Accepted Manuscript

ATMOSPHERIC
ENVIRONMENT

Linking improvements in sulfur dioxide emissions to decreasing sulfate wet depositio
by combining satellite and surface observations with trajectory analysis

Nikita Fedkin, Can Li, Russell R. Dickerson, Timothy Canty, Nickolay A. Krotkov

PII: S1352-2310(18)30819-7
DOI: https://doi.org/10.1016/j.atmosenv.2018.11.039
Reference: AEA 16404

To appearin:  Atmospheric Environment

Received Date: 5 June 2018
Revised Date: 14 November 2018
Accepted Date: 16 November 2018

Please cite this article as: Fedkin, N., Li, C., Dickerson, R.R., Canty, T., Krotkov, N.A., Linking
improvements in sulfur dioxide emissions to decreasing sulfate wet deposition by combining satellite
and surface observations with trajectory analysis, Atmospheric Environment (2018), doi: https://
doi.org/10.1016/j.atmosenv.2018.11.039.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.atmosenv.2018.11.039
https://doi.org/10.1016/j.atmosenv.2018.11.039
https://doi.org/10.1016/j.atmosenv.2018.11.039

N

O 00N UL b~ W

10

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27
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Abstract:

Sulfur dioxide (SQ), a criteria pollutant, and sulfate ($Q deposition are major environmental
concerns in the eastern U.S. and both have beé#reatecline for two decades. In this study, we
use satellite column S@ata from the Ozone Monitoring Instrument (OMRde8Q? wet
deposition data from the NADP (National Atmosph®&eposition Program) to investigate the
temporal and spatial relationship between trend®&dnemissions and the downward sulfate wet
deposition over the eastern U.S. from 2005 to 200&establish the relationship between, SO
emission sources and receptor sites, we condud®eteatial Source Contribution Function
(PSCF) analysis using HYSPLIT back trajectoriesfifge selected Air Quality System (AQS)
sites - (Hackney, OH, Akron, OH, South Fayette, PAmington, DE, and Beltsville, MD) - in
close proximity to NADP sites with large downwar@®.S trends since 2005. Back trajectories
were run for three summers (JJA) and three wir{i2d§) and used to generate seasonal
climatology PSCFs for each site. The OMI.Sd interpolated NADP sulfate deposition trends
were normalized and overlapped with the PSCF,eatity the areas that had the highest

contribution to the observed drop. The results sagthat emission reductions along the Ohio
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River Valley have led to decreases in sulfate déipasn eastern OH and western PA (Hackney,
Akron and South Fayette). Farther to the east,®amgeductions in southeast PA resulted in
improvements in sulfate deposition at Wilmingtors,Bvhile for Beltsville, reductions in both
the Ohio River Valley and nearby favorably impactetfate deposition. For Beltsville, sources
closer than 300 km from the site contribute roudi@9o observed deposition trends in winter,
and 82% in summer, reflecting seasonal changeamsport pattern as well as faster oxidation
and washout of sulfur in summer. This suggestsahassions and wet deposition are linked
through not only the location of sources relatwéhe observing sites, but also to
photochemistry and the weather patterns charatteiosthe region, as evidenced by a west to
east shift in the contribution between winter anthser. The method developed here is
applicable to other regions with significant tresdeh as China and India, and can be used to

estimate the potential benefits of emission reducitn those areas.

1 Introduction:

Sulfur dioxide (S®) and sulfate (S§3) are major pollutants resulting from coal burning
and industrial processes. Sulfate wet depositigatnely affects surface and ground water and
certain ecosystems through changing chemical ctearstics of soil (U.S. EPA, 2003; Butler et
al., 2001; Likens et al., 2002). While posing a@ngollution problem in the second half of the
20" century, both species have shown a definite dowhtvand in the eastern United States.
The reason for their decreases is undisputed afiviéis such as the various phases of the Clean
Air Act (U.S. EPA, 2015; Butler et al, 2001) an@i@ased monitoring of pollutants and
deposition by EPA’s Acid Rain Program (U.S. EPAQ2Dhave led to drastic reductions in
sulfur emissions and the subsequen}*Sformation, especially in regional hotspots suckhas

Ohio River Valley. Sulfate is produced chemicatiythe atmosphere mainly through the
2
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oxidation of SQ. Sulfur dioxide’s lifetime in the atmosphere sghndepends on the oxidation
rate. The lifetime was shown to vary from up 481sdn winter to around 13 hours in summer
based on a study performed with GEOS-Chem modellatians and observations (Lee et al,
2011). The deposition of SO does not necessarily occur near the emissiomsitethe same
areas with high S£concentrations. The wet deposition process isdrly precipitation and air
flow patterns in addition to sulfur chemistry. $timportant to quantitatively attribute changes in
emissions to those in the deposition trends ovemeond areas in order to characterize benefits

of regulatory controls.

The advent of satellite remote sensing has greadlsd in quantifying amounts of
various pollutants. In particular, remote sensih§@, column amounts is performed using the
Aura satellite / Ozone Monitoring Instrument (OMThis product has proved useful in locating
SO, sources and observing their changes in emissMaokifden et al., 2016; Li et al., 2017a).
For example, a study using the previous OM} $tdduct detected a 40% decline in,S@ar
the largest coal power plants between 2005-200728608-2010, consistent with regulations on
emissions (Fioletov et al, 2011). The latest OMidarct is based on a new retrieval technique
(Li et al., 2013; 2017Db) that further reduces etal noise and artifacts, allowing for better
detection of sources. A study using this new OM} Bf@dducts demonstrates good correlation (r
= 0.91) between reported emission rates and ONHagtd emissions, and sources with
emissions greater than 30 kt/y can be detectedetbioet al., 2015), as compared with 70 kt/y
from the previous OMI products. Another study (Kmt et al, 2016) indicates that from 2005-
2015, OMI column amounts of S@ecreased by up to 80% in the eastern UnitedsState to

stricter pollution control measures.

