture. These drivers are in turn inﬂuenced by the El Niño–Southern
Oscillation (ENSO) and Paciﬁc Decadal Oscillation (PDO). Trans-Paciﬁc transport of Asian dust also contributes
to the observed dust variations. We ﬁnd that dust levels have been increasing in southwestern regions
between 2002 and 2015. This increase is associated with (1) regionally drier and warmer conditions
associated with ENSO and PDO, (2) declines in soil moisture across North American deserts, and (3) stronger
transport of Asian dust. With the U.S. Southwest projected to experience severe and persistent droughts
in coming decades due to climate change, our results suggest that this region could also become
increasingly dustier.
1. Introduction
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Air quality is strongly inﬂuenced by meteorological conditions, and there are growing concerns that climate
change could enhance mineral dust mobilization and transport across the western United States. Recent
studies suggest that deposition of atmospheric dust and its concentrations may have been increasing in
the West over the past two decades (Brahney et al., 2013; Hand et al., 2016). Yet relatively few studies have
examined the relationships between meteorology and mineral dust aerosol loading in the United States.
Those that have are mostly limited in terms of spatial domain, temporal scale, and/or meteorological variables considered. In this study, we perform a systematic statistical analysis to (1) investigate the role of
meteorology in controlling the interannual variability of ﬁne dust concentrations across the western U.S. during the spring months and (2) examine the causes of a recent increase in ﬁne dust concentrations in the
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Southwest in March. Our study relies on a 14 year record (2002–2015) of observed concentrations of ﬁne dust,
deﬁned as soil-derived particulate matter smaller than 2.5 μm aerodynamic diameter (PM2.5). With the
Southwest projected to become drier and hotter in the coming decades due to human-caused climate
change (e.g., Ault et al., 2016; Cook et al., 2015; Seager & Vecchi, 2010), our work has important public health
and socioeconomic implications for the region.
Data from ground-based monitoring sites between 2001 and 2014 indicate that surface ﬁne dust concentrations increase abruptly over much of the western U.S. each spring (Hand et al., 2017; Malm et al., 2004). Such
broad-scale regional and temporal behaviors are indicative of inﬂuence by large-scale emission and transport
mechanisms. In southwestern regions, the spring months are a period of higher, sustained wind speeds and
lower precipitation (Flagg et al., 2014), and monthly mean ﬁne dust concentrations can contribute up to
~50% to total PM2.5 (Hand et al., 2017). Large dust storms, spanning up to 160 km wide and several kilometers
high, are a common phenomenon in the spring (Bach & Brazel, 1996; Idso et al., 1972; Lei & Wang, 2014). Dust
is generated by wind erosion of exposed soils and by human activities such as construction, agricultural
operations, and travel on unpaved roads (Mansell et al., 2007). The Mojave, Great Basin, Sonoran, and
Chihuahuan Deserts are the major sources of dust in North America (Jewell & Nicoll, 2011; Reynolds et al.,
2007; Rivera Rivera et al., 2010; Tanaka & Chiba, 2006). Land disturbance of the semiarid Columbia Plateau,
Colorado Plateau, and southern Great Plains—primarily through agriculture and fossil fuel development—
have also made these regions active dust sources (Carmona et al., 2015; Neff et al., 2008; Saxton et al.,
2000; Skiles et al., 2015; Reynolds et al., 2016). Sediment records suggest that the anomalously high dust
deposition rates in the western U.S. over the past 3,000–5,000 years are associated with droughts, land disturbance, and livestock grazing (Brahney et al., 2013; Neff et al., 2008; Routson et al., 2016). It is also well established that dust originating from the deserts of Mongolia and northern China can be transported across the
Paciﬁc Ocean and contribute to the total dust burden across the West, especially in the Paciﬁc Northwest and
coastal California regions (e.g., Creamean et al., 2014; Fairlie et al., 2007; Fischer et al., 2009; Kavouras et al.,
2009; VanCuren & Cahill, 2002; Zhao et al., 2006). This trans-Paciﬁc transport is most active during spring,
when extratropical cyclone activities and midlatitude westerlies are strongest (Yu et al., 2008). During this season, the potential for wet deposition of dust over the Paciﬁc Ocean during transport is also relatively low
(Creamean et al., 2014). However, the mass of Asian dust transported to the western United States is not well
quantiﬁed. For example, Yu et al. (2012) estimated that 56 megaton (Mt) (40% of total export) of Asian dust
transported reaches the western United States each year, whereas Zhao et al. (2006) estimated this value to
be 3.6 Mt (3%).
Mineral dust aerosols have far-reaching effects on climate, ecosystems, and humans. Atmospheric dust
affects the Earth’s energy budget through aerosol-radiation and aerosol-cloud interactions (Carslaw et al.,
2010; Miller et al., 2014) or by decreasing the albedo of snow and ice when deposited on such surfaces, causing earlier and faster snowmelt and river runoff (Painter et al., 2007, 2010). Deposited dust also inﬂuences biogeochemical cycles in oceans and on land, including fertilization of terrestrial and marine ecosystems
(Jickells, 2005). Dust episodes can also contribute to declines in air quality, visibility, and agricultural productivity (Middleton, 2017). In the western United States, severe dust storms can raise PM levels far above the
National Ambient Air Quality Standards and have been found to be associated with premature mortality
(e.g., Crooks et al., 2016; Kavouras et al., 2007; Raman et al., 2014). In addition, an array of allergens, pathogens, and toxic chemicals may be carried by airborne dust. Such constituents, along with soil particles, can
cause or aggravate respiratory and cardiovascular disorders, conjunctivitis, and skin irritations (Goudie,
2014; Kim et al., 2015; Plumlee & Ziegler, 2007). In the Southwest, there are growing public health concerns
that higher airborne dust levels could in particular lead to increased exposure of (1) toxic contaminants from
landﬁlls and abandoned or active mines (Csavina et al., 2012) and (2) soil-borne fungi, Coccidioides spp.,
known to live in the desert Southwest soils which, when inhaled, can cause Valley Fever (Schneider et al.,
1997). Since the late 1990s, the incidence of Valley Fever in the Southwest has risen by a factor of 8, but
whether the increase is related to greater awareness of the disease, increased population of susceptible individuals or to an enhancement in airborne dust is not yet known (Tsang et al., 2013).
Previous studies suggest that airborne dust levels may have been increasing in the western United States
over the past few decades. Brahney et al. (2013) found that atmospheric calcium deposition increased
between 1994 and 2009 across the intermountain west, midwest, and northwest regions. The authors concluded that the most likely cause is enhanced dust emission arising from increases in aridity, high wind
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events, and anthropogenic disturbance of soils. Hand et al. (2016) reported that springtime ﬁne dust concentrations have increased from 1995 to 2014 across the Southwest, primarily in March (5.4% a1, p < 0.01).
Trends in April and May were not as high or regionally extensive. The authors suggest that the regional
increase in March is primarily due to two factors: (1) an earlier onset of the spring dust season and (2) a shift
of the March Paciﬁc Decadal Oscillation (PDO) to the negative phase, which resulted in drier, winder, and less
vegetated conditions across the Southwest.
Dust emission schemes in dynamic, three-dimensional models currently vary widely in complexity and
approach, resulting in large intermodel differences in simulated dust ﬂuxes (e.g., Huneeus et al., 2011; Uno
et al., 2006). Better understanding of wind erosion processes and of the relationships between airborne dust
and meteorological variables will allow us to improve dust emission schemes (Webb et al., 2016), as well as
provide an observational foundation for rapid assessment of future dust activity under a range of climate
change scenarios. To date, relatively few studies have attempted to rigorously characterize observed relationships of meteorological variables and mineral aerosols, especially across a large spatial domain or on
multiyear time scales. For example, using total PM10 as a dust proxy, Csavina et al. (2014) observed a dependence of dust concentrations on relative humidity at wind speeds greater than 4 m s1 across eight sites in
Arizona and Mexico in 2011 March–May. Focusing on episodic dust storm events in Salt Lake City, Utah,
Hahnenberger and Nicoll (2012) found that such events are mostly caused by approaching midlevel troughs,
resulting in strong southwesterly winds that entrained sediments upwind.
In this study, we seek to answer two overarching questions. First, do ﬁne dust concentrations across the western United States display broad-scale spatial behaviors and correlations to meteorology on interannual time
scales? Second, what are the underlying causes of an increase in March ﬁne dust concentrations between
2002 and 2015 in the Southwest? To answer the ﬁrst question, we apply empirical orthogonal functions
(EOFs) to decompose the interannual variability of monthly mean ﬁne dust concentrations in the western
United States for a 14 year record of observations (2002–2015) for each of the spring months (March–
May). We then perform a systematic correlation analysis between the ﬁrst two leading EOF modes and an
array of variables to identify key meteorological controlling factors. To answer the second question, we
develop statistical models by regressing potential meteorological predictors identiﬁed by EOF-correlation
analyses onto ﬁne dust concentration time series.

