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Abstract. Trends in the composition of the lower atmo- sating for inter-annual variations in temperature, historical
sphere (0-1500 m altitude) and surface air quality over theaircraft measurements indicate that the daily net produc-
Baltimore/Washington area and surrounding states were intion of tropospheric ozone over the Baltimore/Washington
vestigated for the period from 1997 to 2011. We examinedarea decreased from 20 ppbv day? in the late 1990s to
emissions of ozone precursors from monitors and invento~ 7 ppbvday? in the early 2010s during ozone season. A
ries as well as ambient ground-level and aircraft measuredecrease in the long-term column ozone is observed@g
ments to characterize trends in air pollution. The US EPADU yr—1 in the lowest 1500 m, corresponding to an improve-
Continuous Emissions Monitoring System (CEMS) programment of ~ 1.3 ppbvyr®. Our aircraft measurements were
reported substantial decreases in emission of summertimeonducted on days when severe ozone pollution was fore-
nitrogen oxides (N¢) from power plants, up to~ 80 % casted, and these results represent the decreasing trend in
in the mid-Atlantic States. These large reductions in emis-high ozone events over the past 15 yr. Back trajectory cluster
sion of NQ, are reflected in a sharp decrease of ground-analysis demonstrates that emissions of air pollutants from
level concentrations of NQstarting around 2003. The de- Ohio and Pennsylvania through Maryland influence the col-
creasing trend of tropospheric column CO observed by airumn abundances of downwind ozone in the lower atmo-
craft is ~0.8 Dobson unit (DU) per year, corresponding sphere. The trends in air pollutants reveal the success of reg-
to ~35ppbvyr! in the lower troposphere (the surface to ulations implemented over the past decades and the impor-
1500 m above ground level). Satellite observations of long-tance of region-wide emission controls in the eastern United
term, near-surface CO show-~a40 % decrease over west- States.

ern Maryland between 2000 and 2011; the same magnitude
is indicated by aircraft measurements above these regions

upwind of the Baltimore/Washington airshed. With decreas-

ing emissions of ozone precursors, the ground-level ozond Introduction

in the Baltimore/Washington area shows a 0.6 ppbv yfe-

crease in the past 15yr. Since photochemical production ofzone controls much of the chemistry in the lower at-
ozone is substantially influenced by ambient temperaturemosphere, such as hydroxyl radical (OH) production and
we introduce the climate penalty factor (CPF) into the trendthe lifetimes of atmospheric species including methane