The wet and dry deposition of $@nd its secondary $©aerosol product are a

significant environmental issue, especially dowrowari the source areas. In particular, acid
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deposition is harmful for tree health and soil cietry by depleting plant nutrient cations and
increasing acidity (Driscoll et al, 2001). Furthem®, much of the aerosol formed from gaseous
pollutants gets deposited in areas downwind ofaEsurA number of studies have been
published attempting to link the wet depositionhagimissions and atmospheric transport
processes. Samson et al. (1980) performed a médgmal analysis based on air trajectories and
found little relationship between $0and sulfur emissions. However, a later study leyséime
group showed that the two could be explicitly lidke several areas while being unrelated in
others (Brook et al., 1994). Wet deposition wasashthrough modeling to have a statistically
significant relationship with S&&mission reduction due to policy changes in the 1880s and
early 1990s (Shannon, 1999). An earlier study etdonated separation distances and
atmospheric transport for atmospheric,2@d S@Q (Shannon, 1997). In the Iate”20entury,
locations in upstate New York, despite their rekliyf low local SQ concentrations, experienced
acid rain and deposition problems. Emission reduastupwind have been found to have a linear
relationship with SG aerosol concentrations in several locations iratiea (Dutkiwicz et al,
2000). The study used NOAA Hybrid Single Particégrangian Integrated Trajectory
(HYSPLIT) model (Stein et al, 2015) to track aajéctories to identify major source regions of
SO in Ontario and the Ohio River Valley. In partiaylekes in the Adirondack region in
upstate New York have shown decreases iff SOncentrations and reasonable correlatior (r
0.58) between S£emission in the eastern United States and wetditempo changes downwind,

at Whiteface Mountain and Huntington Forest (Drikebal, 2003).

Several more recent works have also focused onrhetgorology plays a role in aerosol
transport and deposition. One such study incorpdratethods such as the Positive Matrix
Factorization (PMF), Conditional Probability Furmeti(CPF) and the Potential Source

Contribution Function (PSCF) to attribute sourceBM., s in the Pittsburgh, PA area through
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trajectory modeling (Peckney et al, 2017). In arogtudy (Begum et al, 2002), the PSCF
method was employed to identify the source locatiba Quebec forest fire from R
measurements. An earlier study modeled the trahepsulfur species from source to the
receptor sites in Southern California (Gao et @93). Other localized trends in particulate
matter have also been addressed, particularlyeit-@%b corridor of the Mid-Atlantic region. A
study incorporating modeling and observations sltogamtributions from both regional and
local sources within 100 km of the Baltimore-Wasjtam, D.C. corridor and that the local
contribution to PMsmass varies seasonally, from >60% in winter to <3%he summer (Chen

et al., 2002).

Similar studies were performed for sites in Wissinpnwhere enhanced $0Oand nitrate
concentration originated from air arriving from eotial sources near the Ohio River (Heo et al,
2013). Recent work incorporated observations w#lgas such as GOME and SCHIAMACHY
along with GEOS-Chem transport model to constréobaj reactive nitrogen deposition rates
and trends since 1996 (Geddes et al, 2017). Whdtmaiderable number of studies have
guantified source-receptor relationships in regéodstmospheric deposition for multiple sites,
less work has been done with more recent depogiaten and satellite data. This study aims to
take advantage of the spatial consistency of OMIma SQ measurements, ground based, SO
observations and S®deposition. Between 2005 and 2015, many sitésdreastern U.S. saw
substantial reductions in wet deposition of,5@ut it is not yet clear which sources of
atmospheric S@contributed most to these reductions in deposdiath whether there is
significant difference in between summer and wintdis study aims to shed some light on
these important questions. The methodology and/sisgbresented in this study can be
applicable to other areas, especially those exparig significant pollution and deposition

problems.



124 2 Methods:
125 2.1 Data

126  The Ozone Monitoring Instrument (Levelt et al., @pBas been providing remote sensing

127  products of gaseous pollutants, including sulfaxdale since 2004. S&xolumn amount is

128  retrieved using an algorithm based on principal ponent analysis of radiances measured by the
129  satellite (Li et al., 2013) that significantly remhs the retrieval noise and artifacts. The 8&a
130 from OMI has been used in a number of previousistgarticularly those on S@mission

131  source regions. For the purposes of this studyelL&wolumn S@data (NASA GES-DISC,

132 2017) was used to derive the trend over the eabeited States for the period of 2005-2015.
133  This data has a spatial resolution of 0.25° lagtbg 0.25° longitude, and is limited to scenes
134  with relatively small cloud fraction (< 0.3). Todwce the impacts of extreme values on the

135  average trend, negative outliers (<} @ere filtered out in the calculation of the aversg

136  following Zhang et al. (2017). In addition, to remeathe effects of extreme values likely caused
137 by transient volcanic plumes, values greater thargd' percentile of the Sovalues in the U.S.
138  domain were excluded from the averaging procesd.iiMen et al., 2016). The OMI column

139 SO, ten-year trend (Figure 1a) was obtained by calingdhe three year running mean from
140 2005 to 2015 and deriving to a linear trend witraanual time step. This trend also highlights

141  the areas that have experienced reduced emissiting last ten years.
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(a) (b)
OMI Column SO, Yearly Trend (2005-2015) Sulfate Wet Dep

osition Reduction (2005-2015)
) E', ' : . ’ 4 ©

kg S/hectare

Figure 1: (a) Annual trend in OMI Column ${D the eastern United States calculated using
yearly averages, from 2005 to 2015 (b) Change inS@&" deposition between 2005 and 2015

over the same domain and time period, based on Nédp®sition measurements.

Sulfate wet deposition data was obtained from thgddal Atmospheric Deposition Network
(NADP). This network, consisting of over 150 moning sites nationally, collects rainwater
samples and analyzes them for various chemicalespécamb et al, 2000). Total $Owet
deposition is estimated annually for each sta@smend of year totals with the deposition given
in units of kg S/ha. Due to the non-gridded natfrthe data, we interpolated the annual
deposition to a regular grid, using Inverse DiseaWeighting (IDW) and Kriging interpolation
methods, shown to be most efficient for calculaspgcial deposition patterns (Qu et al, 2016).
A ten-year trend and net reduction (Figure 1b)@?°Sover the entire U.S. domain (CONUS)

was calculated for each grid box in the same wéprthe SQ, to provide S@and SG* trend
7



155  values for each grid square. While the NADP dodsage ideal coverage, there are sufficient
156  active sites in the Eastern U.S. to create a gdidigdd with spatial interpolation (Figure 2a),

157  albeit with some error.

