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Introduction

Ozone (O3) can mainly be found in two layers of our atmosphere. High concentration of ozone can be found in stratosphere, which provides beneficial function of protecting our skin by preventing direct radiation from reaching the Earth’s surface. Ozone can also be found in troposphere where ozone serves as an important source of hydroxyl radical. Hydroxyl radical is often addressed as the “vacuum cleaner” of the troposphere for its function as an oxidant that quickly reacts with pollutants and some greenhouse gases.  However, tropospheric ozone is a subject of regulation because tropospheric ozone itself serves as an effective greenhouse gas and causes undesired social implications such as degradation of air quality, reduction in crop yield, damage to ecosystem, and detrimental health effects such as respiratory illness and premature mortality (Casper-Anenberg, 2009).  Ozone on the US surface is regulated with 8hr primary ozone standard to protect public health (regulation of smog, air quality and prevention of detrimental health effects) and 8hr secondary ozone standard to protect public welfare (damage to ecosystem and reduction in crop yield). (EPA, "US Environmental Protection Agency.")
Modifications on ozone regulation standards have been constantly proposed and accepted from the past along with advancement in studies on undesired impacts of ozone. In 1997, primary standard of ozone was modified from 0.12 [ppmv] (1-hour average, not exceeded more than once per year) to 0.08 [ppmv] (8-hour average, not to be exceeded more than three times per year); further modification was made, lowering the standard to 0.75 [ppmv] (8-hour average) in the 2008 final rule.  Stricter regulation on the primary standard for ozone is expected in near future, since EPA proposed a new regulation policy in 2010 that sets a tighter limit of 0.060 to 0.070 [ppmv] for primary ozone standard. Proposed policy also aims at changing secondary ozone standard, setting to 7-15 [ppm-hours] distinct cumulative seasonal “secondary” ozone standard. (EPA, "US Environmental Protection Agency.")
Stricter regulation standards drew more attention to factors that contribute to the exceedance of policy limits. Transportation of foreign pollutants and “background ozone” (Table. 1) on US surface were highlighted for potential risks of significant foreign dependency and domestic uncontrollability on clean air regulation. Alarming growth in major ozone precursor emissions (NOx, CO, and NMVOC) resulting from increased fossil fuel consumptions in emerging countries further inflated the concerns for the tropospheric ozone regulation. In fact, the increase of ozone precursor emissions from developing nations is addressed as the major cause for the higher tropospheric ozone concentration (Cooper et al., 2010).  
Various regions are of interest, including North America (NA), Europe (EU), East Asia (EA), and South Asia (SA). Among the regions, concerns were raised especially on East Asia because EA is considered as the region with the fastest growing zone precursor emissions with the potential of having significant influence on US. Numerically, South and East Asia’s Nox emissions increased 44% during five years from 2001, with notable increase of 55% in china alone; with a maximum of upto 29% per year from 1996 to 2005 (Cooper et al., 2010). Zhang et al., stated that during 1996-2004 period, Chinese anthropogenic NOx emissions were estimated to have total growth of 61% for that period in the bottom-up inventory (Zhang et al., 2007) and 95% for satellite data (van der A et al., 2006). This trend is in contrast to North America and Europe, both of which show a decreasing trend in the NOx emission (Cooper et al., 2010). 

