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Abstract

We examine the spatio-temporal variability of aerosol loading in the recent decade (2005–2014) 

over the North American Monsoon (NAM) region. Emerging patterns are characterized using 

aerosol optical depth (AOD) retrievals from the NASA Terra/Moderate Resolution Imaging 

Spectroradiometer (MODIS) instrument along with a suite of satellite retrievals of atmospheric 

and land-surface properties. We selected 20 aerosol hotspots and classified them into fire, 

anthropogenic, dust, and NAM alley clusters based on the dominant driver influencing aerosol 

variability. We then analyzed multivariate statistics of associated anomalies during pre-, monsoon, 

and post-monsoon periods. Our results show a decrease in aerosol loading for the entire NAM 

region, confirming previous reports of a declining AOD trend over the continental United States. 

This is evident during pre-monsoon and monsoon for fire and anthropogenic clusters, which are 

associated with a decrease in the lower and upper quartile of fire counts and carbon monoxide, 

respectively. The overall pattern is obfuscated in the NAM alley, especially during monsoon and 

post-monsoon seasons. While the NAM alley is mostly affected by monsoon precipitation, the 

frequent occurrence of dust storms in the area modulates this trend. We find that aerosol loading in 

the dust cluster is associated with observed vegetation index and has only slightly decreased in the 

recent decade.

Keywords

aerosol variations; southwest US; multi-satellite analysis; North American monsoon

1. Introduction

Aerosols play a critical role in global and regional climate, monsoonal circulation, 

hydrological cycle, air quality, and public health (e.g., [1–4]). Such is the case for aerosols in 
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the semi-arid regions of North America. There is growing concern about aerosols in the 

North American monsoon (NAM) region as studies have shown (and projected) a warmer 

and drier southwest United States [5], leading to increased wildfire risks and occurrence of 

dust storms ([6–8], and references therein). Studies have also reported the ability of aerosols 

in modifying NAM precipitation through direct or indirect effects [9–11] and 

epidemiological outbreaks from pollution [12]. While there has been increased attention in 

recent decades directed to aerosols in the Asian monsoon region [2,3,13,14], limited studies 

have examined local-to-regional characteristics and trends of aerosols in the NAM region, 

precluding our ability to accurately predict its response to projections of changes in 

environmental conditions.

NAM is a notable feature in the atmospheric circulation over North America. It is 

characterized by a shift in the circulation pattern due to warmer land surfaces in the 

southwestern United States and northwestern Mexico during May and June, resulting in an 

upper-level anti-cyclone over western Mexico and a pronounced increase in precipitation 

from convective storms over these regions (including western Texas) during July and 

August. Although the NAM location is centered at the Sierra Madre Occidental in Mexico, 

its influence on monsoon precipitation extends widely into the areas of Arizona and New 

Mexico. In fact, NAM provides 70% of the annual precipitation in the region [15]. We refer 

the reader to several studies [16–18] on further details of its spatial extent and the underlying 

meteorological processes. For this study, we define the NAM region to include: northern 

Mexico, Arizona, southern California (SoCal), New Mexico, and western Texas. In terms of 

aerosols, the NAM region exhibits distinct spatio-temporal patterns due to diversity in 

aerosol sources and sinks during its pre-monsoon (PRM: May–June), monsoon (MON: 

July–August), and post-monsoon (POM: September–October) phases. During May and 

June, the warmer and drier conditions result in fires in vegetated areas of NAM. Large dust 

events typically occur in the desert areas (and abandoned agricultural fields) during MON as 

a result of mesoscale convective storms. NAM is not only characterized by natural aerosols 

(dust and fire) but also by anthropogenic aerosols [19,20]. This region in fact has the top five 

most polluted cities for particulate matter [21]. In terms of aerosol removal, NAM 

experiences significant rainfall events between July and August that are quite distinct across 

the year for this semi-arid environment.

Past studies of aerosol trends in the United States (US) have mainly focused on the entire 

North American continent or the eastern US (e.g., [22,23]). For example, a recent study [24] 

examined the decadal trend (2000–2009) of aerosol optical depth (AOD) in the US based on 

NASA Terra Moderate Resolution Imaging Spectroradiometer (MODIS) and from 

Advanced Very high Resolution Radiometer (AVHRR) aerosol retrievals along with 

simulations from the Goddard Chemistry Aerosol Radiation and Transport (GOCART) 

model as part of a global model/data trend analyses. They found a significant decrease in 

AOD [24], which they attributed to the reductions in anthropogenic (combustion-related) 

emissions. This finding is consistent with an earlier model study [25] using the Model of 

Atmospheric Transport and Chemistry and the Dust Entrainment and Deposition models that 

reported a significant decline of the AOD trend from anthropogenic aerosol sources over the 

period 1980–2006. This study also revealed that the long-term trends in natural aerosol 

sources over the US were not significant for the given time period. Thus, more local-to-

Raman et al. Page 2

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regional studies are needed as competing sources can obscure the reported global/regional 

trend [24].

Over the southwest US, a climatology of aerosol loading in several areas across the state of 

Arizona using a suite of aerosol ground-based measurements (e.g., Interagency Monitoring 

of PROtected Visual Environments or IMPROVE), remotely-sensed aerosol products (e.g., 

MODIS), as well as model output from GOCART, showed a significant range in spatio-

temporal variations of aerosols within the state, depending on the proximity of the 

measurement site to the dominant drivers (e.g., dust, rural activities, urban pollution, etc.) 
[19]. Recently, another study in this region noted that AOD has increased by 19% over 

Tucson, Arizona, in the last 35 years based on two sets of AOD (400–900 nm) 

measurements over Tucson (i.e., 1975–1977 versus 2010–2012) [26]. They postulated that 

the increase might have been contributed by urbanization and the near tripling of population 

in the city. These studies highlight the importance of examining the aerosol variations across 

the southwestern US in detail, given mixtures of drivers on aerosol loading across the region 

and its unique environmental conditions (including complex topography) relative to the 

southeast US. In light of decadal records of remotely-sensed retrievals of atmospheric 

composition, precipitation, and land-surface properties, there is also a unique opportunity to 

conduct a multivariate analysis for a more comprehensive and consistent picture of aerosol 

trends in the region.

In this study, we focus on assessing the spatio-temporal trends in aerosol loading across the 

NAM region by examining several aerosol hotpots and their associated trends during pre-

monsoon (PRM), monsoon (MON), and post-monsoon (POM) seasons over the recent 

decade. In particular, we aim to: (1) analyze the trends in MODIS AOD from 2005–2014 

over areas characterized by a dominant source or sink (i.e., fire, anthropogenic, dust, and a 

region affected by monsoon rainfall); (2) elucidate controlling factors of these trends using 

correlative information from Tropical Rainfall Measuring Mission (TRMM) precipitation 

products (on aerosol removal), MODIS vegetation index (on dust aerosols), fire products (on 

fire aerosols), and CO from Measurement of Pollution in The Troposphere (MOPITT) 

instrument (on anthropogenic aerosols).

2. Methodology

2.1. Satellite Products

All satellite datasets were downloaded through NASA GIOVANNI web portal developed by 

Goddard Earth Sciences Data and Information Science Center (GES DISC) [27]. These 

datasets are monthly averages and were regridded to 1° × 1° to match the MODIS spatial 

resolution. A brief description of each data is given below, together with Table 1 which 

summarizes relevant information about the datasets.