2. Data and Methods
2.1. Fine Dust Data
We rely on ground-based measurement data from the Interagency Monitoring of Protected Visual
Environments (IMPROVE) network to calculate ﬁne dust concentrations for the 2002–2015 period (Malm
et al., 1994). The locations of IMPROVE sites in the western United States (31°–49°N, 100°–125°W) are shown
in Figure 1. The IMPROVE network began operation in 1988 with 20 sites and expanded to 165 sites between
2000 and 2003, with the majority of sites located in remote and rural locations (Malm et al., 2004). Since
Empirical Orthogonal Function (EOF) analysis requires no missing data, we restrict our analyses to the years
2002–2015 and include only those sites with at least 7 years of monthly data over the 14 year period. This
leads to 91 sites with less than 8% of missing monthly data.
We follow the approach of Hand et al. (2016) in using the iron content of ﬁlter samples as a ﬁne dust proxy
with some modiﬁcations. We calculate monthly mean ﬁne dust concentrations as follows: (1) We neglect any
sites at which PM2.5-Iron is measured below the minimum detection limit for more than 20% of the total measurements available during the 14 year period. (2) We screen out “high-combustion” days when the elemental carbon (EC) concentration exceeds a threshold value, deﬁned as the 2002–2015 EC monthly mean + 1
standard deviation for a given site. (3) For each site and month containing at least 50% complete data (i.e.,
10 days/month since IMPROVE measurements are made every third day), we calculate monthly mean
PM2.5-Iron concentrations from daily values. (4) We approximate monthly mean ﬁne dust concentrations as
PM2.5-Iron/0.058, based on observed linear relationships between daily PM2.5-Iron and IMPROVE “Fine Soil”
from 2011 to 2015 (Figure S1 in the supporting information). The analytical uncertainties associated with
our calculated monthly mean ﬁne dust values are ~0.05% on average (maximum ~3%) by error propagation.
We discuss in the supporting information our reasons for focusing on ﬁne dust and further details in using
and validating PM2.5-Iron as a ﬁne dust proxy (section S1). Although IMPROVE measurements are made
ACHAKULWISUT ET AL.
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Figure 1. (top) Trends of monthly mean ﬁne dust concentrations from 2002 to 2015 in the spring at IMPROVE network sites across the western United States
(31°–49°N, 100°–125°W). Symbols with black outlines denote sites with statistically signiﬁcant trends (p < 0.05). Fine dust is derived from PM2.5-Iron. (bottom) A
close-up for March for sites located between 33°–39.5°N and 103°–121°W. Symbol color shows the trend and symbol size scales with the 2002–2015 average
concentration as indicated. Circles correspond to sites with elevations at or below 1,000 m above sea level (asl); squares correspond to those with elevations
greater than 1,000 m asl. Symbols with black outlines denote sites with statistically signiﬁcant trends (p < 0.05). The boxes outline two different domains used to
calculate regional means in Figure 5: Paciﬁc Southwest (33°–39.5°N, 115.5°–121°W) and Central Southwest (33°–39.5°N, 103°–115°W). The large pale blue dot in
southern Arizona represents the average value at two sites in Phoenix.

every third day, the 2002–2015 monthly mean time series appear to capture the frequency of extreme dust
events to some extent (section S2 and Figure S2). We ﬁnd that the 2002–2015 trends in monthly mean ﬁne
dust concentration across the western United States are not sensitive to the threshold EC value in step 2
(section S3 and Figure S3).
2.2. Meteorological Data and Standard Climate Indices
In our EOF-correlation analysis (section 2.4), we consider a wide range of meteorological variables and standard climate indices that are likely to inﬂuence dust activity across the western United States (Table S1).
Monthly total precipitation (rain + snow), mean surface temperature (Tmean), and maximum surface temperature (Tmax) for the contiguous United States are from the Parameter-elevation Regression on Independent
Slopes Model (PRISM) Climate Group, regridded from 4 km × 4 km to 0.2° × 0.2° (Oregon State University,
http://prism.oregonstate.edu). Monthly mean sea level pressure, wind velocity, geopotential height, and relative humidity are from the National Centers for Environmental Prediction-Department of Energy Reanalysis II

ACHAKULWISUT ET AL.