Ozone chemistry and transpacific transportation from Asia

                The transport of Asian ozone to US surface involves two major important mechanisms. First mechanism involves chemical production of tropospheric ozone, which consists of several ozone precursor molecules.  Key reactions in ozone photochemistry are included in Table2. Key reactions in photochemistry. Tropospheric ozone is produced through hydroxyl radical (OH) initiated photochemical oxidation of ozone precursors, such as carbon monoxide (CO), non-methane volatile organic compound (NMVOC), and methane (CH4), leading to the formation of peroxy radicals HO2, CH3O2, and RO2 (R=C2H5 and higher organic groups). Reaction of these peroxy radicals with Catalytic action of nitrogen oxides (NOx) between NO and NO2, is required to produce the tropospheric ozone (Table__Key reactions in photochemistry: (R4), (R5), (R6), (R10), and (R2); Kondo et al., 2004).  Methane is gaining increasing attention for its long-term influence on tropospheric ozone production along with other traditional ozone precursors (NMVOC and CO), which are recognized for the short term response of hours-to weeks. (Fiore et al., 2009) 
Photochemical production of ozone, which is mostly limited by NOx and methane (Wang et al., 1998), dominates over the stratospheric influx (Prather and Ehhalt, 2001; Sudo and Akimoto, 2007) in global scale (L. Zhang et al., 2008). In continental boundary layer, the lifetime of ozone is in days, but in free troposphere ozone has a lifetime of weeks (Jacob et al., 1996; Thompson et al., 1996, Wang et al., 1998, Fiore et al., 2002). The non-linearity of ozone with NOx (rapid increase of ozone production efficiency (OPE) per NOx consumed with decrease of NOx concentration (Liu et al., 1987)) causes ozone production to be inefficient in continental boundary layer because of high-NOx condition; in contrast, disproportionately large ozone is produced in free troposphere over the continent and down wind by a small fraction of NOx exported to the free troposphere (Jacob et al., 1993; Thompson et al., 1994; L. Zhang et al., 2008). 
Second mechanism is the transpacific transportation of the emitted ozone precursors and produced tropospheric ozone in to the western part of the US through various advection and convective motions, followed by subsidence.  Typically, frontal lifting in warm conveyor belts (WCBs), convection, and orographic lifting exports Asian pollution to the Pacific (Liu et al., 2003; Brock et al., 2004; Liang et al., 2004; Kiley et al., 2006; Dickerson et al., 2007; L. Zhang et al., 2008). Lifted Asian pollution in the Pacific mostly splits into two air masses. The northern branch travels to the Gulf of Alaska in around Aleutialn Low, and the southern branch flows around the Pacific High with small portion of the southern branch subsiding to have impacts on the west coast of North America (L. Zhang et al., 2008).  L. Zhang et al. studied the transportation mechanism with kinematic 7-day backward and 3-day forward trajectories for enhanced CO layers as depicted in Figure1. Asian Pollution transport trajectories. The transport in free troposphere across the Pacific takes about 5-10 days (Yinger et al., 2000; Jaffe et al., 2001; Stohl et al., 2002; L. Zhang et al., 2008) with about 2-3 weeks of mean transport time to the surface of western North America (Lui and Mauzerall, 2005; L. Zhang et al., 2008).) Model analysis supports that about half of ozone transported from Asia to North America is produced in Asia, and the other half is produced during transportation across Pacific Ocean (Cooper et al., 2010). As shown in Figure 2. The origin of Transpacific Asian Ozone production, specific breakdown of the origin of transpacific Asian ozone production was studied with distinction between production in the Asian lower troposphere (up to 700 hPa), production in the Pacific lower troposphere (up to 700 hPa), and production in the middle and upper troposphere (above 700 hPa) (L. Zhang et al., 2008).

Motivation and Previous studies

	The influence of Asian ozone on US surface ozone was studied by various researches in the past and is still continued in present. Among the researches, earlier studies by Daniel Jacob and Arlene Fiore provided the basis of motivation for this research. One of the earlier papers that analyzed the impact of Asian ozone on US surface ozone was the paper “Effect of rising Asian emissions on surface ozone in the United States” by Daniel Jacob in 1999. In a short time after the primary standard of ozone modification in 1997, from 0.12 [ppmv] (1-hour average, not exceeded more than once per year) to 0.08 [ppmv] (8-hour average, not to be exceeded more than three times per year), Jacob addressed the issue with the results that twenty five percent reduction in US ozone precursor emission might not be enough to stop the increase in US surface ozone by 2010 (Jacob et al., 1999). In his studies, tripling of Asian O3 emission was expected (from 1985 to 2010) which was predicted to induce doubling of Asian enhancement over US surface which more than offsets 25% domestic emission reduction. However, the results were confined on one year from March to August, suggesting the possibility of extending the scope of the research.
	More extensive research was performed in “Background ozone over the United States in summer: Origin, trend, and contribution to pollution episodes” by Fiore et al., in 2002. Fiore et al. suggested that anthropogenic pollutions from Asia and Europe enhance afternoon US surface ozone concentration by 4-7 ppbv on average, having maximum in 50-70 ppbv ozone range when subsidence from free troposphere associated with convection events combines with subsequent ozone production in the US boundary layer. Under the events where ozone concentration exceeds 80 ppbv, background ozone transported from outside the North American boundary layer was suggested to contribute above 25 ppbv for 9% of the events and above 30-40 ppbv for 3% of the events. Also, probability distribution of background ozone concentration under the events of total ozone concentration above 80 ppbv was studied, showing the general decrease in background ozone concentration under the high ozone condition and also focusing on the small number of interesting events under which the background ozone can contribute substantially to total surface concentrations above 80 ppbv (Fiore et al., 2002). The results were analyzed with details but were based on 1995 June to August, which is confined to one summer. Moreover, the analysis was focused on general background ozone that often includes not only Asian influence but also European influence, suggesting possibility of researches more specific to East Asian influence. 

Model and Methodology

Model

A three-dimensional global circulation model, National Center for Atmospheric Research (NCAR) Community Climate System Model (CCSM)- Community Atmospheric Model (CAM-chem) version 3.65, driven by National Center for Environmental Protection (NCEP) offline meteorological fields from 2000 to 2005, by Benjamin Brown-Steiner and Peter Hess (Brown-Steiner and Hess, 2011) is used for analysis of this research. The model is with a 1.9°x2.5° degree horizontal resolution and 28 vertical layers from the surface to 2.7 hPa. Chemistry and transport algorithms used in CAM-Chem are similar to Model for Ozone and Related Tracers (MOZART), especially, MOZART-4. The chemistry includes 85 gas phase species with 29 photolysis and 157 gas-phase reactions with additional trace species and reactions to Asian precursor species from East Asia (15° to 50° N, and 95° to 160° E). Additional tracer species includes xNOx (tracer tag NOx emissions over East Asia) and O3A (Ozone that can be traced back to anthropogenic xNOx emitted over East Asia). This model provides hourly surface ozone data for every month (except for 20000701 to 20000730,  20021218 to 20030116, 20051203 to end) from 2000 to 2005, for varying longitude and latitude over US. The model results are with 95% accuracy and is used in other studies (Hess and Lamarque, 2007; Murazaki and Hess, 2006; Brown-steiner and Hess, 2011).  More details on the model can be found in Brown-steiner et al., 2011. 

