
What factors control the trend of increasing AAOD
over the United States in the last decade?
Li Zhang1,2,3 , Daven K. Henze2 , Georg A. Grell3, Omar Torres4 , Hiren Jethva5,
and Lok N. Lamsal4,5

1Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, Colorado, USA,
2Department of Mechanical Engineering, University of Colorado Boulder, Boulder, Colorado, USA, 3Global Systems Division,
Earth System Research Laboratory, NOAA, Boulder, Colorado, USA, 4NASA Goddard Space Flight Center, Greenbelt,
Maryland, USA, 5GESTAR/University Space Research Association, NASA Goddard Space Flight Center, Greenbelt, Maryland,
USA

Abstract We examine the spatial and temporal trends of absorbing aerosol optical depth (AAOD) in the
last decade over the United States (U.S.) observed by the Ozone Monitoring Instrument (OMI). Monthly
average OMI AAOD has increased over broad areas of the central U.S. from 2005 to 2015, by up to a factor of 4
in some grid cells (~60 km resolution). The AAOD increases in all seasons, although the percentage increases
are larger in summer (June-July-August) than in winter (December-January-February) by a factor of 3.
Despite enhancements in AAOD, OMI AOD exhibits insignificant trend over most of the U.S. except parts of
the central and western U.S., the latter which may partly be due to decreases in precipitation. Trends in
AAOD contrast with declining trends in surface concentrations of black carbon (BC) aerosol. Interannual
variability of local biomass burning emissions of BC may contribute to the positive trend in AAOD over the
western U.S. Changes in both dust aerosol measured at the surface (in terms of concentration and size)
and dust AAOD indicate distinct enhancements, especially over the central U.S. by 50–100%, which appears
to be one of the major factors that impacts positive trends in AAOD.

1. Introduction

The importance of aerosol forcing on climate has been widely recognized [Myhre et al., 2013]. Aerosol effects
on climate depend upon several physical characteristics, such as size, composition, and optical properties
(especially absorption) [Myhre, 2009]. Carbonaceous particles (black carbon (BC) and brown carbon) and
mineral dust are two major absorbing aerosols present in the atmosphere. Normally, BC aerosol absorbs
across much of the solar spectrum, while organic carbon (OC) strongly absorbs in the UV and visible wave-
lengths but have weak absorption in the near infrared [Lewis et al., 2008; Lack and Cappa, 2010; Logan
et al., 2013]. Mineral dust has similar absorptive properties to OC but primarily absorbs in the shortwave spec-
trum [Bergstrom et al., 2007; Russell et al., 2010]. Remote sensing of absorbing aerosol from satellite-based
sensors provides a means of detecting and monitoring global trends in aerosol concentrations [Jethva
et al., 2014]. The absorbing aerosol optical depth (AAOD), the nonscattering part of aerosol optical depth
(AOD), is a measurement of absorbing aerosol particles, light-absorbing OC, and dust. Trends in observed
AAOD have important implications for understanding the climate forcing due to absorbing aerosols, evaluat-
ing the effectiveness of past control strategies, and the design of future policy.

Several domestic and international factors may potentially impact trends in AAOD in the U.S. Surface-level
concentrations of BC in the U.S. have been declining [Murphy et al., 2011; Bahadur et al., 2011].
Observations at national parks and other remote sites show that average elemental carbon (EC) concentra-
tions in the U.S. decreased by over 25% between 1990 and 2004 due to the emission controls in diesel vehi-
cles and wood stoves [Murphy et al., 2011]. Regional declines in BC aerosol concentrations may be even
stronger, as they have declined by 50% in California between 1989 and 2008 following a parallel trend in
the reduction of fossil fuel BC emissions [Bahadur et al., 2011]. In contrast, oil and gas development in the
Bakken shale extending over northwestern North Dakota and southeast Saskatchewan have lead to
increased concentrations of BC [Schwarz et al., 2015].

For dust, AOD over the mid-Atlantic has decreased by ~10% per decade from 1982 to 2008 [Ridley et al.,
2014]. Shao et al. [2013] found that global mean (excluding North America and Europe) near-surface dust
concentrations decreased by 1.2% yr�1 over the period of 1984–2012. This decrease is mainly due to
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climate change that reduced natural dust activity in North Africa, accompanied by reduced activity in
Northeast Asia, South America, and South Africa. The magnitude of dust emissions is very sensitive to regio-
nal climate (e.g., surface wind speed and soil characteristics) since dust concentrations decrease with increas-
ing precipitation owing to wet deposition [Dawson et al., 2007; Mu and Liao, 2014].