158 Another dataset employed in this study is fromEngironmental Protection Agency

159  (EPA) Air Quality System (AQS). This network proesihourly and daily ground-based

160 measurements of SOFor the purposes of this study, AQS data was ustte PSCF analysis,
161  described later in this section. Dry depositiomagable percentage of total $Odeposition

162  (Vetetal, 2013), is measured by the CASTNET netwo.S. EPA CASTNET, 2017). Our

163  primary focus in this study was on wet depositgince wet deposition is more dependent on
164  weather and precipitation tracks than is dry ddjmosiAt sites in our domain west of the

165  Appalachians, dry deposition contributed >50 %hef $ deposition, but east of the mountains
166  wet deposition dominated (NADP, 2016) for the stpdyiod. The deposition trends discussed in
167  the methodology and results will refer to wet défpms unless otherwise stated. Lastly, we used
168  some hourly S@emission data obtained from power plant continigasssion reporting

169  systems (CEMSs) through the EPA (U.S. EPA, 2017).
170 2.2 Trajectory Analysis

171 Atrajectory analysis was used to diagnose theilplessrigins of the air containing elevated
172 amounts of S@at various sites in the Eastern United StategloMrpatterns revealed by this
173 analysis can help to establish the link betweeriréreds in S@emissions and SO wet

174  deposition. The sites chosen for the trajectoryyaea (Figure 2b) are in the AQS network with
175 available SQin-situ data, as well as a corresponding NADPrsgi@rby with deposition data.
176  The five sites chosen were 1) Hackney, OH [81°6/039.632 N], 2) Beltsville, MD [76.817
177 W, 39.028 N], 3) Akron, OH [81.469W, 41.0638 N], 4) South Fayette, PA [80.16YV,

178 40.3756 N] and 5) Wilmington, DE [75.558W, 39.7394 N]. All of these sites had a
8



179  significant downward trend and at least 50% deer@asleposition between 2005 and 2015
180 (Table 1). A site in upstate New York [74.500¥, 43.4338 N], Piesco Lake, was also

181  considered due to a considerable downward 10-y@& Svet deposition trend in the region,
182  however the in-situ S£concentrations were too low to perform a meanihigéjectory analysis.
183  The SQ at the this AQS site only exceeded 2.5 ppb 28 gailse winters and not once in the

184  summers over a three year period.

Table 1: The 2005 and 2015 sulfate wet deposéimaounts for the six initial case sites.
Values were obtained directly from the annual NAdR®Paset for each site.

S0,~ Wet S04~ Wet

. o Ve % decrease

Site Deposition Deposition 2005-2015

2005 (kg S/ha) 2015 (kg S/ha)

Hackney, OH 26.70 8.76 67.2

Akron, OH 22.08 11.08 49.8

Beltsville, MD 18.83 6.93 63.2

Wilmington, DE 19.41 5.57 71.3
South Fayette, PA 25.82 9.82 62.0
Piesco Lake, NY 19.04 7.93 58.3

185
R\jﬁé 1) / ! ' .
/oy A .

4 Jiesto L ke, W
é/ " .

h

Akron, OH !’ = 4
éouth Fayette, PA g -
Jiafhnay, o o gton, DE
} :_§'i,~ MD
4 (b)
186

187  Figure 2: Locations of (a) observing sites in th&NP network, shown by the red squares and

188  (b) AQS sites initially chosen for the main anadySihese sites are in reasonably close proximity
9
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202

to NADP sites. Refer to the text for the exactrdomtes. The site in New York was removed
from the analysis due to $©oncentrations frequently below the detection despaving a

considerable sulfate wet deposition trend

The HYSPLIT trajectory model from NOAA (Stein et 2D15) was used to calculate
back trajectories. Three day back trajectories waleulated each day using archived Eta Data
Assimilation System (EDAS) meteorological data @k resolution. The HYSPLIT model
runs were initialized daily at 18Z near the ovegi@®e of the satellite. The initialized height
was kept constant in the model runs at 500 m agomend level. A climatology of back
trajectories was obtained for each site by rundiaity 72-hour back trajectories for three
summers (JJA) and three winters (DJF), in the ple2f@06-2009. This period was selected
because larger downward trends in column &@ SQ* wet deposition occurred in 2005-2010
than in 2010-2015, as shown by trend maps fontioetime periods (Figure 3). However,
changes in the average seasonal large-scale flierpare unlikely to be strongly dependent on

the period selected.

10
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(a) Sulfate Wet Deposition Trend (2005-2010)  Sulfate Wet Deposition Trend (2010-2015)

A48 15 12 09 0.6 -0.3 A48 15 -12  -09 0.6 -0.3

kg S/ha per year kg S/ha per year
_OMI Column SO, Trend (005 2010) OMI Column SO, Trend (2010-2015)

] _ 103 DU/yr
-17  -13 -9 -5

Figure 3: Annual trend for a) NADP sulfate wet dgiion and b) OMI Column S{for 2005-
2010 (left) and 2010-2015 (right). The improvementsolumn SQ occurred at sites closer to

the sources than did the improvements in depositiohthe trends are consistent.
2.3 Potential Source Contribution Analysis

The need for a trajectory and PSCF analysis stemns the fact that the spatial correlation
between wet Sg3 deposition and OMI column S@ends is overall fairly weak across the

entire domain. The low Rcoefficient (0.036) showed poor correlation betwe two
11
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normalized trends (Figure A.1). The method useabtonalize the trends will be discussed
further in section 2.4.To link the trends, chardste air patterns for a given location are needed
to understand the trends occurring in those lonati®he calculated trajectories were obtained
for the purpose of calculating the probability ajlihconcentrations of S&&oming from a given

grid box in the domain.

The Potential Source Contribution Function (PSGR)afined as the number of trajectories
passing through a grid box carrying an amount of &@eeding a set threshold (m) divided by
the number of total trajectories going through sane grid box (n). Thus each grid box would
have its own PSCF value, between 0 and 1. Theimis expressed as:

PSCFE =M (1)

i
The subscripij denotes a single grid box on the grid domain. ddmain over which the
function was calculated was 15 degrees latitudetansl degrees longitude from each site. The
domain size and location were chosen based orypieat distance covered by trajectories
within 72 hr. Based on the arithmetic mean and aredoncentrations of S@ecorded at each
of the sites over the three year period (Tablev)chose a value of 5 ppb as the; 8®eshold

for all of the base cases except for the wintettis&ayette, for which the threshold was set at
7.5 ppb. These thresholds were kept constant thaughe entire analysis. A simple weighting
scheme was assigned for the calculation to remowénfluence of low sample size (Pollisar et
al, 1999). The weighting was performed in ordegltminate the sample size issues, or
occurrences of low values of.nFor grid boxes with n < 8 trajectories, the PS@Gle is
multiplied by a weighting factor of 0.07. Similastipr grid boxes with 8-16 and 16-24
trajectories, we use a weighing factor of 0.45 @7 respectively. These new values are the

weighted potential source contribution functionsSR8CF) and were calculated for each of the
12
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250

five sites for JJA and DJF. The weighted schenaehgrary and varies across literature,
however the one used here is very similar to aystoiidentify potential source regions of PM

in Beijing using the same type of back-trajectamglgsis (Zhang et al, 2015). Aside from using
HYSPLIT to acquire trajectories and graphics getiregascripts, we used a GIS-based software
called Trajstat to analyze the trajectories andBSChis software was originally produced for
statistical analysis of air pollution data and ut#s basic geographic map layers and trajectory

file conversion capabilities (Wang et al, 2009).

Table 2: Mean and median winter S€ncentration as
measured by the five AQS sites over the 2006-2@0D .
These metrics were used to choose a threshold faitee
PSCF analysis.