analysis of long-term aircraft measurements. After compen{CHa), carbon monoxide (CO), and volatile organic
compounds (VOCs) (Levy, 1971; Logan et al.,, 1981;
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Seinfeld and Pandis, 2006). Tropospheric ozone is a goodRAMMPP aircraft has the capability to measure CQ, Sul-
absorber of thermal radiation, acting as the third most impor-fur dioxide (SQ), nitrogen dioxide (N®), aerosol absorp-
tant anthropogenic contributor to radiative forcing of climate tion, aerosol scattering, particle counts, aerosol size distribu-
(Fishman et al., 1979a; Ramanathan and Dickinson, 197%jon, as well as meteorological variables.
IPCC, 2007). High concentrations of ground-level ozone also  The RAMMPP aircraft program started with measure-
threaten human health (WHO, 2003; Anderson, 2009; Jerretinents of tropospheric £and CO in 1997, providing a 15yr
et al., 2009) and cause damage to ecosystems (Adams et alecord for investigating summertime air quality trends in the
1989; Chameides et al., 1999; Ashmore, 2005). Thus, ozon8altimore/Washington airshed. Many air quality studies fo-
is one of the six criteria pollutants regulated by the US Envi- cus on the trends in ground-level ozone (Fiore et al., 1998;
ronmental Protection Agency (EPA) through National Ambi- Jaffe and Ray, 2007; Lefohn et al., 2008, 2010; Cooper et
ent Air Quality Standards (NAAQS). al., 2012). In the free troposphere (FT), ozone and its pre-
As a secondary air pollutant, the majority of ozone in the cursors have longer lifetimes and can be transported far-
lower troposphere is produced by photochemical reactiongsher downwind than constituents near the surface (Luke et
involving CO and VOCs in the presence of nitrogen oxidesal., 1992; Jaffe, 2011; Neuman et al., 2012). The Balti-
(NOy) (Crutzen, 1974; Fishman et al., 1979b; EPA, 2006), more/Washington nonattainment area is downwind of the
while troposphere-stratosphere exchange of air contribute®hio River valley, where a large number of power plants
substantial amounts of ozone to the upper troposphere (Levgre located, and upwind of other nonattainment areas such as
et al., 1985; Holton et al., 1995; Wild et al., 2003; StevensonPhiladelphia, New Jersey and New York City. Previous stud-
etal., 2006). In the US, ozone pollution drew public attentionies using ozonesonde measurements have revealed the impor-
starting with the “Los Angeles smog” events in the 1950stance of regional transport and Chesapeake Bay meteorolog-
(Haagensmit, 1952; Haagensmit and Fox, 1956). Emissiongal effects on ozone pollution in the Baltimore/Washington
of ozone precursors, mainly NOCO, and VOCs from an- area (Yorks et al., 2009; Martins et al., 2013; Stauffer et al.,
thropogenic sources, have decreased significantly under re@013). Distinguishing local ozone production from regional
ulation, resulting in lower ground-level ozone (Cooper ettransport is critical for effective policy and control measures.
al., 2012). Long-term records of tropospheric ozone in the We quantify trends in summertime air pollution over the
US have been investigated through ground-level observationpast 15yr using measurements of tropospheric ozone and
(Oltmans et al., 2006; Jaffe and Ray, 2007; Lefohn et al.,its precursors (CO and NO in the mid-Atlantic region
2008, 2010; Oltmans et al., 2013), however trends of ozonend upwind states, as well as national and regional emis-
are not monotonic (Cooper et al., 2012; Oltmans et al., 2013)sions data. Section 2 presents the data sets and methods. In
Analysis of these long-term ozone measurements can als8ect. 3, we discuss the trends in emissions near the Bal-
shed light on the change of “baseline” ozone in order to estimore/Washington airshed, and the trends in tropospheric
timate the flux of air pollutants entering and exiting North Oz and CO observed by the RAMMPP aircraft and EPA
America, relevant to regulation of ambient air quality (Olt- Air Quality System (AQS) network. A case study on re-
mans et al., 2008; Parrish et al., 2009; Chan and Vet, 2010gional transport is conducted using a back trajectory cluster-
Cooper et al., 2010; Lin et al., 2012). ing technique to reveal the relationship between upwind an-
In the mid-Atlantic States, ozone is a major air pollutant thropogenic emissions and downwind air quality. Finally, we
during summer (EPA, 2012a). The Baltimore/Washingtondiscuss the importance of emission regulation for improving
area has failed to meet mandated attainment deadlines (EPAzone pollution in the nonattainment Baltimore/Washington
2012b); despite tremendous improvements in local air qualairshed, as well as implications for future control measures.
ity over the past several decades, a significant number of
exceedances of the current 75 parts per billion by volume
(ppbv), 8h surface ozone standard, were experienced. Thg Data and methods
design value of daily maximum 8 h ozone for Edgewood, MD
(generally downwind of Baltimore), was 92 ppbv in 2011 For our study of ozone pollution in the Balti-
(http://www.epa.gov/airtrends/values.hjmi more/Washington airshed, two emissions data sets were
The Regional Atmospheric Measurement Modeling andused: the EPA National Emissions Inventory (NEI) and the
Prediction Program (RAMMPRttp://www.atmos.umd.edu/ CEMS data for states of Maryland (MD), Virginia (VA),
~RAMMPDP) led by the University of Maryland was created West Virginia (WV), Pennsylvania (PA) and Ohio (OH)
to conduct state-of-the-art scientific research pertaining tathe mid-Atlantic and one upwind state, hereafter named
surface ozone, through in situ measurements, air quality forethe research domain). The NEI emissions inventory, a
casting, mesoscale dynamics modeling, and chemical tranzcomprehensive estimate of emissions for both criteria and
port modeling. As a key component of RAMMPP, aircraft hazardous air pollutants from all sources on the county
measurements of air pollutants have been conducted duringcale, is prepared every three years, based on emission
the ozone season (May to September) over the past 15yurveys and specialized emission modeling tools (e.g.,
(Taubman et al., 2006; Hains et al., 2008). At present, thehttp://www.epa.goy In the NEI, emissions are grouped
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into five categories: point, nonpoint, onroad, nonroad, andty to near-surface CO over different surface types, retrievals
event (details given in Table S1 of the Supplement). Herepver the mid-Atlantic region considered in this study showed
detailed NEI data (2002, 2005, and 2008) and summaries ofonsistently good sensitivity to near-surface CO (Worden et
annual national data (available attp://www.epa.goywere  al., 2010). For MOPITT data used in this analysis, the sen-
utilized to study the trends of ozone precursor emissionssitivity to CO typically peaks in the surface layer from 1000
from point and mobile sources. The NEI only provides to 900 hPa and falls off exponentially with a scale height of
annual emission estimates. To investigate daily changes-1km, making them suitable for comparison with our air-
of emissions, we examined CEMS data from continuouscraft measurements.
monitoring of point sources; i.e., major power plants and RAMMPP aircraft observations of tropospherig @nd
industries, covered by the EPA Clean Air Markets Division CO date back to 1997, providing a 15yr record of sum-
(data available athttp://ampd.epa.gov/ampd/The CEMS  mertime air quality. The sampling platform for the early
data include NQ, SO, and carbon dioxide (C&) emissions, 2000s was discussed extensively in previous studies (Taub-
with temporal resolution as fine as hourly from individual man et al., 2006; Hains et al., 2008); details of the cur-
point sources. Previous studies indicate that@nissions  rent sampling platform are listed in Table S2 of the Sup-
from point sources substantially influence surface ozoneplement. Here, a brief summary ofz@nd CO measure-
(Frost et al., 2006; Kim et al., 2006; Hains et al., 2008). ments is provided. Ozone is measured using a commer-
Here, daily CEMS data for NQemissions from sources cially available analyzer (Model 49/49C, Thermo Environ-
within the research domain from 1997 to 2011 were used. mental Instruments, TEI, Franklin Massachusetts), based
Measurements of N CO and Q from ground sta- on the absorption of ultraviolet radiation. The analyzer is
tions throughout the Baltimore/Washington area archivedroutinely serviced and calibrated with an in-house primary
on the EPA AQS website hftp://www.epa.gov/ttn/airs/ ozone calibrator (TEI Model 49PS) using zero-grade air.
airsags/detaildata/downloadagsdata)hirare used to quan- The instrument has been compared to the National Insti-
tify trends in surface air pollution. NOmeasurements pro- tute of Standard and Technology (NIST) standard, and the
vided by the EPA are achieved through conversion o, NO precision can reach 1 ppbv for 10s average data (Taubman
to NO using a hot molybdenum catalyst, followed by the et al., 2006). Observations of ambient CO are conducted
chemiluminescence reaction of NO withsOnterferences  using a modified commercially available nondispersive in-
from other oxidized reactive nitrogen species such as perfrared gas filter correlation analyzer (TEI Model 48) with
oxyacyl nitrates (PAN) and alkyl nitrates are almost cer- enhanced precision of about 30 ppbv for 1 min moving av-
tain (Fehsenfeld et al., 1987; Dunlea et al., 2007). Correcterage of 10s data (Dickerson and Delany, 1988). The de-
ing the EPA measurements of Qor potential interfer-  tector is regularly calibrated with a NIST traceable CO gas
ences is beyond the scope of this study. Any interfering com-standard (Scott Marrin Inc., Riverside, CA). Processed air-
pounds originate from chemical reactions involving ,N&o borne measurements are archivedhtyp://www.atmos.umd.
the EPA NQ record is consistent over the course of this edu*RAMMPP/archives/ArchiveFlightData.htn&ccess to
study and almost certainly provides a surrogate for trends irthis website is available upon request).
actual ambient NQ RAMMPP flight plans are based on air quality forecasts,
Since CO is emitted mainly by automobiles and incom-issued by the Maryland Department of the Environment
plete combustion such as biomass burning, anthropogeni@MDE), usually for days with predicted poor air quality. Most
emissions of CO are not monitored as are,N&ahd SG of the research flights were performed on hot summer days
emissions from point sources in the CEMS program. Thewith weak surface winds and/or stagnation. In the past 15 yr,
EPA estimates national emissions of CO using models suctaround 1000 research profiles (defined as a spiral over a fixed
as the Motor Vehicle Emissions Simulator (MOVES). MO- location to measure the vertical distribution of air pollutants,
PITT (Measurements of Pollution In the Troposphere) onhereafter named research spirals) were carried out over more
Terra (Deeter et al., 2003), launched in 1999, has togethethan 100 airports from Georgia to Vermont. Here we exam-
with measurements from numerous other satellite instruine ~ 500 research spirals over more than 20 airports in the
ments proven useful for tracking the long-term trend of tro- Baltimore/Washington airshed. Figure 1 shows the locations
pospheric CO on regional scales (Worden et al., 2013). Aof the selected airports and a typical flight route. On aver-
~15% decrease was reported for column of CO over theage,~ 40 research spirals were conducted each year (except
eastern US between 2000 and 2011. Here we used the MQ2006), providing robust statistics for long-term trend analysis
PITT version 5 level 3 monthly products that exploit both (the number of research spirals per year is given in Fig. S1 of
near and thermal infrared radiances (MOPQO3JM.0ffas:  the Supplement).
/leosweb.larc.nasa.gov/project/mopitt/mapétble. We se- To quantify the effects of regional transport and pho-
lected the CO values from the surface to 900 hPa (Deeter ébchemical production of tropospheric ozone in the Balti-
al., 2012) to compare with RAMMPP aircraft measurementsmore/Washington airshed, two flights are conducted during
of CO in the lower troposphere. We note that although MO-a typical day: one flight over the upwind area in the morn-
PITT multispectral retrievals have highly variable sensitiv- ing and one over the downwind area in the afternoon. On
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obtained from altitude profiles integrated from the surface to
/ 1500 m AGL, for consistency.