Methodology
	
	Geographical and seasonal patterns of Asian Ozone influence on US surface ozone are analyzed by dividing US into 8 regions (R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)) corresponding to four time zones and high and low latitudes (Figure 3.). The analysis is performed on 6 year results (2000-2005), focusing on Spring  (high Asian influence) and Summer (high total ozone on US surface). Influence of Asian ozone is of interest, but the research is more specifically focused to the influence of East Asian (15° to 50° N, and 95° to 160° E) ozone, here after referred to generally as Asian ozone. Rather than observing the general behavior of Asian ozone, this research focused on the policy perspective by analyzing the results with the concept of 8 Hour Maximum Average Ozone Concentration (Table 1. Important terms and concepts). 

Results

Ozone and Asian Ozone concentrations behavior for spring and summer- Contour-plots

Ozone (O3_8) and Asian Ozone (O3A8_OD, O3A8) concentration patterns were analyzed with contour plots (Figure 4 & 5), focusing on spring and summer. The contour plots represent ozone and Asian ozone concentrations over varying latitudes and longitudes averaged over a month. Spring and summer are focused for reasons that spring has the highest Asian Ozone concentration and summer has the highest total ozone concentration. Moreover, 8-Hour Maximum Average Asian Ozone concentration (O3A8) and 8-Hour Maximum Average Asian Ozone concentration dependent on 8-Hour Maximum Average Ozone concentration occurrence time frame (O3A8_OD) are compared.

Ozone (O3_8)

Ozone concentration in summer (>90 ppbv for most peak values) is generally observed to have higher values than that in spring (<70 ppbv for most peak values) in most regions (Figure 4 & Figure 5). Geographically, ozone concentrations in eastern regions (R4-R7) are greater than that in the western region (R0-R3) except for the Pacific South (R0) for certain events. 
In spring, usually regions in the lower latitude (R0, R2, R4, R6) have greater concentration than in the upper latitude (R1, R3, R5, R7). Specifically, in spring, Pacific South (R0) and Eastern South (R6) have higher concentration of surface ozone concentration than other regions. In summer, concentration toward the eastern region (Eastern South (R6), Eastern North (R7)) has higher concentration of ozone than in the western region (PS (R0), Pacific North (R1)). Eastern region, especially EN (R7) has the highest ozone concentration, exceeding 100 ppbv in some occasions during summer. 

Asian Ozone (O3A8_OD and O3A8)

	Asian Ozone concentration (O3A8_OD, O3A8) in spring (>6 ppbv for some events) is higher for most regions than in summer (<3 ppbv for most events) as shown in Figure 4. and Figure 5. Geographically, western regions (>6 ppbv for some events) have significantly higher concentration of Asian ozone than those in the eastern regions (<1.5 for most regions). Also, higher latitude regions (R1,R3,R5,R7) tends to have higher concentration of Asian Ozone. Throughout the seasons, highest Asian Ozone values are observed in PN (R1) during spring, and the lowest values are observed in ES (R6)) during summer. 
The regions with highest Asian ozone concentration have notable changes from spring to summer that regions move toward the east as the season changes. As shown in Figure 4, from spring (PN (R1)) to summer (PN (R1), Mountain North (R3), Mountain South (R2)) the regions with the highest/higher ozone concentration moves toward east and spreads to wider regions over southern region (MS (R2)). An interesting pattern observed is that the Asian Ozone over PS (R0) has elongated elliptical pattern of low concentration that constantly recurs over various years during spring and summer. In the similar location, relatively high concentration of ozone (O3_8) concentration is found in ozone contour plots during summer. 

Difference between O3A8_OD and O3A8

The time frame of 8 Hour Maximum Average Ozone concentration (O8t) and that of Asian Ozone concentration (A8t) does not overlap in many events (as will be discussed further in future studies).  Refer to Table 1. for definitions of important terms (O8t, A8t, O3A8,O3A8_OD,etc). Therefore, the A8t dependent 8-Hour Maximum Average Asian Ozone concentration (O3A8) and O8t dependent 8-Hour Maximum Average Asian Ozone concentration (O3A8_OD) have different values for most of the cases (Figure 4). O3A8 has higher concentration of Asian Ozone than O3A8_OD for most cases, unless O8t and A8t occur at the same time and O3A8 and O3A8_OD results in same values. 
In regulation policy perspective, the contribution of Asian Ozone during highest total ozone concentration of a day is of the interest, since regulations are imposed in order to provide protection against the harmful impacts of high ozone concentrations. Therefore, O3A8_OD, which is the 8-Hr averaged Asian Ozone concentration in the same time frame during Maximum total Ozone concentration (O3_8) of the day, is the focus of this study. In order to study the difference in behavior of the O3A8 and O3A8_OD, the two were analyzed on the contour plots. O3A8 and O3A8_OD display similar patterns on the contour plots; however, O3A8 has broader spread of regions with high Asian Ozone concentration and less spread of regions with low Asian ozone concentration, which is expected for that O3A8 generally has higher values. 