Site Mean(ppb) Median (ppb)
Akron, OH 5.15 4.3
Hackney, OH 6.62 4.9
S. Fayette, PA 7.62 6.9
Beltsville, MD 4.35 6.3
Wilmington, DE 5.14 4.8

2.4 Normalized Trends

To factor in the effect of the PSCF on the tremdgs tfransformed both trends to the same,
normalized scale. The $Owet deposition trends were normalized to a scaletof1 with the
grid box having the highest downward trend assignedlue of 1 and the a grid box with the
highest positive trend assigned a value of O (dl't2Ze cases of an upward 10-year trend in the
deposition were very few in the eastern domaintaod did not influence the outcome. The
column SQ trend over the entire domain was also normalirecsame way (eq. 2):

13
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_ X =min(X)
e = ax(X) ~min(X) (2)

Wherex is the normalized trend value for a given grid Joxis the raw trend for the same grid
box and X is the set of gridded trend values fereghtire domain. Multiplying the normalized
trends result by the PSCF produces a relative mtodalue that describes the relative
contribution of the air coming in that grid boxtte trend. A grid box with both a high PSCF
and large downward wet deposition trend would iat#ichat air arriving from there has seen
significant reductions in sulfur over the yearsigltontributing to the decrease in wet deposition
at the receptor locations. To relate the NADP tren@MI observations, the normalized 10 year

trend in column S@was added into the calculation.
z; = norm(SO;, Trend x [ WPSCFx norm(SQj” Trend) | (3)

This product value helps to identity, for a givexeptor site, upwind source locations that not
only frequently influence the site through trang@ord also have large decreases in SO2
emissions between 2005 and 2015 according to OMthAee terms are necessary since the
deposition trend, emissions and transport are ateddor. Using only the normalized $@end
would only indicate contributions to decreasing, &0the site, rather than deposition. Likewise
using only the normalized $®wet deposition trend, the influence of emissiatuctions is
removed from the contribution. A percent contribativas then calculated for each grid box
through the summation of individual grid box val@esl dividing each individual value by the

total.

Z..
% contribution =———x 100% (4)
sum(z)

Thus this new value expresses the normalized ¢anion of a particular grid box

14
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272

273

274

275

276

277

278

279

280

to the S@* wet deposition trend at the AQS or NADP site, tre¢ato the domain. This provides

a quantitative assessment of the trend data reitip.
3. Results and Discussion
3.1 Percent contributions

This section describes the qualitative and somatgatve aspects of the grid boxes that
contribute to wet deposition trends at five differsites. Figures 3 and 4 show grid cells in the
domain with a color representing the final peraantitribution value calculated with equation 4.
We aim to show the specific grid boxes which hadrtiost contribution in the domain to the wet
deposition trend at the receptor site, as welhatumulative contribution at various distances

from the site through summations of the percentrdmtion values.

15



281

282

283

284

(a) Hackney, OH

Percent Contribution to NADP SO4 Trend - Summer Percent Contribution to NADP SO4 Trend - Winter

K ] T
050 070 080 110 130 150 050 090 130 170 210 250

(b) Beltsville, MD

Percent Contribution to NADP SO4 Trend - Summer Percent Contribution to NADP SO4 Trend - Winter

o
050 1.00 150 200 250 3.00 050 1.00 150 200 250 3.00

Figure 4: Percent contribution for each grid boxhie domain with only values above 0.5%.
Shown for (a) Hackney, OH and (b) Beltsville, MBesiin JJA (left) and DJF (right). The

observation sites are marked with a blue dot.
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(a) Akron, OH

Percent C to NADP SO4 Trend - Summer Percent C to NADP SO4 Trend - Winter

L]
-
1
, I e ———
050 070 090 1.10 130 150 050 070 09 110 130 150
(b) South Fayette, PA
Percent C to NADP SO4 Trend - Summer Percent Cs to NADP SO4 Trend - Winter

I
% T ——— />
050 070 090 1.10 130 150 050 070 090 110 130 1.50
(¢) Wilmington, DE
Percent C to NADP SO4 Trend - Summer Percent C to NADP SO4 Trend - Winter
40
! % ] et
050 070 090 110 130 150 050 070 090 110 130 1.50

286

287  Figure 5: Percent contribution for each grid boxhie domain with only values above 0.5%.
288  Shown for (a) Akron, Ohio, (b) South Fayette, PA &) Wilmington, DE AQS sites in JJA
289  (left) and DJF (right). The observation sites asrkad with a blue dot. Note that only values

290 greater than 0.5% are colored.

291
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299

300

301
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303

Hackney, OH

Due to its proximity to numerous sulfur emittingatdired power plants, the Hackney, OH AQS
site showg high concentrations of SQvith average daily value of around 7 ppb and often
exceeding 20 ppb in winter. The corresponding NAR for this area is in Caldwell, OH (Site
ID OH49), ~18 km away. We would expect similar retderistic deposition and trajectory
patterns for the two locations given the flat teri@nd proximity to the same $®ources. In
wintertime (DJF), wet deposition trend at the CatdWADP site is driven by the dominant
southwesterly flow and high outputs of emissionwiag near the Ohio River (Figure 4a). The
observed annual wet deposition at the Caldwelldg@eased from 23.35 kg S/ha in 2005 to
8.76 kg S/ha in 2015 according to the NADP datad®t. wet deposition has significant year-to-

year variability (Figure 6), however, the overdkiear trend from 2005 to 2015 was downward.

Sulfate Wet Deposition at Caldwell, OH (NADP Site OH49)
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Figure 6: Sulfate Wet Deposition amounts at Caltv@H NADP site, shown as a time series
from 1980 to 2015. The plotted data is from the NPAletwork at the OH49 site [39.7928 N,

83.5311 W]

Qualitatively, the area with the colored grid bokesouthern Ohio largely contributed to the
decreasing deposition (Figure 4a). In summer (Jda)or areas in southwestern PA with large
SO, columns somewhat contribute to the observed tagtide Hackney site, however less so
than the sources along the Ohio River. The trajgattimatology for this site (Figure 7) shows a
clear seasonal change in direction trajectoriegsatishg that emission reduction in the west have

likely contributed to the majority of the observeend at the site.