Long-range transport may also contribute to trends in AAOD in the U.S. Southeast Asia is a major anthropo-
genic BC source region, with an increase in BC emissions of 21% over China and 41% over India from 1996 to
2010 associated with rapid economic and industrial development [Lu et al., 2011]. The rapid economic
growth and vast expansion of producing goods for export in Asia over the past decade have been detected
in significant increasing aerosol optical depth (AOD) trends over the largest cities in the India and North China
during 2002–2010 [Alpert et al., 2012]. The impacts of these emissions also extend to downwind regions, e.g.,
the U.S. [Lin et al., 2012]. Hadley et al. [2007] pointed out that over 75% of the BC transport to the northern
Pacific Ocean originates in Asia during spring (March-April-May (MAM)) in 2004, and this transport amounts
to approximately 77% of the published estimates of North American BC emissions. Also, dust from the
Taklimakan and Gobi deserts in Asia can be transported over the North Pacific Ocean and reach North
America [Huang et al., 2008; Eguchi et al., 2009]. The annual imported mass of dust aerosol from transpacific
transport over North America is comparable in magnitude to all domestic aerosol sources, which makes a
substantial contribution to AOD in North America away from strong anthropogenic sources [Yu et al., 2012].

In this paper we analyze data from the Ozone Monitoring Instrument (OMI) to investigate the AAOD trends in
the U.S. between 2005 and 2015. The results show significant positive trends in AAOD of 100–400% over large
regions of the U.S. (Figure 1a). This raises a question as to what is the major factor controlling the positive
trend of AAOD over U.S. Addressing this question entails evaluating the impacts of increasing anthropogenic
BC emissions in Asia, declining surface BC concentrations in U.S., and changes of climate that result in
changes of dust emission, precipitation, or long-range aerosol transport. Section 2 describes the model
and observation data used in this study. We then investigate the AAOD trends for 2005–2015 in section 3.
Section 4 evaluates the AAOD trend, and we end with discussion and conclusions in section 5.

Figure 1. The trends of percentage changes (unit: 100%) for (a) OMI AAOD, (b) OMI AOD, (c) GPCC precipitation, and (d) OMI column NO2 for 2005–2015. Only areas
with 90% confidence are shown.
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2. Model and Observations
2.1. Goddard Earth Observing System-Chemistry Model

Goddard Earth Observing System-Chemistry (GEOS-Chem) is a global three-dimensional chemical transport
model driven by assimilated meteorological observations from the Goddard Earth Observing System
(GEOS) [Bey et al., 2001]. We use GEOS-Chem version 9-01-01 driven by GEOS 5 meteorological fields, 2° (lati-
tude) × 2.5° (longitude) horizontal resolution, and 47 vertical layers between the surface and 0.01 hPa. The ori-
ginal carbonaceous aerosol simulation in GEOS-Chemwas developed by Park et al. [2003]. It assumes that 80%
of BC and 50% of OC emitted from primary sources are hydrophobic and that hydrophobic aerosols become
hydrophilic with an e-folding time of 1.15 days [Park et al., 2003; Chin et al., 2002; Cooke et al., 1999]. Dust in
GEOS-Chem is distributed across four size bins (radii 0.1–1.0, 1.0–1.8, 1.8–3.0, and 3.0–6.0μm) following
Ginoux et al. [2004]. The wet deposition scheme [Liu et al., 2001] includes scavenging in convective updrafts
as well as in-cloud and below-cloud scavenging from convective and large-scale precipitation. Dry deposition
is based on the resistance-in-series scheme of Wesely [1989] as implemented by Wang et al. [1998].

Global anthropogenic emissions for carbonaceous aerosols (BC and OC) in GEOS-Chem are originally from
Bond et al. [2004, 2007], which contain both biofuel and fossil fuel emissions. For biomass burning emissions
of BC, the fourth generation of the Global Fire Emissions Database (GFED) burned area data set GFED4, which
provides global monthly burned area at 0.25° spatial resolution from 2005 to 2015, has been used [Giglio
et al., 2013]. The standard dust emission scheme in GEOS-Chem is the dust entrainment and depositionmobi-
lization scheme of Zender et al. [2003], combined with the source function used in the Global Ozone
Chemistry Aerosol Radiation and Transport model [Ginoux et al., 2001; Chin et al., 2002] as described by
Fairlie et al. [2007]. A new emitted dust particle size distribution based upon scale-invariant fragmentation
theory [Kok, 2011b] with constraints from in situ measurements [Zhao et al., 2010] is implemented in
GEOS-Chem to improve the dust simulation [Zhang et al., 2013].

Aerosol optical depth at 400 nm is calculated online assuming lognormal size distributions of externally
mixed aerosols and is a function of the local relative humidity to account for hygroscopic growth [Martin
et al., 2003]. The AAOD of each aerosol species is calculated as AAOD=AOD*(1-SSA), where SSA is the single
scattering albedo [Ma et al., 2012; Zhang et al., 2015].

