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Abstract. As part of the Hemispheric Transport of Air Pol- are strongest in the northeastern US during spring and fall
lution (HTAP; www.htap.org project, we analyze results (+2=0.68); and weakest in the midwestern US in summer
from 15 global and 1 hemispheric chemical transport mod-(-2=0.46). However, large positive mean biases exist dur-
els and compare these to Clean Air Status and Trends Neing summer for all eastern US regions, ranging from 10—
work (CASTNet) observations in the United States (US) for 20 ppbv, and a smaller negative bias is present in the western
2001. Using the policy-relevant maximum daily 8-h aver- US during spring €3 ppbv). In nearly all other regions and
age ozone (MDAS8 @) statistic, the multi-model ensemble seasons, the biases of the model ensemble simulations are
represents the observations well (me&r0.57, ensemble <5 ppbv. Sensitivity simulations in which anthropogenig O
bias =+4.1 ppbv for all US regions and all seasons) despitgrecursor emissions (NG NMVOC + CO + aerosols) were

a wide range in the individual model results. Correlationsdecreased by 20% in four source regions: East Asia (EA),
South Asia (SA), Europe (EU) and North America (NA)
show that the greatest response of MDA8t® the summed
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West (0.9 ppbv reduction due to 20% emissions reductiongacific (TRACE-P; Jacob et al., 2003) and Intercontinental
from EA+ SA + EU). East Asia is the largest contributor to Transport and Chemical Transformation (ITCT 2K2; Parrish
MDAS8 O3 at all ranges of the @distribution for most re- et al., 2004a; Goldstein et al., 2004) campaigns were con-
gions (typically ~0.45 ppbv) followed closely by Europe. ducted during spring - the season of greatest East Asian trans-
The exception is in the northeastern US where emissionport to North America — of 2001 and 2002, respectively. In
reductions in EU had a slightly greater influence than EA 2004, the Pacific Exploration of Asian Continental Emission
emissions, particularly in the middle of the MDA&;@is- (PEACE; Parrish et al., 2004a) experiment was carried out
tribution (response 0f0.35 ppbv between 35-55 ppbv). EA in two phases over winter and spring to determine seasonal
and EU influences are both far greater (abow) than that  differences in transpacific transport and photochemical en-
from SA in all regions and seasons. In all regions and seavironments. Also in 2004, a remote free tropospheric site
sons @-precursor emissions reductions of 20% in the NA near the US west coast was established atop Mt. Bachelor in
source region decrease MDA& @he most — by a factor of central Oregon (43.98N, 121.69 W; 2.7 kma.s.l.) allowing

2 to nearly 10 relative to foreign emissions reductions. Thefrequent observations of Asian pollution plumes in the US
O3 response to anthropogenic NA emissions is greatest in th€Weiss-Penzias et al., 2006; Swartzendruber et al., 2006).
eastern US during summer at the high end of thedtri- Most recently, in spring 2006, the Intercontinental Chem-
bution (5-6 ppbv for 20% reductions). While the impact of ical Transport Experiment (INTEX-B; Singh et al., 2009)
foreign emissions on surfaces@ the US is not negligible — was a coordinated satellite, aircraft and ground-based cam-
and is of increasing concern given the recent growth in Asianpaign designed in large part to quantify the import of Asian
emissions — domestic emissions reductions remain a far morpollutants to western North America. Additionally, satellite
effective means of decreasing MDA& @alues, particularly  data are now being used to better understand and quantify the

those above 75 ppb (the current US standard). intercontinental transport of pollutants (Heald et al., 2003;
Damoah et al., 2004; Creilson et al.,, 2003; Wenig et al.,
2003).
Similarly, North American emissions affect air quality
1 Introduction in downwind regions, as well. The North Atlantic Re-

gional Experiment (NARE) and the International Consortium

It is well-established that the intercontinental transport of for Atmospheric Research on Transport and Transformation
pollutant emissions affects surface air quality in the United (ICARTT) both quantified the outflow of North American
States (Berntsen et al., 1999; Jacob et al., 1999; Jaffe et alemissions and their impacts on downwind regions (Parrish
1999; Fiore et al., 2002; Goldstein et al., 2004; Keating et al. et al., 2004b; Li et al., 2004; Hudman et al., 2007). Along
2005; Sudo and Akimoto, 2007; Lin et al., 2008; Oltmans eta similar vein, Cooper et al. (2005) used ozonesonde and
al., 2008; Zhang et al., 2008; Fischer et al., 2009). TransporMOZAIC aircraft data to quantify transport pathways on
“events” can lead to exceedances in air quality standards fothe inflow (west coast) and outflow (east coast) regions of
downwind regions (Jaffe et al., 2004). As a result, foreignthe US. Li et al. (2002) found that North American anthro-
emissions can significantly affect the health of humans andhogenic emissions enhance surfagdi©continental Europe
crops in the US (Bell et al., 2004; Ellingsen et al., 2008; by 2—4 ppbv on average during summer and by 5-10 ppbv
Casper-Anenberg et al., 2009). However, the effect foreignduring trans-Atlantic transport events.
emissions have on air quality in the US can vary significantly Beyond field campaigns and satellite observations, global
on time-scales from days (Yienger et al., 2000; Liang et al.,chemical transport models (CTMs) are valuable tools with
2007) to months (Liu et al., 2003; Liang et al., 2004; Weiss-which we can quantify the intercontinental transport of pol-
Penzias et al., 2004; Wang et al., 2006) to years (Liang et al.jution. While the existing literature on this topic is expansive
2005; Liu et al., 2005; Reidmiller et al., 2009). (e.g., Klonecki and Levy, 1997; Jacob et al., 1999; Yienger et