Comparison with other studies

The contour plots are in relatively good agreement with previous studies. As was described above, western regions are under higher concentration of Asian Ozone than the eastern regions (Jacob et al., 1999; Fiore et al., 2002; L. Zhang et al., 2008). Specific patterns were in agreement, for example, the PN (R1) and PS (R2) are depicted as the region with the highest Asian Ozone concentration during summer (Jacob et al., 1999; Fiore et al., 2002; L. Zhang et al., 2008). In this paper’s results, similar pattern is observed in most of the cases and PN (R1) is depicted as the region with the highest influence; however, the pattern is observed slightly earlier in the early spring (Figure 4) and the pattern expanded to broader regions in summer. The Asian ozone concentration values in contour plots are not comparable to the two studies because the subject of comparison are not in agreement; Jacob’s paper is prediction of 2010 emission condition and Fiore’s paper is prediction of enhancement of O3 in surface air over US resulting from anthropogenic emissions outside of North America not only including Asian O3 but also influences from other countries such as Europe. Since Asian ozone is predicted to be the strongest influence among foreign influences for the western US, although the results from Fiore et al. included other foreign influences and resulted in differences in concentration values, presumably similar patterns in the western region could be observed in our studies for depicting influence from Asia. Generally, the results are relatively lower than the results from the two papers. 

Ozone and Asian Ozone fraction of bincounts for spring and summer- Bincount-plots

The general behavior of ozone (O3_8) and Asian ozone (O38A_OD) is further analyzed by counting the number of occurrences (bincount) for corresponding range (bin) of ozone and Asian ozone concentrations for each geographical region during spring and summer over 6years. The analysis is normalized by dividing each bincounts by the total number of occurrence of events (fraction of bincounts) of each season for each region during 6years and is plotted on Bincount-plots (Figure 6 to Figure 9). Fraction of bincount analysis alleviated a potential bias in regional comparison analysis that could exist if analysis is based on the number of occurrences. In regional comparison analysis, bias may be present if the number of occurrence is considered rather than the fraction of bincounts; higher number of occurrences might not represent greater significance of the event for the region than others.  Regions include unequal number of latitudes and longitudes and thus, one region may have higher absolute number of occurrences for almost all events, which does not represent having a greater significance over other regions for almost all the events.

General trend

Seasonal and geographical patterns discussed in contour plots analysis are also observed in Bincount-plots; with a greater detail by having a numerical analysis with fraction of bincounts. As was depicted in the contour plots, generally ozone concentration is higher for summer than spring and for the eastern regions than the western regions (except for some cases in PS (R0)). The Asian ozone concentration is generally higher for spring than summer and for the western regions than the eastern regions. 
The region with presumably highest ozone concentration is Eastern North (R7) and Easter South (R6) during summer and presumably region with lowest ozone concentration is Pacific North (R1) during spring and summer in similar magnitude for seasons. Pacific South (R0) during summer shows complicated behavior with two high fraction of bincounts in low concentration range (~30ppbv) and also in high concentration range (~70ppbv). In terms of the Asian Ozone concentration, presumably PN (R1) displays the greatest fraction of bincounts for concentrations above 4 ppbv (Figure 9). For moderate concentrations (2~4ppbv), MS (R2) seems to have the highest occurrences (Figure 7); for higher Asian Ozone concentrations (>8ppbv), PS (R0) and PN(R1) shows comparatively highest fraction of bincounts (Figure 9). 

Asian Ozone concentration frequency analysis under conditional ozone concentrations (>60,70,80 [ppbv]) – Condition-plots

Asian ozone (O3A8_OD) is further studied by observing the behavior under conditional ozone concentrations (O3_8, > 60, 70, 80 [ppbv]). Only if the ozone concentration is equal/higher than the set conditions (> 60,70,80 [ppbv]) for the location (longitude, latitude) for the day, the bincounts for Asian Ozone is counted. The Condition-plots (Figure 10 & 11) are normalized to factional bincount for Asian Ozone concentration that represents data for each regions for 6 years. 

General trend

In all regions, including the western regions and eastern regions, the similar trend is observed. As the conditional ozone concentration increases from 60 to 80 [ppbv], the fraction of bincounts for higher Asian Ozone concenration (> 4 [ppbv]) decreases. The trend is more evident in the western region (Figure 10) because of higher Asian Ozone concentrations.