2.2. OMI Measurements

OMI, aboard the Aura satellite, is a nadir-viewing, wide-swath hyper-spectral imaging spectrometer that
provides measurements with daily global coverage and high spectral resolutions and spatial resolution of
13 × 24 km2 at nadir [Levelt et al., 2006]. Version 1.4.2 level 2 monthly data are used in this study. OMI takes
advantage of the sensitivity of radiances measured at the atmosphere in the near-UV region to the varying
load and type of aerosols to derive extinction AOD, single scattering albedo (SSA), and AAOD using the
near-UV (OMAERUV) algorithm [Torres et al., 2007] for observations at 354 nm, 388 nm, and 500 nm.
Aerosol retrievals with quality flag 0 are considered to be the best in accuracy as this category of flag scheme
largely avoids cloud contaminated pixels by choosing the appropriate reflectivity and UV-aerosol index (AI)
thresholds [Jethva et al., 2014]. Given that the uncertainty of the retrieved SSA at low AOD values is larger,
the operational algorithm assumed a SSA of unity (1.0) for pixels having lower values of UV-AI, which thereby
exclude the very small AOD values (associated with small and negative aerosol index values) in calculating
the monthly average. OMAERUV retrievals of AOD and SSA have been evaluated by comparison to indepen-
dent ground-based observations provided by the world-wide Aerosol Robotic Network (AERONET).
OMAERUV AOD retrievals at 380 nm were compared to AERONET observations [Ahn et al., 2014]. The
AERONET-OMAERUV analysis yields a correlation coefficient of 0.81, y intercept of 0.1, and slope of 0.79.
The OMAERUV SSA product has also been evaluated by using AERONET retrievals. Jethva et al. [2014] com-
pared OMAERUV and AERONET SSA retrievals by using all available AERONET data at 269 sites for the
2005–2013 period. After accounting for the wavelength difference (AERONET 440 nm versus OMAERUV
388 nm), it was shown that 50% of the matched OMAERUV-AERONET SSA pairs agree with AERONET values
within 0.03, whereas 75% of the matched pairs agree within 0.05 for all aerosol types. Good agreement was
also found between OMAERUV (version 1.4.2, operational) and AERONET for sites located in North America;
the root-mean-square difference was about 0.04, while percentage matchups constrained within ±0.03
and ±0.05 were 57% and 82%, respectively.
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The OMAERUV retrieval algorithm is particularly sensitive to carbonaceous and mineral aerosols. It assumes
that the column aerosol load can be represented by one of three types of aerosols and uses a set of aerosol
models to account for the presence of these aerosols: carbonaceous aerosol from biomass burning, desert
dust, and weakly absorbing sulfate-based aerosols. The selection of an aerosol type relies on the OMI absorb-
ing aerosol index (UVAI0) and the Atmospheric Infrared Sounder total column carbon monoxide measure-
ments as described in Torres et al. [2013]. Each aerosol type is represented by seven aerosol models of
varying single scattering albedo, for a total of 21 models. The 21 aerosol models used by OMAERUV are based
on long-term statistics of ground-based observations by AERONET.

Since early 2008, OMI’s spatial coverage began to decrease at the onset of the so-called row anomaly, a phy-
sical obstruction initially affecting two of OMI’s 60 viewing positions (or rows) in June 2007, currently extend-
ing to over 50% of the sensor’s 60 rows. Although the exact nature of the problem is not known, it is
suspected that the observed obstruction has developed as a result of the loosening of fabric material cover-
ing the interior walls of the sensor. The OMI row anomaly is not static as it slowly evolves over time at both
long and short time scales affecting the quality of both level 1B spectral radiances and Level 2 products. As a
consequence of the row anomaly, the global coverage attainable daily during the first 4 years of operation is
no longer possible. Global coverage is currently achieved in about 2 days.

OMI monitors NO2 column density by measuring spectral variation in backscattered solar radiation in the
broad visible spectral window between 405 nm and 465 nm. OMI measurements are made in the early after-
noon (i.e., local time of 13:00–14:45) with a spatial resolution of 13 × 24 km2 at nadir and with nearly daily glo-
bal coverage. In this study, we use the improved OMI NO2 retrieval that uses new a priori NO2 profiles
simulated by the NASA Global Modeling Initiative chemical transport model [Lamsal et al., 2015].