Numerous studies have shown that back trajectory analy-
ses are capable of representing the general transport pathway
of a hypothetical air parcel (Stohl et al., 1995; Stunder, 1996;
Stohl, 1998). To study the transport of air pollutants, Hains
et al. (2008) applied a hierarchical clustering technique to the
RAMMPP aircraft measurements in the mid-Atlantic region
for the period 1997-2003; they identified a strong correla-
tion between integrated NCemissions from point sources
and ozone concentrations. We follow a similar approach by
conducting a case study of long-term aircraft profiles over
the Harford County airport (located 50 km to the northeast
and generally downwind of Baltimore).

Fig. 1. Locations of the selected RAMMPP research spirals in
the Baltimore/Washington airshed. Cyan and Green lines show th
route of morning and afternoon flights, respectively, during a typ-
ical westerly transport flight pattern. Blue and Red dots show the
locations of morning and afternoon spirals, respectively. Five air-

ports (the spiral locations) extensively covered by this flight pattern . .
are, from the lower left, clockwise: Luray, VA (38.6K, 78.50 W, NOyx and CO are important anthropogenic precursors of tro-

“Lu”, 65 spirals), Winchester, VA (39.P4N, 78.14° W, “Wi", 57 pospheric ozone. Onroad and nonroad internal combustion
spirals), Cumberland, MD (39.62N, 78.76° W, “Cu”, 71 spirals),  sources release the majority of anthropogenic CO and around
Harford County, MD (39.57N, 76.20 W, “Ha”, 64 spirals), and  half of the anthropogenic NQ with the other half emit-
Easton, MD (38.8DN, 76.07 W, “Ea”, 72 spirals). ted from point sources such as electricity generating units,
construction equipment, and other industrial sources. In this
study, CO and NQ emissions estimates from onroad and

) ) ) . nhonroad sources were obtained from the NEI emission inven-
a typical westerly transport day (Fig. 1), the morning flight 1,y 4ajly NQ, emissions from point sources were acquired
samples air over Luray, Winchester, and Cumberland in VA¢ o CEMS measurements.

and western MD; the afternoon flight covers Harford County, 1the EPA NEI program provides two emission estimates:

and Easton in eastern MD. Another important process fory 5 comprehensive and detailed estimate of air pollution
transport of atmospheric poliutants in the mid-Atlantic re- g nissions from different sectors at county level every three
gion is the low level jet (LLJ) (Corsmeier et al., 1997; Hig- years: and (2) annual estimates of national emissions, used
gins et al., 1997), which transports ozone and its precursorg, gefine national trends. The national emissions trends in
from the south. When a LLJ has been forecasted, we condu%ob"e sources between 1997 and 2011 (CO ang)N@re
research spirals over southern VA airports, such as Williams41eq from total emissions inside the research domain based
burg, VA (37.24 N, 76.72 W), during the morning flight. 4, the detailed inventory years of 2002, 2005, and 2008, in
This route is called a southerly transport flights. _ order to estimate the trends in mobile source emissions near
Generally, the air mass measured in the moming is considg, gajtimore/Washington airshed during the past 15yr. We
ered as the baseline air entering the Baltimore/WashingtoR, nd that the research domain accounts$@rand~ 5 % of
area with resid_ual ozone and its precursors from the préyhea national NQ and CO emissions, respectively (Fig. S2 in
vious day, while in the afternoon the observed ozoney,e gypplement). Between 1997 and 2011, large decreases of
levels are regardeq as the sum of res_|dual ozone anmox and CO emissionsy 50 and~ 60 %, respectively (us-
ozone produced during the daytime. The difference betweer}, 997 emissions as the reference values), were observed
ozone measured in the morning and in the afternoon pros,ihe us (Fig. S2 in the Supplement). Here, we assume that
vides an estimate of the net daily production of 0zone ingnroad and nonroad emissions have the same trends in the
the Baltimore/Washington area. research domain as for the entire US; consequently, the large

To interpret the trends in ozone pollution throughout the reqy,ctions of precursor emissions should affect tropospheric
region, the column abundances of tropospherica®@d CO  ,41e in the Baltimore/Washington airshed.

are used. During the 15yr operation, research flight plans
changed somewhat, e.g., the maximum height of research
spirals increased from 1500 m above ground level (AGL)
before the year 2000 te- 3000 m AGL afterwards. In this
study, tropospheric column abundances of air pollutants were