2.1.1. MODIS—The MODIS instrument is an imaging spectroradiometer on board two 

polar orbiting satellites, NASA EOS/Terra (Febraury 2000—present) and NASA EOS/Aqua 

(June 2002—present). It provides global coverage every one to two days with an equatorial 

overpass time around ~10:30 am (descending) for Terra and ~1:30 pm (ascending) for Aqua. 
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MODIS acquires data in 36 spectral bands from 0.41 to 14 μm. It has a swath of 2330 km at 

cross-track and 10 km at nadir [28].

Aerosol Optical Depth (AOD): We use the Level 3 (gridded) MODIS 1° × 1° Collection 

5.1 (M3 mean_mean) AOD retrievals at 550 nm for both Terra and Aqua 

(MOD08_M3_V051) ([28] and references therein; [29,30]) to investigate trends of aerosol 

loading across the period 2005–2014. The Level 2 (swath) version of these retrievals are 

produced using three spectral wavelengths (470, 650, 2100 nm) and two algorithms (“dark 

target” for dark/vegetated surfaces and “deep blue” for bright surfaces such as the desert). 

The main aerosol product at 550 nm is derived by matching the reflectance values at 

different channels to the atmospheric properties using a look-up table. These retrievals have 

been widely used in the studies pertinent to the spatio-temporal variability of aerosols 

([31,32] and references therein). We note, however, that evaluation against AERONET in-
situ measurements of Collection 5.1 AOD products as derived using the “dark target” 

algorithm show overestimation of AOD [29,30]. We use the dark target for this study since 

the Collection 5.1 AOD retrievals using the “deep blue” algorithm were not available after 

December 2007 due to polarization issues in the sensor [33]. Our initial comparison of AOD 

between “deep blue” (from Collection 6) and “dark target” over the NAM region shows 

similarity in spatio-temporal patterns with “deep blue” AOD values (on average) being less 

by 0.1. We further note that previous studies report a shift from high to low bias of AOD 

from the Terra satellite after 2004 due to the degradation of Terra/MODIS’s optical response 

[29]. Further information about these products is discussed in detail in [29,34].

Fire: We use Terra/MODIS monthly mean and cloud-corrected Fire Radiative Power (FRP 

in units of million watts) along with MODIS fire counts (FC, counts m−2 day−1) at 1° × 1° 

resolution (MODIS Active Fire Product version 005 MOD14CM1) to indicate fires in the 

region. MODIS identifies a candidate pixel as being affected by fires if the 4 μm brightness 

temperature and the difference between 4 μm and 11 μm brightness temperature depart 

substantially from non-fire pixels. The estimated accuracy of FRP from MODIS is 15% 

[35,36].

Normalized Difference Vegetation Index (NDVI): Aerosol loading in regions dominated 

by dust aerosols highly depend on the landcover characteristics (e.g., large-scale vegetation 

reduces dust lofting) (e.g., [37]). We use the information from NDVI to indicate potential 

dust mobilization in the region. MODIS/Terra provides cloud-free composites of NDVI 

obtained using corrected surface reflectances in visible and near infrared channels. Here, we 

use MODIS/Terra Level 3 monthly mean NDVI at 0.05 degree (MOD13C2) [38]. This 

product is based on the spatial and temporal averages of 16 day 1 km NDVI retrievals.

2.1.2. Ozone Monitoring Instrument (OMI) Ultraviolet Aerosol Index (UV AI)—
OMI, which is on board the NASA EOS-Aura satellite, uses backscattered UV radiation 

measured at two wavelengths (354 and 388 nm) to derive UV AI. OMI has a local equator 

crossing time at ~1:45 pm. OMI has an advantage of being more sensitive to atmospheric 

aerosol loading since the reflectance of most terrestrial surfaces are low at UV wavelengths 

[39]. We use the Level 2G OMI UV AI retrievals at 354 nm mainly to identify aerosol 
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hotspots in the region and partly to supplement MODIS AOD for aerosol loading trend 

analysis. The parent resolution of the product is 0.25° × 0.25°. Due to its higher spatial 

resolution compared to MODIS, OMI AI is more useful in identifying localized high aerosol 

loading across our domain. Also, OMI UV AI is more sensitive to smoke and dust compared 

to MODIS AOD.

2.1.3. Tropical Rainfall Measuring Mission (TRMM) Precipitation Rate—We use 

the monthly mean gridded “best estimate precipitation rate” (BEPR) product obtained from 

TRMM multi-satellite precpitation analyses (3B43 Version 7) to understand the potential 

impact of rainfall on the aerosol loading in the NAM region. TRMM best estimate 

precipitation rate dataset is a combination of data from rain gauge stations and satellite 

sensors providing precipitation estimates [40]. The spatial resolution of this product is 0.25° 

× 0.25°.

2.1.4. Measurements of Pollution in the Troposphere (MOPITT) Carbon 
Monoxide (CO)—The MOPITT instrument is a gas correlation radiometer also onboard 

the NASA EOS/Terra satellite. We use MOPITT Level 3 gridded (1° × 1°) monthly total 

column multispectral (2.3 and 4.7 μm) CO retrievals [41,42] to indicate fire and/or 

anthropogenic aerosols in the region. As a product of incomplete combustion, CO is a useful 

tracer of fire and anthropogenic pollution. We can therefore distinguish between fire and 

anthropogenic aerosol signatures using the combination of MOPITT and MODIS fire 

products. This is further facilitated by enhanced sensitivity of MOPITT CO multispectral 

retrievals (thermal+near-infrared) to CO in the lowermost troposphere [41].

2.2. Ancillary Datasets

We use data on population density from Global Rural-Urban Mapping project version 1 

(GRUMP V1 2000), which is provided by Socio Economic Data and Application Center 

(SEDAC) [43,44], to identify populated areas in the region. The data is available at 30 arc-

second resolution. Along with GRUMP, we also use the anthropogenic biomes version 2 for 

year 2000 (also downloaded from SEDAC) to identify urban and rural areas in the region. 

Anthropogenic biomes or anthromes provide useful information on the alterations to the 

global ecosystem and biotic communities by human population [45,46]. The anthrome 

product has 21 anthropogenic biomes with the following six major classes: dense 

settlements, villages, croplands, rangelands, forested and wildlands (see Figure 1C for the 

different anthromes in NAM).

2.3. Data Analysis

Aerosol hotspots and clusters—We have selected a region of study bounded between 

the coordinates (120.5°W, 95.5°W) and (22.5°N, 37.5°N). We use the monthly decadal mean 

from OMI AI, along with population density and anthromes, to identify 20 aerosol hotspots 

in the NAM region. First, we find the climatological maximum in OMI UV AI across all six 

months (May to October) for each grid cell in the NAM domain. The corresponding month 

at which the maximum occurs for a grid cell is also identified (see Figure 1a,b). Second, we 

determine if a grid cell is an aerosol hotspot based on the following criteria: (1) grid value of 

OMI UV AI is greater than a high aerosol loading threshold value set here as AI of 1.0; (2) 
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population density is higher than the neighboring grid cells; (3) grid cell is unique in terms 

of anthropogenic biome classification, topography, and/or meteorology (see Table 2). For 

example, although a lot of grid cells in the northwestern Mexico area satisfy the first criteria, 

we chose only those high aerosol cells which (a) may be affected by monsoon; (b) represent 

a relatively populated area that can be impacted by high aerosol loading; and (c) have 

distinct topographic features or anthrome classification. Our goal is to find aerosol hotspots 

representative of different aerosol environments. OMI UV AI is particularly useful for this 

purpose as it can locate smaller areas with high aerosol loading that cannot be easily 

detected using MODIS AOD. We note also that OMI UV AI has higher sensitivity to 

absorbing aerosols (e.g., black carbon and dust). Once a hotspot is identified, we re-grid 

OMI AI (using simple averaging) to match the 1° × 1° resolution of the MODIS AOD that 

we are using for this study. We define the hotspot region to include the nearest grid cells 

surrounding the hotspot grid cell that has climatological maximum within ±2 standard 

deviations of the value of the hotspot grid cell. Finally, we group the hotspot regions into 

four main aerosol clusters, where each cluster exhibits a distinct characteristic of aerosol 

variability within the NAM region. Our four clusters include: dust, NAM alley, fire, and 

anthropogenic (see Figure 1 and Table 2 for locations of these hotspot regions).

