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Abstract. Long-term PM s exposure has been associated indicating a good agreement between the estimated and ob-
with various adverse health outcomes. However, most grounderved values. Spatial trends showed that high pPMvels
monitors are located in urban areas, leading to a potentiallyoccurred in urban areas and along major highways, while low
biased representation of true regional PMevels. To facili-  concentrations appeared in rural or mountainous areas. Our
tate epidemiological studies, accurate estimates of the spaime-series analysis showed that, for the 10-year study pe-
tiotemporally continuous distribution of PM concentra-  riod, the PM 5 levels in the southeastern US have decreased
tions are important. Satellite-retrieved aerosol optical depthby ~20%. The annual decrease has been relatively steady
(AOD) has been increasingly used for PMconcentration  from 2001 to 2007 and from 2008 to 2010 while a significant
estimation due to its comprehensive spatial coverage. Nevedrop occurred between 2007 and 2008. An observed increase
theless, previous studies indicated that an inherent disadvarnn PM; 5 levels in year 2005 is attributed to elevated sulfate
tage of many AOD products is their coarse spatial resolutionconcentrations in the study area in warm months of 2005.

For instance, the available spatial resolutions of the Moder-

ate Resolution Imaging Spectroradiometer (MODIS) and the

Multiangle Imaging SpectroRadiometer (MISR) AOD prod-

ucts are 10 and 17.6 km, respectively. In this paper, a newt Introduction

AOD product with 1 km spatial resolution retrieved by the

multi-angle implementation of atmospheric correction (MA- Long-term exposure to Py (particle size less than 2.5pum
IAC) algorithm based on MODIS measurements was usedin the aerodynamic diameter) is associated with various ad-
A two-stage model was developed to account for both spaVerse health outcomes including respiratory and cardiovas-
tial and temporal variability in the PpM—AOD relationship ~ cular diseases (Crouse et al., 2012; Peng et al., 2009). Due
by incorporating the MAIAC AOD, meteorological fields, t0 the spatiotemporally continuous nature of the distribu-
and land use variables as predictors. Our study area is in thon of fine particles, obtaining long-term and spatially re-
southeastern US centered at the Atlanta metro area, and dagg/ved distribution of PMs concentrations is important to
from 2001 to 2010 were collected from various sources. Tha€duce exposure misclassification and facilitate epidemiolog-
model was fitted annually, and we obtained model fittkfy  ical studies in the region. In addition, time-series analyses of
ranging from 0.71 to 0.85, mean prediction error (MPE) from @ir pollution and human health have become a common study
1.73 to 2.50 ug m3, and root mean squared prediction error design to compare day-to-day fluctuations of air pollution
(RMSPE) from 2.75 to 4.10 ugmi. In addition, we found  and corresponding fluctuations in health outcomes (lto et al.,
cross-validationk? ranging from 0.62 to 0.78, MPE from 2007) and require long-term P concentration estimates.