é% Trends of emissions and RAMMPP aircraft
measurements

3.1 Trends of NEl and CEMS emissions
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Long-term trends in monthly CEMS data (Fig. 2a) show that
NOy emissions from point sources decreasee80 % from
1997 to 2011 for each state, except for PA, where they de-
creased by only 50 % (using 1997 emissions as a baseline).
Several characteristics are observed: (1) between 1997 and
2002, a gradual decrease of N@missions for all states; (2)
a large reduction after 2003, due to the EPA ,N®ate Im-
plementation Plan (SIP) Call; (3) a square wave pattern in
NOy emissions from OH, PA, and WV between 2003 and
2009 when NQ@ in these states was only controlled during
the ozone season; and (4) through 2003-2008 further slow
decreases for all states, followed by substantial reductions
in MD, OH, and WV, and slight increases in PA and VA
after 2009. During the same period, €@missions from
these point sources, representing the total amount of fossil
fuel burned, stayed flat (Fig. S3 in the Supplement). Emis-
sions of NQ from point sources are regulated by the EPA
NOyx Budget Trading Program (NBP), later superseded by
the Clean Air Interstate Rule (CAIR) (EPA, 2009; Butler et
al., 2011), which covers 27 eastern states and the District of
Columbia fttp://www.epa.gov/caiy/ These EPA programs
regulated power plant emissions in the past 15yr, and the
NOy SIP call substantially reduced the N@®missions from
point sources in the research domain starting in 2003.
Figure 2b presents locations of the major point sources
of NOy in the Ohio River valley and western PA. These
air pollutants released upwind of the Baltimore/Washington
airshed exert a significant influence on downwind air qual-
ity under the prevailing westerly winds during the ozone
season (Marufu et al., 2004; Frost et al., 2006; Kim et
al.,, 2006). We also computed the ratio of N@nd CQ
emissions for each source. Figure 2c shows that the point
sources with high NQICO; ratios exist mainly in the Ohio
River valley, and these “hot spots” (details given in Ta-
ble S3 in the Supplement) are suitable targets for futurg NO
emission reductions.

3.2 Trends of ground-level observations

To study ozone photochemistry, we analyzed the EPA CO,
NOy, and G observations in the afternoon (12:00-18:00 LT
(Eastern Standard Time, EST)) during the ozone seasgn. O
monitors are located throughout this area, while CO ang NO
observations are mainly along the Interstate 95 corridor be-
tween Baltimore and Washington, DC (Fig. S4 in the Supple-
ment). Figure 3 shows the long-term trends of annual mean
ground-level concentrations of air pollution during the sum-
mer. The long-term ozone measurements show large inter-
annual variations because ozone production is not only de-
termined by emissions but also weather, especially temper-
ature (EPA, 2006). A discernible decreaseQ(6 ppbvyr?,

Fig. 4) is observed suggesting a general decreasing trend of
ambient ozone in the Baltimore/Washington area, similar to
decreasing trends reported across the eastern US (Lefohn et
al., 2010; Cooper et al., 2012).

Atmos. Chem. Phys., 13, 78%¥4 2013
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Fig. 4. Linear regression analysis of long-term EPA AQS obser-
gJvations of surface ozone in the Baltimore/Washington area. Ozone
data are the same as in Fig. 3; and the linear regression of ozone is

Fig. 3. Long-term trends of ground-level D CO, and NQ ob-
served in the Baltimore/Washington area in EPA AQS sites (site
shown in Fig. S4 of the Supplement). CO mixing ratios have been*®
scaled by 10 for clarity. To investigate the ozone chemistry, mea-With respect to year.
surements in the afternoon (12:00-18:00 LT) during the ozone sea-

sons were used to calculate annual means. ]
We compared the CEMS, scaled NEI, and totakNbnis-

sions with EPA AQS observations using linear regression

Long-term ground-level CO observations show a non-analysis (Fig. 6), revealing good correlation between these
monotonic but steadily decreasing trend from600 to  emission estimates and ground-level N@bservations. The
~ 350 ppbv or~ 18 ppbv yr! decrease (linear regression co- slope of observations versus emissions is 0.0042 ppbv-ton
efficientr = —0.90). If the regional baseline CO mixing ra- for CEMS and 0.0024 ppbv/ton for NEI mobile emissions
tio is assumed to be- 150 ppbv, then the reduction in the alone. Therefore, if we assume emissions from point sources
added regional CO mixing ratio is from450 to~ 200 ppbv,  and mobile sources have an equivalent effect on surface con-
corresponding to a 55 % decrease since 1997. During the centrations of NQ, point sources contribute 60 % of the
same period, the NEI annual CO emissions decreased frorambient ground-level NQconcentrations. The daily aver-
~13.5x 1P to ~5.5x 1Ptons (Fig. S2 in the Supple- age CEMS measurements provide a unigue opportunity to
ment), a~ 59 % decrease since 1997. Therefore, after cor-investigate the effects of emissions on surface,MBserva-
recting for baseline CO, the trends of ground-level CO ob-tions. Considering that ground-level N@oncentrations are
servations and the NEI CO emissions are similar. controlled by other parameters such as advection, tempera-

Long-term ambient NQ measurements demonstrated a ture, turbulence, and concentration of VOCs, the CEMS data
sharp decrease (frony 20 to ~ 8 ppbv) after 2003, while  correlate surprisingly well with observed ground-level NO
annual NEI emissions (CEMS data plus automobile emis-concentrations.
sions) declined gradually. This sharp decrease coincides with
the large reduction of point source emissions of \NfDir- 3.3 Trends of aircraft measurements
ing the EPA NQ SIP call (Fig. 2a). Here we estimate daily
mean NQ emissions during the ozone season by incorporat3.3.1  Vertical distribution of tropospheric Oz and CO
ing daily CEMS emissions (point sources) and scaled mobile
emission estimates from national NEI annual data (4 % ofLong-term aircraft measurements show that tropospheric
the total emissions in the US). Figure 5 indicates that total0Zone has large day-to-day variations; to illustrate this, all
emissions from both point sources and mobile sources dedircraft measurements of tropospheric ozone obtained in the
creased significantly~ 60 and~ 50 %, respectively. Point Summer of 2001 are shown in Fig. 7. In the lower atmo-
source emissions exhibited a sharp decrease around 2003 d§ghere, ozone is reasonably well mixed with a local maxi-
to the EPA NQ SIP call, while mobile emissions decreased Mum near 1000m AGL, around the top of planetary bound-
gradually. The contribution of NOfrom point sources inthis @y layer (PBL). In the morning upwind flights (Fig. 7b),
region to the total emissions decreases fref0% in the ~ 0Zone mixing ratios near the surface are relatively low com-

late 1990s to~ 50 % in the early 2010s, which confirms the Pared with the values in the FT (higher than 1000 m), sug-
efficacy of the EPA NQ SIP call. gesting that ozone is lost due to dry deposition and reac-

tions with NQ, during the night. With low photochemical
production rates and weak mixing in the morning, ozone
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Fig. 5. Long-term trends of annual mean estimated daily emis-
sions of NQ (CEMS and yearly NEI in the research domain

scaled to more detailed inventories from 2002, 2005, and 2008)Z'ngd' ?CIE_;\:(;T ’:leglr)e:%:ner?]?:sl)i’;'; S\I;itt: eEL?gA-(thSm;bc;Erl\\A/:t,io’:sE'l,
and EPA AQS ground-level observations of N@ the Balti- ’