Comparison with other studies

	The shift of probability distribution of background ozone concentration toward the lower concentration range under high ozone concentration condition was also observed in other study (Fiore et al., 2002). Although Fiore’s study focused on the foreign ozone (including Asia and Europe), (Figure 12) evidently shows the shift of the background ozone concentration toward the left when only days above 80 [ppbv] were considered. Although the shape of the curve and magnitude of the ranges are not comparible due to having slight difference in interest (Fiore et al.,- Background Ozone, this study-Asian Ozone), the pattern of change in terms of general decrease in Asian (background) ozone concentration under higher ozone concentration can both be observed. 

Significance of Asian Ozone on Total Ozone concentration Regulation Policy – Policy-plot

The contribution of Asian Ozone on total Ozone concentration regulation policy limit exceedance is analyzed on scatter plots (Figure 13 to 20) that color code the cases where Asian Ozone concentration “caused” the Total Ozone concentration to surpass the potential regulation limits (0.060, 0.070, 0.080 [ppmv]). The “causal” relationship of Asian Ozone concentration was determined with a definition. In this study, Asian O3 is considered to “cause” the violation of regulation limit if the Non-Asian O3 (O3_8 - O3A8_OD) concentration was below the regulation limit but the concentration of Asian O3 (O3A8_OD) was high enough to “cause” the total ozone concentration (O3_8 : Non-Asian O3 + Asian O3) to violate the regulation policy.
Interplay between Asian O3 and Non-Asian O3

The factors contributing to Asian O3 influence on violation of regulation policy is not only the concentration of Asian O3, but more importantly is the interplay between Asian O3 concentration and Non-Asian O3 concentration of the specific occasion. High Asian O3 concentration generally “causes” the total O3 concentration to surpass the limits more often than done by low Asian O3 concentration; however, high Asian concentration is not always guaranteed to be the cause of the violation. Policy-plots (Figure 13 to 20) depicted three considerable scenarios that displays the interplay between Asian O3 and Non-Asian O3 on significance of Asian O3 influence on infringement of O3 Regulation Policy.  
Asian Ozone is not considered to be influential cause of violation when under events considerably low Non-Asian Ozone even with high Asian O3. Pacific North region (R1) during Spring may be identified as the region/season with the most frequent occurrence of high Asian O3 (> 4 ppbv), as can be depicted from Figure 9. Despite having relatively high Asian O3 peak bincount fraction range of 4~6 ppbv, due to having low total O3 concentration range of ~40 ppbv, only a countable number of occurrence (<30,60ppbv; 2,70ppbv; 0,80ppbv) over 6 years may be identified to be under significant Asian O3 influence for the infringement.  The influence of total Ozone concentration is also depicted in Figure 13 and Figure 15. for Mountain North region (R3), where noticeable change in total Ozone concentration (Figure 6) from spring (low) to Summer (high) greatly increases the number of color coded events, especially color-codes for limits 70 ppbv (green) and 80 ppbv (red). For MN region, Asian O3 fraction of bincounts stays relatively similar for influential concentrations (>2 ppbv) during spring and summer (Figure 7).
In contrast, seasons and regions with substantially low Asian Ozone concentration may not be influential on violations even with relatively high total O3 concentration. For example, from Figure 7, East North region (R7) may be depicted as the region with the least Asian influence with lowest Asian O3 concentration generally. Although EN region(R7) is one of the regions with highest total Ozone concentration, the number of color-coded occurrence is presumably the lowest among the regions in spring (Figure 14). The trend continues to summer to be one of the lowest (Figure 16) with slightly more decrease in number of occurrences.
Also, in extreme cases where Asian O3 concentration and Non-Asian Concentration were high (~>10 ppbv, ~>90 ppbv, respectively) or low (~<1 ppbv, ~<40 ppbv, respectively) that exceeds the policy limits Asian Ozone may not be identified as a contributing factor to violation of the policy. 
Regions with both moderate Asian O3 and Non-Asian O3 concentrations (near the potential policy limits) display relatively higher occurrence of the color-coded events. Mountain South region (R2) has moderate Asian O3 concentration (peak at 2-4 ppbv and falls off rapidly after 4 ppbv) for spring and summer (peak at ~0.02 ppbv, but dense probability distribution around 2-4 ppbv range). The total O3 concentration range for MS region is 40-60 ppbv for spring and 50-70 ppbv for summer. As shown in Figure 14 and Figure 16, the frequent color-coded events form a dense line along each limits. 
General Trend