2.00 to 3.01 pug m3, and RMSPE from 3.12 to 5.00 g1 Prev_ious research examined tempc_)ral trgnds in PMvels.
For instance, Weber et al. (2003) investigated the temporal
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variations in PM s concentrations at the US Environmen- AOD has been demonstrated to be correlated with monitored
tal Protection Agency (EPA) Atlanta Supersite Experiment in PMy 5 levels in the New England region (Chudnovsky et al.,
August, 1999. So et al. (2007) examined long-term variation2012). Hu et al. (2014) compared the performance of MA-
in PMy 5 levels during two 12-month periods in Hong Kong. IAC with MODIS in PMy s concentration prediction in the
The EPA (2011) evaluated temporal trends of annual and 24 lsoutheastern US in a case study and found that MAIAC pre-
mean PM s concentrations at the national level from 2001 to dictions can reveal many more spatial details than MODIS.
2010 and reported that annual and 24 h mean £dbncen-  In a single 12« 12 kn? Community Multiscale Air Quality
trations dropped 24 and 28 %, respectively, during these 1gCMAQ) grid cell, MODIS can only make one prediction,
years. while MAIAC can make~ 144 predictions. As an example
Accurate depiction of spatial trends of Billevels is also  of the benefit gained with increased resolution, MAIAC pre-
important for air pollution health effects research. Station-dictions can distinctly show high concentrations along major
ary ambient monitors leave large areas uncovered, whicthighways, while MODIS predictions cannot.
makes the assessment of PiMspatial variability difficult. Various statistical methods have been developed to estab-
Using measurements from central monitors to estimate poplish the quantitative relationship between Pdand satellite-
ulation exposure inevitably introduces measurement errorslerived AOD, including linear regression (Schafer et al.,
that likely have substantial implications for interpreting epi- 2008; Wallace et al., 2007; Gupta and Christopher, 2009).
demiological studies, especially time-series analyses (Zegdfowever, many of the methods do not consider day-to-day
et al., 2000). On the other hand, aerosol observations fronvariability in the association between Biand AOD. Lee
satellite remote sensing could substantially improve esti-et al. (2011) and Kloog et al. (2011) argued that the;BM
mates of population exposure to B¥i(van Donkelaar etal., AOD relationship varies day to day, and this temporal vari-
2010). As a result, satellite-retrieved aerosol optical depthability needs to be accounted for in order to improve the per-
(AOD), which measures light extinction by aerosols in the formance of the AOD-based prediction models. As a result,
atmospheric column, has been widely used to predict groundboth studies developed a linear mixed effects (LME) model
level PMp 5 concentrations, given its relatively low cost and to incorporate daily calibration of the P\M—AQOD relation-
large spatiotemporal coverage. A number of AOD productsship and obtained predictions with high accuracy. To move
from sensors such as the Moderate Resolution Imaging Spe@ne step further, Hu et al. (2014) introduced a geographically
troradiometer (MODIS), the Multiangle Imaging Spectro- weighted regression (GWR) model as the second stage to ac-
Radiometer (MISR), and the Geostationary Operational Encount for possible spatial variability in the BM-AOD rela-
vironmental Satellite Aerosol/Smoke Product (GASP) havetionship. This model used the MAIAC AOD as the primary
been applied to Pl concentration prediction in previous predictor and meteorological fields and land use variables as
studies (Liu et al., 2007, 2009; Paciorek et al., 2008; Hu etsecondary predictors. Hu et al. (2014) further pointed out that
al., 2013). A limitation of those AOD products is the rela- AOD is essential in the two-stage model framework in terms
tively coarse spatial resolutions. For instance, the spatial ressf prediction accuracy. The model can predict Bvton-
olutions of AOD derived from MODIS and MISR are 10 and centrations with high accuracy and thus was adopted in this
17.6 km, respectively. Although GASP has a spatial resolu-study.
tion of 4km, the AOD retrievals are less precise than those The objectives of this paper were, first, to estimate spa-
from the polar-orbiting instruments due to limited informa- tiotemporally resolved Pl concentrations in the study do-
tion content (one spectral band) and relatively low signal-to-main during the period between 2001 and 2010 in the south-
noise ratio of the GOES sensor (Prados et al., 2007). Meaneastern US using the two-stage model developed by Hu et
while, epidemiological studies typically have access to healthal. (2014). Second, maps of annual meanzBMoncentra-
data geo-coded to small geographical units (e.g., zip codéions as well as the changes between 2001 and 2010 were
and census block groups), many of which are substantiall\generated from the daily estimates to visually illustrate the
smaller than the spatial resolutions of MODIS and MISR. In spatial trends of annual PM\ levels between 2001 and 2010.
addition, satellite-estimated P concentrations at coarse Third, time-series analyses were conducted for the study do-
resolutions omit detailed spatial variability of BM expo-  main and the Atlanta metro area specifically using the sea-
sure and therefore have limited value in the investigationsonal and annual mean BMl estimates to examine the 10-
of spatial trends of Pls levels at urban scale (Hu et al., year temporal trends of PM levels, and the underlying
2014). Hence, it is essential to use high-resolution AOD re-causes were discussed.
trievals to generate high spatial resolution fMoncentra-
tion estimates. Recently, a new AOD product retrieved by the
multi-angle implementation of atmospheric correction (MA-
IAC) algorithm based on MODIS measurements has been
reported (Lyapustin et al., 2011b). MAIAC AOD has a spa-
tial resolution of 1 km and thus has the ability to estimate
PM. 5 concentrations at that resolution. Moreover, MAIAC
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2 Materials and methods for Aqua and from 17.2 to 26.3% for Terra from 2001 to
2010. In a common MAIAC pixel, there might be only one
2.1 Study area MAIAC product from either Aqua or Terra, or both may be

) . ) present. In the second case, when we combine them, the av-
The study area is approximately 6800 kn? in the south- eraged value, as pointed out by Lee et al. (2012), is likely to
eastern US, covering most of Georgia, Alabama, and Tenpeyter reflect daily aerosol loading, yet in the first case, AOD
nessee, and parts of North and South Carolina (Fig. 1)ag an indicator of PMs abundance is biased towards the at-
The domain includes several large urban centers, nUmeroys,ospheric condition either in the morning or early afternoon.
medium-to-small cities, as well as suburban and rural areas, estimate the missing AOD value, Lee et al. (2011) defined
a simple ratio between averaged Terra and Aqua AOD. In
this study, we fitted a linear regression to define the relation-

The 24 h average Pj concentrations from 2001 to 2010 ShiP between daily mean Terra-MAIAC and Aqua-MAIAC
collected from the US EPA federal reference monitors AOD values. We used this regression to predict the missing
(FRMs) were downloaded from the EPAs Air Quality AOD value (i.e., predict Terra-_MAIAC AOD with the avail-
System Technology Transfer Networkt(p:/iwww.epa.gov/ able Aqua-MAIAC AOD, ar_ld vice versa), and then avergged
ttn/airs/airsagq3/ PMps concentrations less than Zngn the observed and the predicted AOD values.together. Finally,
(~0.2-3% of total data records) were discarded as they aré/€ St an upper bound of 2.0 for the combined AOD to re-

below the established limit of detection (EPA, 2008a). duce potential cloud contamination-0.05-0.1% of total
data records were excluded).