Over the past 15 years, a multitude of field campaigns havel., 1999, 2000; Fiore et al., 2002, 2003; Liang et al., 2004,
attempted to quantify the effect of Asian emissions on US2005, 2007; Auvray et al., 2007; Lin et al., 2008), there
air quality and how these emissions are affecting the phois a lack of coherency in these individual modeling studies
tochemical environment over the North Pacific. The Pacificthat makes it difficult to draw any meaningful conclusions
Exploratory Mission — West phase (PEM-West; Hoell et al., about the magnitude of the foreign influence on surfage O
1997) took place in 1994 to study the chemical outflow from in the US. In response to this, the UN Economic Commis-
East Asian emissions. The Photochemical Ozone Budget ofion for Europe’s Convention on Long-Range Transbound-
the Eastern North Pacific Atmosphere (PHOBEA, Jaffe et al.,ary Air Pollution developed the Task Force on Hemispheric
2001; Kotchenruther et al., 2001; Bertschi et al., 2004) cam-Transport of Air Pollution (TF HTAPhttp://www.htap.ory
paign was a multi-year investigation spanning 1997—2002n December 2004. A major TF HTAP activity was to de-
using aircraft and ground measurements to quantify the imsign a set of simulations that were executed by 20+ modeling
pacts of Asian emissions on pollutant inflow to the north- groups in an effort to quantify the source-receptor relation-
western US. The Transport and Chemical Evolution over theships for various pollutants includingsQHg, aerosols and
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persistent organic pollutants (TF HTAP, 2007). Its objectives The primary purpose of CASTNet is to identify and char-
are to understand the key processes governing intercontinemacterize broad-scale spatial and temporal trends of various
tal transport, quantify source-receptor relationships and idenair pollutants and their environmental effects (Eder et al.,
tify future research needs. In addition to the HTAP interim 2005). The network was developed from the existing Na-
report (TF HTAP, 2007), several studies have utilized thistional Dry Deposition Network and has become the nation’s
valuable data set: Sanderson et al. (2008) investigate hoywrimary monitoring network for measuring concentrations of
nitrogen deposition is affected by intercontinental transport;rural ambient (background){Jevels. A selection of stud-
Shindell et al. (2008) determine source attribution for pollu- ies using CASTNet @data include investigations of: sub-
tants transported to the Arctic; Fiore et al. (2009) quantify grid segregation on ozone production efficiency in a chem-
the source-receptor relationships for ground-leveglpOllu- ical model (Liang and Jacobson, 2000); variability in sur-
tion using four northern hemispheric (NH) regions — Eastface background @throughout the US (Lefohn et al., 2001,
Asia (EA), South Asia (SA), Europe (EU) and North Amer- Fiore et al., 2003); and the positive trend ig roughout
ica (NA); Casper-Anenberg et al. (2009) estimate the mortal-the western US (Jaffe and Ray, 2007).
ities avoided by 20% reductions of anthropogenica@ecur- Figure 1 illustrates the 83 currently operational CASTNet
sor emissions in the four source regions; Jonson et al. (2009ites. Table Al lists the geographic information (latitude,
investigate the ability of the models to capture vertical O longitude and elevation) for these CASTNet sites. We divide
distributions as measured by ozonesondes and intercontinethe US into nine broad geographic regions based on bound-
tal contribution throughout the atmospheric column. aries of the EPA's 10 Regions, CASTNet site density and ba-
Our objectives are to: (1) assess the multi-model skill in sic geographical and topographical features. Since the HTAP
reproducing the observed maximum daily 8-h average O project uses CTMs with typical resolutions of 100-500 km,
(MDAS8 0O3) statistic, (2) determine the contribution from we attempt to use the CASTNet observations in a manner
intercontinental sources to surface @ the US, and (3) representative of these large spatial scales. As a result, we
compare foreign vs. NA influences on MDA&@nd how  determine “regionally-representative” sites through a unique
this relationship varies by region, season and across the Omethodology, but with a similar goal and outcome to that of
distribution. The method adopted here begins by selectLehman et al. (2004) and Fuentes (2003).
ing regionally-representative CASTNet sites, putting obser- We calculate monthly mean MDAS8 LOfor each of the
vations from 2001 (the year of the HTAP simulations) in con- 68 sites with nearly complete records in 20012( days
text with climatological @ behavior (Sect. 2.1) and briefly of data per month; Figs. 2 and Al). (Note, from here on-
describing the global models used (Sect. 2.2). We then assesgrd we compare the Mountain West and Southeast regions
the ability of the multi-model mean to reproduce observedin this article to show differences in East vs. West US re-
MDAS8 Ogs in various regions on seasonal, monthly and daily gions; results from the other seven regions are in the Aux-
timescales (Sect. 3). Finally, we use the perturbation sim4liary Materials: http://www.atmos-chem-phys.net/9/5027/
ulations in which NA and foreign (i.e., EA+SA+EU) an- 2009/acp-9-5027-2009-supplement)pdiveraging all the
thropogenic @-precursor emissions were reduced by 20% sites within a given region (open circles in Fig. 2), we de-
to quantify the differences between foreign (Sect. 4) vs. do-termine a “regional mean” (solid gray triangles) annual cy-
mestic sources (Sect. 5) on MDA&Ghroughout the US in  cle of MDA8 Oz. We then calculate: (132 values between
different seasons and across thedstribution. each site and the regional mean, as well as (2) the summa-
tion of the monthly mean deviations for each site from the
regional mean. Each site is then assigned a ranking based
on these two metrics. The rankings are then summed for
each site (e.g., a ranking of “1” was assigned to the site
with the highest correlation and also to the site with the

As required by the Clean Air Act Amendments of 1990 lowest summed deviation for a cumulative ranking of “27).

CASTNet was developed by the US Environmental Protec-1 he sites with the lowest summed ranking were classified as

tion Agency (EPA) in order to establish an effective, ru- “regionally-representative” (stars in Fig. 1 and bold entries

ral monitoring and assessment network at locations away 12Ple Al). If the number of sites within a given region

from pollutant emission sources and heavily populated ariS <5, then 2 regionally-representative sites are chosen; if

eas (US EPA, 2008; Eder et al., 2005). Monitoring locations®—12 sites are in a region, then 3 representative sites are cho-
were selected according to strict siting criteria designed to>€": If >12sites are in a region, then 4 representative sites

avoid undue influence from point sources, area sources an@'® chosen. For the California region, it is difficult to clas-
local activities. As a result, most CASTNet sites are locatedSiTy regionally-representative sites due to the widely varying

in rural areas with open, rolling terrain, well-removed from toPography, meteorology and influence of local emissions

emission sources (Holland et al., 1999; Tong and Mauzerall(California Air Resources Board, 2001); we selected Death
alley and Yosemite ational Park sites
2006). Valley (DEV) and Yosemite (YOS) National Park si

2 Methodology

2.1 CASTNet observations

www.atmos-chem-phys.net/9/5027/2009/ Atmos. Chem. Phys., 9, 50222009
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Fig. 1. Map of the 83 CASTNet sites (red dots) in the US. Geo-
graphic regions used in our analysis for the year 2001 are divided
with black lines. “Regionally-representative” sites are highlighted \
with stars (criteria discussed in Sect. 2.1). Sites with more than DT 0 - 8|85
30 consecutive days of missing data for 2001 (and therefore ex- Southeast Region
i ; it i 15—ttt | o
::rlll:gjghf;ﬂ;nmc.)ur analysis) are denoted by black circles with lines L F M AMGY I AsonND I§§§ geegg
Fig. 2. Monthly mean MDA8 @ at the individual CASTNet sites
. . open circles) and the multi-site regional mean (solid gray triangles)
because _they represent site elevation extremes and had the e () Mountain West andb) Southeast regions. Regionally-
best rankings. ) representative sites for the Mountain West region are Mesa Verde
We compare MDA8 @values for 2001 with the CASTNet  Np, cO (MEV), Pinedale, WY (PND) and Grand Canyon NP, AZ
climatology over the 1989-2004 period to examine whetherGRC); and Cadiz, KY (CDZ), Candor, NC (CND), Sand Mountain,
2001 was representative of typical conditions. Results forAL (SND) and Speedwell, TN (SPD) for the Southeast region; the
all years are illustrated in Fig. 3 for the Mountain West mean of these regionally-representative sites is depicted with solid
and Southeast regions (Fig. A2 shows the other 7 regions)ed triangles. Geographic information and 3-letter abbreviations for
From a policy_perspective' we are concerned with the num_a” sites are listed in Table A1. Note the difference in the range of

ber of exceedances days (when MDA8-¥5ppbv). Ta- they-axes between the two regions.