CONTROLLING FACTORS OF WESTERN U.S. DUST

12,452

Journal of Geophysical Research: Atmospheres

10.1002/2017JD027208

at 2.5° × 2.5° (Kanamitsu et al., 2002). For wind velocity, we also use 0.5° × 0.625° reanalysis data from the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (Gelaro et al., 2017). Sea surface temperatures (SSTs) come from the National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed Sea Surface Temperature 2° × 2° data set (NOAA_ERSST_V4, http://www.esrl.
noaa.gov/psd/). For geopotential height, wind speed, and relative humidity, data at pressure levels of
1,000, 750, 500, and 250 mb are considered in our correlation analysis. All other variables are surface data.
We apply grid-box-area-weighting to calculate regional averages from gridded data.
We use the following standard climate indices: (1) Western Paciﬁc (WP), (2) Paciﬁc/North American (PNA), (3)
El Niño–Southern Oscillation Oceanic Niño Index (ENSO ONI), and (4) Paciﬁc Decadal Oscillation (PDO). The
ﬁrst three are from the NOAA Climate Prediction Center. The WP and PNA monthly indices describe atmospheric teleconnection patterns derived from 500 mb geopotential height anomalies in the Northern
Hemisphere. The ENSO ONI captures the 3 month running mean SST anomalies in the Niño3.4 region
(5°N–5°S, 120°–170°W), based on centered 30 year base periods updated every 5 years. The PDO index is from
the Joint Institute for the Study of the Atmosphere and Ocean (Mantua et al., 1997) and is derived as the leading principal component of monthly SST “anomaly deviations” in the North Paciﬁc Ocean, poleward of 20°N.
Anomaly deviations—that is, departures of local SST anomalies from the concurrent global mean SST anomaly—distinguish this pattern of variability from the signal of global warming.
We also use the gridded 0.5° × 0.5° monthly Standardized Precipitation-Evapotranspiration Index (SPEI,
v2.5) from the Spanish National Research Council (CSIC, Vicente-Serrano et al., 2010). The SPEI uses
monthly precipitation and potential evapotranspiration values from the Climatic Research Unit of the
University of East Anglia (CRU TS data set version 3.23) to determine the water balance, which can be
aggregated over different time scales to monitor drought conditions in different hydrologic subsystems.
Short time scales are mainly related to soil water content and river discharge in headwater areas, medium
time scales are related to reservoir storages and discharge in the medium course of rivers, and long time
scales are related to variations in groundwater storage. In our analysis, SPEI values aggregated over 1, 3, 6,
12, and 48 months are considered. We chose the SPEI as a drought index in our analysis for two reasons.
First, it takes into account both precipitation and potential evapotranspiration in determining drought conditions. Second, its multiscalar characteristics enable representation of drought conditions in different
hydrologic subsystems.
Springtime satellite retrievals of 550 nm aerosol optical depth (AOD) from Moderate Resolution Imaging
Spectroradiometer (MODIS) Dark Target are also used to corroborate our ﬁndings.
2.3. Trend Analysis
The Mann-Kendall test is used to assess the statistical signiﬁcance of a monotonic trend, and the Theil-Sen
estimator is used to calculate the slope of the trend. The Mann-Kendall test is a nonparametric test for a
monotonic trend (Sen, 1968), which is more robust to outliers than regression. Likewise, the Theil-Sen estimator is a nonparametric alternative to the parametric ordinary least squares regression line. Trends derived
using the Theil-Sen method take into account how the median value across an ensemble of samples changes
linearly with time. Only sites with at least 7 years of monthly data over the 14 year period are included in trend
analyses throughout this study.
2.4. Empirical Orthogonal Function and Correlation Analyses
We examine the spatial patterns of ﬁne dust interannual variability in the western United States through EOF
analysis. This method is commonly used in climate and atmospheric research to analyze ﬁelds with high spatiotemporal dimensionality (Taylor et al., 2013). In this case, we use a data matrix S (n × p) to represent the
standardized anomalies of monthly mean ﬁne dust concentrations in the West over n monthly time steps
and p sites. We construct S for each of the spring months (March–May) as follows. First, the 2002–2015 time
series of monthly mean ﬁne dust concentrations for each site is detrended by subtracting the linear trend
obtained by simple linear regression and standardized by the 2002–2015 standard deviation of each site.
We detrend the data to focus on interannual variability, and we standardize the data because IMPROVE sites
are located at a wide range of elevations and distances to urban centers and display different standard deviations (Figure S4a). Second, to ﬁll in any missing values in the data matrix, we use the method of Data
Interpolating Empirical Orthogonal Functions (Alvera-Azcárate et al., 2005; Beckers & Rixen, 2003). This
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iterative EOF-based interpolation method has been shown to be a superior approach in terms of reconstruction accuracy (Taylor et al., 2013). Lastly, we perform EOF analysis via covariance matrix decomposition. The
temporal covariance between different sites can be written mathematically as A = STS/(n  1). The EOF spatial
loadings are given by the eigenvectors of A, and the corresponding eigenvalues reﬂect the portion of total
variance explained by each EOF. The principal components (PCs), which describe how the amplitude of each
EOF varies with time, are derived by projecting S onto the eigenvectors of A.
Because we are interested in the role of large-scale meteorology and climate variability on ﬁne dust activity,
we examine the correlations of each EOF spatial pattern with key parameters for a range of multiple time
frames, as discussed in section 2.2 and listed in Table S1. Meteorological variables are detrended but not
standardized. We use two common data visualization methods to interpret the EOF analysis results: (1) homogeneous correlation maps, which display the statistically signiﬁcant correlation between the principal
component time series of a given EOF mode (kth PC) and the site-speciﬁc time series of standardized anomalies in monthly mean ﬁne dust; and (2) heterogeneous correlation maps, which provide the statistically signiﬁcant correlation between the kth PC and the detrended time series of a particular meteorological
variable at each grid box. We note here that in some cases the dust PCs show strong spatial correlations with
both monthly maximum and mean surface air temperatures. However, the correlations between a given PC
and maximum temperature tend to yield a more extensive spatial pattern than those for mean temperature,
providing a clearer picture of the regional-scale inﬂuence. We thus choose to display maximum temperature
in our ﬁgures.
2.5. Multiple Linear Regression Analysis
In this analysis, we use linear forward stepwise regression to develop empirical relationships between
observed regional ﬁne dust concentrations and a set of meteorological variables and standard climate
indices. Meteorological data are not detrended in this analysis. We use four selection criteria in our stepwise
regression. First, the chosen parameter must lead to a model with the lowest value of the Bayesian
Information Criterion (BIC). Based on the maximum likelihood estimates of the model parameters, the BIC
is deﬁned in multiple regression as n + n log(2π) + n log(RSS/n) + log(n)(p + 1), where n is the number of observations, RSS is the residual sum of squares, and p is the number of parameters. Second, the selected parameters must be independent of each other. We minimize multicollinearity by testing that the Variance
Inﬂation Factor (VIF) of the selected parameters does not exceed a signiﬁcant threshold value of 10

(Kutner et al., 2004). VIF, a widely used index of collinearity in regression analysis, is deﬁned as 1= 1  R2k ,
where R2k is the coefﬁcient of multiple determination obtained by regressing the kth predictor on the remaining parameters. Third, the adjusted coefﬁcient of multiple determination, R2, of each new model in the
stepwise process must be greater than the previous one by at least 0.05. Fourth, given that we have only
14 years of data, no more than three variables can be selected to avoid overﬁtting. Section S5 of the supporting information describes more details of the validation of the multiple linear regression models.
Unless otherwise speciﬁed, we use p < 0.05 as the threshold for statistical signiﬁcance.

3. Results
3.1. Trends in Springtime Fine Dust Concentrations in the Western United States
We ﬁrst investigate trends in surface monthly mean ﬁne dust concentrations in the western United States
during the spring months (March–May) from 2002 to 2015. As Figure 1 shows, there is a north-south contrast
in which most sites located south of 40°N display increasing trends in March over the 14 year period, whereas
sites north of 40°N show smaller increasing or, in some cases, decreasing trends. Out of the 50 sites located
south of 40°N, 19 display statistically signiﬁcant trends, as denoted by symbols with black outlines.
Conversely, there is a less coherent pattern for April and May, with few to no sites showing statistically significant trends. Trend analysis performed with normalization displays similar spatial patterns (Figure S4b).
During spring, sites located in the Southwest experience the largest variability in monthly mean ﬁne dust
concentrations (Figure S4a).
Based on these results and those of Hand et al. (2016), we consider trends in monthly mean rather than
seasonal mean in order to determine meteorological drivers of the statistically signiﬁcant and regionally
extensive increases in ﬁne dust concentrations across the Southwest in March. Moreover, precipitation,
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Figure 2. EOF loadings of standardized anomalies of monthly mean ﬁne dust concentrations for 2002–2015 March–May. For each month, the ﬁrst EOF mode is
shown in the top row and the second EOF mode is shown in the bottom row. The percentage of total variance explained by each EOF mode for a given month
is displayed inset.