2.2 PMy 5 measurements

2.3 Remote sensing data
2.4 Meteorological fields
MAIAC retrieves aerosol parameters over land at 1 km res-
olution, which was accomplished by using the time seriesThe meteorological fields provided by the North American
of MODIS measurements and simultaneous processing of &and Data Assimilation System (NLDAS) Phase 2 were
group of pixels in fixed 25 25 kn? blocks (Lyapustin etal., downloaded from the NLDAS websitéttp:/Idas.gsfc.nasa.
2011a, b, 2012). MAIAC uses a sliding window to collect up gov/nildas). The spatial resolution of NLDAS meteorolog-
to 16 days of MODIS radiance observations over the sameécal data is 1/8th of a degree-(13 km). Another meteoro-
area and processes them to obtain surface parameters usiegical data set used in this study is the North American
for aerosol retrievals. To facilitate the time-series analysis,Regional Reanalysis (NARR). NARR is a long-term, con-
MODIS data are initially gridded to a 1 km resolution in a sistent, high-resolution climate data set for North America
selected projection. For this work, we used MODIS level 1B (Mesinger et al., 2006), with a spatial resolutiome82 km.
(calibrated and geometrically corrected) data from Collec-NLDAS provides most of the meteorological fields used
tion 6 re-processing, which removed major effects of tem-in this analysis, including relative humidity/ wind, and
poral calibration degradation of Terra and Aqua, a necessary wind, while NARR provides another critical parameter:
prerequisite for the trend analysis. boundary layer height. To generate daytime meteorologi-
Validation based on the Aerosol Robotic Network cal fields corresponding to the MODIS overpass times, 3-
(AERONET) data showed that MAIAC and the operational hourly NARR measurements and hourly NLDAS measure-
Collection 5 MODIS Dark Target AOD have a similar ac- ments from 10a.m. to 4 p.m. standard local time were aver-
curacy over dark and vegetated surfaces, but also showeaged.
that MAIAC generally improves accuracy over brighter sur-
faces, including most urban areas (Lyapustin et al., 2011b)2.5 Land use variables
MAIAC AOD data from 2001 to 2010 were obtained from
the National Aeronautics and Space Administration (NASA) Elevation data were downloaded from the national elevation
Goddard Space Flight Center. Due to the lack of sufficientdata set (NED)Http://ned.usgs.gQvNED is the seamless el-
data records from AERONET, a comparison between MA-evation data set covering the conterminous United States and
IAC AOD and AERONET measurements in our study do- is distributed by the US Geological Survey (USGS). The ele-
main was not possible. vation data are downloaded at a spatial resolution of 1 arcsec
Zhang et al. (2012) found that Terra and Aqua may pro-(~ 30 m). The road data were obtained from ESRI StreetMap
vide a good estimate of the daily average of AOD. Thus, theUSA (Environmental Systems Research Institute, Inc., Red-
average of the Aqua and Terra measurements can be usdahd, CA). The road data at level Al (limited access highway)
to predict daily PM s concentrations. In this study, Aqua were extracted. Summed length of road segments was calcu-
(overpasses at 1:30 p.m. local time) and Terra (overpasses lated for each & 1 knm? MAIAC grid cell, and grid cells with
at ~10:30a.m. local time) MAIAC AOD values were first no roads were assigned zero. The 2001 and 2006 Landsat-
combined to improve spatial coverage. In our study domainderived land cover maps covering the study area with a spa-
the increase in spatial coverage ranged from 30.2 to 72.4 %ial resolution of 30 m were downloaded from the National
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Figure 1. Study area.

Land Cover Database (NLCDhttp://www.mrlc.goy. For- teorological fields to account for the temporally varying re-
est cover maps were generated by assigning one to fore$ationship between observed BMand AOD (Eqg. 1). The
pixels and zero to others. Primary BMemissions (tons per model structure can be expressed as

year) were obtained from the 2002, 2005, and 2008 EPA Na-

tional Emissions Inventory (NEI) facility emissions reports. PMzs,s = (bo+ bo,r) + (b1 + b1, )AODs + (b2 + b2,1)

Grid cells with multiple emission sources were assigned theMeteorological Fields + b3Elevation + bsMajor Roadg
summed value, and those with no emissions were assigned- psForest Covey+ bgPoint Emissions

Zero. + &g (bo,b1,b2,) ~ N[(0,0,0), W], 1)

2.6 Data integration whereb; andb; ; (day-specific) are the fixed and random in-
tercept and slopes, respectively. Fixed intercepts and slopes
All the data were first re-projected to the USA Contigu- are the same for all days and generated via conventional lin-
ous Albers Equal Area Conic USGS coordinate system. Foear regression, while random intercepts and slopes vary in-
model fitting, a 1x 1 kn? square buffer was generated for dependently for each individual day and are estimated via
each PM s monitoring site. Meteorological fields and AOD likelihood methods from the full set of observations. In this
values were assigned to each Pdmonitoring site using  study, we generated fixed slopes for each predictor variable,
the nearest neighbor approach. Forest cover and elevatioout random slopes were only generated for AOD and meteo-
were averaged, while road length and point emissions wereological fields, since they represent time-varying variables.
summed over the & 1 kn? square buffer by calculating the The fixed slopes (e.gby, ba, . . ., bs) denote the overall rela-
total length of road segments and total point emissions withintionship for all days, and the random slopes (éxg; b2 ;) in-
the buffer. For PM s prediction, the same procedure was per- dicate the daily relationship among B AOD, and meteo-