2.3. In Situ Measurements

Long-term measurements of fine aerosols (aerodynamic diameter at <2.5μm) for EC, OC, dust, and coarse
PM (particulate matter between 2.5 and 10μm in aerodynamic diameter) are available in the U.S. since
1987 from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network for the protec-
tion of visibility in Class I remote areas (data available at http://vista.cira.colostate.edu/improve/ [Malm et al.,
1994]). Surface soil dust concentrations are calculated as the sum of the soil-derived elements (Al, Si, K, Ca, Ti,
and Fe) and their normal oxides [Malm et al., 1994]. Fine dust mass is estimated by using the formula ofMalm
et al. [1994].

3. AAOD Trends for 2005–2015

Figure 1a illustrates the spatial trends of percentage changes of OMI AAOD for 2005–2015. Only areas that
exhibit a trend at the 90% confidence level are shown. The significance of the regression coefficients is tested
by using the nonparametric Mann-Kendall tau test [Sneyers, 1990]. A significant positive trend is shown over
broad areas of the U.S., with the maximum increase in an individual grid box being more than a factor of 4.
The largest positive trends are mainly over the central U.S. and western U.S., such as Texas, western
Oklahoma, Kansas, Nebraska, New Mexico, Colorado, South Dakota, North Dakota (by 200% to 400%). The
AAOD trends in areas of the western U.S., such as California, Oregon, Washington, Nevada, and southwestern
Arizona, also show enhancements by 50%–300% from 2005 to 2015. Areas of decreasing trends in the U.S. are
evident, yet sparse. They do not occur with continuous spatial coverage and are mostly present in individual
grid boxes in the northeastern U.S. The seasonality of the AAOD trends has also been investigated (see
Figure 2). Positive trends are evident throughout all seasons to different extents. The largest increases are
mainly over the western U.S. in summer (June-July-August (JJA)). The largest spatial extents of positive trends
are in the summer (JJA) over most of the western and southern U.S., especially Nevada, eastern Oregon,
Southern California, Arizona, Texas, Oklahoma, Kansas, and some states over southeastern U.S. More indivi-
dual grid boxes indicate positive trends in the fall (September-October-November (SON)) than other seasons
over the eastern U.S.

In addition to evaluating observed trends in OMI AAOD, we also used the GEOS-Chem model to simulate
AAOD for 2005–2013. The model simulation using fixed anthropogenic emissions (without interannual varia-
bility) does not reproduce the observed positive trends of AAOD over the U.S., but it only simulates very slight
positive trends over the central and northeastern areas, owing to increasing dust AAOD. However, these
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trends were not statistically significant. Modeled AAOD showed decreasing trends in total AAOD, BC AAOD,
and OC AAOD. Also, there are not significant trends for biomass burning emissions throughout the U.S. in
all seasons.

4. Evaluation of AAOD Trends

The trends identified in the data described in the previous section were somewhat surprising, given what is
known about trends in surface-level BC concentrations. Thus, here we explore several factors that may be
driving these AAOD trends, such as the changes of AOD, precipitation, NO2, dust AAOD, surface absorbing
aerosols, and biomass burning emissions.

One key to understanding the factors driving these observed trends in AAOD is the trends in AOD itself.
Although AAOD is associated with AOD and SSA, the trend of OMI AOD is quite different to that of AAOD.
Figure 1b shows that AOD trends are not as significant as those of AAOD and even shows slight decreasing
trend over some areas of the U.S., except some areas over central and western U.S. These trends are not con-
sistent with those of AAOD, with exceptions in the latter locations discussed further below. The largest
decreasing AOD trends of �90% and �50% over the last decade are located over the northeastern and part
of northwestern U.S., respectively. The reductions of AOD are also more evident in observations from satel-
lites other then OMI, such as Multiangle Imaging Spectroradiometer (MISR) and Moderate Resolution
Imaging Spectroradiometer (MODIS). Figure 3 shows the AOD trends of MISR, MODIS_TERRA, and
MODIS_AQUA for 2005–2015. Although the trends of MISR AOD show increases over larger spatial areas of
the western U.S. compared to OMI and MODIS, the general pattern is still similar. While the patterns of
AOD trends in MODIS observations show a positive trend over the northern U.S., they are otherwise consis-
tent with those of OMI, with enhancements over the central U.S. and reductions over other areas.