. . . left: CEMS emissions only; middle: NEI mobile emissions (inter-
more/Washington area. NEI mobile emissions are the sum of onroa S . . T
and nonroad mobile emissions. polated from triennial inventories to annual estimates) only; right:

total emissions (CEMS emissiorsNEI mobile emissions).

mixing ratios stay low until close to noon. Relatively high
concentrations of 0zone observed in the FT are in the residua$-3-2  Estimate of photochemical production of
layer, reflecting ozone production on previous days (Yorks et tropospheric ozone
al., 2009). With the rise of the PBL during daytime, air in
the residual layer is entrained and mixed, transporting theOzone production is closely related to temperature (EPA,
residual-layer pollutants downward. In the afternoon, tropo-2006; Camalier et al., 2007; Bloomer et al., 2009; Jacob and
spheric ozone is produced through photochemical reaction¥Vinner, 2009), so we must take the inter-annual variations
throughout the PBL and lower FT; the mean ozone altitudeof ambient temperature into account to study the long-term
profile shows a quasi-uniform concentration (Fig. 7c). Thetrend of tropospheric ozone. Here, we use the climate penalty
afternoon mean ozone profile also has a local maximum afactor (CPF), defined a2, One previous study reported
~1000m, with ozone~ 18 ppbv higher than the ground- CPF as~ 3.2 ppbvC~1 prior to 2002 and~ 2.2 ppbv»C~1
level value. Pollutants aloft observed in both morning andafter 2002 in the eastern US (Bloomer et al., 2009). Here,
afternoon do not immediately influence local air quality, but we first calculated a “standard” temperature vs. altitude pro-
transport of these pollutants exerts significant effects on aiffile by averaging all the temperature profiles. We then nor-
pollution in downwind areas. malized ozone mixing ratio profiles by applying the CPF
We conducted a similar analysis on all the CO profiles ob-(3.2 ppbvC~1 before 2002 and 2.2 ppBC 1 after 2002) to
tained in 2001 (Fig. 8). A relatively uniform mixing ratio of the differences from the “standard” temperature profile and
~ 250 ppbv CO was observed in the FT, and maximum COcalculated column ozone.
concentrations were observed near the surface. The CO mix- Figure 9 shows the long-term trend of lower tropo-
ing ratios observed in the FT during summer 2001 are consisspheric ozone column abundances after adjustment for vari-
tent with previous observations at high elevation in westernations in temperature using the CPF. The upwind ozone
VA (Hallock-Waters et al., 1999). These measurements recolumn abundances are taken as the baseline ozone pro-
flect atmospheric CO sources on the Earth’s surface and ofile entering the Baltimore/Washington area, with ozone
average an exponential decrease within the PBL. With a life-mainly in the residual layer; the downwind column abun-
time of about one month, CO can be transported upward andances represent the total of baseline ozone plus ozone
well mixed in the FT, so CO is a good chemical tracer to generated by local photochemical reactions. The afternoon
investigate advection in the lower atmosphere (Castellanoflights usually finish around 16:00 LT, when ozone reaches
et al., 2011; Loughner et al., 2011). The mean CO profilesits maximum, so the difference between morning and af-
from upwind and downwind research spirals exhibit similar ternoon flights represents the daily production of tropo-
vertical distributions (Fig. S5 in the Supplement), indicating spheric ozone in the Baltimore/Washington area. Nega-
that CO pollution in the Baltimore/Washington airshed is ative values are observed for 1999 and 2008, when a rel-
regional problem. atively small number of research flights were conducted.
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The mean net production in the past 15yr is estimated as 2001 Ozone Profile
2.3+2.0DUday ! (1DU=2.69x 108 mol cm2), where ope T T

2.0DU represents thelo variability. When assuming ok -\ - - Al Messurements
ozone is well-mixed in the lower 1500 m, this value equals . T 0

~ 154 13 ppbv of ozone production. 2500 .
It is notable that the net daily production of ozone ;
decreased from~3.0DUday?! in the late 1990s to
~1.0DUday? in the early 2010s, corresponding 1020
to ~ 7 ppbvday?, respectively. This shows that the daily
ozone production within the Baltimore/Washington area has
decreased significantly; 60 % in total or~ 1.0 ppbvyr?.
This magnitude of decrease is higher than the decreasing
trends observed in ground-level measurements (Fig. 4). The
ground-level measurements were collected during the whole ob e e EER SR
ozone season, while the RAMMPP research flights were only, 0 o 100
i . 3 . (a) Ozone mixing ratio (ppbv)
conducted on air pollution action days when the transport is
forecasted to play an important role in the episodic ozone 2001 Ozone Profile Upwind
pollution, either under westerly transport or southerly trans- ~ “F ~ ~ T ]
port patterns. These results suggest that ozone transported
into the Baltimore/Washington airshed plays an important
role in determining downwind ozone pollution; likewise, 2500
emissions in Baltimore can impact air quality over downwind
areas such as Philadelphia. Since most of the RAMMPP re-
search flights were conducted on poor air quality days, our
estimates can be treated as the upper limit of net daily pro-
duction of ozone in the Baltimore/Washington airshed.
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3.3.3 Long-term trends of tropospheric G and CO