Anomalies—We start our analysis by first calculating the decadal monthly mean across 

2005–2014 and the corresponding monthly standardized anomalies for each year of OMI 

UV AI, MODIS AOD, MODIS fire counts and FRP, MODIS NDVI, MOPITT CO, and 

TRMM precipitation rate. These are calculated as follows:

(1)

(2)

(3)

where (x̄m,n) is the 10-year average (y = 1 to N = 10) of a certain quantity (xm,n,y) in each 1° 

× 1° grid (n) in our domain for a particular month (m) (May to October) of a given year (y). 

The standardized anomaly (x́m,n,y) is calculated as the difference between (xm,n,y) and x̄m,n 

normalized by the 10-year standard deviation (σm,n). Positive (negative) anomalies for each 

grid indicate values higher (lower) than its mean. We standardized the anomalies to facilitate 

comparison with quantities having different units (similar to [25]).
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3. Results and Discussion

In this section, we present our results on the spatial variability in aerosol loading and decadal 

trends of the changes in aerosol loading over different aerosol clusters in the NAM region. 

The temporal trend is examined for the period 2005–2014. We express these changes as 

standardized anomalies to account for the variability in aerosol loading. We can interpret 

these anomalies to represent local rather than regional to global changes. This attempts to 

minimize the influence of the changes in aerosol loading due to background or transported 

aerosols in the region. Our analysis focuses on intra-seasonal periods corresponding to pre-

monsoon, monsoon, and post-monsoon phases since the aerosol patterns vary within the 

monsoon season. The overall trend is further elucidated by specific trends exhibited by each 

cluster (fire, anthropogenic, NAM alley, and dust). We note, however, that the only aerosol 

dataset that shows statistically significant decadal trends in aerosol anomalies is Terra/

MODIS AOD. Other aerosol datasets, such as Aqua/MODIS and Aura/OMI which both 

have local overpass times in the early afternoon, show considerable interannual variations of 

aerosol anomalies with trends (not shown) that are not statistically significant. The inability 

of Aqua/MODIS and Aura/OMI to exhibit significant trends can be associated with its large 

variability possibly due to sampling; issues, especially on observing aerosols at times when 

their abundance is most sensitive to cloud formation, boundary layer mixing, and convection 

in the region (e.g., [39]). The use of a longer period should provide sufficient samples for 

decadal trend analysis. For this study, however, we focus on the trends as can be inferred 

from Terra/MODIS.

3.1 Spatial Variability

The decadal mean AODs (x̄Aod) for PRM, MON, and POM are shown in Figure 2. Three 

regions with the highest AOD patterns are apparent in these plots. The first region lies in 

northern California and Nevada bounded between 36°N and 38°N, and 118°W and 115°W. 

This region is mostly dominated by fires, especially during PRM and POM. Also, the fire 

cluster in this region shows the maximum mean AOD and maximum variability during PRM 

(Table 3). The second maxima in aerosol loading is seen in the southwestern Arizona and 

northern Mexico regions (30°N, 33°N, and 108°W, 41°N, 109°W). This region has been 

identified as an important source of dust by other studies (e.g., [19]). This region is 

characterized by haboob-type dust storms during MON and frontal dust storms during POM. 

The third source region is found between 25°N and 31°N, and 105°W and 107°W. This 

includes the Chihuahuan desert and Sierra Madre Oriental mountains. In all the three source 

regions, aerosol loading peaks in PRM and MON and decreases in POM (Table 3). In 

addition to these source regions, a minor region of activity, centered on LA county (34.35°N 

and 118.37°W), is also observed. While this region is noted for its anthropogenic pollution, 

recent investigations have suggested the mixing of anthropogenic and biomass burning 

pollution in Southern California regions (e.g., [47]).

We also estimated the spatial correlation for these source regions by correlating AOD 

anomalies over a few selected places with AOD over the rest of the domain. The spatial 

patterns in correlation coefficients vary with season and cluster (Figure 3). The places 

selected in these source regions are: (1) Charleston peak (fire); (2) Tucson (NAM alley); (3) 
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Hermosillo (dust); (4) Bakersfield (anthropogenic). Plots of correlation coefficients for these 

places are shown in Figure 3. For example, the peak of the regions of high correlation in 

AOD anomalies around Charleston is highest during PRM and decreases in MON and POM. 

In the case of Tucson and Hermosillo, regions of high correlation extend further into Mexico 

during MON and the higher correlations follow the monsoon track. We notice that, in the 

case of Bakersfield, regions of higher correlation extend into northern California in all the 

seasons. This suggests the potential similarity in frequency or magnitude of sources in 

between these regions. We also show spatial correlation matrices between selected aerosol 

hotspots (identified in Figure 1) in this supplementary material (Figure S1).

3.2. Overall Aerosol Trend

We show in Figure 4 the yearly statistics of anomalies (x́aod) across the entire land region 

(region as shown in Figure 1) during PRM, MON, and POM. The statistics are summarized 

here using box plots where the top, central, and bottom edges of the box correspond to the 

75th (q3), 50th (median), and 25th (q1) percentiles, respectively, while the whiskers 

correspond to ±1.5 of the interquartile range (IQR = q3 – q1). The interannual variability in 

these AOD anomalies during all seasons mostly arises from natural aerosol sources such as 

dust and fires. We explain this further in the following sections for different aerosol clusters. 

The median of the anomalies during the latter part of the decade (2010–2014) is generally 

negative (and lower) compared to the earlier part of the decade (2005–2009), which is 

generally positive (and higher) (Figure 4). This is most evident for the monsoon season. This 

is also the case for the interquartile range, where a shrinking of the spread in x́aod is 

observed in the latter part of the decade. Although there appears to be an oscillating pattern 

across the decade, there is a clear decreasing trend in the median and spread pointing to 

relatively lower aerosol loading and variability in recent years. Here, we estimate the linear 

trends of xáod to be −0.14 for PRM, −0.12 for MON, and −0.15 for POM. In other words, the 

yearly average decrease in x́aod is greater than 10% for PRM, MON and POM, with larger 

decreases during PRM and POM.