In contrast to the negative trend observed over most regions, AOD actually increases in Nevada, Arizona, New
Mexico, Texas, Utah, and Colorado. Recall that these are the same locations where AAOD is also increasing.
Figures 4a and 4b compare the trends of AAOD and AOD for 2005–2015 over the U.S. (20–50°N, 60–130°W)

Figure 2. The trends of percentage changes (unit: 100%) for OMI AAOD for the seasons of (a) December-January-February, winter; (b) MAM, spring; (c) JJA, summer;
and (d) SON, fall for 2005–2015. Only areas with 90% confidence are shown.
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and the southern central U.S. (30–40°N, 100–110°W), respectively. Here we use ordinary least squares bisector
of the normalized trend of each component to calculate the regression line, which is one of several regression
methods applicable for evaluating relationships between two noisy data sets [Isobe et al., 2009]. Since we only
compare the grid cells for which the trends have a significance of at least 90% confidence, the blank areas
near the axis are due to exclusion of data corresponding to insignificant trends. The trends of AAOD are
well correlated with AOD (r=0.86, N= 504, P= 99.9%) over the U.S., in particular, over the southern central
U.S. (r= 0.63, N= 136, P=99.9%). Thus, AAOD enhancements over the south central U.S. may be associated
with the same mechanisms driving increases in AOD. Also, there are no points in the quadrant where the
AOD trend is positive and the AAOD trend is negative over both the U.S. and the south central U.S., which
confirms that the increasing AOD trends are dominated by the increasing AAOD trends. When the AOD
trend is <0 and the AAOD trend is >0, there are more retrievals over the whole U.S. and only two grids
over the south central U.S., which suggests that a different mechanism may drive increases in AAOD in the
south central U.S. than in the rest of the country.

Next we consider the role that trends in precipitation may play in AAOD trends since wet deposition plays an
important role in reducing the aerosol concentrations [Zhang et al., 2010]. The monthly precipitation data
from NOAA Climate Prediction Center (CPC), which provides a global data set from 1948 to the present
[Chen et al., 2008a, 2008b; Xie et al., 2007], are analyzed to calculate trends of wet scavenging. Figures 4c
and 4d show the CPC precipitation trends as percentage changes for 2005–2015 in the U.S. and the south
central U.S., respectively. As indicated by other studies [Seager and Hoerling, 2014; Wang and Kumar, 2015;
Rupp et al., 2015], a severe drought has been afflicting the southwest U.S. for the past several years. In com-
parison, the largest enhancements of AAOD and AOD are over the central states of Texas, Oklahoma,
Kansas, and Nebraska. Although the trends for AAOD and precipitation are not correlated well over the whole
U.S., their correlation coefficient, while still relatively small, shows an enhancement by a factor of 2 (r=�0.16,
N= 15, P=40%) over the southern central U.S. compared to over the entire U.S. (Figures 4c and 4d).

As pointed out by previous studies, larger AOD is usually associated with suppression of precipitation in the
dry season, and the high aerosol concentration is accompanied by negative precipitation anomalies [Huang

Figure 3. The monthly regression coefficients (10�4) of (a) OMI AOD, (b) MISR AOD, (c) MODIS Terra AOD, and (d) MODIS Aqua AOD for 2005–2015. The small black
dot at the each grid box indicates significance at 90% confidence.
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Figure 4. Comparisons of the trends (normalized regression coefficients) for (a and b) AAOD versus AOD, (c and d) AAOD
versus precipitation, (e and f) AAOD versus NO2, and (g and h) AAOD versus dust AAOD for 2005–2015 over the
U.S. (20–50°N, 60–130°W) and the southern central U.S. (30–40°N, 100–110°W), respectively.
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et al., 2009; Deng et al., 2014]. Decreasing precipitation in these regions may thus partly contribute the
enhancements of aerosol concentrations and thus positive trends of both AAOD and AOD.

Due to a combination of environmental policies, technological change, and a reduction of emissions from
mobile and point sources [McDonald et al., 2012; Xing et al., 2013], nitrogen dioxide (NO2) levels have
decreased 30–40% in recent decades [Lamsal et al., 2015]. Considering coemissions of BC and NOx associated
with oil and gas activity, we investigate possible correlations between OMI observations of AAOD and NO2.
Figures 4e and 4f show the trends of NO2 using an improved tropospheric NO2 VCD data product [Lamsal
et al., 2015] correlated with AAOD from OMI for 2005–2015. In contrast to the reduction pattern over most
of the U.S., there are also significant positive trends of 50–70% across parts of the central U.S., in particular
in states with oil and gas production sources, such as North Dakota and Texas. The trend of AAOD is signifi-
cantly negatively correlated with NO2 over the U.S., and positively correlated with NO2 over the south central
U.S., although weakly in both cases (Figures 4e and 4f). Oil and gas production has increased in the last dec-
ade over these regions, which may also impact BC emissions (https://www.dmr.nd.gov/oilgas/stats/statis-
ticsvw.asp). The EC emission rate in the Environmental Protection Agency (EPA) National Emissions
Inventory Database released in 2013 is 800 t/yr based on 2011, a factor of 2.2 less than observed emissions
in 2014 in the Bakken region [Schwarz et al., 2015]. Although the production activities are unlikely to contri-
bute to large-scale biases in estimates of BC emissions on a continental scale, theymay possibly impact AAOD
not only in the local areas but also in the remote regions. We performed a sensitivity experiment by using
GEOS-Chem by increasing anthropogenic BC aerosol emissions by 50% in July of 2012 over the central U.S.
led to enhancements of AAOD by 5–10% over the eastern U.S. and southwestern U.S.