	General trends with relation to geographical locations and seasons are recognized in the Policy-plots (Figure 13 to 20). The Policy-plots are in agreement with the Bincount-plots (Figure 6 to 9) for the trends in spring (Lower Non-Asian O3(O3_8); higher Asian O3 (O3A8_OD)) and in summer (higher Non-Asian O3 (O3_8); lower Asian O3 (O3A8_OD)) for most regions. Although O3_8 represents the total O3 concentration, which is the summation of Non-Asian O3 and Asian O3, the general trend is comparable for spring and summer from the two plots.  Similar trend from summer is observed in fall except for a slightly more frequent occurrence of high Asian O3 in the Eastern regions (R4-R7). In winter, noticeable increase in high Non-Asian Ozone occurrence is observed with slight increase in high Asian O3 concentration occurrences for a few regions (R0,R1,R6). Western Regions (R0-R3) generally show higher Asian O3 concentration and lower Non-Asian O3 concentration except for PS region (R0). In comparison, Eastern region (R4-R7) is observed in overall with lower Asian O3 concentration and higher Non-Asian O3 concentration. 
	Recurring pattern is observed during seasons in certain regions with both relatively high Asian O3 and high Non-Asian O3 concentrations. Pacific South Region (R0) over almost all seasons (especially during spring and fall), and eastern regions (R4-R7) especially in spring and fall, show a pattern that has a sharp rise (having high Asian O3 concentration within the low Non-Asian O3 concentration range) and a rapid fall with fatty tails (having rapid decrease in number of high Asian O3 events in higher Non-Asian O3 range, and substantially low Asian O3 concentrations for high Non-Asian O3 concentrations). This pattern may have some relationship with the overall decrease in Asian Ozone concentration under the condition of high O3 concentrations (Figure. 10 & 11).

Significance of Asian O3 on exceeding policy limits- color-coded events 

The geographical and seasonal trends under the interplay of Asian O3 and Non-Asian O3 shows the Asian O3 contribution on total Ozone concentration regulation policy limit exceedance by the number of color-coded occurrences. Geographic patterns were observed with change of seasons. Highest occurrence of color-coded occurrences is during summer for western regions, followed by spring, fall, and winter, in order of decreasing magnitude. For Eastern regions, spring has the most frequent occurrence of color-coded events, followed by summer, fall, and winter, in the order of decreasing magnitude. Specific patterns were observed in seasonal change from spring to summer; the number of color-coded occurrences decrease/stay similar in lower latitude regions (R0,R2,R4,R6) and increase/stay similar upper latitude regions (R1,R3,R5,R7). From summer to fall and winter, the frequency of color-coded events generally decreases with change of seasons for most regions.
Frequent occurrence of the color-coded events in the western region during spring and summer is in agreement with the expectations from previous studies (Jacob et al., 1999; Fiore et al., 2002). One of the interesting points to notice within the western region is that higher occurrence is observed toward the central western regions (R2 and R3) rather than in the far western regions (R0 and R1); despite of having the most influence from Asia (with the highest frequency in high Asian O3 occurrences) in the far western regions. Moreover, Eastern regions had non-negligible number of color-coded events especially during summer (Figure 16) over CS (R4) and CN (R5), followed by EN (R7); even with low frequencies in high Asian O3 events. Especially during spring, Figure 13. and Figure 14. shows that south eastern regions (CS (R4), ES (R6)) have comparable/greater significance in Asian O3 contribution on exceendacne of policy limits to/than most of the western regions (PS (R0), PN (R1), MN (R3)) except for MS (R2).  In terms of current policy limit of 0.750 ppmv, which corresponds to the green and red color-codes on the plots, the influence by Asian O3 in exceeding policy limits might be greater for Eastern regions during spring and summer than for western regions. If the regulation policy tightens further as expected (~60 ppbv), then the significance in contribution of Asian O3 will increase in western region, and western region may be considered to be the regions with greater Asian O3 influence on violating the regulation policy than the eastern regions. 

Bias on the computational model

Bias on the used computational model was analyzed as in Figure 21. (Brown-stein and Hess, 2011) The analysis on bias depicts a generally higher bias for most of eastern regions (PSU106, CND125, LYK123, CDZ171, CVL151; ~+11 ppbv). The bias on the western region is greater for the higher latitude (+11 ppbv) but is negative in large magnitude for the lower latitude (LAV410, MOR490; -8.6 ppbv).  The central regions (GTH161, THR422) have moderately negative biases (-0.95 ppbv, -5.6 ppbv, respectively). The biases manifest the possibility of observing a different pattern in the real world than that from the model’s results. For example, the generally high bias (~+11ppbv) on the eastern region may represent a general shift of the whole scatter plot toward the lower ozone concentration range. In this case, with assumption that the bias is constantly about +11 ppbv, the red color-coded events (80 ppbv) might in fact represent the phenomena expectable for bahaviors observed in 70ppbv range. However, assuming that bias will apply generally to almost all events in a similar magnitude might not be the correct approach. In fact, various possible scenarios exists; greater bias may be present for high O3 concentration events or low O3 concentration events,  bias may specific to certain events occurring under some specific non-recurring  conditions, etc. Therefore, the results analysis should be considered with an attention to the possible alterations on the analysis due to the bias on the computational model. 