ble 1 shows the climatology (through 2004) of exceedance 01 @)

days for each site within a region. Exceedance days for the S S

“Region” are determined by calculating the number of ex- 60 &

ceedances for each regionally representative site and then av- |

eraging these values for a given region. Using the current o LT SRS

US EPA standard of the 4th highest MDA&©75 ppbv to wi?/ = 1o

classify an exceedance of the air quality standard, Table 1~ 3 4 | Mountain West Region 2 o0t

shows that sites in the California, Midwest, Great Lakes, S R = 1

Northeast and Southeast regions are regularly in exceedance. & J FMAMUJIJASOND ﬁiggg
To put the values from Fig. 3 (and Fig. A2) and Table 1 2 07 ‘ §_§§§§

in context, we calculate seasonal mean MDASV@lues and = ol V= B —o-2002

compare them to the climatological values (through 2004) ] o a AN O\ o204

in Table 2. We define &3% threshold deviation from the | j N

climatology to classify the season as “non-normal”. Only 40 3 ~j ——————————————————————————— AR

one season in one region had a seasonal mean MDA8 O 2018 :

value that was-1o0 (whereo indicates standard deviation) ] Southeast Region

from the climatological mean for that season (MAM in 20 J | R | M‘ A | M‘ f | f | A | s | O‘ N | b

the Far Northeast). During summer (JJA), all regions hadgig 3. climatology of monthly mean MDA8 @for the mean of
MDA8 Oz values that were at or below normal, with the the regionally-representative sites in {ag Mountain West angb)
Southeast{1.4 ppbv or—3.7%), Florida/Gulf £2.2 ppbvor  Southeast regions. Solid red triangles indicate the HTAP year of
—7.2%) and Great Lakes-@.8 ppbv or—6.2%) regions ex- 2001 (and represent the same data shown as solid red triangles as in
hibiting the greatest below-normal deviations. The East coasFig. 2); solid black triangles depict the multi-year average climatol-
(with the exception of the Florida/Gulf region) experienced 0ogy. Datapoints are missing 21 days of MDA8 G data exist for

an above_normal Qseason |n autumn (SON), Wh'le the that month. Note the difference in the range of the y-axes between

northernmost regions (Northwest and Far Northeast regionsi® tWo regions.
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also saw anomalously highsGeasons in spring (MAM) at very difficult to elucidate a foreign contribution signal unless
+11.1% (+5.4 ppbv) and +5.8% (+4.5 ppbv), respectively. there are events of very large magnitude. As a result, mod-
eling experiments such as the HTAP simulations are essen-
2.2 Model simulations tial to understand the more continuous, lower-signal foreign
contribution to air quality in downwind regions. Future work
Sixteen CTMs (Table A2) provided hourly surface ozone for is needed to design/determine observations that can be used
a “base-case” year 2001 simulation from which we calcu-to directly test the model capability to capture the ozone re-
lated MDA8 Qs for our analysis. Tables 1 and A1-A3 in sponse to emissions perturbations (i.e., the sensitivity rather
Fiore et al. (2009) describe meteorological fields and emisthan simply total ozone)
sions inventories used by the 16 CTMs for the HTAP simu- Many of the models used here have been extensively
lations. Methane concentrations were set to a uniform mix-evaluated against £observations in previous publications.
ing ratio of 1760 ppb, while each modeling group was askedwe summarize the results from recent multi-model evalua-
to employ their best estimate ofs@recursor emissions for tion efforts in which many of the same models participated.
2001 and a minimum initialization time of six months to al- Ellingsen et al. (2008) compareds@oncentrations from
low the simulated trace gas concentrations to fully respondl8 models (10 of which are used in this study) to surface
to the imposed perturbation. observations and found that levels and seasonality were re-
Relative to the base-case simulations, perturbation experproduced well and that annual average biases wé&rppbv
iments were conducted by 12 of the modeling groups (defor regions in North America and Europe, but were larger
noted by # in Table A2) in which anthropogenig-Precursor  (15-20 ppbv) in some regions where observations were more
emissions (N@, NMVOC, CO and aerosols) were reduced sparse. Stevenson et al. (2006) evaluated 26 models (10 of
by 20% in each of the four source regions depicted in Fig. A3which are used in this study) with global ozonesonde mea-
(EA, SA, EU and NA). We estimate the MDA8zQesponse  surements and found that the multi-model mean closely re-
to simultaneous reductions in multiple source regions as thesembled the observations (withir Iof each other). They
sum of the @ responses to the individual regional reductions also showed that the multi-model mean tended to underesti-
(e.g., EA+SA+EU). The 20% emissions reduction repre-mate the amplitude of the seasonal cycle at 30-;80ver-
sents a policy-relevant possibility, as well as a compromiseestimating winter @ by ~10 ppbv.
between producing a detectable response in thsi@ula- To our knowledge, this is the first evaluation of multiple
tions and applying a sufficiently small perturbation to allow global models with observed metrics relevant for air qual-
the results to be scaled linearly to perturbations of differentity (i.e., MDA8 O3). It is essential to understand how well
magnitudes (Fiore et al., 2009). The applicability of scalingthe models reproduce the observations before interpreting
and linearity of an @response to changes in precursor emis-the perturbation simulation results. Figure 4 shows monthly
sions with respect to the HTAP experiments is discussed imean MDA8 G from each of the 16 CTMs, the CASTNet
further detail by Wu et al. (2009). In our analysis all models observations, and the multi-model mean for the Mountain
were sampled at the lowest model level in the grid cell con-West and Southeast regions (Fig. A4 illustrates the model
taining the measurement site. We present uncertaintyas 1evaluation for the other seven regions). Recall, here (and
of the multi-model mean unless otherwise stated, wheee  onward) we present regional values as averages of the obser-
calculated from the simulated values at each site. The spreagations from regionally-representative sites and the models
across models is just one metric for quantifying the uncer-sampled at those sites. The multi-model mean represents the
tainty in a multi-model ensemble (Fiore et al., 2009). The observations quite well in most regions during most seasons
model values are determined in a way directly analogous tavith a mean-2=0.57 (average of all multi-model mean vs.
the CASTNet observations: daily regional mean MDA O observations correlations in Table 3 in all regions and sea-
values represent the average of the values at each of the reens), although the individual models span a wide range (76—
gionally representative sites. 145% of observations during spring in the Mountain West
and 77-151% of observations in the Southeast during au-
tumn). The greatest model spread occurs during summer for
3 Model evaluation with CASTNet observations most regions (modeled values are 45-227% of observations
depending on the region). In most cases, a given model per-
Utilizing observations alone to directly determine “sensitiv- forms similarly across all regions (i.e., if it overestimates ob-
ities” (i.e., responses to emissions changes) is very difficultservations in the Mountain West, it also overestimates ob-
Such efforts have been made at elevated free troposphergervations in the Southeast and elsewhere). A review of
sites like the Mt Bachelor Observatory (Weiss-Penzias et al. CTM studies of tropospheric{£Jound that cross-tropopause
2006) using theAHg/ACO enhancement ratio as a metric for transport, deposition, humidity and lightning all contribute
guantifying the Asian contribution to air sampled in the US. to inter-model differences (Wild, 2007). Near the surface,
However, similar studies at lower elevation sites (e.g., Gold-uncertainties in deposition, humidity and isoprene chemistry
stein et al., 2004; Fischer et al., 2009) concluded that it isare probably driving the inter-model spread shown here.