Changes in trends of surface concentrations of absorbing aerosols may also provide hints to help explain
the observed AAOD trends. The IMPROVE network provides long-term in situ measurements for the sur-
face concentrations for aerosols. Figures 5a–5d illustrate the trends of percentage changes for 151 sites
over 43 states based on the measurements of surface EC, OC, dust, and coarse PM from the IMPROVE net-
work. All the black circles indicate the IMPROVE site, and we only show the sites with color where there is
significance at the 90% confidence level. Thus, the blank circles indicate site locations where there are not
significant trends. Due to the emission control policy for diesel BC emissions, the surface EC concentra-
tions have declined significantly in recent decades over wide areas of the U.S., which has also been dis-
cussed in other studies [McDonald et al., 2015; Murphy et al., 2011; Bahadur et al., 2011]. An exception
exists in several sites in North Dakota where oil (and gas) production in the Bakken region has increased
by a factor of 2.5 (and 2.9) between May 2011 and May 2014, which resulted in enhanced EC emissions
[Schwarz et al., 2015]. The OC trends are quite similar to those of EC over the eastern U.S. and southwes-
tern U.S. However, there are fewer sites showing significant decreasing trends, in particular over New
Mexico, Colorado, Wyoming, and the northwestern U.S.

Dust aerosols, especially for larger sizes, also exert strong absorption. From the IMPROVE measurements, we
find that trends of PM2.5 dust concentrations are increasing in some sites over the central U.S. and part of the
western U.S. (Figure 5c). The magnitudes of the positive trends are largest over the central U.S. in the states of
New Mexico, Texas, Oklahoma, Kansas, and Nebraska. Also, one site in the western U.S. in Oregon and
California each have positive trends. Actually, the dust absorption is mainly dominated by the large particles
[Miller et al., 2006]. The large aerosols have changed significantly in last decades; the coarse PM from the
IMPROVE measurements shows positive trends by 50–100% at the sites over western and central U.S.
(Figure 5d), especially, over areas where AAOD has the largest positive trend. Coarse particles primarily origi-
nate from geologic sources (soil and other crustal materials), and they typically comprise approximately 50–
60% of PM10, although they might make up 90% of PM mass concentrations during dust events [Ostro et al.,
1999; Lin et al., 2012].

The OMI OMAERUV retrieval also flags instances for which the retrieval algorithm relies upon the presence of
carbonaceous aerosols, dust, and light-absorbing aerosols (mentioned in section 2), that we can use it to
quantify the carbonaceous aerosols and dust AAOD. Significant positive trends have only been found in
the OMI AAOD flagged for the presence of dust (see Figure 5e) over the western and central U.S., such as east-
ern California, Nevada, Arizona, Utah, New Mexico, and Colorado. The trends of AAOD are significantly posi-
tively correlated with the trends of dust AAOD both over the U.S. (r=0.66, N= 480, P= 99.9%) and southern
central U.S. (r=0.73, N= 123, P= 99.9%, see Figures 4g and 4h).
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This suggests that the changes of dust, either at the surface or throughout the column, are one of the factors
contributing to the positive trends of AAOD over the western and central U.S. Compared to the trends of
IMPROVE surface dust concentrations, the positive trends of dust AAOD extend over a greater portion of
the western U.S. Using satellite-based estimates and model simulations of AOD, Yu et al. [2012] pointed out
that the imported contribution of dust in the U.S. is dominated (88%) by the trans-Pacific transport from
Asia. We performed a sensitivity calculation by using GEOS-Chem, comparing simulations with Asian BC
and dust emissions turned off. These indicate that Asian dust and BC contribute about 20–30% and 20–
40%, respectively, to the total AAOD over western U.S. in April. Therefore, the positive trends of AAOD over
the western U.S. in the spring (MAM) may possibly be due to the trans-Pacific transport from Asia, even
though we did not see significant long-range impacts on the U.S. surface dust and BC trends, as trans-
Pacific transport has a greater relative impact on concentrations at much higher altitudes above the surface
[Hadley et al., 2007]. Another sensitivity calculation was performed in April by doubling the dust emissions in
the western U.S. The results of this experiment indicate that this source contributes 5–20% of AAOD in the
western U.S.