3.3. Aerosol Trends Across Clusters

We can further examine this decadal change by looking at the trends in the aerosel hotspot 

clusters. We expect more enhanced signatures of aerosol changes at these hotspot sites. In 

Figure 5 we show the decadal variations in x́aod within fire, dust, NAM alley, and anthro 

clusters. We also summarize our estimates of linear trends in Table 4. The interannual 

variability of x́aod is more pronounced in the fire, dust, and NAM alley, which are mostly 

driven by natural sources/sinks, than in the anthro cluster. This is expected as the “natural” 

aerosol clusters are mainly influenced by periodic atmospheric variations such as droughts 

and El Nino Southern Oscillation (ENSO) [48-50]. The fire and dust clusters, in particular, 

exhibit this periodic pattern, which can be linked to larger sources of aerosols (organic and 

black corbon in fires) under more arid and warmer conditions (PRM and POM). We also 

find a more pronounced decreaeing trend (>20%) in all clusters during PRM relative to the 

overall trend (>10%). However, during MON, the difference is less pronounced, except for 

the anthro cluster which is consistently >20% and appears to not be influenced by the 

monsoon . Except for the NAM alley cluster during the monsoon season, all the linear trends 

are significant at the 95% confidence interval (see Table 4).
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The maximum decrease in x́aod can be seen in the fire cluster (27%) followed by anthro 

(25%). We also see a larger difference in x́aod statistics between the early and latter part of 

the decade in these two clusters. We see a more positive x́aod in 2005–2009 and a more 

negative x́aod in 2010–2014 for all three periods (PRM, MON, and POM). This decrease is 

most evident in the anthro cluster, which shows an increase until 2007 and then a continuous 

drop (both median and spread) after 2007, regardless of the monsoon season. This is 

consistent with the findings of [24] and [25] (albeit from a different study period) of a 

decreasing trend in aerosol loading which they attributed to a decreasing trend in 

anthropogenic aerosols. Further, a recent study on extreme events in the southwestern US 

also pointed out a decrease in extreme elemental carbon events between 2003 and 2013 [51], 

which compliments the decreasing trend in AOD anomalies in the NAM region. Our results 

show that the x́aod trend for the entire NAM region is mainly tied to aerosol hotspots driven 

mostly by anthropogenic sources that have become weaker in recent years. This is also 

supported (not shown here) by the decreasing trend in combustion-related aerosol emissions 

based on recent emission inventories (e.g., [52]) and surface measurements of particulate 

matter ([53]).

In the NAM alley and dust cluster, we see a very similar trend, especially during PRM. This 

trend, however, is lower than in the fire and anthro clusters. Differences in the trends 

between NAM alley and dust clusters can be seen during MON and POM, where the trend in 

x́aod in the dust cluster is relatively higher than in the NAM alley (see; Table 4). The 

oscillating pattern (as seen in [54]) is also less pronounced in the NAM alley than in the dust 

cluster. This difference can be attributed to an apparent modulation of x́aod in the NAM alley 

cluster by more frequent occurrences of convective dust storms or haboobs in this region 

than in the dust cluster. These storms are typically produced from isolated thunderstorms 

that merge to form cold pools during monsoon season. These cold pools result in severe 

downburst winds that lift massive quantities of dust off the surface ([8] and references 

therein). Based on the storm event database [55] over Arizona, we find that, although the 

trends in haboob-type dust storms across this study period are not statistically significant, 

there appears to be an increase in the frequency of dust storms over Arizona in most recent 

years, especially during the monsoon period. Despite the increase in rainfall (aerosol 

removal) during this period (which is common to both NAM alley and dust, albeit with a 

slight shift in timing), we infer that the increase in dust sources in the NAM alley obscures 

the decrease in the trend as seen in the dust cluster.

3.4. Multivariate Correlations

As noted earlier, we use a suite of satellite products (see Table 1) to corroborate the trends 

that we found in NAM and aerosol clusters. We present here the correlations between x́aod 

and the following anomalies across different aerosol clusters and monsoon periods: Aqua/

MODIS AOD (x́aod_aqua), Aura/OMI AI (x́ai), Terra/MODIS FRP (x́frp), FC (x́fc), and NDVI 

(x́ndvi), Terra/MOPITT CO (x́CO), and TRMM BEPR (x́rain). These quantities provide 

unique first-order information on aerosol source/sink types. We note that the trends in x́aod 

can be influenced by several confounding factors other than those mentioned here, such as 

trans-Pacific transport of aerosols [56,57], mixing of aerosol emissions from within North 

America, removal efficiency, injection height, and frequency of emissions. Although we 
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expect that the actual relationship between x́aod and these quantities may be nonlinear, we 

only examine the linear component of this relationship as a first-order approximation. More 

robust and quantitative assessments of aerosol trends including source attribution require 

modeling of aerosol sources, transport, and sinks, which is beyond the scope of this study. 

We note, however, that our analysis can be made useful to show observational constraints of 

these trends.

Our results are presented in Figure 6. The correlation coefficient indicates how closely the 

changes in aerosol loading mirror the changes in these quantities. Here, we focus our 

analysis on large and significant correlations between anomalies. While high correlation 

between x́aod and x́aod_aqua is expected, we find a lesser correlation in the dust cluster 

(Figure 6b,e). This may be due to differences in retrievals of aerosols in Terra and Aqua. In 

the fire cluster, however, x́aod_aqua is correlated with x́fc and x́ndvi (>0.5) in May (see Figure 

6a). This is also seen from the decrease in the fire counts during June for the period 2005–

2014 (Figure S2). The high correlation implies that most of the anomalies in aerosol loading 

in this cluster are directly tied to fire aerosols. As the fuel available from biomass increases, 

the probability of fires also increases, especially when the region tends to get drier in the 

period. This is usually the case for the summer fires in California [58]. There is also high 

correlation between x́fc and x́frp and to a lesser extent between x́ai and x́co which may 

indicate higher organic (and black) carbon aerosol emissions during mixtures of intense/less 

intense (flaming/smoldering) fires. This is fairly consistent with the previous studies that 

suggest that the interannual variability in natural AOD across the US is due to the variability 

of organic carbon emissions from droughts and biomass burning events [24,50]. However, 

this result needs to be supported by surface measurements and other datasets.

During MON, correlations in the NAM alley cluster show a strong positive relationship 

between x́aod, x́rain and x́aod_aqua (July: Figure 6b,d) which is not apparent in the dust cluster. 

This implies that the anomalies in aerosol loading and precipitation rates are moving in the 

same direction in the NAM alley cluster during the monsoon season. Although, in general, 

we expect negative correlation between x́rain, and x́aod, this result suggests that the dust 

sources, especially from dust storms during the monsoon period, offset the aerosol removal 

due to rain. This can be contrasted with the dust cluster in September (Figure 6e) where 

there is a strong negative correlation between x́rain, x́ndvi (see Figure S3 for time series of 

NDVI) and x́aod, implying the stronger influence of precipitation in the absence of dust 

storms (and lesser vegetation) (e.g., [59,60]) and despite potentially more intense fires in this 

region (i.e., negative correlation between xćo,x́fc and x́frp, positive correlation between x́aod 

and xf́rp, and between x́frp and x ́ai implies more intense flaming fires—less CO, high FRP at 

lower fire counts, and high black carbon (e.g., [61]).

In the anthro cluster during July, we find strong positive correlations between x́aod, x́aod_aqua 

and x́co, x́rain and a negative correlation between x́aod and x́ai (Figure 6c). Although UV AI 

has been noted for its sensitivity to both dust and black carbon (BC) aerosols, previous 

studies have also indicated that UV AI is more sensitive to dust aerosols than smoke or BC 

[19]. In the absence of a positive correlation with fire indicators (FRP and FC), it is evident 

that anomalies in aerosol loading in the anthro cluster are directly related to anthropogenic 

combustion. A positive correlation between x́rain and x́aod in MON (Figure 6c) and POM 
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(Figure 6f) explains, to some extent, the lesser impact of precipitation to x́aod in the anthro 

cluster. This indicates that this region is mostly driven by anthropogenic (x́co) and biogenic 

(xńdvi) aerosol sources than precipitation (aerosol sinks) in October.