www.atmos-chem-phys.net/9/5027/2009/ Atmos. Chem. Phys., 9, 50222009
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Table 1. Climatology of exceedance days for each region (defined as MDAS7G ppbv). Exceedance days for “Region” are determined
by averaging the number of exceedance days from each regionally representative site in that region. Site-specific exceedance days occl
when the daily MDA8 @>75 ppbv for that site.

California Northwest Mtn. West Midwest Great Lakes

DEV YOS Region MOR NCS Region PND GRC MEV Region BVL CAD STK Region MKG DCP OXF SAL

1988 - - - - - - - - - - - - - - 47 0 58 0
1989 - - - - - - 0 0 0 0 22 3 0 8.3 22 23 32 21
1990 - - - - - - 0 0 0 0 17 4 0 7 18 24 25 16
1991 - - - - - - 0 1 0 0.3 24 2 0 8.7 38 30 34 24
1992 - - - - - - 0 3 0 1 7 3 0 3.3 13 10 8 11
1993 - - - - - - 0 0 0 0 4 2 0 2 27 16 17 0
1994 - - - - - - 0 1 0 0.3 18 3 7 9.3 17 24 27 20
1995 - - - 0 0 0 0 0 0 0 24 7 11 14 13 20 16 23
1996 7 41 24 0 0 0 2 3 0 1.7 16 1 9 8.7 12 31 24 18
1997 6 9 7.5 0 0 0 0 0 0 0 8 6 2 5.3 6 16 19 11
1998 13 26 19.5 0 0 0 0 0 0 0 19 13 6 12.7 26 30 31 15
1999 10 30 20 1 0 0.5 1 5 0 2 27 22 11 20 20 47 36 26
2000 8 28 18 0 0 0 3 2 3 2.7 8 12 5 8.3 5 11 10 8
2001 10 22 16 0 0 0 0 0 0 0 5 3 4 4 22 8 7 5
2002 12 69 40.5 0 0 0 1 12 1 4.7 21 12 8 13.7 19 27 26 20
2003 12 43 27.5 1 0 0.5 0 2 1 1 10 2 4 5.3 5 7 9 7
2004 9 37 23 0 0 0 0 2 0 0.7 0 1 0 0.3 2 1 2 1
Mean 9.7 339 218 0.2 0.0 0.1 0.4 19 0.3 0.9 144 6.0 4.2 8.2 18.4 19.1 224 133

Far Northeast Northeast Southeast Florida/Gulf

HOW ASH Region CTH PSU WSP Region SND CDZ SPD CND Region EVE SUM Region

1988 - - - 35 37 0 24 - - - - - - - -
1989 - - - 10 8 33 17 14 0 1 0 3.8 - - -
1990 - - - 10 19 31 20 37 0 21 0 145 - - -
1991 - - - 30 39 49 39.33 6 0 6 2 35 - - -
1992 - - - 12 14 23 16.3 7 0 4 7 4.5 - - -
1993 2 0 1 12 29 35 25.3 16 0 2 17 8.8 - - -
1994 1 1 1 8 15 33 18.7 3 19 6 10 9.5 - - -
1995 2 0 1 11 17 42 23.3 16 19 16 11 155 - - -
1996 O 0 0 6 13 18 12.3 12 7 0 13 8 - - -
1997 2 1 15 10 14 14 12.7 8 10 11 26 13.8 - - -
1998 1 0 0.5 14 7 36 19 48 27 25 42 35.5 2 10 6
1999 2 1 15 12 26 34 24 52 33 23 32 35 3 4 35
2000 O 0 0 2 10 17 9.7 33 16 21 9 19.8 0 7 3.5
2001 2 0 1 10 17 26 17.7 9 4 9 9 7.8 0 2 1
2002 1 2 15 17 27 40 28 16 16 23 20 18.8 0 0 0
2003 1 0 0.5 7 4 9 6.7 7 2 1 3 3.3 1 4 25
2004 O 0 0 0 1 9 3.3 0 1 0 1 0.5 0 0 0
Mean 1.2 0.4 0.8 12.1 175 26.4 18.7 178 9.6 10.6 126 126 0.9 3.9 2.4

Table 3 summarizes the observations vs. multi-modelshow daily MDA8 G from observations, the multi-model
mean MDA8 @ statistics for spring, summer and autumn mean and & of the multi-model mean for spring, summer
in each region. Seasonal statistics are calculated from thand autumn for the Mountain West and Southeast regions
daily MDA8 O3 values;n~90 for each season. Note, we (the other 7regions are shown in Fig. A5). In all regions,
have excluded winter (DJF) from our analysis for space conthe spread of the models (indicated by the relativef the
siderations and because it is typically not a season of strongulti-model meang, ,,,, defined a®muiti—modelmeandivided
long-range transport from Asia to North America (comparedby multi-model mean) peaks in summe,. , ranges from
to spring and autumn), surfaces @ at its annual minimum  0.20-0.25) and reaches a minimum in spriag,{ ranges
in almost every region of the US and exceedances of the nafrom 0.12-0.16). The multi-model mean correlates well with
tional Oz standard are rare. Correlations between the modelshe observed values on synoptic time-scales, capturing large
and observations averaged over the regionally-representativehanges occurring over days to weeks. However, correla-
sites are generally stronger in the Eagtranges from 0.37—  tions are somewhat weaker in daily comparisons because the
0.80; mean-?=0.61) than in the West-€ ranges from 0.22— CTMs often fail to capture the magnitude of the day-to-day
0.81; mean-2=0.49) and slightly more so in spring and fall variability.