Figure 5. The trends of percentage changes (unit: 100%) for IMPROVE surface concentrations of (a) EC, (b) OC, (c) dust, (d) coarse PM, and (e) OMI dust AAOD for
2005–2015. The circles indicate the IMPROVE sites and only show the sites with color and areas with significance at the 90% confidence level.
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Another factor that may potentially explain AAOD trends is biomass burning from wildfires. Here we defined
three subdomains as the rectangles shown in Figure 1a: western U.S. (108°–125°W, 30°–50°N), central U.S.
(90°–108°W, 25°–50°N), and eastern U.S. (60°–90°W, 25°–50°N). The time series of monthly BC biomass burn-
ing from the GFED4 inventory [Giglio et al.,2013] and AAOD for 2005–2015 are indicated in Figure 6. The solid
red and black lines illustrate the trends of these two time series, respectively. Over the western U.S., the inter-
annual variability of BC biomass burning emission reflects the large wildfires in the 2007, 2012, 2013, and
2015. While there were more biomass burning emissions in the last year, the overall trend in the 2005–
2015 time period is very small.

The annual variations of AAOD are similar to that of the BC biomass burning; however, the actual timing of
the AAOD peaks does not match those of the biomass burning emission of the inventory of either the
GFED4 or Fire Inventory from National Center for Atmospheric Research. The variations of AAOD and BC bio-
mass burning over the western U.S. are weakly correlated, and the correlation coefficient is 0.16 (N= 132,

Figure 6. Interannual variability of monthly OMI AAOD, AOD, and GFED4 biomass burning BC emissions over (a) western
U.S. (108°–125°W, 30°–50°N), (b) central U.S. (90°–108°W, 25°–50°N), and (c) eastern U.S. (60°–90°W, 25°–50°N).
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P= 90%) and 0.11 (N=132, P= 60%) for the original time series when filtering the seasonal cycle, respectively.
Connections between biomass burning and AAOD are even less clear in other regions. Over the central U.S.,
although AAOD consistently increases in the last several years from 2011, the largest BC biomass burning
emissions are from 2010 to 2011 and begin to decrease after 2012. Although their variations are correlated
more than those in the western U.S. (r=0.21, N= 132, P=98%), even after filtering out the seasonal cycle
(r= 0.21, N= 132, P= 98%), the biomass burning emission of BC does not contribute to the trend correlation.
Similar in the eastern U.S. the interannual variabilities of BC biomass burning and AAOD are not quite consis-
tent—we do not see the enhancements for BC biomass burning from 2012, whereas AAOD increases signifi-
cantly since 2011. Also, the variation of AAOD does not correlate significantly with that of BC biomass burning
(r=�0.14, N= 132, P= 80%) over the eastern U.S. The impacts of BC biomass burning emissions on the posi-
tive trends of AAOD are quite small over central and eastern U.S. From the comparisons of seasonal BC bio-
mass burning emissions and AAOD for 2005–2015 over the above three subdomains (figures not shown), the
interannual variability of BC biomass burning emission is consistent with that of AAOD in summer (JJA) and
fall (SON) over the western U.S. with the maximum in both 2007, 2012, and 2015. During the summer months
(JJA), biomass burning emissions and AAOD are well correlated over the central U.S. We do not see any strong
connections between BC biomass burning emissions and AAOD over eastern U.S. for all seasons.

5. Discussion and Conclusions

We examined the spatial and temporal trends of OMI AAOD for the 2005–2015 time frame over the U.S. by
using the monthly mean data. The monthly AAOD has increased by a factor of 4 over broad areas, with
the maximum enhancements over central U.S. Meanwhile, these positive trends in AAOD consistently occur
in all the seasons. Unfortunately, the long-term observations of in situ AAOD are very limited, even for the
AERONET network, and none of the sites over the U.S. cover the periods from 2005 to 2015 with continuous
AAOD observation, so we were not able to validate these trends in other measurements. However, in this
study, in addition to identifying this interesting phenomenon, we also tried to investigate factors that possi-
bly control or contribute to the positive trends of AAOD over the U.S. in last decade. Here we investigated the
trends of OMI AOD, precipitation, OMI NO2, OMI dust AOD, BC biomass burning emission, and IMPROVE in
situ measurements of EC, OC, dust, and coarse PM. The positive trend of AAOD is dominated by the trends
of dust, as well as a combination of other factors with regional diversity.