Hackney, OH AQS Site JJA Trajectories (2006-2009)
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Figure 7: Map of (a) summer (JJA) and (b) wintedptrajectory climatology for 2006-2009 at
Hackney, OH. The yellow star shows the locatiothefsite and the blue lines are the individual

72 hour back trajectory for each day, initializéd&Z using the HYSPLIT model.
Beltsville MD

The Beltsville, MD site experienced a downward,S®et deposition trend, especially in the
years 2008-2012, and has two primary regions thatributed to the 10-year decrease. The
Southwest PA region shows the greatest cumulagvespt contribution which implies that wet
deposition has dropped due to the decrease inrgitfissions in Pennsylvania. However, we
also see a signal to the east of the site in tli&FR&d contribution map (Figure 4b). While the
dominant trajectory is from the northwest in wint@r can occasionally arrive from the east in
both seasons. In summer, wind direction is morekée compared to winter, as indicated by the
trajectories from HYSPLIT (Figure 8). Just beftie turn of the decade in 2010, Maryland’s
Healthy Air Act led to cuts of sulfur emissions8f-85% from levels in the early 2000s (He et
al., 2016). While most of the contribution is doalecreased emissions to the west, it is probable
that local emission controls have also played e iHecreasing S® deposition in the general

vicinity. The case for this site will be furthewvmstigated in section 3.3.
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(@)  Beltsville, MD AQS Site JJA Trajectories (

2006-2009)
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(b)

339

340 Figure 8: Same as Figure 7 but for Beltsville, MRQ& site. The trajectories are denoted by

341 green lines in this figure

342  Akron, OH

343  Sources to the south and southwest dominate thdepefsition trend for the Akron, OH (Figure
344 5a). Most of the grid cells with a non-negligilplercent contribution (greater than 0.5 %) are

345 located near major S@Bources, approximately 100-300 km away from Akroboth winter and
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summer. The percent contributions show fewer goxkls with contributions over 1.5% in

winter as the contribution is spread out over largenber of grid boxes, especially those further
away. This is reflected by higher emissions, gdhenggher wind speed and longer trajectory
distance within the 72 hours in wintertime. In suenmmonths there is also signal from southwest

PA with over 1.5% contribution for two grid cells that region.

South Fayette, PA

The AQS site in South Fayette, PA had the highestiam in-situ S@amounts of the five sites
reported in the 2006-2009 period for both wintef.Q~ppb) and summer (~3.5 ppb), whereas in
Hackney those median amounts were 5.4 and 2.7ggpectively. Sulfate deposition is affected
by local sources, but the PSCF analysis also sktevated S@concentrations arriving from the
east and southwest, near the sources along theRdlreo. During summer, there is slightly more
contribution from the east, indicating a shift franpredominantly western zonal flow that

occurs during winter. However, the seasonal diffeeein the contribution appears to be smaller
than at other sites. The highest percent contohatin both seasons are from southern Ohio and
just to the east of the site (Figure 5b), whichdates the presence of sulfur emission sources. In
this sense, the site is quite similar to the pastén Hackney, OH, except it is more affected by

the local power plants to the east in PA.

Wilmington, DE

For the Wilmington, DE site (Figure 5c), the regmmtributing the most in winter to the
deposition trend is from upwind in Pennsylvaniajchitis home to several large power plants.
As shown by OMI, the region had a strong decreaselumn SQ. Given the winter trajectory
pattern, it follows that any reductions in Pennayia benefitted the Wilmington area in terms of

deposition amounts. In summer, there is not mughasifrom any particular area, with isolated
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grid boxes in the New York area and in southern IP&.reasonable to assume that most of the
decrease in annual $Owet deposition were due to large decreasing tiemdnter SQ
concentrations over upwind areas to the west. Whédes may have been some minor summer
contributions as well, their magnitude were nogjgsat as in winter. This shows an absence of
SO, source near the site and that a stronger winterflionv pattern is needed to have impacts on

the deposition trends.
3.2 Contribution Distributions by Distance

We extend the analysis above by calculating thed filgrcentage contribution to trend observed
at a receptor site from all grid boxes within aair distance from the site. Distances of 50, 100,
200, 300,400, 500 and 1000 km were used in theg/sisall he calculation was performed by
creating a circle with a radius of the distancerfihie site and summing up the contribution of
all grid boxes that fall within the circle. Thisqmess leads to cumulative distributions of total
contribution moving away from the site. This wotlelp in diagnosing if the wet deposition at
the site is primarily driven by local or upwind soes and the direction from which the sulfur is

arriving at the site.

We calculated a cumulative contribution for twesitvith significant climatological and
geographical differences, Beltsville (Figure 9) &tatkney (Figure 10), for summer and winter

seasons.
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Figure 9: The cumulative percentage of contributinthe SQ*wet deposition trend at the
Beltsville NADP site, from areas within a given ialfrom the site (x-axis) for (a) winter and
(b) summer. The orange, green and blue lines reptesntributions from locations with a

longitude east of the site, west of the site ahtbahtions within the radius respectively.
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Figure 10: Same as Figure 9 but for the Hackney AIGS

Beltsville, MD

For the Beltsville site, half (50%) of the sulfiontributing to the ten-year wet deposition trend
is linked to SQ observed within a 300 km radius in both winteal§le A.1) and summer (Table
A.2). However, more contribution comes from locai@ver 300 km away in winter (44%) than
in summer (17.5 %), showing that the lifetime arahsport distances are generally greater in
winter. The lower in-situ S©amounts in summer than in winter are consistetit thie fact that
the largest S@emitting power plants in the domain are more tB@d km away. Higher
contribution values come from several grid boxeset to the site in the Beltsville, MD case

(within 100 km), yet the accumulated contributiarthe southwest PA region has arguably more
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effect on the deposition trend. This is evidencgddurces more than 300 km to west of
Beltsville, MD that contribute more than 50% of ®@&”. The result shows the benefit in
reducing emissions upwind in western PA and ea$din, as the decrease has led to a
downward deposition trend in addition to improved, &vels in the second part of the study
period. In summer, 83% of the contribution comesfiwithin 300 km, with roughly 63% of this
coming from the east of the site. This indicated summer transport distance is short and

pollutants are less likely to reach from beyond k@Daway as they do in winter.
Hackney, OH

In winter, while the total contribution from withB00 km (63%) is similar to summer for this
site, 54% of it is from the west (Table A.3). Fanmaner, roughly 66% of the contribution is

from within 300 km of the site, with 29% of it frothe east and 37% from the west (Table A.4).
While more of the contribution is from the wesg #astern component indicates that some of
the SQ? originates from areas to the northeast of theisiA in addition to areas to the
southwest of the site. Areas within 100-200 km fithia site, contributed to about 24% and 27%
of the SQ* wet deposition trend in winter and summer respelyti meaning the emission
source within that radius are more or less contiriguthe same in both seasons relative to the
rest of the domain. This is a different characterisom Beltsville, MD since for Beltsville more
contribution came from further distances in wirdad was not as greatly affected by,SO
sources within 200 km of the site. Due to proxinafythis site to some of the sources, it is
possible that the SGrom these sources was not resolved in the ti@getnalysis with only 40
km resolution of the meteorology data. Over altatises, the western component dominates in
both winter and summer with roughly two thirds coghfrom the west in winter and 90% in
summer. This indicates the dominance of the clifogtoal westerlies over source proximity and

deposition processes.
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3.3 Case study on the impact of the Maryland Healthy Air Act on deposition at Beltsville

Evidence exists that in the present day, much afyMad’s sulfur pollution problem has
previously originated upwind in Pennsylvania anddJRiver valley. However, it is interesting

to assess the impact of local statewide regulatibne Brandon Shores power plant is one of the
biggest emitters of sulfur dioxide in Maryland, esjally before the enactment of the Healthy

Air Act of 2010. The plotted average monthly enaas show that the facility cut its SO

emissions by over 80% post 2009 (Figure 11).