3.5. AOD Sensitivity

Here, we examine the difference in standardized anomalies between the maximum within 

the early (2005–2009) and latter parts of the decade (2010–2014). This is shown in Figure 7 

for selected clusters and years with distinct sensitivities. We focus on contrasting the local 

maximum between these two segments of the decadal period to support the trend and 

correlation analysis previously discussed. Together, they provide information on the main 

factors of change in aerosol loading for different clusters. In Figure 7a we show the 

sensitivity of x́aod to x́fc in the fire cluster, suggesting a similar shift in x́aod and x́fc from 

positive to negative anomalies in the latter part of the decade (2010–2014) for all monsoon 

periods (also see Figure S2). This is consistent with the strong correlation between x́aod_aqua 

and x́fc shown in Figure 7. Although the largest decrease in x́fc occurs in PRM, the 

maximum local sensitivity (steeper slope) in xf́c with x́aod is observed during POM (i.e., 
large change in fire counts is tied with smaller change in AOD). This reveals that AOD is 

more associated with smoldering fire aerosols (more emissions) during POM than in PRM. 

This is also indicated in Figure 7d where xćo shifts from a negative to positive anomaly 

during POM and shows high sensitivity with x́aod. However, the apparent decrease in fire 

counts shown in Figure 7a cannot be directly linked to a decrease in intensity or frequency 

of fires since this scatterplot is only a snapshot of this change.

During MON and POM in the NAM alley cluster, the x́aod decrease is associated with an 

increase in x́rain (Figure 7b and Figure S4). This sensitivity is mostly influenced by data in 

August (for MON) rather than July where dust storms may modulate this relationship (as we 

have seen in Figure 6d). Similarly we find the decrease in x́aod is associated with the 

decrease in xńdvi, with the highest sensitivity during POM in the dust cluster. The small 

change in AOD despite a large change in NDVI points to confounding factors such as fires, 

aerosol transport, and atmospheric moisture during POM in this region.

Finally, in the anthro cluster, we see a consistent shift in x́aod and x́co from positive to 

negative anomalies across the monsoon season (Figure 7e and Figure S5). This is very 

consistent with the trend and correlation results for this clusler.

3.6. Comparison between OMI UV AI and MODIS AOD during MON

As noted already, the UV AI product is useful in aerosol hotspot identification because of its 

finer spatial resolution. Although UV AI did not show significant trends, previous studies 

have demonstrated the capability of UV AI in capturing smoke and dust aerosols. We 

present in Figure 8 the scatterplot between xái and x́aod during MON to demonstrate the 

utility of UV AI for periods exhibiting large AOD variability. The different symbols 

represent different clusters with the smaller sizes indicating the last local maxima value in 

the time segment 2010–2014, and larger sizes indicating the first local maxima values in the 

time segment 2005–2010. Although these two quantities cannot be directly compared in 

terms of magnitude (hence the standardized anomalies), we expect these variables to move 
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in the same direction. In contrast, x́ai and x́aod show an inverse relationship during MON in 

all the source regions. One possible reason for the apparent increase in x́ai during MON (and 

POM) could again be the difference in equatorial crossing times of the satellites. Convection 

builds up in the morning and winds increase in intensity in the afternoon over these regions 

during the monsoon season. Therefore, windblown dust captured by Aura/OMI UV AI is not 

seen in Terra/MODIS AOD. Other potential reasons for the discrepancies between Terra/ 

AOD and OMI UV AI are differences in spatial resolution, sampling differences due to 

overpass times, retrieval characteristics and sensitivities (OMI UV AI retrieval is sensitive to 

black carbon and dust) (e.g., [62] and references therein). However, the results in Figure 8 

show that OMI UV AI can provide additional constraints on aerosols in this region where 

mixed (confounding) processes are involved, making it challenging to infer aerosol trends. 

Future studies, based on the emission database and particulate matter concentrations, are 

required in the NAM region to provide a deeper understanding of the discrepancies in 

between these products.

4. Conclusions

We investigate the spatial and temporal variability of aerosol loading in the NAM region 

using retrievals of AOD from Terra-MODIS for the years 2005–2014 during the monsoon 

season (May–October). We interpret the trends in AOD using other correlative information 

such as NDVI, CO, rainfall rate and active fire products. The decadal average of AOD over 

the study area shows that the maximum aerosol loading occurs during May and June (PRM) 

in active source regions. Major aerosol source regions are northern California (fires), 

southwestern Arizona and northern Mexico (dust), and southern California (anthropogenic). 

Monsoonal rainfall in Arizona and Mexico acts as a major sink during this period.

We identified four aerosol clusters in the NAM region and selected 21 aerosol hotspots in 

the entire study area. We conducted a series of statistical analyses for these four cluster 

regions (fires, dust, NAM alley, and anthropogenic) and for three periods of the monsoon 

season (pre-, monsoon, and post-monsoon). We correlated the anomalies of AOD to fire 

counts and FRP (for fires), CO (for combustion), NDVI (for dust) and precipitation rates for 

aerosol removal) to explain the trends in aerosol loading. Our results show a significant 

interannual variability in AOD anomalies in fire, NAM alley and dust clusters which could 

be linked to climatic events. However, these speculations warrant further analyses of 

climatic products. The temporal trends in AOD anomaly exhibit a statistically significant 

decreasing trend in fire (19%–27%) and anthropogenic clusters (17%–21%). The trends in 

the fire cluster can be attributed to the decreasing trend in the fire counts. The decreasing 

trends in the NAM alley (13%–21%) and dust clusters although statistically significant, are 

influenced by compensating or nullifying processes such as haboobs, increased moisture 

during the monsoon period, rainfall, etc. While rainfall removes aerosol in this region, 

processes such as convective dust storm cause massive enhancements of dust loading.

In summary, this study highlights the need for augmenting and integrating observing 

systems of aerosols (and correlative measurements) in this region with high spatio-temporal 

resolution datasets. While anthropogenic aerosols show a clear statistically significant 

decreasing trend, trends in natural aerosol clusters such as dust and the NAM alley are still 
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unclear due to the complex interplay between sources and sinks in this region. A next step 

would be to corroborate these results with surface observations of PM10 and PM2.5 and the 

emission database. We would also like to note that we have not fully considered the 

associated biases of the retrieval products, which is an important limitation of this study. We 

plan to investigate these limitations in our future work using chemical transport models and 

ground observations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We acknowledge all teams (MODIS, OMI, MOPITT, TRMM, Anthromes, GRUMP) and GIOVANNI for the data. 
The work performed at the Department of Atmospheric Sciences, University of Arizona and was funded by NASA 
Grant NNX13AK24G. We also acknowledge support from Grant 2 P42 ES04940–11 from the National Institute of 
Environmental Health Sciences (NIEHS) Superfund Research Program, NIH. The authors are grateful to the 
support of National Weather Service, Tucson, for their insightful discussions on North American Monsoon and dust 
storms. The authors also thank Wenfu Tang and Nick Dawson (Department of Atmospheric Sciences, University of 
Arizona) for discussions on the topic.

References

1. Hansen J, Sato M, Ruedy R, Lacis A, Oinas V. Global warming in the twenty-first century: An 
alternative scenario. Proc Natl Acad Sci USA. 2000; 97:9875–9880. [PubMed: 10944197] 

2. Lau KM, Tsay SC, Hsu C. The Joint Aerosol-Monsoon Experiment: A new challenge for monsoon 
climate research. Bull Am Meteorol Soc. 2008; 89:369–383.

3. Meehl GA, Arblaster JM, Collins WD. Effects of black carbon aerosols on the Indian monsoon. J 
Clim. 2008; 21:2869–2882.