formed for each & 1 kn? MAIAC grid cell. rological fields. PM 5 ¢ is the measured ground level BM
concentration (g ) at sites on dayz; AODy is the MA-
2.7 Model structure IAC AOD value (unitless) at site on day¢; Meteorolog-

ical Fields, is the meteorological parameters at sit@n
We adopted the two-stage spatiotemporal model developedayr and may include Relative Humidigy Boundary Layer
by Hu et al. (2014). For the model to be valid, we assumedHeight,, Wind Speed, U Windy, andV Windy; Relative
that particles within the boundary layer were well mixed, Humidityy is the relative humidity (%) at site on day¢;
and the vertical distribution of particles above boundary layerBoundary Layer Height is the boundary layer height (m) at
was relatively smooth. The first stage is a LME model with sites on dayr; Wind Speeg is the 2 m wind speed (nT$) at
day-specific random intercepts and slopes for AOD and mesites on dayt; U Windg is the east—west component of wind
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http://www.mrlc.gov

X. Hu et al.: 10-year spatial and temporal trends of PM 5

6305

a 2002 2002
— — [pEome ¥ =096x

E £ 501 o 50
S & Pz = o0 o

3 = 404 °, ° =3} o

= = 30 RS % 30 o e

& &3] . o s o e

= = . /B R RS 5,
o o ° o o

20, 00 & 201 o

B 3 5 = 55 "
= £ 10 8¢ o 10 % S

w w

10 20 30 40 50

10 20 30 40 50

Observed PM, 5 (ug/m®) Observed PM, s (ug/m®) Observed PM, 5 (ug/m®) Observed PM, s (ug/m®)
2003 2004 2003 2004
. y=096x 2 - y=097x 7 =096x 7 =096x
E 50 g 71 E s0q wE 50 «E 50
2 40 S8 ;o:" 2 40 w = 40 i 40 ..
S 01 . 500 & 301 > —Egao [ 3 30 e i
8204 o %o, o 204 3 FE 20 FE 204 £
B % %0 o o B g B > > N A
£ 104 o o £ 10 @ FO 10 FS 10 o
i [ A °
10 20 30 40 50 10 20 30 40 50 1b Zb 3‘0 Ab 5b 1b Zb 3b 4‘0 5b
Observed PMy5 (ug/m°) Observed PMgs (ug/m®) Observed PM, 5 (ug/m®) Observed PMy5 (ug/m°)
2005 2006 2005 2006
—_ ¥y 2097 - —_ y =0.97x y=0.96x
“c 60 J s 1 [ &> 604 o e
3 S [Ew TR Ry an
S 50| o e IS = 50 e, =
- V€4 o g e S5k 2
w 40 - % o o 855 = 404 208 S o =
o oo, o o 30 & o & L
2 309 o o = o3 A S 304 s L &
ol T o [ B o204 Fel LB g0l AN
B 7 boo 9 ° E 104° g ° L a Fo o0 ° 5
E 10 &) E g 104 e &
1b 2‘0 3‘0 4b 5‘0 6‘0 1b 2‘0 3‘0 Ab 5‘0 10 20 30 40 50 60 0 20 30 40 50
Observed PM, 5 (ug/m°) Observed PM, s (ug/m®) Observed PMy s (ng/m°) Observed PM, 5 (ug/m®)
2007 2008 2007 2008
— 7 =0.95x ' 7~ y=095% ; y=095x
& “e 120 b & 120
= 3 E £ o
2 100 9. 100 [ & >
s o 80 S S
' = F < S 60
E E z 2
o o 40 r 40
g g 5 a 20
i i = r
50 100 20 40 60 80 100 120 20 40 60 80 100 120
Observed PM, 5 (ug/m®) Observed PM, 5 (ug/m®) Observed PM, 5 (ug/m®) Observed PM, s (ug/m®)
2009 2010 2009 2010
— I 3 =096x y=094x — =096x
E E g0 g 80 Fe 80
(=] [S) o= p ~
2 2 6 2 e FEZ e
S S © ©
= = 4 F = 40 FS' a0
3 = £ e BV
£ £ 2 Fg 2 . Fg 20
[ w
20 40 60 80 20 40 60 80 20 40 60 80
Observed PMy s (ug/m°) Observed PMy5 (ug/m®) Observed PMj 5 (ug/m®) Observed PM; 5 (ug/m®)

Figure 2. Model validation.(a) model fitting;(b) cross-validation.