which plays a potentially important role in controlling dust variability (Elmore et al., 2008), displays large
intermonthly spatial differences across the West during spring (Guirguis & Avissar, 2008; Mock, 1996).
3.2. Interannual Variability of Springtime Fine Dust Concentrations and Meteorological Covariates
Using EOF analysis, we identify the dominant spatial patterns of ﬁne dust interannual variability in the western United States from 2002 to 2015 and their meteorological covariates. We ﬁnd that in each spring month,
over half (54–61%) of the total variance is captured by the ﬁrst two leading EOF modes, which display inphase covariability across most sites in the western United States or a Northwest-Southwest dipole of variability (Figure 2). Such broad-scale behaviors are indicative of inﬂuence by large-scale controlling mechanisms.
Figure 3 shows the EOF-correlation analysis results for the ﬁrst EOF mode (EOF1) for March, which explains
28% of the total variance. Figure 3a shows the principal component time series associated with this pattern
(PC1), and Figure 3b shows the homogeneous correlation map, displaying a Northwest-Southwest dipole of
variability. Consistent with Creamean et al. (2014), ﬁne dust measured at high-elevation mountain sites in
California vary coherently with those in the Paciﬁc Northwest. We ﬁnd that PC1 is signiﬁcantly correlated
to the 3 month running mean of three standard climate indices during late summer of the previous year
through the early spring of the current year, especially for the current-year January–March (JFM) months.
The three indices are ENSO ONI (r = 0.74; shown in Figure 3a), PDO (r = 0.66; shown in Figure 3a), and
PNA (r = 0.58; not shown). These correlations are consistent with the heterogeneous correlation plot
between PC1 and JFM SST anomalies (Figure 3c), which shows statistically signiﬁcant correlations in regions
of the Paciﬁc Ocean associated with ENSO (SST anomalies in the Niño3.4 region, 5°N–5°S, 120°–170°W) and
PDO (horseshoe pattern of anomalies, in which SSTs along the equator in the eastern-central Paciﬁc and coast
of western North America are opposite in sign to those in the north-central Paciﬁc Ocean). In addition, the
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Figure 3. Analysis of the ﬁrst EOF mode of standardized monthly anomalies of March ﬁne dust concentrations between
2002 and 2015, which explains 28% of the total variance. (a) Time series of the principal components of the ﬁrst EOF
mode (“PC1,” black). The panel also shows the time series of current-year JFM El Niño–Southern Oscillation (ENSO) ONI
index (green) and current-year JFM Paciﬁc Decadal Oscillation (PDO) index (blue). Correlations of these indices with March
PC1 are shown inset. The left axis corresponds to PC1 values and the right to the ENSO ONI and PDO indices. (ONI values
have units of °C whereas PDO values are unitless.) (b) Homogeneous correlation map between PC1 and the time series
of standardized monthly ﬁne dust anomalies at IMPROVE sites. Panels in the two rows below show heterogeneous
correlation maps between PC1 and current-year JFM (c) mean sea surface temperatures (SST), (d) maximum surface air
temperature (Tmax), and (e) total precipitation, and (f) March 3-month Standardized Precipitation-Evapotranspiration Index
(SPEI03). In Figures 3b–3f, only those sites or grid cells with statistically signiﬁcant correlations (p < 0.05) are shown.
Monthly meteorological variables are detrended but not standardized.