Conclusion

	Geographical and seasonal patterns of Asian Ozone influence on US surface ozone are studied with the focus on policy perspective by analyzing the 6 year hourly concentration data with the concept of 8 Hour Maximum Average Ozone Concentration. 
General trend in total ozone concentration and Asian ozone concentration over regions in US during spring and summer are analyzed with contour plots and fractional bincount plots. Contour plots and fractional bincount plots are in agreement with the general trend and show higher total ozone concentrations for eastern regions than in western regions and during summer than in spring, which is in contrast to having higher Asian ozone concentrations for western regions than in eastern regions and during spring than in summer. The contour plots also displayed the difference in Asian ozone concentrations occurring at Asian Ozone’s maximum 8 Hour average time frame or Ozone’s maximum 8 Hour average time frame (O3A8 vs. O3A8_OD; A8t vs. O8t). The difference of the Asian ozone concentrations are to noticeable level on the contour plots, having higher values for Asian ozone concentrations occurring at Asian Ozone’s maximum 8 Hour average time frame.
 	The relationship between Asian ozone and total ozone is studied by observing the change in trend of Asian ozone concentration fractional bincount under varying ozone concentration ( >60 [ppbv], 70 [ppbv], and 80 [ppbv]) conditions. In all regions over US, including the western and eastern regions, similar trends are observed that as the ozone concentration condition increases from 60 [ppbv] to 80 [ppbv], the fraction of bincounts for high Asian ozone concentration (> 4 [ppbv]) decreased. The decreasing trend is more evident in western regions than in eastern regions for having higher Asian ozone concentrations.
	The contribution of Asian ozone on total ozone concentration regulation policy limit exceedance is analyzed in scatter plots that color code the cases where Asian Ozone concentration may be identified as the “cause” of the potential policy limit exceedance (0.060, 0.070, 0.080 [ppbv]). The interplay between Asian ozone concentration and Non-asian ozone concentration is depicted on scatter plots that suggests regions with moderate/high Asian O3 concentration and  moderate Non-Asian Ozone concentration (near policy limits) have the highest frequency of events in which Asian ozone causes the exceedance of policy limits. Highest occurrence of color-coded occurrences for western regions is during summer, followed by spring, fall, and winter, in order of decreasing magnitude. For Eastern regions, spring has the most frequent occurrence of color-coded events, followed by summer, fall, and winter, in the order of decreasing magnitude. Despite of having relatively low Asian ozone concentrations, eastern regions had non-negligible number of color-coded events especially during summer. In terms of current policy limit of 0.750 ppmv, the number of policy limit exceedance caused by Asian O3 might be greater for Eastern regions during spring and summer than for western regions. If the regulation policy tightens further as expected (~60 ppbv), then the significance in contribution of Asian O3 will increase in western region, and western region may be considered to be the regions with greater Asian O3 influence on violating the regulation policy than the eastern region. Further more, although Asian ozone has the most severe impact during spring, summer and fall also display non-negligible number of events of our interest. 


Future studies

O3A8 vs. O3A8_OD; A8t vs. O8t 

One of the focuses of our research is analyzing with policy perspective on the influence of Asian Ozone on US surface ozone. As was discussed above, the concept of 8 Hour Maximum Average Ozone Concentration is applied to both ozone (O3_8) and Asian ozone (O3A8, O3A8_OD). This research found results that suggest difference in Ozone and Asian Ozone diurnal cycle, peaking at un-equal time frame of a day. Thus, in order to analyze influence of Asian ozone during the same time frame of maximum total ozone concentration, average of Asian Ozone (O3A8_OD) corresponding to the concentrations during 8 Hr maximum average ozone concentration time frame (O8t) was separately calculated along with the Asian Ozone that corresponds to the 8 Hr maximum average Asian ozone concentration time frame (A8t) independent of O8t time frames. The difference of Asian ozone concentration values are generally depicted in contour plots, but further analysis can be conducted to study the behavior or Asian ozone and ozone. 
	Results from A8t and O8t bincount plots suggest that the peak time of Asian ozone may have geographical and seasonal patterns that recur over various years; in contrast to peak time of ozone, which has relatively constant peak time occurring around noon in local time scale. Moreover, the degree of difference in peak times may be analyzed by the geographical/seasonal influence on the strength of diurnal cycle of each species.

Influence of Asian Peroxyacetylnitrate (PAN) on US surface Ozone

In 2008, L. Zhang et al., suggested that both aircraft measurements and model results show sustained ozone production driven by PAN decomposition in the southern (Pacific High) branch, which may represent a dominant component of the ozone enhancement over the Northeast Pacific (roughly doubling the transpacific influence from ozone produced in Asian boundary Layer). The sustained ozone production across Pacific may be addressed to the release of NOx from PAN decomposition and the geographic characteristic of strong radiation and low humidity of the region (L.Zhang et al., 2008). The relationship between subsidence of PAN and enhancement in surface ozone on US might further provide insights to the geographical and seasonal patterns of Asian influence on US surface Ozone. 
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Tables and Figures 

Table 1. Important Terms and Concepts

	Term/Concept
	Definition

	Asian Ozone
(O3A8_OD)
	Same as O3A8_OD. Please refer to O3A8_OD. 

	A8t 
(8-Hour Maximum Average Asian Ozone concentration time frame)
	The starting hour of 8-Hour Maximum Average Asian Ozone concentration (O3A8) of a day.