(ms1) at sites on dayr; V Windy is the north—south com-
ponent of wind (ms?) at sites on dayr; Elevation is eleva-
tion values (m) at site; Major Roads is road length values
(m) at sites; Forest Coveyis forest cover values at site
Point Emissionsis point emissions (tons per year) at site

addition, by comparing the performances of models fitted for
each season, each year, and all 10 years, we found that the
models fitted for each year generally yielded higher predic-
tion accuracy. Hence, in this study, we fitted the model for
each year individually allowing the predictors used in each

andV is an unstructured variance—covariance matrix for themodel to vary from year to year. Each final annual model was
random effects. The fixed effects affect the population mearselected to achieve the highest prediction accuracy, and only

and represent the average effects ompBMoncentration es-

statistically significant variables were retained. The detailed

timates for the entire period, while the random effects con-model structures can be found in the Supplement.
tribute to the covariance structure and account for the daily The second stage is a geographically weighted regres-
variability in associations between dependent and indepension (GWR) model that can generate a continuous surface

dent variables. Although the PM—AQOD relationship might

of estimates for each parameter at each location instead of

vary by season, our first-stage LME model was able to incor-a universal value for all observations. We fitted a monthly
porate daily variability in the relationship by generating day- GWR model to calibrate the spatial variability within the
specific random slopes for AOD and meteorological fieldsPM,5—AOD relationship, and the model can be expressed
and thus should be able to capture the seasonal variability. In

www.atmos-chem-phys.net/14/6301/2014/
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Figure 3. Annual mean PM 5 concentration predictions in the study area.
as each round of cross-validation, we selected one subset (10 %

of the data) as the testing samples and used the remaining
nine subsets (90 % of the data) to fit the model. Predictions
of the held-out subset (10 % of the data) were made from the
fitted model. The process was repeated 10 times until every
. o subset was tested. Statistical indicators suck’a$MPE, and
(unitless) at sites in monthz, andfos and fy s denote the oy e \are calculated between the CV predicted concen-

location-specific intercept and ;Iope, respectwely._ . trations and the observations. The model over-fitting assess-
To assess the goodness of fit of the model, various statis-

tical indicators such as the coefficient of determinatiBf)( mept was conducteq by comparing the (?V and model-fitting
statistics. Cross-validation also can provide a means to quan-

mean prediction error (MPE), and square root of the mear}itativel assess prediction accuracy for areas where there are
squared prediction errors (RMSPE) were calculated between y P Y

. . ~no ground observations. A relative accuracy value was also
the f|tt.ed PM 5 conf:entratlons from the m_odeﬂ and the ob calculated for each year to make validation results compara-
servations. In addition, a 10-fold cross-validation (CV) tech- ble among different years
nique was adopted to assess potential model over-fitting. A The daily PNbs concenirations were estimated using the
model that has been over-fit could perform better on the dateﬁnal annual models for 2001 throuah 2010. The maps of
used to fit the model than unobserved data and thus gen- . 9 ) P

L . annual mean Pl concentrations as well as the percent
erally has poor predictive performance. The entire model-changes between 2001 and 2010 for the study domain and the
fitting data set was randomly split into 10 subsets with ap-

: . Atlanta metro area wer ner ing th il im
proximately 10 % of the total data records in each subset. In tlanta metro area were generated using the daily estimates

PM2s_res = Bos+ f1,sAODy + ey, 2

where PM 5_resk, denotes the residuals from the stage one
model at sites in month¢, AODg is the MAIAC AOD value
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2001

Figure 4. Annual mean PM 5 concentration measured from ground FRM monitors.

to visually examine spatial trends of BMl levels between 3 Results
2001 and 2010. The percent changes were calculated as fol-
lows 3.1 Descriptive statistics

PM2 5 percentchange= The descriptive statistics of variables used in fitting the mod-
((PM25 endyear— PM235 startyea) /PMz.5 startyea) X 100%  (3) els are listed in Table 1. The annual mean-2Moncentra-
tions ranged from 11.03 to 15.63 pgbetween 2001 and
where PM s percentchangedenoted the percent changes of 2010, the highest occurring in 2005 and the lowest in 20009.
PMys during a study period. Py endyearwas the PMs The annual mean AOD values ranged from 0.20 to 0.28 dur-
concentrations in the end year of the study period, andng the same period of time. Table 1 also shows that land use
PMz 5 startyearas the PM s concentrations in the start year variables and meteorological fields vary from year to year
of the study period. Moreover, time-series analyses were conwithin the data.
ducted by year and season, respectively to quantitatively in-
vestigate the 10-year temporal trends of fine patrticle levels i3.2 Results of model-fitting and validation
the study domain and the Atlanta metro area.
The model-fitting and CV statistics (e.&®?, MPE, and RM-
SPE) are listed in Table 2. The results show tRatranges
from 0.71 to 0.85, MPE is from 1.73 to 2.50 pgf RM-
SPE ranges from 2.75 to 4.10 pugf and relative accuracy

www.atmos-chem-phys.net/14/6301/2014/ Atmos. Chem. Phys., 14, 68314 2014



Table 1. Descriptive statistics (2001-2010).
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Var. Min SD Max Mean
PMy 5 (ug m3) 2.0-2.6 5.31-8.64 50.1-145.0 11.03-15.63
Boundary layer height (m) 215-464 347-493 2605-3405 1146-1464
Relative humidity (%) 13.9-26.2 8.7-11.3 86.8-93.1 46.8-59.9
U wind (ms™1) —9.44 t0—-6.30 2.62-3.20 10.22-16.85 0.82-1.47