correlation maps between PC1 and maximum air temperature (Figure 3d) and total precipitation (Figure 3e)
display distinctive Northwest-Southwest dipole patterns that are characteristic of those associated with ENSO
and PDO (e.g., Seager et al., 2005; Sheppard et al., 2002; Weiss et al., 2009). The correlation map between PC1
and March 3-month Standardized Precipitation-Evapotranspiration Index (SPEI03) also reveals a NorthwestSouthwest dipole pattern. The correlation pattern in the south encompasses regions of the Mojave,
Sonoran, and Chihuahuan Deserts, which are important sources of natural dust for the southwest United
States (Reynolds et al., 2007; Rivera Rivera et al., 2010). The 3-month SPEI is often used as a proxy for soil
moisture (Herold et al., 2016; Törnros & Menzel, 2014).
These ﬁndings suggest that this Northwest-Southwest dipole pattern of ﬁne dust covariability is driven by
anomalies in regional precipitation, temperature, and soil moisture, which are in turn inﬂuenced by natural
variability in the North Paciﬁc sea surface temperatures. As described by Seager et al. (2003, 2005) and
Weiss et al. (2009), El Niño conditions are associated with a southward shift of the Paciﬁc storm track, increasing winter precipitation across the southern United States. In the Northwest, enhanced ﬂow of marine air into
the Northwest along with reduced northerly ﬂow of cold air from Canada leads to above-average temperatures. Conversely, La Niña conditions are associated with increased high-pressure blocking activity over the
eastern North Paciﬁc and a subtropical jet stream that is weaker and more poleward. This pattern induces
subsidence over the Southwest and increases precipitation and frequency of cold-air outbreaks in
the Northwest. Constructive interference between interannual ENSO and decadal-to-multidecadal PDO
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variability can amplify the impacts of ENSO (Wang et al., 2014; Weiss et al., 2009). Between 2002 and 2015,
JFM ENSO and PDO were signiﬁcantly correlated (r = 0.69), suggesting that the ENSO-related meteorological
patterns were intensiﬁed by PDO during this period. In addition, results from a model study by Gong et al.
(2006) suggest that ENSO also modulates the trans-Paciﬁc transport of Asian dust. El Niño years are associated with a northward shift of the trans-Paciﬁc transport path and positive anomalies in dust loading north
of 45°N in the western United States (with negative anomalies to the south).
Given that local and regional domestic sources are the dominant contributors of dust measured at Southwest
sites, while Asian dust is the primary contributor at mountain sites located in California and the Paciﬁc
Northwest in spring (Creamean et al., 2014; Fairlie et al., 2007; Kavouras et al., 2009), we interpret our results
as follows. Positive PC1 years in which ﬁne dust levels are higher than average in the Southwest are generally
associated with the following: (1) negative ONI values—that is, La Niña conditions with cool SSTs in the
Niño3.4 region, (2) negative PDO values—that is, cool SSTs along the equator in the eastern and central
Paciﬁc and coast of western North America and warm SSTs in the north-central Paciﬁc, and (3) negative
PNA values—that is, a strong blocking anticyclone over the extratropical North Paciﬁc and below-average
geopotential heights over the Intermountain Region of North America. As a result of one or more of these
phenomena, the U.S. Southwest and northern Mexico experience drier and warmer conditions, leading to
greater dust emissions from domestic sources. For the mountain sites in the Paciﬁc Northwest and
California, ﬁne dust is lower than average during positive PC1 years, most likely due to reduced transport
of Asian dust and wetter conditions that lead to more efﬁcient scavenging of airborne dust.
Figure 4 shows the EOF-correlation analysis results for the second EOF mode (EOF2) for March, which explains
26% of the total variance. Figure 4a shows the principal component time series associated with this pattern
(PC2), and Figure 4b shows the homogeneous correlation map, displaying a coherent pattern of covariability
across almost all sites in the western United States. We do not ﬁnd signiﬁcant correlations between the PC2
time series and local meteorological variables (precipitation, air temperature, relative humidity, and wind
speed). Instead, PC2 is strongly correlated to large-scale midtroposphere atmospheric circulation anomalies
that inﬂuence trans-Paciﬁc transport of Asian dust. Figure 4c reveals a north-south dipole of 500 mb geopotential height anomalies in the midtroposphere (3–10 km) over the North Paciﬁc Ocean, where trans-Paciﬁc
transport peaks (Zhao et al., 2006). This dipole pattern is indicative of an intensiﬁed meridional pressure gradient over the central North Paciﬁc, resulting in stronger westerly ﬂows and the likelihood of enhanced dust
transport from Asia during positive PC2 years. To quantify the inﬂuence of this geopotential height pattern on
dust, we deﬁne a new metric, the meridional gradient index (MGI), as the difference between the 500 mb
geopotential heights averaged over two domains outlined in Figure 4c: 27.5°–42.5°N, 170°E–160°W and
57.5°–67.5°N, 165°E–165°W. The PC2 and detrended March MGI time series are signiﬁcantly correlated
(r = 0.80). Since 500 mb geopotential heights decrease with increasing latitude, positive MGI values represent
a stronger south-to-north meridional gradient in the midtroposphere over the North Paciﬁc, indicative of
stronger westerly ﬂow. As expected, we ﬁnd a signiﬁcant correlation (r = 0.98) between the detrended
March time series of MGI and zonal winds averaged over a domain in between the two pressure centers
(42.5°–57.5°N, 170°E–160°W).
The variability of March EOF2 thus appears to be primarily inﬂuenced by trans-Paciﬁc transport of Asian dust.
As Figure 4a shows, this result is consistent with a signiﬁcant correlation coefﬁcient (r = 0.75) between PC2
and the detrended time series of MODIS satellite retrievals of 550 nm aerosol optical depth (AOD) averaged
over a domain in between the two pressure centers (37.5°–47.5°N, 160°E–140°W; outlined by the dashed box
in Figure 4c) in March. Satellite retrievals of AOD over the North Paciﬁc Ocean in the spring can be used as a
proxy for trans-Paciﬁc transport of Asian dust (e.g., Nam et al., 2010; Yu et al., 2008, 2012).
We ﬁnd that ENSO variability also exerts an inﬂuence over ﬁne dust variability in April and May. For April,
EOF2 explains 21% of the total variance and consists of a Northwest-Southwest dipole of variability similar
to March EOF1 (Figure S5). We ﬁnd that the April PC2 is signiﬁcantly correlated to the February-March
(FMA) ENSO ONI (r = 0.66). Correlation maps between April PC2 and FMA maximum temperature and
April SPEI03 display statistically signiﬁcant regions primarily in Texas and northern Mexico, though the correlations are less spatially extensive than those for March EOF1. We ﬁnd that positive PC2 years, during which
April ﬁne dust concentrations are higher in the Southwest and lower in the Northwest, are associated with La
Niña conditions, and warmer and drier conditions in the Southwest and northern Mexico, whereas the
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Figure 4. Analysis of the second EOF mode of standardized monthly anomalies of March ﬁne dust concentrations between
2002 and 2015, which explains 26% of the total variance. (a) Time series of the principal components of the second EOF
mode (“PC2,” black). The panel also shows the detrended March time series of our custom index describing the meridional
gradient of 500 mb geopotential heights across the North Paciﬁc (“MGI,” blue) and the detrended March time series of
MODIS 550 nm aerosol optical depth (AOD, green). The MGI is calculated as the difference in the 500 mb geopotential
heights between two domains over the North Paciﬁc Ocean: 57.5°–67.5°N, 165°E–165°W and 27.5°–42.5°N, 170°E–160°W,
outlined by the black boxes in Figure 4c. MODIS AOD is averaged over a domain in between these two pressure centers
over the North Paciﬁc Ocean (37.5°–47.5°N, 160°E–140°W), outlined by the dashed box in Figure 4c. Correlations of the
2
two indices with March PC2 are shown inset. The left axis corresponds to PC2 values and AOD values scaled by 10 , and
the right axis corresponds to MGI values (m). (b) Homogeneous correlation map between PC2 and the time series of
standardized monthly ﬁne dust anomalies at IMPROVE sites. (c) Heterogeneous correlation map between PC2 and March
500 mb geopotential height (gph). In Figures 4b and 4c, only those sites or grid cells with statistically signiﬁcant correlations
(p < 0.05) are shown. Monthly meteorological variables are detrended but not standardized.

Northwest is cooler and wetter from February to April. As in March PC1, modulation of the trans-Paciﬁc transport path of Asian dust by ENSO is likely an additional contributing factor.
In May, we ﬁnd that it is instead the pattern of coherent covariability across the western United States that is
associated with ENSO and PDO. This ﬁrst EOF mode accounts for 49% of the total variance (Figure S6). The
associated principal component time series, PC1, is signiﬁcantly correlated to several 3 month running mean
climate indices during the previous-year late summer to current-year spring season. The highest correlations
are found for current-year FMA ENSO ONI (r = 0.63) and previous-year September-November (SON) PDO
(r = 0.63). By May, the Northwest-Southwest dipole pattern of precipitation and temperature anomalies driven by ENSO is replaced by an almost uniform pattern across the western United States (NOAA Climate
Prediction Center). Positive PC1 years are associated with warmer and drier conditions across the West in
May. Such widespread anomalies appear to be driven by a combination of two factors: (1) constructive interference between La Niña conditions and negative PDO conditions during the previous-year fall to currentyear spring (e.g., Weiss et al., 2009) and (2) an anomalous blocking anticyclone in the midtroposphere over
the west coast of the United States during May, as seen from 500 mb geopotential height anomalies
(Figure S6c). This anomalous midtropospheric geopotential height pattern resembles the “Ridiculously
Resilient Ridge,” a persistent midtropospheric high-pressure system in the Northeast Paciﬁc that deﬂected
the Paciﬁc storm track northward during the 2012–2015 cool season (October–May), contributing to drought
conditions in California (Swain et al., 2014, 2016).
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Table 1
A Summary of the Dominant Spatial Patterns of the Interannual Variability in Fine Dust Concentrations Between 2002 and 2015 March–May in the Western United States,
and the Meteorological Controlling Factors, as Identiﬁed by EOF and Correlation Analyses
EOF mode

Percentage of total
variance explained

Spatial pattern of covariability

March EOF1

Northwest-Southwest dipole

28%

March EOF2

Coherent across the West

26%

April EOF1

Coherent across the West

33%

April EOF2

Northwest-Southwest dipole

21%

May EOF1

Coherent across the West

49%

May EOF2

Coherent across Arizona and New Mexico

12%

a

El Niño–Southern Oscillation.

Controlling factors

• Regional January–March precipitation, air temperature,
relative humidity, and soil moisture driven by ENSOa and PDOb
• Northward shift of trans-Paciﬁc transport path of Asian dust
during El Niño; southward shift during La Niña
• Strength of trans-Paciﬁc transport of Asian dust in March
• Regional February-April precipitation
• Strength of trans-Paciﬁc transport of Asian dust in April
• February-April air temperature and soil moisture in Southwest
regions, driven by ENSOa
• Northward shift of trans-Paciﬁc transport path of Asian dust
during El Niño; southward shift during La Niña
• Regional May precipitation, air temperature and relative
humidity, driven by ENSOa, PDOb, and midlevel atmospheric
circulation
• Regional March-May precipitation
• May soil moisture in New Mexico, Texas, and Mexico

b

Paciﬁc Decadal Oscillation.