First, we did not identify similar positive trends in AOD over broad areas of the U.S., which only show an
enhancement over part of the western and southern central U.S. with less spatial coverage than that of
AAOD. This suggests that the positive trends of AAOD over broad areas only reflect the enhancement of
absorption, not the total aerosol concentrations. NO2 columns also show positive trends over part of the
southern central U.S. in oil and gas production areas (such as Texas and North Dakota), as also recently found
in Duncan et al. [2016], and are otherwise reduced significantly over most of the eastern and western U.S.
Normally, BC is the major absorbing aerosol components and biomass burning emission is one of the impor-
tant sources of absorbing aerosol concentrations. However, the positive trend of AAOD occurring in all sea-
sons and throughout the entire U.S. is not due to changes of biomass burning. The interannual variability of
AAOD is only associated with biomass burning emissions over the western U.S. from 2011 to 2015 in the sum-
mer (JJA). Meanwhile, BC (here represented by EC in IMPROVEmeasurements) and OC surface concentrations
show consistently negative trends (except in North Dakota), supported by the decreases in emissions from
the U.S. There are more sites indicating positive trends for dust over the central and western U.S.
Additionally, trends of OMI dust AAOD are significantly positive, which contribute directly to the enhance-
ments of total AAOD over the south central U.S. and part of the western U.S. The consistent positive trends
for both AAOD and AOD over the central U.S. are partly due to the decreasing trends of precipitation that
reduce aerosol wet scavenging. However, the data do not suggest that scavenging alone has been reduced
significantly enough to explain the observed trends. Precipitation trends may also increase dust emissions
associated with dry soil moisture. The multiple regression result shows that AOD and dust AAOD contribu-
tions to total AAOD are significant with the same regression coefficient of 0.62 and 0.005, respectively
(N= 244, P = 99.9%) over the U.S.

The transport of absorbing aerosol from upwind source regions may also affect AAOD, including both trans-
Pacific transport and domestic transport. There has been a 20–40% increase of anthropogenic BC emissions
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over Asia in the last decade and more than a 30% increase of exported Asian dust reaching the west coast of
North America [Lu et al., 2011; Yu et al., 2012]. However, it is difficult to quantify the exact contribution of
Asian dust and BC to the observed AAOD trends. A series of GEOS-Chem model sensitivity experiments are
performed to evaluate the contribution of upwind sources to the AAOD trends. These experiments show that
if BC and dust emissions were doubled over Asia and over the western and central U.S., respectively, it would
result in increasing the AAOD by 40–70% and 35–60% over the western and central U.S. in April. Since emis-
sions have not increased by that amount in either source region, and yet there is a 50–100% positive trend of
OMI AAOD in the U.S., the latter must be a combined effect from both long-range transport and
domestic impacts.

Another possible factor is the contribution of brown carbon, which has an aerosol radiative forcing greater
than 20–50% over regions dominated by seasonal biomass burnings and biofuel combustion, accounting
for more than 25% of the estimated radiative effects of BC on a global scale [Feng et al., 2013]. Assuming that
the AAOD impact on radiative effects is linear for both brown carbon and BC, an enhancement of brown car-
bon by 200% in the last decade would be required to explain the observed 50% increase of AAOD over the
west central U.S., which seems unlikely. Meanwhile, changes of dust emissions and concentrations can be dri-
ven by several aspects of climate. Trends of dust AAOD depend not only upon changes of total dust emis-
sions but also associated changes of size distributions. A subset of wind tunnel studies found that dust
aerosol size decreases with increasing wind speed [Rea, 1994; Ding et al., 2002; Ruth et al., 2003]. However,
other wind tunnel measurements and field studies have not found a clear dependence of the emitted dust
size distribution on wind speed [Shao et al., 2011; Kok, 2011a]. Meanwhile, a recently formulated brittle frag-
mentation theory predicts that the emitted dust size distribution is independent of wind speed [Kok, 2011a,
2011b; Zhang et al., 2013]. Fugitive dust, PM suspended in the air by wind action and human activates, or dust
not coming from a combustion source, accounts for about 90% of all primary PM10 emissions over California
recently (https://www.arb.ca.gov/pm/fugitivedust_large.pdf). Changes in concentrations of larger fugitive
dust would enhance the AAOD. The above studies do, however, consistently suggest that changes to soil tex-
ture associated with climate change do impact emitted dust size distributions. Other possible confounding
factors could include changes to optical properties of absorbing aerosols associated with internal mixing,
their lifetime due to climate changes, and large-scale interannual meteorological variability [Zhang and
Iwasaka, 2004; Zhang and Iwasaka, 2006; Zhang et al., 2010; Zhu et al., 2012]. Lastly, when using a retrieval
algorithm that includes a threshold for small values of AOD, such as OMAERUV version 1.4.2., analysis of
AAOD trends may be different than those without using a threshold, as the threshold would weight the trend
toward changes in polluted areas, excluding the background impacts more closely associated with dust
event, biomass burning activities, or aerosol composition changes.
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