Here we focus on @and CO measurements on afternoon 0
flights, when maximum ground-level ozone is usually ob-
served. The annual meas@nd CO column abundances are
plotted, showing their long-term trends in Fig. 10. We used 2001 Ozone Profile Downwind
the Savitzky—Golay Smoothing technique (Savitzky and Go- " ‘ ‘
lay, 1964; Bromba and Ziegler, 1981; Gorry, 1990), which 2000
preserves the temporal features of the data while reducing
the influences of noise and missing data. Figure 10a shows  xw
a~0.2DUyr ! decrease in ozone column abundances. As-
suming ozone in the lower 1500 m is well mixed, this de-
crease of column ozone is equivalent to1.3 ppbvyr?!
throughout this part of the atmosphere. This value is much
higher than a~0.4 to 0.6 ppbvyr! decrease of ground-
level ozone reported in the eastern US (Bloomer et al., 2010;
Cooper et al., 2012). The explanation of this difference could
be that RAMMPP research flights were usually conducted
on air quality action days, suggesting that for these condi- [ ‘
tions (i.e., meteorological conditions conducive to poor air 9 Osone mixing raio (ppbv)
quality) ozone pollution has improved more than under oth-
ers. Cooper et al. (2012) observed-d 5 ppbv decrease in Fig. 7. Vertical distributions of tropospheric ozone over the Balti-
the 95th percentile of eastern US summertime ozone froninore/Washington region in 2004a) all spirals; (b) upwind spi-
the early 1990s to the late 2000s. These results are consi§a!s; () downwind spirals. Measurements are grouped every 200m
tent with the results from our long-term RAMMPP aircraft accqrding to the altitude; the 25th percentile, mean, and 75th per-
measurements. centile are shown for each layer.

To test the effects of variations of ambient temperature, we
also calculated the trends in long-term ozone column abun-
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Fig. 9. Lumped long-term annual mean tropospheric ozone column
Fig. 8. Vertical distributions of tropospheric CO over the Balti- apundances in the lowest 1500 m. The size of each circle is pro-
more/Washington region in 2001 (all spirals). The 25th percentile,portional to the number of research spirals for a specific summer.
mean, and 75th percentile are shown as in Fig. 7. Blue and Red circles show the mean column ozone in upwind and

downwind regions, respectively. The green line shows the differ-

ence between upwind and downwind columns.
dances without applying the CPF (Fig. 10b). The difference
between the ozone column abundances with and without CPF
adjustment is discernible, especially for years 2009 to 2011as biomass burning. Therefore, a high concentration of CO
Figure 10b shows a monotonic increase of column ozonamight be an indicator of high NQ which would also boost
from 2009 to 2011, suggesting an increasing trend. How-the production of ozone in the largely N@mited eastern
ever, the statistics of daily mean temperature show that th&JS. Airborne NQ measurements were not available from
summer of 2009 has far less hot days, especially when comRAMMPP aircraft before 2011. Thus, this hypothesis of
pared with the hot summers of 2010 and 2011 (Fig. S6 in thantercepting automobile exhaust or wildfire plumes cannot
Supplement). After compensating for the effects of ambientbe verified. However, when we used the 7 yr Savitzky—Golay
temperature with the CPF, the ozone column abundances imethod to smooth the data, the0.8DUyr ! decrease,
2010 and 2011 decreased, and the increasing trend in ozone15% relatively, can be treated as the long-term trend
over those years disappeared. of column CO in the lower atmosphere, subject to the

The long-term CO column abundances show auncertainties associated with limited airborne sampling.

~0.8DUyr ! decrease (Fig. 10c). As shown in Fig. 8, CO  To investigate the long-term CO trends from space, we
concentrations decay exponentially above the surface withiused the monthly MOPITT near-surface CO retrievals from
the PBL to a near constant value aloft. So the 0.8 DU yte- 2000 to 2011 (Deeter et al., 2003, 2012). Since the MOPITT
crease in column CO can be interpreted as36 ppbv yr?! Equator crossing time is around 10:30 LT, we used the morn-
decrease at the ground level, less than the nationwidéng RAMMPP CO column abundances observed in western
decrease (data available bttp://www.epa.gov/airtrends/  MD. Only data in summer (JJA) were selected to reduce the
One possible explanation is that the national trend is cal-effect of CO seasonal variations. Figure 11 shows the ob-
culated based on the 2nd maximum of annual 8 h averageserved annual mean. The oxidation of VOCs is an impor-
i.e., measurements in CO episodes, which usually arise otant source of tropospheric CO; in the eastern US, biogenic
cold winter days with a temperature inversion. RAMMPP VOC emissions such as isoprene dominate (Kesselmeier and
research flights are normally carried out during the ozoneStaudt, 1999). We assume that the amount of CO oxidized
season, when CO pollution is not as severe and strong corfrom VOCs has not changed in the past 15yr, so the CO
vection can transport CO upward. Figure 10 also shows thatrends are only discussed with reference to anthropogenic
O3 and CO column abundances are correlated, in particulaCO emissions in this study. Linear regression analyses of
after the EPA NQ SIP call. For instance, in 2009, both long-term EPA AQS observations, RAMMPP aircraft mea-
high CO and high @ column abundances were observed. surements, MOPITT observations, and NEI emissions were
These large inter-annual variations in column CO cannotconducted, with high correlation of concentratiod és a
be explained by NEI emissions trends (Fig. S2) and havefunction of time X): for AQS (- = —0.89), MOPITT obser-
not been observed by ground-level observations (Schwab etations ¢ = —0.86) and NEI emissions-(= —0.99). How-
al., 2009). CO is usually emitted alongside with Nfbom ever, the correlation is low for RAMMPP aircraft measure-
automobile emissions or other incomplete combustion suchments in the morning, which could be caused by the sampling

www.atmos-chem-phys.net/13/7859/2013/ Atmos. Chem. Phys., 13, 78%¥4 2013


http://www.epa.gov/airtrends/

7868 H. He et al.: Trends in emissions and concentrations of air pollutants

Table 1. Characteristics and emission estimates of each cluster. Correlation coefficients are for lower tropospheric column ozone over
Maryland, regressed against emissions.

Cluster Upwind states Emissions estimate P ne
1 OH and PA MDB+ 0.5PA _1+0.250H_1 0.86 18
2 PA MD; + 0.5PA _1 016 22
3 WV or VA MD;+0.5VA; _1 or MD; +0.5WV;_; —0.08 12
4 Recirculation ~ MRP+0.5VA;_1+05PA_1 0.53 4
5 Stagnatiofi MD; 004 7

2The background flight (conducted on 3 September 2009) was incorporated into the stagnation cluster
because it shares the same estimate of upwind emis$itinsar regression coefficientis calculated for
each group in Fig. 13&;number of research spirals.

uncertainty mentioned above. The overall reduction (relative = 20- 7-Year Savitzky-Golay Smoothing

to year of 2000) is estimated as40 % (~3.5%yr?) for % 15+ X | | with CPFadjustment