Monthly Averaged SO, Emissions at Brandon Shores
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Figure 11: Monthly averages of hourly Sémissions from the Brandon Shores power
generating facility, located just to the south aftBnore, MD. The data were obtained from
Continuous Emission Monitoring Systems (CEMs) amddistributed by EPA’s Air Markets

Program database.

Maryland state emission inventories (Figure 12s) ahow roughly 80% drops in $€missions

between 2005 and 2015 in the fuel combustion sestuch includes power plant emissions.
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There is a 78% drop in 2007-2012 and 45% drop 80522009, indicating that Maryland cut
more of its emissions in 2008-2012. At the samme tiemissions have been decreasing
consistently in Ohio and Pennsylvania, as wellanally (Figure 12b). The trends for $O
and SQ are also of greater magnitude in 2005-2010 th&®0-2015 (Figure 3), which aligns

with emission trends and the enactment of the Hg&#lir Act.
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Figure 12: The S@emission inventory for (a) three states: MD, PA &@H and (b) the entire
United States. Only the total values for the fuhbustion sector, which includes primary
power plant emissions, are included. This secttraslominant portion of the inventory and
accounts for over 80% of the total. Emission ineepndata can be found on the EPA Emission
Inventory site: https://www.epa.gov/air-emissionsantories/air-pollutant-emissions-trends-

data

Using the same PSCF analysis method as above, reeabke to identify contributions to the
SO,%sulfate wet deposition trend for 2008-2012 by usheytrend and PSCF corresponding to
this time period only. As seen in Figure 13, thereoticeably larger total contribution from
areas close to the site than farther away. Thalsdsa difference between the original 10-year

case and this four-year time period in that thd goxes directly to the northwest (Baltimore
28



463  area), contribute slightly higher from 1-1.5% i thO-year case to 2-3% for 2008-12. The
464  results here show that the state legislation mag had a positive impact in reducing sulfate

465 SO deposition at Beltsville.

Percent Contribution to NADP SO4 Trend - Winter (2008-12)

050 100 150 200 250 3.00
466

467  Figure 13: Percent contribution to the BeltsviM) winter wet deposition trend for 2008-2012.
468  The same procedure was used as in the other mageptevith a 2008-2012 winter trajectory

469 climatology and PSCF

470 This result can also be related to the specificaihy wet deposition amounts occurring in
471 Beltsville over the years. The data in Table 3datks that dry SCand SQ” deposition have

472 decreased overall from 2005 to 2015. The decriedsetter seen in the $@han SG* between
473  the first and second 5 years. The effect of cuttimgssions at Brandon Shores has clearly

474  decreased local dry deposition of SOhe result is less obvious in the dry,$Qalthough by

475 2015, the deposition has dropped by almost 50% ftd 2 to 0.59 kg S/ha. The fraction of total

476 S deposition due to dry deposition of Stas fallen by roughly a factor of two over thicade,
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consistent with greater partition into sulfate (sletal., 2018). According to Figure 14, the

steepest trend in wet deposition occurred from 2Z20B2. The wet deposition end-of-year total

for 2012 decreased to 8 kg S/ha from around 20/lkg, $eported at the end of 2009 (Figure 14).

Table 3: Flux of dry S@and SG” at the Beltsville, MD site in the CASTNET netwawiith the annual
NADP wet deposition totals. The flux value can bersas dry and wet deposition of $@t the site.

Several years of dry flux data were missing indhtaset.

Dry SO, Flux Dry SO4 Flux Wet SO, Flux
Y ear (kg S/ha) (kg S/ha) (kg S/ha)
2005 7.547 1.857 17.42
2007 4.296 1.777 15.49
2008 4.268 1.426 15.72
2009 3.112 1.005 19.36
2010 2.227 1.126 9.34
2011 1.361 1.048 12.04
2013 1.009 0.785 5.95
2014 1.410 0.706 7.14
2015 1.071 0.588 6.46

Sulfate Wet Deposition at Beltsville, MD (NADP Site MD99)
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Figure 14: Sulfate Wet Deposition amounts at BélesuD, shown as a time series from 2004

to 2015. The plotted data is from the NADP netwairkhe MD99 site.

However, wet deposition is largely driven by thegipitation patterns and consequently
by air trajectory climatology. Given that only lébsin 25% of back trajectories arrive from east
of the site in winter, it is difficult to concludbat the drop in local emissions was the dominant
factor in the overall decreasing trend. Yet tHeatfis non-negligible and may have certainly
played a role as the steepest slope indeed ocdoetadten 2009 and 2010. Thus we can
speculate that the signal associated with the ibonion values to the east and northeast of the
site as well as the increase in percent contributo the 2008-2012 four year period, are not
anomalies or artifacts of the method, but signiftazharacteristics of the contribution to the wet
deposition trend in Beltsville between 2008 and20he local and statewide emissions likely
only affected the short-term trends in depositieig the drastic changes in emissions, rather
than the long term deposition changes over a 10pa&d. The latter is likely driven by a
systematic drop of emissions on a larger regiotalkesand consistent trajectories from the
northwest. Lastly we roughly estimate the,3i@time qualitatively from the contribution maps.
In general, there is indication that lifetime isd¢han 1 day in the summer, while in winter the
SO, gets carried 100-200 km more especially for theteza sites. The latter indicates a longer
SO lifetime in excess of 1-1.5 days in winter. Traconsistent with the SQifetimes of 13 h
and 48 h for summer and winter respectively foupdlde et al., and may be due to seasonal
differences in oxidation rates; Shah et al. (20&8prted only 18% of SQwas regionally (over
the eastern US) oxidized to $0n winter, but 35% of summer. As shown previouS@ and
SQ,* deposition trends can appear in geographicalfgmifit areas. Locations that have

drastically reduced their sulfur emissions car séive SG* deposition problems due to upwind
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506 sources and likewise can benefit from the reduabfoemissions from those areas. Thus, both
507 local and regional pollution controls are not omhportant for air quality but for the