4. Ramanathan V, Carmichael G. Global and regional climate changes due to black carbon. Nat 
Geosci. 2008; 1:221–227.

5. Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, Huang HP, Harnik N, Leetmaa A, Lau NC, et 
al. Model projections of an imminent transition to a more arid climate in southwestern North 
America. Science. 2007; 316:1181–1184. [PubMed: 17412920] 

6. Westerling AL, Bryant BP. Climate change and wildfire in California. Clim Chang. 2008; 87:231–
249.

7. Dennison PE, Brewer SC, Arnold JD, Moritz MA. Large wildfire trends in the western United 
States, 1984–2011. Geophys Res Lett. 2014; 41:2928–2933.

8. Raman A, Arellano AF, Brost JJ. Revisiting haboobs in the southwestern United States: An 
observational case study of the 5 July 2011 Phoenix dust storm. Atmos Environ. 2014; 89:179–188.

9. Zhao Z, Pritchard MS, Russell LM. Effects on precipitation, clouds, and temperature from long-
range transport of idealized aerosol plumes in WRF-Chem simulations. J Geophys Res Atmos. 
2012:117.

10. Crosbie E, Youn JS, Balch B, Wonaschütz A, Shingler T, Wang Z, Conant W, Betterton E, 
Sorooshian A. On the competition among aerosol number, size and composition in predicting CCN 
variability: A multi-annual field study in an urbanized desert. Atmos Chem Phys. 2015; 15:6943–
6958. [PubMed: 26316879] 

11. Sorooshian A, Shingler T, Harpold A, Feagles CW, Meixner T, Brooks PD. Aerosol and 
precipitation chemistry in the southwestern United States: Spatio-temporal trends and 
interrelationships. Atmos Chem Phys. 2013; 13:7361–7379. [PubMed: 24432030] 

12. Sprigg WA, Nickovic S, Galgiani JN, Pejanovic G, Petkovic S, Vujadinovic M, Vukovic A, Dacic 
M, DiBiase S, Prasad A, et al. Regional dust storm modeling for health services: the case of valley 
fever. Aeolian Res. 2014; 14:53–73.

Raman et al. Page 13

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Gautam R, Hsu NC, Lau KM, Kafatos M. Aerosol and rainfall variability over the Indian monsoon 
region: Distributions, trends and coupling. Ann Geophys. 2009; 27:3691–3703.

14. Krishnamurti TN, Chakraborty A, Martin A, Lau WK, Kim KM, Sud Y, Walker G. Impact of 
Arabian Sea pollution on the Bay of Bengal winter monsoon rains. J Geophys Res Atmos. 2009; 
114:D06213.

15. Douglas MW, Maddox RA, Howard K, Reyes S. The Mexican monsoon. J Clim. 1993; 6:1665–
1677.

16. Adams DK, Comrie AC. The North American Monsoon. Bull Am Meteorol Soc. 1997; 78:2197–
2213.

17. Gochis DJ, Shuttleworth WJ, Yang ZL. Sensitivity of the modeled North American monsoon 
regional climate to convective parameterization. Mon Weather Rev. 2002; 130:1282–1298.

18. Higgins RW, Yao Y, Wang XL. Influence of the North American monsoon system on the US 
summer precipitation regime. J Clim. 1997; 10:2600–2622.

19. Sorooshian A, Wonaschütz A, Jarjour EG, Hashimoto BI, Schichtel BA, Betterton EA. An aerosol 
climatology for a rapidly growing arid region (southern Arizona): Major aerosol species and 
remotely sensed aerosol properties. J Geophys Res Atmos. 2011; 116:D19205.

20. Wise EK, Comrie AC. Meteorologically adjusted urban air quality trends in the Southwestern 
United States. Atmos Environ. 2005; 39:2969–2980.

21. [13 November 2015] American Lung Association Ranking. Available online: http://
www.stateoftheair.org/2015/city-rankings/most-polluted-cities.html

22. Hand JL, Schichtel BA, Pitchford M, Malm WC, Frank NH. Seasonal composition of remote and 
urban fine particulate matter in the United States. J Geophys Res Atmos. 2012; 117

23. Malm WC, Schichtel BA, Pitchford ML, Ashbaugh LL, Eldred RA. Spatial and monthly trends in 
speciated fine particle concentration in the United States. J Geophys Res Atmos. 2004; 109

24. Chin M, Diehl T, Tan Q, Prospero JM, Kahn RA, Remer LA, Yu H, Sayer AM, Bian H, 
Geogdzhayev IV, et al. Multi-decadal aerosol variations from 1980 to 2009 A perspective from 
observations and a global model. Atmos Chem Phys. 2014; 14:3657–3690.

25. Streets DG, Yan F, Chin M, Diehl T, Mahowald N, Schultz M, Wild M, Wu Y, Yu C. 
Anthropogenic and natural contributions to regional trends in aerosol optical depth, 1980–2006. J 
Geophys Res Atmos. 2009; 114

26. Prabhakar G, Betterton EA, Conant W, Herman BM. Effect of Urban Growth on Aerosol Optical 
Depth—Tucson, Arizona, 35 Years Later. J Appl Meterol Clim. 2014; 53:1876–1885.

27. [13 November 2015] GIOVANNI. Available online: http://giovanni.gsfc.nasa.gov/giovanni

28. Remer LA, Kaufman YJ, Tanré D, Mattoo S, Chu DA, Martins JV. The MODIS aerosol algorithm, 
products, and validation. J Atmos Sci. 2005; 62:947–973.

29. Levy RC, Remer LA, Kleidman RG, Mattoo S, Ichoku C, Kahn R, Eck TF. Global evaluation of 
the Collection 5 MODIS dark-target aerosol products over land. Atmos Chem Phys. 2010; 
10:10399–10420.

30. Levy RC, Remer LA, Mattoo S, Vermote EF, Kaufman YJ. Second-generation operational 
algorithm: Retrieval of aerosol properties over land from inversion of Moderate Resolution 
Imaging Spectroradiometer spectral reflectance. J Geophys Res Atmos. 2007; 112

31. Papadimas CD, Hatzianastassiou N, Mihalopoulos N, Querol X, Vardavas I. Spatial and temporal 
variability in aerosol properties over the Mediterranean basin based on 6-year (2000–2006) 
MODIS data. J Geophys Res Atmos. 2008; 113

32. Remer LA, Kleidman RG, Levy RC, Kaufman YJ, Tanre D, Mattoo S. Global aerosol climatology 
from the MODIS satellite sensors. J Geophys Res Atmos. 2008; 113

33. [13 November 2015] MODIS-Terra Collection 5.1 Atmospheric Data. Available online: http://
disc.sci.gsfc.nasa.gov/gesNews/new_modis_version_5.1_data

34. Hubanks, P., King, M. [13 November 2015] NASA MODIS Moderate Resolution Imaging 
Spectroradiometer, Atmosphere Home Page [Fact Sheet]. 2007. Available online: http://modis-
atmos.gsfc.nasa.gov/MOD04_L2/index.html

Raman et al. Page 14

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.stateoftheair.org/2015/city-rankings/most-polluted-cities.html
http://www.stateoftheair.org/2015/city-rankings/most-polluted-cities.html
http://giovanni.gsfc.nasa.gov/giovanni
http://disc.sci.gsfc.nasa.gov/gesNews/new_modis_version_5.1_data
http://disc.sci.gsfc.nasa.gov/gesNews/new_modis_version_5.1_data
http://modis-atmos.gsfc.nasa.gov/MOD04_L2/index.html
http://modis-atmos.gsfc.nasa.gov/MOD04_L2/index.html


35. Giglio L, Csiszar I, Justice CO. Global distribution and seasonality of active fires as observed with 
the Terra and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) sensors. J Geophys 
Res Biogeosci. 2006; 111:G02016.