AQS observations, RAMMPP measurements, and MOPITT § 10 4 + [+ R ,/’\; I
observation, compared to 60 % (~ 4.5 % yr1) for the NEI 8 5 ‘ D = A
emissions. The decreasing trend of MOPITT CO observed © 0+—————————————————————
over western MD,~3.5%yr 1, is higher than the value 3 27y ¢ without CPF adjustment
(~1.5%yr') reported in the eastern US (Worden et al, g ] <y s
2013). However, in Worden et al. (2013), MOPITT total col- ;2 107 prLp R A W

umn CO data in all seasons were analyzed, while this study o’ 5] ‘ 1
only focused on summertime observations of near-surface _ =~ ' ' ' ' ' '
CO. We would expect to see a larger trend in near-surface@ gg]° T 1
concentrations compared to total column CO because the§ 60 , |

near-surface CO is substantially influenced by surface-basec3 ;gz i v ; |\ b VAN
pollution sources (Fig. 8). 8 ol ‘ . ' :

T T T T T T T 1 T
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
Year

4 Clustering.an.alysis on the regional transport of Fig. 10. Long-term trends of annual mean afternoog &d CO
CEMS emissions column abundances (from the surface to 1500 m AGL) over the re-
gion downwind of the Baltimore/Washington arga) column &
The CEMS program monitors emissions from point sourceswith CPF adjustmenttb) column G without CPF adjustmentr)
equipped with tall smokestacks, such as power plants andolumn CO. Error bars represent one standard deviation. The red
industrial boilers. A study conducted by the US Govern- lines are with the 7 yr Savitzky—Golay smoothing.
ment Accountability Office (US GAO) tracked 284 tall
smokestacks at 172 coal-fired power plants in 34 states, of
which 205 are 62.5 to 213 m tall, 63 are 213 to 305 m tall,
and 12 are higher than 305m (GAO, 2011). About one-ready/hysplit4.htn)lto calculate 48 h back trajectories. The
third of these tall stacks are located in PA, WV and OH time of each aircraft spiral was used to initialize each back
along the Ohio River valley. Such high smokestacks cantrajectory with release heights of 500, 1000, and 1500 m
disperse air pollutants over great distances. Since the BalAGL, respectively. Details on the model and meteorologi-
timore/Washington region is often downwind of the Ohio cal fields are given in Table S4 of the Supplement. The ac-
River valley, emissions from point sources are expected tauracy of these trajectories is adequate to distinguish vari-
exert substantial influence on downwind air quality. We ag-ous transport pathways of air pollutants that reach the Balti-
gregated the CEMS emission data by state, because poimhore/Washington airshed (Stohl et al., 1995; Stohl, 1998).
sources are regulated by each state. Location and altitude information of each HYSPLIT back
We studied regional transport with a hierarchical clus- trajectory was archived and back trajectories ending at
tering technique using measurements from 63 RAMMPP1000 m over Harford County airport were classified based on
research spirals over Harford County airport from 1998 air mass origin, as show in Fig. 12. Three major clusters of air
to 2011. We utilized the National Oceanic and Atmo- mass origin, denoted OH/PA, PA, and WV/VA, arose from
spheric Administration (NOAA) Air Resource Laboratory the analysis. Two minor clusters, recirculation and stagna-
(ARL) Hybrid Single-Particle Lagrangian Integrated Trajec- tion (containing less than 10 members each), are embedded
tory (HYSPLIT) model (version 4http://www.arl.noaa.gov/  underneath these spaghetti-like clusters (Table 1).
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600 - slope = - 16.3, = -0.89 The OH/PA cluster corresponds to the prevailing wester!

= 600
§§ s0f . | 3Mlyear decrease winds during the ozone season. Emissions of,¥@m OH
< § 4007 T and PA are~4 and~ 6 times higher than emissions from
L A L LI MD (Fig. 2a). A simplified approach was developed to eval-
0o 804 slope =-1.96, r = -0.52 . . .. . .
od g - 3.6%lyear decrease uate the influence of upwind emissions: if the back trajectory
o c I S . . .
ZE o A passes over OH and PA, total emissions are estimated as
S5 20 . . P— .
¥ © 0 T T T T T T T T v T T 1 . . . . . .
Q< 3001 . slope = - 10.3, 1 = -0.86 Emissionota) = Emissiomp.,; + 0.5Emissioma ;-1 )
g -§ 250 - "”’\—\Tﬁ:ﬁ\»\\ 3.3%/year decrease +O.25EmiSSi0@)H,i,1 ,
a—= . [
& = 200 B
o X . T ., .
SE 150 — T where the subscriptrepresents the flight date, and 1 rep-
g ::\ 7452’57;;6:;1;; -0.99 resents upwind emissions from the day before (Table 1). The
o8 8: T e .. coefficients of 0.5 and 0.25 are used under a simple assump-
= : : : : ‘*’\Iﬂ——f-T,,‘ tion based on the distance between the upwind sources and
= 2000 2002 2004 2006 2008 2010 2012 air pollutants over eastern MD, i.e., PA is next to MD so half

Year of the CEMS emissions are assumed to be transported into

Fig. 11. The long-term trends of summertime AQS observations, MD while OH is farther away, SO the coefficient is assumed

RAMMPP measurements, MOPITT observations, and NEI emis-t0 be 0.25. Values of the coefficients used for other clusters

Sions:(a) annual mean AQS CcO mixing ratioé)) annual mean are giVen in Table 1. Our analySiS iS insensitive to the exact

RAMMPP morning column CO over western M%) annual mean  value of these coefficients, as discussed below.

MOPITT near-surface CO mixing ratiog]) annual NEI emissions. Figure 13 shows a scatter plot of CEMS emissions found

Lines show the results of linear regression analyses. using coefficients given in Table 1 versus measured column
ozone between the surface and 1500 m AGL. Linear regres-
sion analyses were conducted for each clustera{ues are

Here we establish a “conceptual” model to evaluate the re—“sm(j in Table 1), and only the OH/PA cluster shows a strong

lationship between the upwind power plant emissions of NO correlation between upwind emissions and downwind air

) . . . ollution. We also correlated ozone column abundances with
and downwind ozone pollution. Previous studies suggest that .~ . : : . :
. ) . . - emission estimates assuming double (high estimate) and half
single back trajectories might not be sufficient to relate the

upwind sources to downwind pollution (Stohl et al., 2002, i(:lol,ﬁfséthmafg%?ni? eéezocr?:fxﬂfe”&;?gﬁ éélsji(:' F;;?r fft)
2003). For this analysis, we focus on transport from upwind pp i y arp