v wind (ms™1) —12.60t0—9.34 2.62-3.00 8.45-11.84 —0.74 t0—0.09
Wind speed (m3s?) 0.03-0.12 1.81-2.13 12.76-18.06 3.48-3.99
Forest cover 2001 0 0.16-0.18 0.83 0.14-0.17
Forest cover 2006 0 0.15-0.17 0.79 0.14-0.16
Road length (m) 0 187.29-230.81 1012.97-1078.09 58.05-82.92
Elevation (m) 46.78 126.82-141.65 811.63-822.82  227.74-249.10
Point emissions 2002 (tons yéél) 0 56.64-70.39 364.42 11.13-16.46
Point emissions 2005 (tons yedh) 0 150.89-188.63 985.48 26.90-40.84
Point emissions 2008 (tons yed) 0 15.89-19.72 101.74 3.14-4.54
AOD 0-0.01 0.16-0.26 1.42-1.96 0.20-0.28

ranges from 72.9 to 80.7 %, which indicates a good fit be-However, specific agricultural emissions data are needed for
tween the predicted values from the fitted models and thdurther validation. In addition, biomass burning also con-
observations. In addition, CV statistics results suggest thatributes to emissions of fine particles in the region, follow-
some model over-fitting is present; that B2 decreases, ing typical seasonal variations (Zhang et al., 2010). Figure 4
while MPE and RMSPE increase from model fitting to cross- shows that the pattern of ground B¥measurements from
validation, yet the differences are relatively small for all the FRM monitors corresponds well with that of our estimated
years. For instance®? and relative accuracy have an average concentrations, and the differences between observed and es-
decrease of 0.08 and 4.21 %, respectively, while MPE andimated PM s were within-+3 ug n12 for, on average, 92 %
RMSPE have an average increase of 0.39 and 0.60#gm of the monitoring sites for the 10 years, indicating a good
respectively, through all the years. Moreover, a regression ohgreement between them (Fig. 5).

predicted values against the observations with an intercept at To take advantage of the high spatial resolution of the MA-
zero (Fig. 2) shows that, at high concentration levels, bothlIAC data, we generated a map of PMestimates in the At-
model fitting and cross-validation under-predicted theeBM  lanta metro area for each year (Fig. 6). The annual mean es-
concentrations by 3-7% (e.g., fitted/CV PM=97% to  timates from 2001 to 2010 are 15.10, 14.64, 14.00, 14.54,
93 % observed Plyk). 15.63, 14.39, 14.14, 11.78, 10.98, and 11.65 pi§,mespec-
tively. Compared to the last plot of Fig. 6, which illustrates
the percentage of impervious surfaces and indicates the level
of urban development, the P\ maps distinctly show that
Figure 3illustrates the Pk concentration estimates at 1 km high PMb 5 levels occur in areas with high urban land use and
spatial resolution in the study area. The annual mean estialong major highways, while low concentrations appear in
mated concentrations are 13.97, 13.90, 13.35, 13.31, 15.190rest and recreational areas, suggesting an underlying pos-
13.73, 13.22, 11.34, 10.58, and 11.22 pgfrfor year 2001 itive relationship between air pollution levels and urban de-
though 2010, respectively. The spatial patterns obBMre  velopment.

very similar for all the years. High concentrations appear in As shown in Fig. 7, PMs concentrations have decreased
large urban centers and along major highways, while lowon average- 20 % for the entire domain and 23 % for the
concentrations occur in rural and mountainous areas. In adAtlanta metro area between 2001 and 2010. Figure 7a illus-
dition, high PMy5 levels are also seen in the southeasterntrates the spatial trend of changes in PMevels in the study
part of the study domain. Hu et al. (2014) reported elevatedegion. The results show that RNl levels in most of the ar-
PM,s concentrations measured from monitoring sites lo-eas decreased from 0 to 25 %, and large parts of the areas
cated in this region. This area is primarily occupied by agri- had decreases exceeding 25 % and as high as 50 %. Larger
culture land, and high agricultural emissions may lead to el-decreases occurred in more polluted areas such as the At-
evated PM5 levels. As reported by previous studies, am- lanta metro area and along major highways, which might be
monia (NHs) and nitrogen oxides (NQ generated by agri- due to recently enacted emission reduction programs (EPA,
cultural activities, such as farm vehicles, domestic and farm2011) such as the EPAs Clean Air Interstate Rule (CAIR) is-
animals, and fertilizer applications, can significantly increasesued in 2005Http://www.epa.gov/cair/index.htilsince the

the number of suspended patrticles (Kurvits and Marta, 1998)majority of emissions sources are located in or near urban

3.3 Spatial trends of PMp,5 concentrations
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Table 2. Model validation.