36. Wooster MJ, Roberts G, Perry GLW, Kaufman YJ. Retrieval of biomass combustion rates and 
totals from fire radiative power observations: FRP derivation and calibration relationships between 
biomass consumption and fire radiative energy release. J Geophys Res Atmos. 2005; 110:D24311.

37. Peng S, Piao S, Ciais P, Fang J, Wang X. Change in winter snow depth and its impacts on 
vegetation in China. Glob Chang Biol. 2010; 16:3004–3013.

38. Lunetta RS, Knight JF, Ediriwickrema J, Lyon JG, Worthy D. Land-cover change detection using 
multi-temporal MODIS NDVI data. Remote Sen Environ. 2006; 105:142–154.

39. Torres O, Tanskanen A, Veihelmann B, Ahn C, Braak R, Bhartia PK, Veefkind P, Levelt P. 
Aerosols and surface UV products from Ozone Monitoring Instrument observations: An overview. 
J Geophys Res Atmos. 2007; 112:D2108.

40. Huffman GJ, Adler RF, Bolvin DT, Gu G, Nelkin EJ, Bowman KP, Hong Y, Stocker EF, Wolff DB. 
The TRMM multisatellite precipitation analysis (TMPA): Quasi-global, multiyear, combined-
sensor precipitation estimates at fine scales. J Hydrometeorol. 2007; 8:38–55.

41. Deeter MN, Martínez-Alonso S, Edwards DP, Emmons LK, Gille JC, Worden HM, Pittman JE, 
Daube BC, Wofsy SC. Validation of MOPITT Version 5 thermal-infrared, near-infrared, and 
multispectral carbon monoxide profile retrievals for 2000–2011. J Geophys Res Atmos. 2013; 
118:6710–6725.

42. Worden HM, Deeter MN, Edwards DP, Gille J, Drummond J, Emmons LK, Francis G, Martínez-
Alonso S. 13 years of MOPITT operations: Lessons from MOPITT retrieval algorithm 
development. Ann Geophys. 2014; 56

43. Balk, D., Montgomery, MR., McGranahan, G., Kim, D., Mara, V., Todd, M., Buettner, T., Dorélien, 
A. Mapping urban settlements and the risks of climate change in Africa, Asia and South America. 
In: Guzmán, JM.Martine, G.McGranahan, G.Schensul, D., Tacoli, C., editors. Population 
Dynamics and Climate Change. International Institute for Environment and Development; London, 
UK: 2009. 

44. [13 November 2015] SEDAC Data Portal: Population Density. Available online: http://
sedac.ciesin.columbia.edu/data/set/grump-v1-population-density

45. Ellis EC, Klein Goldewijk K, Siebert S, Lightman D, Ramankutty N. Anthropogenic 
transformation of the biomes, 1700 to 2000. Global Ecol Biogeogr. 2010; 19:589–606.

46. [13 November 2015] SEDAC Data Portal: Anthropogenic Biomes. Available online: http://
sedac.ciesin.columbia.edu/data/set/anthromes-anthropogenic-biomes-world-v2-1900

47. Singh HB, Anderson BE, Brune WH, Cai C, Cohen RC, Crawfold JH. Pollution influences on 
atmospheric composition and chemistry at high northern latitudes: Boreal and California forest fire 
emissions. Atmos Environ. 2010; 44:4553–4564.

48. Van der Werf GR, Randerson JT, Giglio L, Collatz GJ, Kasibhatla PS, Arellano AF. Interannual 
variability in global biomass burning emissions from 1997 to 2004. Atmos Chem Phys. 2006; 
6:3423–3441.

49. Marlier ME, DeFries RS, Voulgarakis A, Kinney PL, Randerson JT, Shindell DT, Chen Y, Faluvegi 
G. El Nino and health risks from landscape fire emissions in southeast Asia. Nat Clim Chang. 
2013; 3:131–136. [PubMed: 25379058] 

50. Wang Y, Xie Y, Cai L, Dong W, Zhang Q, Zhang L. Impact of the 2011 Southern US Drought on 
Ground-Level Fine Aerosol Concentration in Summertime. J Atmos Sci. 2015; 72:1075–1093.

51. Lopez DH, Rabbani MR, Crosbie E, Raman A, Arellano AF, Sorooshian A. Frequency and 
Character of Extreme Aerosol Events in the Southwestern United States: A Case Study Analysis in 
Arizona. Atmosphere. 2016; 7:1. [PubMed: 27088005] 

52. [13 November 2015] Emissions of Atmospheric Compounds and Compilation of Ancilliary Data. 
Available online: http://eccad.sedoo.fr

53. [13 November 2015] Air trends. Available online: http://www3.epa.gov/airtrends/pm.html

54. Tong DQ, Dan M, Wang T. Long-term dust climatology in the western United States reconstructed 
from routine aerosol ground monitoring. Atmos Chem Phys. 2012; 12:5189–5205.

Raman et al. Page 15

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://sedac.ciesin.columbia.edu/data/set/grump-v1-population-density
http://sedac.ciesin.columbia.edu/data/set/grump-v1-population-density
http://sedac.ciesin.columbia.edu/data/set/anthromes-anthropogenic-biomes-world-v2-1900
http://sedac.ciesin.columbia.edu/data/set/anthromes-anthropogenic-biomes-world-v2-1900
http://eccad.sedoo.fr
http://www3.epa.gov/airtrends/pm.html


55. [13 November 2015] Storm Events Database. Available online: https://www.ncdc.noaa.gov/
stormevents

56. Yu H, Remer LA, Chin M, Bian H, Tan Q, Yuan T, Zhang Y. Aerosols from overseas rival domestic 
emissions over North America. Science. 2012; 337:566–569. [PubMed: 22859485] 

57. Lin M, Fiore AM, Horowitz LW, Cooper OR, Naik V, Holloway J, Johnson BJ, Middlebrook AM, 
Oltmans SJ, Pollack IB, et al. Transport of Asian ozone pollution into surface air over the western 
United States in spring. J Geophys Res Atmos. 2012; 117:D00V07.

58. Jin Y, Randerson JT, Faivre N. Contrasting controls on wildland fires in Southern California during 
periods with and without Santa Ana winds. J Geophys Res Biogeosci. 2014; 119:432–450.

59. Huang M, Tong D, Lee P, Pan L, Tang Y, Stajner I, Pierce RB, MacQueen J, Wang J. Toward 
enhanced capability for detecting and predicting dust events in the western United States: The 
Arizona case study. Atmos Chem Phys. 2015; 15:12595–12610.

60. Moreno-Rodríguez V, Del Rio-Salas R, Adams DK, Ochoa-Landin L, Zepeda J, Gómez-Alvarez 
A, Palafox-Reyes J, Meza-Figueroa D. Historical trends and sources of TSP in a Sonoran desert 
city: Can the North America Monsoon enhance dust emissions? Atmos Environ. 2015; 110:111–
121.