. . shows a strong positive correlation with emissions from the
sources over a 24-48 h period of time, much shorter than th o o
. . ; H/PA cluster with little sensitivity to the exact value of
period of time considered by Stohl et al. (2002, 2003). Our . :
X ; ; ) these coefficients. However, the correlation between column
comparison of single back trajectories and 27 member back S ] . .
. .~0zone and MD emissions is low (Fig. S10 in the Supple-
trajectory ensembles from HYSPLIT demonstrates that sin- . e
. . ent), suggesting that emissions from MD alone are a poor
gle back trajectories can accurately represent the ensemble ™ . . o
. . S ._predictor of ozone pollution within this state. In summary,
behavior over the period of time important for our analysis

(Fig. S7 in the Supplement). Precise determination of the re_emlssmns of N@in OH and PA substantially influence the

lationship between upwind sources and downwind poIIutiongrOl‘md'leVeI air quality in the Baltimore/Washington area
is complicated by the release altitude of N@om power during the ozone season. Interstate/regional transport should

plants mostly at 200-300 m AGL (GAO, 2011), followed by be taker_1 into accour_1t in plans to improve future air quality in

. . N > the Baltimore/Washington area.
a small-scale, rapid-plume rise that is difficult to quantify.
Nonetheless, we have used HYSPLIT to show that the 24 h
backward concentration dispersion of air pollutants observeds Conclusions and discussion
by the RAMMPP aircraft occurs for emissions over a region
comparable to the area of a state (Fig. S8 in the Supplement)Me have investigated the long-term trends of air pollution
The “conceptual” model approach described below demonin the lower troposphere in the Baltimore/Washington air-
strates the general, quantitatively consistent nature of the reshed through a comprehensive study using emissions, air-
lationship between upwind sources and downwind pollution.craft, ground-based, and satellite measurements, as well as
The more precise determination of this relationship woulda clustering back trajectory analysis.
benefit from a Lagrangian particle dispersion model and clus- The EPA CEMS program continuously monitors emis-
ter analysis treatment, such as described by Stohl et al. (2003jons of NQ from major point sources including power
2003); this type of analysis is beyond the scope of our presenplants and industrial boilers. Emissions data and atmospheric
study. The “conceptual” model that relates upwind sources abbservations were used to investigate the regional transport
a state level to downwind pollution is of great use to air qual- of air pollutants. The long-term trends of CEMS data emis-
ity managers. sions demonstrate a significant decrease in the emission of
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Fig. 12.Clustering results of HYSPLIT back trajectories (initiated @ NO, Emissions (tons/day)
at 1000 m) from historical RAMMPP research flights over Harford
County airport. The air parcels have origins from the west (OH/PA 20—
cluster shown in red), the northwest (PA cluster shown in blue),
or the southwest (WV/VA cluster shown in green). The black line
shows a single trajectory for a flight conducted on 3 September 2009 =) .
called a background flight, with air flow from the east. S 154 ' o
NO over the past 15yr. The EPA NGSIP call (2003-2004) < ...
has been effective in reducing the emission of Nétom g 197 o
g X o .
point sources, which improved local and regional air qual- & . .
ity, especially ground-level ozone. The EPA AQS Nabser- 2 *°
vations declined by an amount similar to that of the CEMS £ 5- * 3"_"5’3084)( +5.84
emissions, with both time series exhibiting a sharp decrease g r - 0:86 '
after the EPA NQ SIP call. o
The aircraft measurements ofs@nd its precursor CO 0 . : , : , : , :
were integrated to obtain column abundances, and catego- 0 400 800 1200 1600
rized into upwind and downwind groups. The difference of (b) NO, Emissions (tons/day)

tropospheric column ozone between the downwind and up-
wind group was used to estimate the daily net photochemi+ig. 13.RAMMPP column @ abundance versus CEMS emissions
cal production of ambient ozone:3.0DU day ! in the late  of NOy: (a) all clusters(b) OH/PA cluster only for which linear re-
1990s and~ 1.0DU da;r1 in the early 2010s, equivalent to gression of column @vs. CEMS emissions of Nowas conducted
~ 20 ppbv day?! and~ 7 ppbv day ! averaged over the low- (slope, intercept, and regression coefficient given).
est 1500 m of the atmosphere. The decreasing trends of CO
and G were found to be~ 0.8 and~ 0.2 DU yr 1, respec-
tively, equivalent to decreases of35 and~ 1.3 ppbvyr? NOAA HYSPLIT model. These trajectories fell into several
in the lowest 1500 m. Because RAMMPP research flights areclusters, and total NPemissions were estimated for the geo-
mostly conducted on air quality action days, the measuregraphic origins corresponding to each cluster. We performed
ments indicate ozone pollution has significantly improved a linear regression analysis for each cluster, and found that
on days when the local meteorological conditions have histransport from OH and PA through MD has greatest effect on
torically been associated with poor air quality. Ground- column abundances of ozone in the Baltimore/Washington
based observations, RAMMPP aircraft measurements, andirshed. Ozone over eastern MD correlates stronghe (
MOPITT spaced-based observations of CO show 40 % 0.86) with emissions of NQ from upwind states such as
(~3.5%yr 1) decrease over western MD between 2000 andOH and PA, when the trajectory analysis indicated westerly
2011, while the NEI emissions inventory suggests@® %  transport. The next highest correlation is with a recirculation
(~4.5%yr 1) reduction over this same period of time. pattern involving MD, VA, and PA/{(= 0.53).

To investigate the effects of long-range transport of According tothe NEIinventory; 90 % of CO and- 50 %
air pollutants, in particular from power plants with high NOy, important precursors for ozone pollution, are emitted
smokestacks, back trajectories were calculated using théy mobile sources (onroad and nonroad vehicles). In this
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study, annual mobile emissions from the EPA NEI inventory temperature and emissions, Geophys. Res. Lett., 36, 5, L09803,
were used to track the long-term trend in air quality, because doi:10.1029/2009g103730&009.

seasonal and diurnal variations of mobile emissions are noBloomer, B. J., Vinnikov, K. Y., and Dickerson, R. Ru:
directly available. However, the seasonal and diurnal varia- Changes in seasonal and diumal cycles of ozone and tem-
tions of mobile emissions could be important, so future work ~ Perature in the eastern us, Atmos. Environ., 44, 2543-2551,
on quantifying these variations is essential to refine our un-_ 40/:10-1016/j.atmosenv.2010.04.92D10.
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