(2 ranges from 0.22-0.81; mea?=0.59) than in summer
(r? ranges from 0.32-0.73; mear=0.53). In Fig. 5 we
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Table 2. Seasonally-averaged MDA8sQleviations from the cli-
matological mean for the HTAP year (2001) for each region. As we 0y
have defined it, a “high” (“low”) MDA8 @ season is one in which 60 T A N N
the seasonal deviation from the climatological average is greater RN~ === =\ A\ R
than +3% (more negative than3%). A “normal” MDA8 O3 sea- o | o ECHAMe
son, therefore, is one in which the seasonal mean did not deviate by . o FRSGoLC)
more thard=3% from climatology. g P Mountain West Region N\ - CEMAQIpD
£ 20 — {Fng%.SpCJS?WS
Region Season Type of&eason in 2001 g JPMAMIIASOND e
% deviation from climatological mean) 2" - —8- LLNL-IMPACT
(% g o%s+—-W — —5— MOZARTGFDL
. s 1 MOZECH
High  Normal Low 85 T RN —=— OsloCTM2
75 1 i'g\élSS-JRC
Northwest MAM +11.1 65 + —— Multi-model mean
JIA -19 55 1
SON  +85 5
California MAM +1.5 zz &
— ] Southeast Region
JJA 07 15 t t t Oiu ieasi ie Iioni t t
SON -0.7 JJFMAMUJ JASOND
Mtn West MAM -1.2 Fig. 4. Observed (solid red triangles; same as in Figs. 2 and 3)
JIA —0.4 monthly mean MDA8 @ for the (a) Mountain West Region and
SON —03 (b) Southeast Region, calculated by averaging the data from the
Midwest MAM +1.7 regionally-representative sites shown in Fig. 1 (GRC, MEV and
JIA +0.7 PND for the Mountain West region; CDZ, CND, SND and SPD for
SON —2.4 the Southeast region). Monthly mean MDA§ @alues (sampled at
Great Lakes MAM -0.1 the lowest layer) from each individual model (open squares) and the
JIA —6.2 16-model mean (solid black squares) were determined by averaging
SON +1.4 the results from the grid box where each regionally representative
Far Northeast MAM  +5.8 site is located. Note the large bias in the models during summer in
JIA _0.2 the Southeast region and also the difference in y-axis ranges.
SON +5.0
Mountain West Region Southeast Region
Northeast MAM -12 ‘ ‘ ‘ ‘
JIA —-0.6
SON +8.2
Southeast MAM +2.2
JIA -3.7
SON  +4.2 <
el
Florida/Gulf MAM —-4.5 &
JIA —7.2 o
SON -3.2 2
o
=

While the multi-model mean captures the magnitude of
MDAS8 O3 and frequency of exceedance days in the western
US quite well, large positive biases are found along the East
coast and westward into the Midwest region from summer

and into autumn. Table 3 illustrates these seasonal biases iﬂg 5. Daily MDA8 O from observations (red line), multi-model

the multi-model mean for each region, ranging from +5 10 ean (black line) anddt of the multi-model mean (gray shading)
+20 ppbv. The largest positive biases in modeled MDAB O or spring (MAM), summer (JJA) and autumn (SON) in the Moun-
occur in the Southeast and Great Lakes regions during sumain West region (left) and Southeast region (right) averaged over
mer. Interestingly, in the region of most complex terrain the regionally-representative sites depicted in Fig. 1. Note the range
(Mountain West) where one could imagine the models hav-of magnitudes on the y-axes.

ing a difficult time accurately capturing the magnitude of

O3 the multi-model mean actually exhibits the smallest biasmodel grid cells as emissions og@recursors are artificially
(ranging from +0.3 ppbv in summer t63.0 ppbv in spring).  diluted, which could contribute to the multi-model overesti-
Liang and Jacobson (2000) show that integrated ozone promate in the eastern US. Murazaki and Hess (2006) also reveal
duction may be overpredicted by as much as 60% in coarsea positive bias in MOZART simulations of{®ver the east-

—Obs

+/- 1SD of multi-model mean — Multi-model mean

www.atmos-chem-phys.net/9/5027/2009/ Atmos. Chem. Phys., 9, 50222009



5034 D. R. Reidmiller et al.: The influence of foreign vs. North American emissions in the US

Table 3. Region-by-region statistics (meanls andr2) for 2001 seasonally-averaged MDA& @om observations vs. the multi-model
mean. Exceedance days occur when MDAS-@5 ppbv and are calculated as described in Table 1. Each meanyr2 includes all daily
MDAS8 O3 values for that seasonz90.

Region MDA8 Q;, Mean + I (ppbv) 2 # Exceedance Days
MAM JJA SON JJA SON Obs
Obs Multi-  Obs Multi-  Obs Multi- Obs  Multi-
model model model model
mean mean mean mean

Northwest 346 434 3111 38t8 23+6 355 036 064 022 O 0
California 547 52+5 66+8 61+9 53+10 50G+11 046 043 0.74 16 3
Mtn West 555 52+4  56+4  56+4 446 46E7 047 032 081 O 0
Midwest 489 4747 54+10 658  38+11 43t12 060 045 070 4 10
Great Lakes 4812 49+11 56+12 72+10 38+:13 4416 0.70 046 075 11 43
Far Northeast 488 4446 38+12 48+12 338 38t11 054 048 068 1 0
Northeast 4813 48+11 5914 T7H11  40+14 4316 059 068 0.80 18 48
Southeast 5411 549 5610 726  46+11 52+12 0.71 051 044 8 34
Florida/Gulf ~ 44:11 55+7 30+£9 50£8 3649 51+7 070 071 037 1 0

ern US and hypothesize that this could be due, at least in part, Mountain West Region Southeast Region
to MOZART's exclusion of elevated point sources of emis-
sions and incomplete heterogeneous chemistry scheme. Th
authors go on to note that the fundamental nonlinearity of the s
chemistry of @Q and the heterogeneity of surface emissions
of Oz-precursors further complicate matters in simulating O
with global models. The issue of overestimating i® not
limited to global models, however. Godowitch et al. (2008),
Gilliland et al. (2008) and Nolte et al. (2008) find positive O
biases in regional models over the eastern US, as well, whictz o1 | /£
they largely attribute to uncertainties in temperature, relative £ >
humidity and planetary boundary layer height. 8 o

DA8 O; (ppbv)

Decline in MDA8 O, (ppbv)

4 Impact of foreign emissions on US surface © 03

Figure 6 shows the sum of the MDA8zQesponses across ool MW
the distribution of MDA8 Q values to emissions reductions e Smggaﬁf‘jpzzs ” e s /;‘gsg;zj;bf)"s i

in the three foreign source regions (EA + SA + EU, hereafter Foreigninfluence —m—# Days_Multi-model mean —&—# Days_Obs

referred to as “foreign emissions”). The slight multi-model

underestimate of MDA8 @during spring in the Mountain Fig. 6. Number of days for each MDA8 ©bin (right-axis)
West and overestimate in the Southeast during summer arsom the multi-model mean (black squares) and observations
depicted as offsets between the red triangles (observationdjed triangles) and the sum of the responses of MDAg O
and black squares (multi-model mean). In contrast, in thel© 20% emissions reductions of anthropogenig-fbecursors
Mountain West during summer and in the Southeast dur{NOx * CO+NMVOC +aerosols) in the three foreign source re-
. . . - ... gions (left-axis; green columns with error bars representmgfl

ing spring, the two lines nearly lie atop one another, indi-

. d in th b fd . the multi-model mean) in the Mountain West (left) and Southeast
cating very good agreement in the number of days In eaCI'(right) regions, binned by simulated MDA8zOfor spring (MAM),

bin between the multi-model mean and the observations. Ayymmer (JJa) and autumn (SON). Note the range of magnitudes on
comparison between the Mountain West and Southeast rene y-axes.