508 environment since air trajectory patterns contneltransport and deposition of chemical species.
509 3.4 Method Limitations and Uncertainties

510 Although the methodology presented in this studg used consistently for all sites, it did not
511  come without limitations or systematic errors.Hrstsection we discuss potential sources of
512  error and uncertainty stemming from the methodsfaaidrs that were difficult to constrain in

513  this study.
514  Quantitative Error Estimates

515 From the trend calculations, error statistics stobar@und +0.1 kg S/ha /yr on average for the
516 SO wet deposition trend for grid cells with relatiyéligh trend magnitudes. The actual error
517 across the domain varied based on the magnituttee MADP site distributiorLikewise, the

518 OMI SOy trend calculation carried a £0.001 to £0.0025 DUlgcertainty, with greater

519 uncertainties for grid boxes with low $@mounts or low trends. Interpolation of irregular

520 spaced data such as the case of NADP sites (R2gyyénherently carries uncertainty due to
521  varying site coverage and the interpolation mefks®lf. The uncertainty was in the 10-20%
522 error range for more than half the grid boxes smdbmain, while areas with less observing sites
523  contained higher percent error. The error analyais performed through validation of annual
524  wet deposition output from the Community Multi-ss@ir Quality (CMAQ) model. These

525 interpolation errors, while having potential imaon the results, could not be avoided due to

526 limitation of the NADP observing network.

527 The error in the percent contributions resultsaiyefrom the uncertainties in the
528 normalized trends and the PSCF, as those are theamiponents used in the calculation (Eq. 3).
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529  Uncertainties in the PSCF can originate from trt@jgccalculations and from different

530 possibilities of choosing the threshold. Changimgthreshold by +1 ppb resulted in only 25-30
531  of the 2400 grid boxes in the domain having a P8i&ihge of greater than 0.1, as determined by
532  a sensitivity test. Therefore, the overall resghoss the domain is not significantly affected by
533 this parametefThe calculations of the trajectories inherentlytegred errors as a result of

534 limited temporal and spatial resolutions of the elo@analysis meteorological data. However,
535 given the spatial resolution of the OMI instrumehg resolution of the meteorological data was
536 appropriate. We can still estimate roughly 20%tnretauincertainty, which is proportional to

537 trajectory distance (Stohl, 1998). In regards ®rtbrmalized trends, the grid cells with high

538 trends were estimated through sensitivity testsatee an uncertainty on the order of 20-30%,
539  accounting for OMI and NADP data uncertainty iniéidd to the normalized trend calculations.
540 In grid boxes with smaller trends, the uncertaistiigher because their weight is closer to 0.
541 However, the areas with low $&nd SQ trends generally do not strongly impact the result
542  presented. The total uncertainties in the percemtribution can be estimated to have an upper
543  limit 30-40% in most grid cells of the domain, aswpper limit. This result was obtained by

544  combining the square error of the PSCF and thentwwmalized trends.
545  Other Limitations and Uncertainties

546  One big limitation in this study is the charactécis of wet deposition. Whether the £0s

547  being deposited or carried further downwind is aelamt on nature of the trajectory and if

548  precipitation occurred. Given the uncertaintiedisgnosing rain or cloud formation events
549 along the trajectory, we primarily focus on detemmg where deposition is highly decreasing
550 along with an active flow pattern from trajectoryadysis showing possible origins of $Crom
551 nearby sulfur in the atmosphere. The trajectoniesutilized as rough interpretations of air flow

552  and to contribute to a seasonal climatology as shavection 2. Furthermore, HYSPLIT model
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553  parameters were rather simple in the sense thandldel was not run at multiple times during
554  the day or from different heights. We kept the ¢ansinitialization height of 500 m (above

555  ground) which is a reasonable representation ofboithdary layer height. The back trajectories
556  were only run once a day to match the temporaluéea of OMI and around the time the

557 instrument would pass over the Eastern U.S to maasurements. Due to keeping the

558 initialization time constant at 18Z and the heighb00 meters, there could have been error

559  associated with analyzing the trajectories witlpees to high S@amounts since these can

560 change due to weather patterns and within hoursthen limitation was the difficulty in

561 distinguishing between sulfate coming from rainoiutvashout. With the nature of the data,

562  relative simplicity of HYSPLIT and lack of a chermsmodel, there was not much information
563 that could be gathered regarding the exact orifjthesulfate. However, we would expect a lot
564  of the sulfur from power plants to be found closethe surface than aloft, consistent with the
565 500m trajectory initial height. Overall, chemistejated factors such as how much of the 8O
566 converted to Sg on a daily basis, how much is exported or remdheatigh other pathways,
567 and cloud processes could not be adequately capbyrthe method, therefore producing

568 additional uncertainty in the results. Lastly, iamy cases, the trajectories and the sulfur residing
569 in the atmosphere can be influenced by local arallenscale meteorology, in addition to the
570  synoptic airflow. This can complicate the depositémd sulfur dioxide transport and can lead to
571  aloss of important information regarding the cartioe between the two trends. These

572  uncertainties are difficult to quantify but liketip not strongly impact the conclusions of the

573  study, because the lifetime of Si9 relatively short and wet deposition is a mairk.s

574  Addressing complexities in the future, as opposetthis simplified approach, might gain

575 additional insight on the link between the two ten
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576 There is also possibility of biases in precipitatemllection based on the collector

577  instrument used (Wetherbee et al, 2009). Likewitse OMI retrieval of S@while much

578 improved over the years, still has substantialenaisd errors and could also have had a minor
579 effect on the calculated trends. Another sourcerar in the method itself could be the low
580 detection rates of S{@xceeding a threshold at a site. This happenagistimmer when the
581 exceedance rate was low compared to winter, ragultia more scattered PSCF and

582  contribution maps. The resulting PSCF calculatieqg. (1) would be fairly sporadic as m would
583 be low compared to the total number of trajectofisSince calculating percent contribution
584  was heavily based on PSCF (Eq. 3), some grid baregsnot be represented as accurately,
585 especially in JJA and at low $6ites (Wilmington and Beltsville). It is importatat note that
586 these methods are mostly probabilistic, meaningavmot discern concrete locations and say

587  with complete certainty that a specific source dbated to the deposition changes.
588 4. Summary and Conclusions

589 In summary, the origin of pollutants in acidic vdefposition can be determined with a

590 combination of in situ and satellite observatioagped to trajectory analysis. In this study we
591  quantified the possible origin of $Owet deposition for five sites in the eastern Uhigates

592  over 2005-2015. Each site showed characterigticce regions, generally consistent with

593  seasonal wind patterns and observed f&@n OMI. Dominant sources depend on prevailing

594  westerly winds, faster summer rates o, ®®idation, and the synoptic conditions associated
595  with precipitation. We also find that contributiohanges pattern in direction and range with the

596 season.