Year Model fitting Cross-validation
RZ  MPE (ugnm3) RMSPE (ugm3) Relative accuracy (%) | R?2 MPE (ugm3) RMSPE (ugm3)  Relative accuracy (%)

2001 0.78 2.50 4.10 72.9 0.67 3.01 5.00 67.0
2002 0.84 2.10 2.98 80.7 0.75 2.62 3.75 75.7
2003 0.85 1.95 2.77 80.4 0.76 2.42 3.47 75.4
2004 0.85 1.97 2.77 80.3 0.77 2.40 3.37 76.1
2005 0.84 2.23 3.17 79.7 0.78 2.64 3.76 75.9
2006 0.85 2.02 2.90 80.6 0.78 2.43 3.49 76.6
2007 0.79 2.26 3.75 74.0 0.71 2.64 4.39 69.6
2008 0.74 1.93 3.13 75.4 0.67 2.21 3.53 72.3
2009 0.71 1.73 2.88 73.9 0.62 2.00 3.28 70.3
2010 0.73 1.90 2.75 77.6 0.66 2.15 3.12 74.5

* Relative accuracy is defined as 100 % — RMSPE/the meangddncentration.

areas and along major highways. Mitigation of fine particlesthe mountainous region as well as in urban built-up areas
has been effected by controlling direct Pbemissions from  and along major highways in the Atlanta metro area, while
both stationary and mobile sources (e.g., through installatiorincreases (>5 %) appeared in the southern and southeastern
of scrubbers and filters and the use of alternative fuels angbarts of our domain as well as in some residential and sub-
electric vehicles) (EPA, 2007). The mountainous area in theurban regions in the Atlanta metro area. By comparing the
northeastern part of our domain with generally low M 2002 with 2008 NEI point emissions data, this might be due
levels has also seen substantial decreases ofsRidncen-  to the addition of extra emissions sources in the region, de-
trations. PM s levels decreased from 25 to 50 % in most of spite the fact that total emissions dropped significantly dur-
the region, and some areas had decreases exceeding 50 %. By this period. Figure 7e and f show that large decreases
checking 2002 and 2008 point emissions data from the EPA> 10 %) occurred in most of our domain between 2007 and
NEI facility emissions reports (due to the lack of 2001 and 2008. We could not confirm whether this was related to emis-
2010 data), the decreases are probably due to the dramatsions reductions in the absence of 2007 emissions data. Fig-
cally reduced number of emission sources as well as the totalre 7g and h illustrate the percent changes between 2008 and
emissions in the region during the period. Figure 7b illus- 2010. It revealed <5 % increases in many areas in the eastern
trates the percent changes in Pievels within the Atlanta  part of the domain with increases in some areas exceeding
metro area. Once again, the spatial trend shows that larges %. On the other hand, many areas in the western part of the
decreases (25 to 50 %) primarily occurred in urban built-updomain had <5 % decreases with decreases in some parts of
areas and along major highways, while smaller decreases (the mountainous region exceeding 15 %, In the Atlanta metro
to 25%) appeared in forest or recreational areas with genarea, our results show decreases (<10 %) in urban built-up
erally lower pollution levels. This result is expected becauseareas and along major highways with some residential and
the changes of emissions mostly took place in urban built-upsuburban areas showing <5 % increases. Similarly, in the ab-
areas and along major highways. Two pixels with unusuallysence of 2010 emissions data, we could not examine whether
large changes were identified (in blue and red circles). Thehese changes were associated with changes in emissions.
large decrease (>50%) of Bl concentration in the blue

pixel was due to large emissions reduction from power plants3.4  Temporal trends of PMp. 5 concentrations

located within that pixel during the period between 2001 and

2010. Likewise, the large increase (>25%) of Pvcon- A time-series analysis was conducted to quantitatively exam-
centration in the red pixel was due to the addition of a newine temporal trends of Pp levels in the study area as well
emission source that did not exist in 2001. as the Atlanta metro area during the period between 2001 and

We also illustrated the percent changes between 2001 angp10 (Fig. 8). The results show our model underestimated
2007, between 2007 and 2008, and between 2008 and 20].lﬁ|\/|2'5 concentrations by 0.99 ng‘rﬁ for the study domain
in Fig. 7c-h, since the decreasing trend between 2001 angnd 1.82 ugm?3 for the Atlanta metro area. This is because
2010 was nonlinear with small decreases between 2001 anghtellite-estimated P concentrations included both urban
2007 (on average 5 % for the entire domain ang 6% for  and rural regions, while the ground measurements mostly
the Atlanta metro area) and between 2008 and 2610%  represented urban conditions. On the other hand, our esti-
for both the entire domain and the Atlanta metro area) and dnates over monitoring sites matched well with the ground
sharp decrease between 2007 and 20084 % for the en-  measurements. The mean difference was 0.4 yfor the
tire domain and- 17 % for the Atlanta metro area). Figure 7¢ Atlanta metro area and 0.41 pgthfor the study domain.
and d show that large decreases (>10 %) between 2001 anthe PM 5 levels in the study region as well as the Atlanta
2007 mainly occurred in the northern part of the domain andmetro area had relatively small fluctuations from 2001 to
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Figure 5. The differences between R estimates and ground measurements at FRM monitors.