The remaining modes, April EOF1 and May EOF2, appear to be driven by a combination of factors. The ﬁrst
EOF mode for April, which explains 33% of the total variance, consists of a pattern of coherent covariability
across the western United States (Figure S7). This EOF mode is associated with anomalies in average FMA
precipitation across the West, though the correlations are not very spatially extensive. In positive PC1 years,
precipitation is generally lower across the West and ﬁne dust concentrations are higher. We also ﬁnd signiﬁcant correlations between April PC1 and 500 mb geopotential height anomalies over the Asian dust outﬂow
region, suggesting a contribution of Asian dust in this EOF mode. Composite anomalies of 500 mb geopotential height and wind ﬁelds associated with positive PC1 years indicate that the coupling of a cyclonic circulation over the source region and an anticyclonic circulation over the Northwest Paciﬁc Ocean enhances Asian
dust convective outﬂow and trans-Paciﬁc transport (Figures S7d and S7e). Our results are consistent with
Creamean et al. (2014), who identiﬁed two main pathways of trans-Paciﬁc transport of Asian dust during
the spring months between 2002 and 2011: (1) meridional excursions north into Alaska and then south along
the U.S. west coast and (2) zonal transport over the North Paciﬁc Ocean. The composite wind ﬁeld anomalies
in Figure S7e suggest that pathway 1 applies to this EOF mode. Indeed, we ﬁnd that the detrended April
monthly mean time series of MODIS AOD averaged over a domain centered over the high-pressure center
(45°–55°N, 160°–180°E, outlined in Figure S7d) is signiﬁcantly correlated to PC1 (r = 0.79).
Finally, the second EOF mode for May features a pattern of covariability in Arizona and New Mexico and
accounts for 12% of the total variance (Figure S8). We ﬁnd that PC2 is correlated to a Northwest-Southwest
dipole pattern of MAM precipitation anomalies and to May SPEI03 values spanning regions in New Mexico,
Texas, and Mexico. Positive PC2 years, in which ﬁne dust concentrations are higher, are associated with lower
than average regional precipitation and soil moisture in neighboring regions to the southeast.
A summary of the dominant EOF modes and their controlling factors are described in Table 1. To corroborate
the above EOF results obtained using PM2.5-Iron as a ﬁne dust proxy, we repeated the analysis with
PM2.5-Calcium. The resulting dominant spatial patterns of covariability are similar to those using PM2.5-Iron
(section S4 and Figure S9).
3.3. Controlling Factors of the 2002–2015 Increase in March Fine Dust Concentrations in the
Southwest
Most IMPROVE sites located south of 40°N display increasing trends in March ﬁne dust concentrations
between 2002 and 2015, with statistically signiﬁcant trends for 19 out of the 42 sites located between
33°–39.5°N and 103°–121°W (regional average of 0.06 ± 0.04 μg m3 a1). In this section, we investigate
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Figure 5. (a) The 2002–2015 time series of observed (black) and modeled (red) March monthly mean ﬁne dust concentrations
averaged over sites in the Paciﬁc Southwest domain (33°–39.5°N, 115.5°–121°W; see Figure 1). Error bars denote one
standard deviation of the observed means. The black dotted line denotes the linear trend of observed regional ﬁne dust
between 2002 and 2015. Predicted values are calculated using a multiple linear regression model with meteorological
2
variables and standard climate indices as predictors. The adjusted coefﬁcient of multiple determination, R , of the model is
shown inset. (b) As in Figure 5a but for the Central Southwest domain (33°–39.5°N, 103°–115°W). (c) The 2002–2015
time series of the two variables selected by the regression method for the Paciﬁc Southwest domain: March Standardized
Meridional Gradient Index (SMGI, green) of the 500 mb geopotential heights; and March regional relative humidity (RH,
blue). The left axis corresponds to SMGI values (unitless) and the right axis corresponds to RH values (%). (d) The 2002–2015
time series of the three variables selected by the regression method for the Central Southwest domain (all unitless):
JFM Paciﬁc Decadal Oscillation (PDO, blue); March 3-month Standardized Precipitation-Evapotranspiration Index (SPEI03,
orange); and March Standardized Meridional Gradient Index (SMGI, green) of the 500 mb geopotential heights.

potential causes of this increase. As Figure 1 (bottom) shows, out of the 19 sites displaying statistically
signiﬁcant increases in this region, 17 are located at elevations greater than 1,000 m above sea level (asl).
In general, high-elevation sites have smaller monthly mean ﬁne dust concentrations and standard
deviations averaged over the 14 year period relative to those at or below 1,000 m asl. It is likely that the
low-elevation sites experience greater variability and concentrations due to their proximity to two large
sources of natural dust, the Mojave and Sonoran Deserts, and/or to urban centers. Hand et al. (2012) found
that 2005–2008 monthly mean ﬁne dust concentrations in the Southwest were highest at sites located in
rural southern Arizona and in urban areas. In a more recent study, Hand et al. (2017) found that 2011–2014
coarse mass PM concentrations were inversely correlated with elevation at IMPROVE sites located in the
western United States.
Our March EOF analysis (section 3.2) suggests that ﬁne dust concentrations in California are partially controlled by factors different from those in Arizona, New Mexico, Colorado, and Utah. We therefore divide this
region into two domains: “Paciﬁc Southwest” (33°–39.5°N, 115.5°–121°W) and “Central Southwest” (33°–
39.5°N, 103°–115°W), as outlined in Figure 1. The 2002–2015 time series of regional mean March ﬁne dust
concentrations reveal statistically signiﬁcant linear trends of +0.03 μg m3 a1 for the Paciﬁc Southwest
domain (Figure 5a), and +0.06 μg m3 a1 for the Central Southwest domain (Figure 5b). For the Central
Southwest regional mean calculation, we exclude measurements from the colocated Phoenix sites
(“PHOE1” and “PHOE5”), as these urban sites appear to be an outlier in both the observed trend and average
ﬁne dust concentrations measured between 2002 and 2015.
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For each of the two time series, we construct a multiple linear regression model from a set of potential predictors, following the stepwise approach described in section 2.5. Results from the EOF analysis in section 3.2
guided our choice of predictors. These include (1) JFM ENSO ONI; (2) JFM PDO; (3) March standardized meridional gradient index (SMGI) of 500 mb geopotential heights, calculated as the difference between the
500 mb geopotential heights averaged over two domains: 27.5°–42.5°N, 170°E–160°W and 57.5°–67.5°N,
165°E–165°W, and subsequently standardized; (4) regional March and JFM precipitation; (5) regional March
and JFM surface relative humidity; and (6) regional March SPEI03 values. Variables 4–6 are averaged over
the same domain as ﬁne dust except for SPEI03 for the Central Southwest domain, for which values are averaged over a domain spanning Arizona, New Mexico, and northern Mexico (26°–35°N, 115°–103°W) in which
the correlations between March PC1 and SPEI03 are most extensive.
For the Paciﬁc Southwest, the resulting model is of the form:
½Fine dust ¼ 0:20  SMGI  0:02  RH þ 2:11;