597 Reported emissions, observed concentrations, amitoned deposition all tell a
598 consistent story — efficient scrubbing S0 the eastern US has led to dramatic improveniants

599 SO wet deposition in the same region and benefitganerally seen within 500 km of the
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source. At the Beltsville, MD site in winter, ah@i3 of the S& wet deposition originates

from the west and 1/3 from the east, in keepingy wie dominance of westerly winds. In
summer, when Sghas a shorter lifetime with respect to oxidatior8Q?, closer emitters
generally have a greater influence — the bulk efdéposition (80%) is due to sources < 300 km
away; in winter this range is expanded to over K90 Nearby sources to the east do however
have a substantive impact in colder months. Theewiseason is associated with a higher
frequency of strong mid-latitude extratropical wesatsystems, which will produce periods of
northeasterly winds off the Atlantic Ocean and éairgmounts of moisture and precipitation.
Likewise, wind direction becomes more variable andaverage, weaker during the summer
months. The region also experiences less precgitduring the summer, with the exception of
heavy localized precipitation in convective storidenetheless, 2/3 of the contribution (Table 4)
is from east of the site, indicating the importan€source proximity and summer weather
patterns. Both statewide emission controls andehupwind, out-of-state appear to have
contributed to the decreasing §@eposition trend. While higher contribution valwesne from
several grid boxes within 100 km of the Beltsvslee for the 2008-2012 period, the accumulated
contribution in the southwest PA region has argyatire effect on the full ten year deposition
trend overall. At the Hackney, OH site, the summgter difference is weaker, with 80% of the
deposition from within ~400 km in both seasondgerting sources located closer to the site.
Despite major S@sources to the east, transport of sulfur fromathst dominates, accounting

for 2/3 of the deposition in the summer, and 9fithe winter. At this site, the prevailing wind

pattern rather than proximity to emitters is the@eyoing factor for this distribution.

Without the implementation of the appropriate mdtiiogy, such as the trajectory
analysis used in this work, the regional,20ncentrations and deposition could not be

adequately linked given their geographic displagdmEhe satellite data provide a consistent
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context for interpreting in-situ measurements aagecttory-based PCSF analyses, allowing us to
identify major source areas that contribute todbserved decreases in SQvet deposition.

Future work will incorporate further modeling indation to the statistical method used in this
study. Additional meteorological analyses can alsaiseful in determining the role of seasonal
precipitation patterns and climatology on wet dépmsrates. Lastly, a larger sample size of
sites and extension of the trajectory climatolagyniore years in the model and statistical
method may increase the robustness and accurdbg ofsults. Although other locations
worldwide are characteristically different from tbastern United States, the methods presented
here may prove useful in areas currently planngg amission and pollution reductions such as
East and South Asia, and could help guide the saheof key targets for pollution control.
Sources from the direction associated with preaijoih during the season with greater oxidant
(OH and HO,) concentrations may play an outsized role in peatipitation. The method can

be particularly useful for in situ data-poor areggisen that satellite data will help to capture the
fast-paced changes in emissions and provide megednt updates than conventional bottom-up

emission inventories.
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Appendix A:

Normalized Column SO, Trend vs Wet SO,2 Deposition Trend -
Beltsville, MD Domain (2005-2015)

1.0

Normalized Wet Deposition Trend

0.0L
0.0

.
0.8 1.0

Normalized Column SO, Trend

Figure A.1: A scatter plot of the normalized trefoisthe Beltsville, MD site domain. Each
point represents a grid box in the domain with iue normalized S€and SQ* wet deposition

trend value. The bounds for the domain are [88.875, 73.875 W] and [35.125, 45.125 N].
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Table A.1: Cumulative distribution of winter (DJB@rcent contribution to SO deposition
trend at the Beltsville, MD site within given rarsgieom the site. The totals are summed
through each distance range and are broken uprégtidin with respect to the longitude of
the site. The first column is the distance rangenfthe site over which the contribution of
grid boxes is summed. The last column is the pemantribution for only the single distan
range, not the cumulative amount.

Incremental difference

Distance from Site (km) East West Total (between two radii)
0-50 3.11 0.24 3.35 3.35
50-100 17.04 1.74 18.78 15.43
100-200 33.1 11.34 44.44 25.66
200-300 34.31 21.67 55.98 11.54
300-400 35.51 35.54 71.05 15.07
400-500 35.62 41.88 77.5 6.45
500-1000 35.62 62.41 98.03 20.53
Table A.2: Same as Table A.1 but for summer (JJA)
Distance from Site (km) East West Total In(%rsnrrlzg;alhsgfggﬁ; €
0-50 0.00 0.00 0.00 0.00
50-100 0.81 2.09 2.90 2.90
100-200 27.86 14.11 41.97 39.07
200-300 63.05 19.47 82.52 40.55
300-400 66.36 19.47 85.83 3.31
400-500 65.34 21.02 86.36 0.53
500-1000 66.37 32.87 99.24 12.88

Table A.3: Cumulative distribution of winter (DJp@rcent contribution to S®wet depositio
trend at the Hackney, OH site within given rangeaifthe site. The totals are summed thrc
each distance range and are broken up by diregftbirespect to the longitude of the site.
first column is the distance range from the siteravhich the contribution of grid boxes is
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summed. The last column is the percent contributomnly the single distance range, not the
cumulative amount.

Distance from Site (km) East West Total In(%rsnrrlgg;alhsgfggﬂf €

0-50 4.93 5.94 10.87 8.71

50-100 6.91 16 2291 12.04

100-200 9.01 38.16 47.17 24.26

200-300 9.09 53.96 63.05 15.88

300-400 9.09 67.9 76.99 13.94
400-500 9.28 76.62 85.9 8.91
500-1000 9.28 90.72 100 14.1

785

Table A.4: Same as Table A.3 but for summer (JJA)

Distance from Site (km)  East (%) West (%) Total (%)In(%r:nr?l:g;alt\sgfzsiril)c €
0-50 2.95 1.75 4.70 4.703
50-100 5.56 5.438 11.00 6.297
100-200 18.14 20.67 38.81 27.81
200-300 29.10 37.01 66.11 27.3
300-400 31.16 47.06 78.22 12.11
400-500 31.70 54.73 86.43 8.205

500-1000 31.87 67.15 99.02 12.595
786
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Highlights:

Sulfate deposition trends attributed to reduction of emissions from specific aress.
Tragjectory and contribution analysis used to find potential source regions
Reductionsin large SO, sources dominate deposition trends near Ohio River Valey
Key differences between winter and summer contribution to deposition

Deposition in Maryland decreased due to emission control both in and out of state.