gions illustrates broad characteristics that hold true for gen-
eral East vs. West US regions (see Fig. A6 for the MDAS O
response in the seven other US regions), so we generalizepring the multi-model mean under-predicts the values in the
results where applicable. western US by a smaller amount3 ppbv). We explored

In summer, the multi-model mean over-predicts MDA8 O whether these biases were correlated with the model calcu-
in many regions by a substantial amount (10—-20 ppbv) and idated contributions from NA or foreign sources (Fig. 7a and
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Fig. 7. Bias in the multi-model mean vs. the modeled influence
from the three foreign source regions (SA+EA + EU; Fig. A3) dur- _ ) ) )
ing MAM in the () Mountain West angb) Southeast regions. Sim- 119 8- Multi-model mean (black line) andolof the multi-model

ilar plots but for the modeled NA influence during JJA are shown M€&n (gray shading) in the day-to-day variability of the sum of

for the (c) Mountain West andd) Southeast regions. the responses of MDA8 $to 20% emissions reductions in an-
thropogenic @-precursors (N@+ CO + NMVOC + aerosols) in the

three foreign sources regions (SA+EA+EU; Fig. A3) for the
b). For spring, the negative bias shows a statistically Sig_Moun’[aln West (left) and Southeast regions (right). Note the range

nificant relationship with the model calculated foreign con- of magnitudes on the y-axes.
tribution both in the western US and the Southeast region.

This relationship holds true for most regions of the country |, Fig. 8 we show the multi-model mean (black line)

('Fig. AT). For summer, the multi-mode! mean shows essen- q (gray shading) summed MDA8Jesponse to the for-
tially no relationship between the positive bias and modelgjq emissions reductions of 20% at daily resolution for the

calculated NA contribution.  These results suggest that thq ntain wWest and Southeast regions (Fig. A8 shows the re-
multi-model mean may be under-predicting the foreign con-g, 15 for the other seven regions). Note that in contrast to

tribution, however other factors that vary in the same wayrjq 5 there is no way to use observations to directly confirm

could also explain this result. In contrast, the lack of a rela-y,e yagyits presented in Fig. 8. The season of greatest inter-
tionship between the summer bias and the domestic contrizntinental influence (spring) is also the season of greatest

bution (Fig. 7c and d) argues that the bias is present in nearly,or model spread in the foreign influence, both in absolute
all airmasses (bias ranges fron2 to +30 ppbv), regardless .,y anq relative ¢, ,,) terms. An annual cycle in the magni-
of the degree of local ©buildup. tude of the foreign impact on MDAS8 £can be seen in all
regions, peaking in spring, declining by over 50% in summer
and increasing slightly in autumn to return to values that are
~33% below the maximum influence in spring. It is worth

Figure 6 reveals the well-documented peak in foreign influ-Noting that no model predicts a foreign influence on the order
ence on surface £in the western US during spring (e.g., of tens of pppv of@that have been reported through obser-
Holzer et al., 2005; Liang et al., 2004: Wang et al., 2006)'vat|0nal studies (Yienger et al., 2000; Kotchenru'ther et a].,
and we show here that foreign influence on surfagén@he 2001 Hudman et al., 2004; Jaffe et al., 2004; Weiss-Penzias
eastern US also peaks in spring. Each individual model sim€t al., 2004; Keating et al., 2005). If we linearly scale even
ulated this change in seasonal influences. In the western UgN€ strongest model surface; @sponse to 100% emissions
a 20% anthropogenic emissions reduction in the three NHeduction in the three foreign source regions, the maximum
foreign source regions decreases MDAGIY ~0.9ppbvin ~ €vent in the western US during spring has a summed for-
spring. In contrast, the response of MDAg @ the east- ~ €Ign contribution of~9 ppbv (-2 ppbv from SA;~4 ppbv
ern US to the same emissions reductions in spring is apffom EA; ~3ppbv from EU). However, these observational
proximately 50% less at0.55 ppbv. In the western US, the studies are not directly comparable to the multi-model results
summed response to foreign emissions reductions of Zoo/gresented .here for several reasons: (1) most of_these obsgrva—
is ~0.5ppbv in summer and-0.6 ppbv in autumn. Simi- tional studies are free tropospheric/elevated aircraft studies,
lar values for the eastern US are.2 ppbv in summer and Whereas we focus on surface,@2) the observational stud-
~0.4 ppbv in autumn. ies often focus on foreign influence within a plume, whereas
the multi-model results have been averaged over a large spa-
tial area, and (3) observational studies typically attribute

4.1 Seasonal and regional differences in the influence
from foreign emissions

www.atmos-chem-phys.net/9/5027/2009/ Atmos. Chem. Phys., 9, 50222009
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total contribution from a given source region, whereas we ! VA o Europe
are quantifying a 20% reduction in emissions from a given _°*|p B EastAsia
source region and any linear extrapolation introduces uncer-3 °® [fi o SounAsia
tainty (Wu et al., 2009). 2 07 Calfora

0.6 HllF--=- 7 - -1 I -- b I I W Northwest

os | g = Mtn. West

m Midwest
Great Lakes
Far NE

= Northeast

B Southeast
Florida / Gulf

4.2 Influence of foreign emissions over the range
of MDAS8 O 3 values

04 1§

03

Decline in MDAS8 O3

From a policy-perspective, it is important to understand
how intercontinental transport of pollution affects different N
parts of the @ distribution. If foreign emissions have a - 4 1DAB O (aoby)
greater impact at the high-end of the @istribution (i.e.,

are significantly contributing to exceedances in air quality rig. 9. The multi-model mean springtime (MAM) response of
standards), efforts at formulating international air pollution MpAs O3 to 20% emissions reductions in anthropogenig- O
treaties should be a priority (Holloway et al., 2003). Fig- precursors (NQ+CO +NMVOC +aerosols) in the three foreign
ure 6 (and A6) show(s) that in the western US during spring,sources regions (SA+EA+EU; Fig. A3), binned by simulated
there is a nearly constant response across the MDASI® MDAS8 Og, for each of the nine geographic regions illustrated in
tribution (~0.9 ppbv reduction in response to a summed 20%Fig. 1. For clarity, we have omitted error bars, but for each region
emissions reduction). This result is simulated in each indi-N €ach bin, the cumulativerl(i.e., sum of thes for each source re-
vidual model. In contrast, during summer in the western Us 9ion) of the multi-model mean is approximatef). 15 ppbv. Miss-
there is a decreasing influence from intercontinental transpoW%ﬁﬁE |tnt<)zl_|cate that no values from the multi-model mean fel
as MDAS8 G values increase. This leads us to conclude that' " naten-

while intercontinental transport significantly affects higg-O ) o )
values during spring in the western US, it is less of a con-though the difference is within the uncertainty as measured

cern during summer, when most exceedances of air qualit)by theo in the individual model responses. The SA influence
standards oceur. from a 20% reduction in anthropogenig-@recursor emis-