(1)
3

where “Fine dust” refers to the March monthly mean ﬁne dust concentrations (μg m ) averaged over all sites
in the Paciﬁc Southwest domain, SMGI is our custom standardized index to represent the March meridional
gradient in 500 mb geopotential heights over the Northern Paciﬁc Ocean, and RH is the March regional relative humidity. This regression ﬁt, shown in Figure 5a, captures 74% of the variance in the 2002–2015 March
time series of regional ﬁne dust, with a modeled trend of 0.03 (μg m3 a1). We also assess the predictive
power of the chosen model by applying “leave-one-out” cross validation, which estimates regression coefﬁcients based on all the data except for one point and makes a prediction for that point each round. The
squared correlation coefﬁcient between the observed values and predicted values from this process is
0.59, suggesting that the model is not overﬁtted.
We interpret the conditions driving the variability and trend in March ﬁne dust in the Paciﬁc Southwest as
follows. First, the 2002–2015 interannual variability of ﬁne dust concentrations, though not the long-term
trend, appears to be inﬂuenced by regional relative humidity. Laboratory and ﬁeld studies have demonstrated that for relative humidity greater than 40%, increases in relative humidity enhance soil particle
cohesion, reducing mobilization (Csavina et al., 2014; Neuman & Sanderson, 2008). As Figure 5c shows, surface relative humidity averaged over the Paciﬁc Southwest domain in March is above 45%. Second, the
2002–2015 trend in regional ﬁne dust concentrations appears to be associated with variations in Asian dust
transport. In the early part of the time period, from 2002 to 2010, the March meridional gradient in 500 mb
geopotential heights over the North Paciﬁc Ocean increased slightly (linear trend in SMGI = 0.25 a1, p = 0.1),
resulting in stronger westerly winds and most likely trans-Paciﬁc transport of Asian dust to the western
United States. Our results are consistent with Creamean et al. (2014), who demonstrated that from 2002 to
2011, Asian dust contributed more than local sources to dust measured at high-elevation IMPROVE sites in
California during the spring months. Comparing the changes in the coefﬁcient of multiple determination
(R2) when each variable is added to the model last reveals that SMGI is the primary controlling factor of
the observed ﬁne dust variability.
For the Central Southwest, the resulting model is of the form
½Fine dust ¼ 0:09  PDO  0:21  SPEI03 þ 0:13  SMGI þ 0:95;

(2)

where “Fine dust” refers to the March monthly mean ﬁne dust concentrations (μg m3) averaged over all sites
in the Central Southwest domain, PDO is the JFM Paciﬁc Decadal Oscillation Index values, SPEI03 is the March
3-month Standardized Precipitation-Evapotranspiration Index averaged over a domain spanning Arizona,
New Mexico, and northern Mexico, and SMGI is our custom standardized index to represent the March
500 mb geopotential height meridional gradient over the Northern Paciﬁc Ocean. This regression ﬁt, shown
in Figure 5b, captures 69% of the variance in the 2002–2015 March time series of regional ﬁne dust, with a
modeled trend of 0.05 μg m3 a1 (p = 0.38). The squared correlation coefﬁcient between the observed
values and predicted values from leave-one-out cross validation is 0.48.
We interpret the conditions resulting in the March ﬁne dust trend in the Central Southwest as follows. First, for
5 of the 8 years since 2007, both ENSO and PDO were in the negative phase during JFM, (Figures 3a and 5d),
resulting in drier and warmer conditions across the Southwest. Second, as Figure 5d shows, the March SPEI03
averaged over Arizona, New Mexico, and northern Mexico generally decreased between 2005 and 2015, with
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abrupt increases in 2010 and 2015. The 2010 and 2015 increases represent the response to relatively strong El
Niño and positive PDO events in the preceding winter. Because this domain encompasses parts of the
Mojave, Sonoran, and Chihuahuan Deserts, it is most likely that reduced soil moisture led to greater dust
emissions from these sources. The percentage area of lands experiencing “abnormally dry,” “moderate
drought,” or “severe drought” conditions averaged over Arizona and New Mexico showed large but variable
increases over the 2000–2015 time frame in January to March (Figure S10). Third, as described above, the
March meridional gradient in 500 mb geopotential heights over the North Paciﬁc Ocean increased slightly
between 2002 and 2010. Comparing the changes in the coefﬁcient of multiple determination when each variable is added to the model reveals that SPEI03 is the most important controlling factor, followed by SMGI. We
attribute the apparent weakening of the positive dust trend in the most recent years (2013–2015) to the PDO
switching from negative to positive phase, in conjunction with neutral ENSO conditions during January–
March. These two phenomena resulted in relatively cool and wet conditions in the Southwest.
None of the explanatory variables chosen in the regression ﬁts for both domains display statistically signiﬁcant linear trends over the entire 2002–2015 time period. However, with only 14 years of observations
available, it is difﬁcult to discern whether the observed dust trends are mainly due to natural variability of
these drivers or whether signiﬁcant long-term changes of the drivers have yet to emerge. Using the above
regression ﬁts to predict each domain’s regional mean ﬁne dust concentrations between 1990 and 2001,
we do not ﬁnd signiﬁcant trends in ﬁne dust concentrations or predictor values between 1990 and 2001
(Figures S11 and S12).