61. Kondo Y, Matsui H, Moteki N, Sahu L, Takegawa N, Kajino M, Zhao Y, Cubison MJ, Jimenez JL, 
Vay S, et al. Emissions of black carbon, organic, and inorganic aerosols from biomass burning in 
North America and Asia in 2008. J Geophys Res Atmos. 2011; 116

62. [15 January 2016] OMI Version 4.2x Data Quality Document. Available online: http://
disc.sci.gsfc.nasa.gov/Aura/additional/documentation/Aura-MLS_DataQuality_v4-2x-rev1-0.pdf

Raman et al. Page 16

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncdc.noaa.gov/stormevents
https://www.ncdc.noaa.gov/stormevents
http://disc.sci.gsfc.nasa.gov/Aura/additional/documentation/Aura-MLS_DataQuality_v4-2x-rev1-0.pdf
http://disc.sci.gsfc.nasa.gov/Aura/additional/documentation/Aura-MLS_DataQuality_v4-2x-rev1-0.pdf


Figure 1. 
Maps of hotspot regions and aerosol clusters in NAM region. The three panels represent (a) 

the OMI UV AI climatological maximum across 2005–2014; (b) the month of 

climatological maximum; and (c) the anthropogenic biomes where different numbers on the 

colorbar indicate biome categories (11–12 are urban, 21–26 are villages, 31–35 are 

croplands, 41–43 are rangelands, 51–52 are forests, and 61–63 are considered wildlands). 

Superimposed on all three plots are the locations of 20 hotspot regions (colored circles) with 

the color fill indicating the aerosol cluster they belong to (red: fire, yellow: dust, blue: NAM 

alley, and blac anthro.
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Figure 2. 
Maps of decadal mean (2005–2014) AOD from Terra-MODIS. The three panels represent 

(a) mean AOD during PRM; (b) MON; and (c) POM.
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Figure 3. 
Correlation coefficient of AOD anomalies during PRM, MON, and POM. The panels (a–c) 

correspond to spatial correlation of all the grid points with respect to Charleston peak; (d–f) 
Tucson; (g–i) Hermosillo; (j–l) Bakersfield.
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Figure 4. 
Box plots of yearly Terra/MODIS AOD standardized anomaly over the entire NAM region 

for the years 2005–2014. PRM (May–June), MON (July–August), and POM (September–

October) periods are indicated in red, blue, and black. Whiskers represent 1.5 (IQR) above/

below the upper/lower quartiles
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Figure 5. 
Similar to Figure 4 but for (a) fire; (b) NAM alley; (c) dust; and (d) anthro clusters.

Raman et al. Page 21

Atmosphere (Basel). Author manuscript; available in PMC 2017 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Anomaly correlation matrices between different aerosol-related quantities. The plots show 

correlation only during months that show significant correlation between the variables. The 

standardized anomalies considered here are the following: (1) Terra/MODIS AOD; (2) 

Aqua/MODIS AOD; (3) Aura/OMI UV AI; (4) Terra/MODIS FRP (in MW); (5) Terra/

MODIS fire counts; (6) Terra/MOPITT CO (in ppbv); (7) Terra/MODIS NDVI; and (8) 

TRMM precipitation rate (in mm/day). Positive correlations are shown only if they are 

greater than 0.3 and significant at 90% confidence. Negative correlations are shown if they 

are significant at 90% confidence. The plots correspond to (a) fire cluster in May; (b) dust 

cluster in july; (c) anthro cluster in July; (d) NAM alley cluster in July; (e) dust cluster in 

September; and (f) anthro cluster in October.
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Figure 7. 
Scatterplots of standardized anomalies for selected clusters and monsoon periods. The filled 

circles represent local maxima values, with the larger and smaller circles corresponding to 

local maxima within 2005–2009 and 2010–2014, respectively. The colors represent different 

periods (red for PRM, blue for MON and black for POM). The different plots correspond to 

AOD anomalies versus (a) fire counts for fire; cluster; (b) precipitation for NAM alley 

cluster; (c) NDVI for dust cluster; (d) CO for fire cluster; and (e) CO for anthro cluster.
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Figure 8. 
AOD versus UV AI standardized anomalies during the monsoon period (July–August). As in 

Figure 7, the larger (smaller) size symbols correspond to local maximum within 2005–2009 

(2010–2014).
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Table 1

Analysis datasets.

Instrument and Dataset Resolution Relevance to Study (Main Product Reference)

NASA Terra and Aqua L3 MODIS Aerosol Optical Depth (AOD) 550 
nm

1° × 1° aerosol loading (Levy et al., 2007 [29])

NASA Terra L3 MODIS Fire Radiative Power (FRP) and fire counts 1° × 1° fire sources (Wooster et al., 2005 [36])

NASA Terra L3 MODIS Normalized Vegetation Index (NDVI) 0.05° × 0.05° biogenic and dust sources (Lunetta et al., 2006 
[38])

NASA OMI L2G UV Aerosol Index (AI) 354 nm 0.25° × 0.25° aerosol cluster identification (Torres et al., 2007 
[39])

NASA MOPITT L3 TIR/NIR Total Column CO 1° × 1° combustion sources (Deeter et al., 2012 [41])

NASA TRMM Best Estimate Precipitation Rate (BEPR) 0.25° × 0.25° aerosol removal (Huffman et al., 2007 [40])

UMBC Anthropogenic Biomes V2 (2000) (ecotope.org) 0.083° × 0.083° aerosol cluster identification (Ellis et al., 2010 
[45])

NASA SEDAC Global Rural Urban Mapping Project version 1 
(GRUMPv1) Population Density (sedac.ciesin.columbia.edu)

1 km × 1 km aerosol cluster identification (Balk et al., 2009 
[43])
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Table 2

Hotspot sites and associated aerosol cluster information.

Site No. Site Name Latitude (deg N) Longitude (deg W) Aerosol Cluster

1 Mt. Whitney, CA 36.557 118.50 Fire

2 Charleston Peak, CA 36.29 115.69 Fire

3 Tucson, AZ 32.22 110.93 NAM alley

4 Baja, CA 30.98 115.38 NAM alley

5 Phoenix, AZ 33.45 112.08 NAM alley

6 Yuma, AZ 32.69 114.63 Dust

7 LA County, CA 34.35 118.37 Anthro

8 Bakersfield, CA 35.37 119.02 Anthro

9 Prescott, AZ 34.54 112.46 Fire

10 Petrified Forest, AZ 34.41 110.65 NAM alley

11 White Mountain, NM 33.41 105.74 Fire

12 Farmington, NM 36.73 108.22 Dust

13 Albuquerque, NM 35.01 106.61 Dust

14 Ejido El Vergel, Mex 31.20 106.59 Dust

15 Chihuahuan Desert, Mex 29.52 105.48 Dust

16 Hermosillo, Mex 29.07 110.97 NAM alley

17 Sierra Madre Occidental, Mex 25.96 107.53 NAM alley

18 Sierra Madre Oriental, Mex 26.12 103.10 Dust

19 Houston, TX 29.74 95.36 Anthro

20 Waco, TX 31.55 97.15 Dust
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Table 3

Decadal mean and standard deviation of AOD for cluster regions.

Cluster Season Mean (x̄Aod) Standard Deviation (σAOD)

Fire

PRM 0.23 0.12

MON 0.21 0.10

POM 0.15 0.09

NAM alley

PRM 0.19 0.08

MON 0.18 0.09

POM 0.11 0.07

Dust

PRM 0.23 0.11

MON 0.23 0.11

POM 0.16 0.08

anthro

PRM 0.13 0.02

MON 0.14 0.02

POM 0.10 0.01
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Table 4

Linear trends in Terra/MODIS AOD anomalies for different aerosol clusters.

Clusters PRM (n = 10) MON (n = 10) POM (n = 10)

Fire −0.27 (0.0002) −0.19 (0.02) −0.21 (0.01)

NAM alley −0.21(0.01) −0.15 (0.11) −0.13 (0.06)

Dust −0.21 (0.007) −0.17(0.03) −0.17(0 .02)

Anthro −0.25 (0.0007) −0.21 (0.009) −0.22 (0.0001)

entire domain −0.14 (0.02) −0.12 (0.07) −0.15 (0.01)

Note: values in the brackets refer to the p-value for the trends.
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