2007 and from 2008 to 2010, while there was a significantdustrial boilers during the warm months (e.g, from May to
drop in 2008, which was probably due to significant emis- September) of 2005 (EPA, 2008b). In addition, the decrease
sions reduction in 2008. The results also reveal seasonal varof PMy 5 levels after year 2005 likely is due to the emissions
ations of PM s levels with the highest concentrations oc- reduction programs that have been enacted recently (EPA,
curring in summer and the lowest appearing in winter. Be-2007, 2011) such as the EPA's CAIR issued in 2005. Figure 8
tween 2001 and 2010, our time-series analysis showed thatistinctly shows this sharp decrease of emissions from 2005
the annual mean Py concentration decreased20 % in to 2008. In addition, the sharp decrease from 2007 to 2008
the study area and 23 % in the Atlanta metro area, which also may be partially attributed to the national financial crisis
is in line with the findings documented in the US EPA report starting in late 2007. The economic slowdown had clear im-
on particle pollution (EPA, 2011). Both the EPA's findings pacts on manufacturing productivity (e.g., the real gross do-
and our results illustrate a peak in BMlevels in year 2005, mestic product (GDP) of metro Atlanta in the manufacturing
and this phenomenon might be attributed to the increase o$ector dropped 10.2 % from 2007 to 2008Aw.bea.goy),
sulfate concentrations emitted from electric utilities and in- and may also have led to decreases inpBMmissions.
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Figure 6. Annual mean PM 5 concentration predictions in the Atlanta metro area.
4 Discussion high-resolution PM5 estimates can provide more details to

examine spatial trends, difficulties lie in their validation to
A major strength of this study is that we used high-resolutionground monitoring. More ground measurements at specific
PM, 5 estimates derived from MAIAC AOD to investigate locations are needed to further validate the results.
spatiotemporal trends of PM concentrations in the study Our results of temporal trends of BM concentrations
area. PMs estimates at finer resolutions are more suitablecorrespond well with the EPA's results (EPA, 2011). How-
for investigation of spatial trends than those at coarser resever, our results show that both ground measurements and
olutions derived from other AOD products (e.g., MODIS satellite-estimated P concentrations over the monitor-
and MISR), because estimates at coarser scales inevitabing sites were generally higher than Pdlestimates over
omit local spatial details, as pointed out by Hu et al. (2014).the entire study domain. This is because most of the EPA
Our results are capable of showing Ptoncentrations and FRM monitors are located in or near urban areas with
changes at 1 km resolution, which are very useful for air pol-generally higher PMls levels, and therefore observed and
lution studies at local scales. For instance, spatial trends o$atellite-estimated P4 levels over the monitoring sites re-
changes in PMs concentrations in the Atlanta metro area flect mostly urban conditions. Conversely, Pdlestimates
show greater Pls reduction in more polluted areas (e.g., over the entire study area account for both urban and rural
urban built-up areas and along major highways). Some ofareas, and therefore the temporal trends of satellite-estimated
the changes may be directly associated with the addition oPM, 5 concentrations over the entire study domain might be
removal of one or more emission sources as well as the inmore representative of the true fluctuations of regiona} M
crease or decrease of emissions from those sources. Although

www.atmos-chem-phys.net/14/6301/2014/ Atmos. Chem. Phys., 14, 68314 2014



6312 X. Hu et al.: 10-year spatial and temporal trends of PM 5

Figure 8. Time-series analyses of annual and seasonal meansPM
concentrations and the point emissions from 2001 to 2010 for the
study area and the Atlanta metro area.
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5 Conclusions

2008-2010 & . . .
i In this paper, we used a two-stage spatiotemporal model in-

corporating MAIAC AOD data, meteorological fields, and
land use variables to estimate P¥concentrations at 1 km
spatial resolution and investigated the 10-year spatial and
Figure 7. The percent changes of B concentrations in the study temporal trends of Pk levels in the southeastern US. As
area(a) and the Atlanta metro argf) between 2001 and 2010, in  expected, the satellite model predicted high concentrations
the study arefc) and the Atlanta metro argel) between 2001 and  jn |arge urban centers and along major highways and low
2007, in the study areg) and the Atlanta metro arg§) between  concentrations in rural and mountainous area with relatively
(zrgoge?vsgjr?ggbgn:ng g(‘)i St”dy atgpand the Atlantametro area  pgh gecuracy. Our time-series analysis results indicate that
' the PMp 5 levels decreased 20 % in the study region and

~ 23 % in the Atlanta metro area during the period between

2001 and 2010, and the largest drop occurred between 2007

levels. Our future research will continue to explore these as“ i
sociations. and 2008. More polluted areas (e.g., in urban areas and along

A limitation of our study was that only 3 years of emis- Ma&jor highways) have also seen greater reduction in £M

sions data (2002, 2005, and 2008) were available. The NEI iéevels, while forests and recreational areas had lower and

prepared every 3 years by the EPA primarily based on emis_r_noderate reduction. PM estimates at high spatial resolu-

sions estimates, emissions model inputs, and supplementafiP"S can provide more details in small geographic regions

data. As a result, a more quantitative comparison betweef@d may reduce exposure misclassification in air pollution
estimated PMs and emissions could not be conducted. and epidemiological studies. High-resolution Pitlata are
' also useful for air pollution monitoring in large geographic

We realize that both meteorological fields and land use )
variables can be potentially incorporated in the second stag8€2S because they can not only greatly expand the spatial

GWR model. The primary objective of this study was to in- cOVerage of costly ground monitoring networks, but they also
vestigate the spatial and temporal trends of,RNevels in provide more accurate estimates of population exposure to

the southeastern US. Hence, it was not pursued in this studffM2s- In addition, regional transport of P4 can be bet-
and will be addressed in future research. er examined via comparing the spatial distributions of daily

high-resolution PMs estimates, raising new questions for
future research.
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