4. Discussion and Conclusions
In this study, we perform a systematic statistical analysis to identify the dominant spatial patterns of ﬁne dust
interannual variability between 2002 and 2015 March–May across the western United States, and their
meteorological controlling factors. Using empirical orthogonal function (EOF) analysis, we ﬁnd that 54–
61% of the ﬁne dust interannual variability in each spring month is captured by the ﬁrst two leading modes,
which consist of a pattern of coherent covariability across the western United States and a NorthwestSouthwest dipole of variability. These broad-scale patterns of ﬁne dust interannual variability are mainly
associated with regional precipitation, surface temperature, and soil moisture anomalies. The strength of
the trans-Paciﬁc transport and outﬂow of Asian dust also likely contributes to ﬁne dust variability in March
and April. These controlling factors in turn tend to be driven by large-scale sea surface temperature and/or
atmospheric circulation anomalies. In particular, El Niño–Southern Oscillation in winter-to-early spring
appears to play a large role in modulating ﬁne dust variability in all spring months. Our results are consistent
with previous studies suggesting that in addition to local inﬂuences, ﬁne dust levels across the western
United States are also associated with large-scale controlling mechanisms and Asian dust contributions
(e.g., Creamean et al., 2014; Kavouras et al., 2009; Malm et al., 2004).
We ﬁnd that the March monthly mean ﬁne dust concentrations have signiﬁcantly increased by
0.03 μg m3 a1 from 2002 to 2015 averaged over sites in the Paciﬁc Southwest and by 0.06 μg m3 a1
for sites in the Central Southwest. Using multiple linear regression analysis, we ﬁnd that 74% of the variance
in the observed 2002–2015 time series of ﬁne dust averaged over the Paciﬁc Southwest domain can be
explained by two predictors: (1) strength of the trans-Paciﬁc transport of Asian dust during March and (2)
regional monthly mean relative humidity. For the Central Southwest ﬁne dust time series, 69% of the variance
can be explained by three factors: (1) regional JFM precipitation and temperature anomalies inﬂuenced by
the wintertime Paciﬁc Decadal Oscillation and El Niño–Southern Oscillation, (2) soil moisture conditions averaged over Arizona, New Mexico, and northern Mexico represented by the March 3-month Standardized
Precipitation-Evapotranspiration Index, and (3) strength of the trans-Paciﬁc transport of Asian dust during
March. None of these factors exhibit signiﬁcant long-term trends between 2002 and 2015, but their combination can partially explain the observed, signiﬁcant dust increases.
Our results demonstrate that springtime ﬁne dust activity in the U.S. Southwest is strongly linked to regional
hydroclimate variability in the preceding winter and concurrent spring (January–May). This includes soil
moisture ﬂuctuations in the Mojave, Sonoran, and Chihuahuan Desert regions of North America, which are
important sources of natural dust for the Southwest (Jewell & Nicoll, 2011; Reynolds et al., 2007; Rivera
Rivera et al., 2010). Many studies have emphasized the role of antecedent precipitation in regulating dust
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activity through controlling wet deposition of atmospheric dust, soil moisture, and vegetation cover (e.g.,
Elmore et al., 2008; Zender & Kwon, 2005), including local-scale studies in the Southwest (e.g., Bach &
Brazel, 1996; Reheis & Urban, 2011; Urban et al., 2009). Laboratory and ﬁeld studies have also demonstrated
that increases in relative humidity can reduce dust emissions by increasing soil particle cohesion (Csavina
et al., 2014; Neuman & Sanderson, 2008).
Consistent with Okin and Reheis (2002) and Hand et al. (2016), we ﬁnd that when ENSO and PDO are both in
the negative phase during the winter to early spring, the Southwest tends to experience drought conditions
and elevated springtime ﬁne dust levels. In fact, we ﬁnd that the correlation coefﬁcient of the 2002–2015 time
series of JFM ENSO ONI and PDO indices is 0.69, compared to 0.44 between 1981 and 2011. This result suggests that during the 14 year period of our study, constructive interference between ENSO and PDO may
have ampliﬁed the regional hydroclimate impacts of these two phenomena. Other studies, however, have
shown that periods of extreme wetness, including those driven by extreme El Niño events, can also be
followed by enhanced dust activity in the Southwest, most likely due to the supply of ﬂood sediments
(Okin & Reheis, 2002; Zender & Kwon, 2005). We do not ﬁnd evidence of this effect here.
Our results suggest that Asian dust exerts an inﬂuence over ﬁne dust concentrations across the western U.S.
through variations in the strength of the midtroposphere westerly ﬂow over the central North Paciﬁc Ocean
and of the dust outﬂow from the Asian continent. This contribution is distinguishable in March and April, but
not in May, at least for the 2002–2015 time period. Consistent with our results, Fischer et al. (2009) found that
~80% of the 1998–2007 interannual variability of springtime mean PM2.5 in the northwest U.S. can be
explained by indices that represent the variability in Asian dust emissions and transport and by regional precipitation. In a model study, Zhao et al. (2006) simulated a 44 year (1960–2003) climatology of Asian dust
trans-Paciﬁc transport and found that springtime inﬂow of Asian dust to the North American continent is
greatest in April, followed by May, then March. Reasons for the discrepancy between Zhao et al. (2006)
and our results are not clear but may be linked to the observed 1.1 m s1 a1 increase (p = 0.16) in 500 mbar
zonal wind speeds over the central North Paciﬁc Ocean in March over 2003–2013, nearly concurrent with a
1.2 m s1 a1 decrease (p < 0.01) in these winds in May over 2002–2010.
Hand et al. (2016) proposed that the observed increase in March ﬁne dust concentrations across the
Southwest from 1995 to 2014 is due to an earlier onset of the spring dust season and a shift of the PDO to
the negative phase, resulting in drier, windier, and less vegetated conditions. Our study extends Hand
et al. (2016) by systematically analyzing the meteorological controlling factors of ﬁne dust on interannual
time scales and by developing a prediction model for the observed March ﬁne dust time series. Consistent
with Hand et al. (2016), we ﬁnd that the JFM PDO index is a good predictor of the 2002–2015 ﬁne dust time
series for the Southwest domain. In addition, we ﬁnd that soil moisture reductions in a domain spanning the
Mojave, Sonoran, and Chihuahuan Deserts, and increases in the strength of the trans-Paciﬁc transport of
Asian dust may have also contributed to the observed trend. Our results suggest that this trend in March ﬁne
dust is linked to natural variability of multiple drivers, though signiﬁcant long-term changes of one or more
drivers may have yet to emerge.
Several factors introduce uncertainty into our study. First, we used PM2.5-Iron as a ﬁne dust proxy and
assumed average crustal abundances across the IMPROVE network. However, there are other sources of
atmospheric iron besides mineral sources, and the mineral composition can vary for different types of
soils. We are also limited in terms of temporal coverage. The IMPROVE network has robust spatial coverage
across the western United States only from 2002 onward. Although surface wind speed is a wellestablished driving factor of dust generation on local scales (e.g., Csavina et al., 2014; Kok et al., 2012),
we do not ﬁnd signiﬁcant correlations between this variable and ﬁne dust on interannual time scales.
This lack of correlation is likely due in part to our focus on monthly mean quantities and in part to the
limitations of reanalysis data, which cannot resolve local complex terrain and wind dynamics, even at
the ﬁnest spatial scales (Huang et al., 2015; Jewell & Nicoll, 2011). There are also other potentially important controlling factors of dust generation not considered in this study, such as vegetation dynamics, surface bareness, and human land use. Lark (2015) recently found that the Southern Great Plains experienced
extensive cropland expansion between 2008 and 2012, which could be a contributing factor to the
observed increase in Southwest ﬁne dust concentrations. However, it is not clear why this anthropogenic
source would have the greatest impact in March only.
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To our knowledge, our study is the ﬁrst to diagnose the dominant spatial patterns of springtime ﬁne dust
interannual variability across the western United States and their meteorological controlling factors. Better
understanding of the observed relationships between dust and meteorological variables will allow us to
improve dust modeling skills, as well as provide an observational foundation for estimating future dust activity under a range of climate change scenarios that is not restricted by the ability of a given model to capture
dust mobilization and lifetimes. Moreover, our statistical models for predicting March ﬁne dust concentrations in the Southwest enabled us to identify the primary mechanisms underlying the observed increases
over the past decade.
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Without aggressive reductions in global greenhouse gas emissions, the U.S. Southwest is projected to experience unprecedented drought conditions within this century (e.g., Ault et al., 2016; Cook et al., 2015; Seager &
Vecchi, 2010). Future changes in ENSO and PDO in response to climate change remain inconclusive (Cai et al.,
2015; Wang et al., 2014), though results from a multimodel ensemble study by Kwon et al. (2013) suggest that
the linear relationship between ENSO and PDO during the boreal winter (December–February) may become
stronger under greenhouse gas forcing. Asian dust outﬂow to the Paciﬁc appears to have increased as a result
of desertiﬁcation (Chin et al., 2003), but it is not known if and how climate change will inﬂuence trans-Paciﬁc
transport in the future. Land disturbance from human activities may enhance desertiﬁcation in northern
China as well as the U.S. Southwest and Great Plains (Brahney et al., 2013; Feng et al., 2015). With the
Southwest population projected to reach ~75 million by 2030, an increase of 34% relative to 2010
(Theobald et al., 2013), the likelihood of higher dust levels poses air quality and public health threats to
the region.
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