Shifting our attention to the eastern US regions in Figs. 6S10ns is 0.05-0.10 ppbv V_Vith little v_ariability across the range
and A6, the influence of foreign emissions of MDA @ _Of MDA O3 valugs and in the various US regions. The EU
spring (and autumn) is greatest@.7 ppbv in response to a ""_““?”C? peal_<s n the 35-65ppbv range of the MDAS O
summed 20% emissions reduction in EA+ SA +EU) at low distribution, with t_yplcall dgcreases O.f O'Z_O'Af ppbv from a
values of MDA8 G and steadily declines towards higher val- 20% anthropogenic emissions reduction. The impact of 20%

ues. In contrast, the effect of foreign emissions reductions iFmissions reduction from EA on MDA8(Js a~0.45 ppbv

fairly flat across the @distribution during the “@ season” reductm_n in the western US (C_a I|forn|a,_ Northwest and
of summer. It is also worth noting that the effect of inter- Mountain West regions) that is fairly consistent across the

continental transport is greater at higher latitudes (Northeas_P3 distribution. Elsewhere (i.e_., east of Fhe ROCki?S)’ the EA
s~0.25 ppbv with maximum EA influence in the 35—

and Great Lakes regions) than in the Southeast. While thdmpacti S
response in MDA8 @to foreign emissions reductions is rel- 55 ppbv range of the MDA8 Qd|str|but_|on._

atively small on the East coast (0.2—-0.45 ppbv), the effect is We can also use the Tesu“s shown in Fig. 9 to compare the
still significant at high-@ values. If Q-precursor emissions EA influence to trends in backgrouncy@ the western US

continue to grow abroad (particularly in the EA and SA re- four;dolg pr(;wouz stgd|e§. As F'g' 9. shﬁws, 04 ppbvsof the
gions), intercontinental transport will play an increasing role ;ota -hpp2 vore upthn n MdDA . @m.t © West((ajrnl uS is
in air quality exceedances in the eastern US. ue to the 20% emissions reductions in EA (model extremes

show the EA contribution ranging from 0.20-0.64 ppbv). As-
suming linearity, it follows that a 10%/yr increase in EA pre-
cursor emissions would correspond to an increase in MDA8
of ~0.2 ppbv/yr (full range of models: 0.10-0.32 ppbv/yr),
swhich is similar in magnitude to the 0.34 ppbv/yr increase in
MDAS8 O3 to 20% anthropogenic emissions reductions in theMean da)_/tlme @reported by_ Jaffe and Ray (20_07)' While
three foreign source regions for each of the nine US regiondn® magnitude —and even existence —of trends in background
during spring across the MDA8 {istribution. In almost O3 in the western US remains de.batable (e.g., Jaffe and Ray
all regions (and seasons) the influence from EA is slightly2007: Oltmans et al., 2008; Parrish et al., 2008), the results
greater than that from EU, both of which are far greater thanpresented herein will allow future investigations to compare

that from SA. Each individual model simulated this result. possible trends to the well-documenteg-@ecursor emis-

The lone exception to this is in the Northeast region whereSiOns increases in East Asia (Irie et al., 2005; Richter et al.,

the EU influence is slightly greater than that from EA, al- 2005).

4.3 Response of US MDAS8 @to emissions in individual
source regions

Figure 9 illustrates the multi-model mean response o
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5 North American emissions and US surface @ Mountain West Region Southeast Region

In Fig. 10 (Fig. A9) we present the MDAS8 Lresponse
across the distribution of MDAS8 ©values to the 20% emis-
sions reductions in the NA source region. As was the case for
the foreign emissions reductions simulations, a comparison:: o
between the Mountain West and Southeast regions illustrates> o
broad characteristics that hold true for general East vs. Wesig
US regions (see also Fig. A9) in the NA simulations, as well.
In contrast to Fig. 7a and b (the foreign influence), Fig. 7c
and d (Fig. A7) shows that there is little correlation between
the simulated NA influence and the multi-model bias.

Decline in MDA8 O, (ppbv)

Decline in MDA

5.1 Seasonal and regional differences in the influence

from NA emissions 0s .
* 0-35 3545 45-55 55-65 65-75 75+ -’ : 0-35 3545 45-55 5565 65-75 75+
In contrast to the foreign influence, Fig. 10 (Fig. A9) shows MDA8 O (ppbv) MDA O, (ppbv)
that the impact from NA emissions reductions peaks in sum- S NAnfuence ~=3 Days Muf-modelmean. —4~# Days._0bs

mer. For all regions, the inter-seasonal difference (i.e., sum-_, - . .

0, -
mer vs. spring/autumn) is-25% when the comparison is ::r:?(;p:t)%e:ii (;pﬁféu?éot;:t(lzcgfgg fmll\i\sll(gr(;irzs:gcstgg;i::hzn
done between days with the same MDAS, Whereas for

. o . - . North American source region (shown in Fig. A3). Note the range

the foreign emission reductions the inter-seasonal differ-o magnitudes on the y-axes.
ence (i.e., spring vs. summer/autumn) is far greater at 30—
60%. If these comparisons are made for all days, then the
inter-seasonal difference would be a factor of 2 or more. Mountain West Region Southeast Region
This is largely driven by prevailing meteorology that allows | ‘
for foreign emissions to be transported most efficiently in
spring. NA emissions reductions have a far greater impact
on MDAS8 O3 in the eastern than western US. The maxi-
mum MDAS8 Os response from the daily data (Fig. 11) for
the Mountain West region is 2.6 ppbv in spring, 3.4 ppbvin Q |
summer and 3.0 ppbv in autumn, whereas in the Southeasté
these same values are 5.0, 6.3 and 5.8 ppbv, respectively. Ths:
effect of NA emissions reductions is almost twice as great in % °
the eastern US because the density of anthropogenic precuid *
sor emissions (per unit surface area) is much higher east o :
the Mississippi River, in addition to large altitude differences
and the associated differences in transport and chemical pro ; |
cessing. s 0 " s 0 N

Figure 11 (Fig. A10) illustrates the day-to-day variability
in the impact these 20% NA anthropogenic emissions reducEig- 11. As in Fig. 8, but for a 20% emissions reduction of an-
tions have on MDAS8 @. As was the case in Fig. 8 for the for- thropogenic @-precursors (NQ+ CO +NMVOC +aerosols) in the
eign influence, the inter-model spread is greatest in the sezﬁ‘orth American source region (shown in Fig. A3). Note the range
son of maximum influence (i.e., summer in this case), both inOf magnitudes on the y-axes.
absolute §) and relative ¢, ,,) terms. Depending on the sea-
son and range of MDA8 ©values in consideration, a 20%
reduction in domestic anthropogenig-Precursor emissions the Gego et al. (2007) study focuses on Nemissions re-
results in a 4-7% (3—-5%) decrease in MDAgi®the South-  ductions alone (whereas the HTAP simulations also reduced
east (Mountain West). Consistent with our findinggég@ et  CO, VOCs and aerosols), but if we were to linearly scale
al. (2007) show that in response to the N&ate Implemen- their results, a 20% NPemissions reduction would cause
tation Plan Call — implemented in the early 2000s to reduce? ~6% decrease in MDA8 ©in the Southeast, within the
anthropogenic NQ"'] the eastern US — pconcentrations 4-7% range we find through the HTAP eXpeI’imentS. Never-
at CASTNet sites in the Southeast fell 5y18% on average theless, the large positive biases in the eastern US underscore
to a~60% NQ, emissions reduction from July 1997-July the need for a better understanding and model parameteriza-

2004. A direct comparison to our results is difficult since tion of Oz chemistry and transport.

8 O, (ppbv)

Decline in MDA8 O, (ppbv)
=
} £‘
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5.2 Influence of NA emissions over the range = 6
of MDA8 O3 values 2. | | California
a7 B Northwest
. ) . ) o ] | | Mtn. West
Figure 12 illustrates the binned summertime (JJA) responseo 4] ® Midwest
of MDA8 Og to a 20% reduction in NA anthropogenigO £ 54 | Great Lakes
precursor emissions for all regions. As MDAg @creases, = | Far NE
the impact NA emissions reductions have on MDAS i®- s 2] | Northeast
. . . . c ] B Southeast
creases in a fairly linear manner. Godowitch et al. (2008) 5 11 Florida / Gulf
reach a similar conclusion in finding that greater absolute & |
decreases in MDA8 ©occur at higher concentrations in re- 0-35 35-45 45-55 55-65 65-75 75+
sponse to N@emissions reductions due to the NSIP Call. MDAS O3 (ppbv)

If we look at a region with data in the majority of MDA8Z0
bins (e.g., Northeast region), we find that the relative de-Fig. 12. The multi-model mean summertime (JJA) response of
crease in MDA8 @ remains fairly constant at6% in re-  MDA8 Oz to a 20% reduction in anthropogenicz{precursor
sponse to a 20% emissions reduction. The relative decreadgssions (NQ+CO +NMVOC + aerosols) in the North American
is similarly constant across thes@istribution for western re- source region (Fig. '6.‘3)’ b.'nned by simulated MDAg,Gor each

. . L of the nine geographic regions of the US. Error bars represenf 1
gions, although the magnltude of the change is slightly Iowerthe multi-model mean response.
at ~4%. In comparing the NA (Figs. 10 and A9) vs. for-
eign (Figs. 6 and A6) emissions reductions scenarios in their
respective seasons of greatest influence, Fig. 10 (Fig. A9) ] ) ) ) ]
shows that the MDAS8 @response is 2-10 times greater for Results from the perturbation simulations in which for-
NA emissions reductions in summer than for emissions re-8ign (SA + EA + EU) anthropogenic4precursor emissions
ductions abroad in spring (Figs. 6 and A6). Coupling this (NOx+NMVOC +CO + aerosols) were reduced by 20%,
with the fact that the NA emissions reductions have the greatShow that the greatest impacts on MDA (-0.9 ppbv) are
est effect on MDA8 @when G air quality is typically ofthe N the western US during spring and that these responses are
greatest concern (i.e., summertime high@ents; Fiore et relatively flat across the gdistribution (Figs. 6 and A6). In
al., 2002, 2003) we conclude that NA emissions reductionscontrast, the eastern US shows a more muted MDA8€D
remain a far more effective means of reducing the number ofPoNse to anthropogenic emissions reductions abroad. The
exceedance days, particularly in the eastern US. maximum response is still seen in spring (also with a sum-

mer minimum), but the magnitude of the responses decreases

from ~0.65 ppbv at low MDA8 Q@ values (35-45 ppbv) to
6 Summary and conclusions ~0.30ppbv at high @ values (65+ ppbv). For the foreign

emissions considered (Fig. 9; SA vs. EA vs. EU), we find
We present multi-model results from the HTAP experimentsthat EA emissions have the greatest effect on US air qual-
which reduced anthropogenics@recursor emissions by ity in almost all regions a_nd. seasons (0.35-0.45 ppbv) fol-
20% in four northern hemispheric source regions. We quanlowed closely by EU emissions (0.25-0.35ppbv), both of
tify the influence of foreign and NA emissions reductions on Which have a far greater impact than SA emissions (0.05—
surface MDAS @ throughout the US. We began by develop- 0.15 ppbv). The _exce_ptlon to this is in the Northeast, V\_/here
ing a novel method to determine “regionally-representative” e EU influence is slightly greater than that from EA. Simu-
sites to which the multi-model results were compared (Figs. 2&tions in which anthropogenic4precursor emissions were
and Al). We provided context for the year of the HTAP simu- "educed by 20% in the NA source region (Figs. 10 and A9)
lations (2001) by comparing with 17 years of CASTNet data "eSulted in a far greater impact on @ir quality than foreign
(Figs. 3 and A2). Through this analysis, we find that most&missions reductions — by a factor of 2-10 — in the seasons
regions of the US experienced “normal” (i.e=3% of the of maximum mfluenge (spring fpr forelgn a_nd summer for
1988-2004 climatology) ©seasons for 2001. Our evalua- NA emissions reductions). Consistent with Fiore etal. (2002,
tion of the CASTNet observations to the “base-case” result2003), the largest effects on MDA&®4—6 ppbv) are seen in
from the multi-model simulations (Figs. 4-5, and A4—A5; the eastern US during summer at the high end of theli®
Table 3) revealed that individual models exhibit a very wide tribution (65+ ppbv). The western US also sees a maximum
spread (e.g., max-min model differences of up-90ppbv ~ MDA8 Og response in summer, but it is onty3—4 ppbv.
during summer in the Southeast), but that the multi-model These results should be interpreted in the context of the
mean represents the observations in most regions and seasaight underestimation of MDA8 & by the multi-model
quite well (mean-2=0.57 for all regions and in all seasons; mean in the western US during spring, which may cause the
mean annual biases typicallys ppbv). A notable exception influence of foreign emissions on surface MDA @ be
to this is in the eastern US, where large positive biases existinderestimated here (Figs. 7a, b and A7). Also, the large,
especially in summer (9—20 ppbv20-30%). positive biases in the multi-model mean in the eastern US
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during summer may cause the estimates of the NA emissions tal source-receptor relationships for ozone pollution on human
reductions in summer to be overestimated, though the lack of mortality, Environ. Sci. Technol., accepted, 2009.
significant correlations in Fig. 7c and d (Fig. A7) precludes aCooper, O. R., Stohl, A., Eckhardt, S., Parrish, D. D., Oltmans, S.

definitive conclusion. It is difficult to quantify how these bi-
ases influence the estimated magnitudes of the surface-O

sponse to emission perturbations since the source(s) of these

biases remains unknown. In light of this, our study still

shows that while the impact of foreign emissions on surface.

ozone in the US is not negligible — and is of increasing con-
cern given the recent growth in emissions in Asia — domestic

emissions reductions remain a far more effective means of

decreasing policy-relevant MDA8{alues (i.e., above the
current air quality threshold of 75 ppbv), particularly in the
O3 season.
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