	Background ozone
	The ozone contributed from traditional ozone precursors (NOx, CO, NMVOC) and sometimes methane (CH4) that derive from natural precursor sources, and from foreign emissions (Fiore et al., 2009) that either subsides, or is horizontally advected into the U.S. boundary layer. Background Ozone includes ozone contributed from natural precursor sources and other foreign sources such as Asia and Europe.

	Non-Asian Ozone 
(O3_8 – O3A8_OD)
	The concentration of Ozone that corresponds to the ozone concentration without Asian Ozone influence, defined as the subtraction of Asian Ozone concentration (O3A8_OD) from daily maximum surface ozone concentration (O3_8).

	O3A8 
(8-Hour Maximum Average Asian Ozone concentration)
	8-Hour Average of Asian Ozone concentration Independent of the time frame of 8-Hour Maximum Average Total Ozone.

	O3A8_OD 
(O3 from Asia Ozone Dependent)
	8-Hour Average of Asian Ozone concentration during the same time frame of 8-Hour Maximum Average Total Ozone of the day.

	O3_8 
(8 Hour Maximum Average Ozone concentration) 
	The daily maximum surface ozone concentration, in parts per billion [ppbv] averaged over 8 hours.

	O8t 
(8-Hour Maximum Average Ozone concentration time frame)
	The starting hour of 8-Hour Maximum Average Ozone concentration (O3_8) of a day.

	Total Ozone 
(O3_8)
	Summation of Non-Asian Ozone and Asian Ozone, please refer to O3_8 and Non-Asian Ozone. 







Table 2. Key reactions in photochemistry.  (from Kondo et al., 2004; Table 1. Key Reactions in O3 Photochemistry) 
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Figure 1.  Asian Pollution transport trajectories (from L. Zhang et al., 2008; Figure. 10) Kinematic 7-day backward (open circles) and 3-day forward (solid circles) trajectories for the enhanced CO layers of Asian pollution (CO> 125 ppbv and 2-7 km) observed in the INTEX-B DC-8 flight on May 9. The trajectories were constructed using reanalysis data from the National Centers for Environmental Prediction (FuelBerg et al., 2007).
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Figure 2. The origin of Transpacific Asian Ozone production (from L. Zhang et al., 2008; Figure. 15). Mean simulated US surface ozone enhancements from Asian anthropogenic emissions during INTEX-B time period (17 April – 15 May 2006). Total Asian ozone enhancements (top left) are separated into linear contributions from ozone produced in the Asian and Pacific lower troposphere (surface – 700 hPa), and in the middle/upper troposphere (700 hPa – tropopause). 









Figure 3. Divisions of 8 regions of US corresponding to the four time zones and high and low latitudes (R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)). Latitude division: 30-38, 38-45 N. Longitude division: 125-115, 115-103, 103-88, 88-75 W.  

Figure 4. Ozone (AVG_O3_8) and Asian ozone (AVG_O3A8_OD, AVG_O3A8) contour plots for spring and summer in 2003. (AVG – Average over a month; O3_8, O3A8_OD, O3A8 – refer to Table 1. for definitions) 



Figure 5. Ozone (AVG_O3_8) and Asian ozone (AVG_O3A8_OD, AVG_O3A8) contour plots for spring and summer in 2005. (AVG – Average over a month; O3_8, O3A8_OD, O3A8 – refer to Table 1. for definitions) 







Figure 6. Ozone (O3_8) fraction of bincounts for spring and summer over 8 regions in US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. Plots with symbols: (+) for spring, (.) for summer.


Figure 7. Asian Ozone (O3A8_OD) fraction of bincounts for spring and summer over 8 regions in US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. Plots with symbols: (+) for spring, (.) for summer.

Figure 8. High Ozone (O3_8; >40 [ppbv]) fraction of bincounts for spring and summer over 8 regions over US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. Plots with symbols: (+) for spring, (.) for summer.


Figure 9. High Asian Ozone (O3A8_OD; >4 [ppbv]) fraction of bincounts for spring and summer over 8 regions over US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN), R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. Plots with symbols: (+) for spring, (.) for summer.



Figure 10. Asian ozone (O3A8_OD)concentration bincounts under conditional ozone concentrations over western part of US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN)]. Plots with symbols: when total ozone concentration is greater than 60 [ppbv] (-), 70 [ppbv] (+), and 80 [ppbv] ().




Figure 11. Asian ozone (O3A8_OD)concentration bincounts under conditional ozone concentrations over eastern part of US [R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. Plots with symbols: when total ozone concentration is greater than  60 [ppbv] (-), 70 [ppbv] (+), and 80 [ppbv] ().
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Figue 12. Probability distribution of summer afternoon background O3 concentrations over US (from Fiore et al., 2002, Figure 12)Probability distribution of summer afternoon background O3 concentrations over the US in the model surface air for the ensemble of data for summer 1995 (solid line) and for those days when surface O3 exceeded 80 ppbv (dotted line). The background is defined as ozone produced outside the North American bounday layer (surface to 700 hPa). 



Figure 13.  Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in western part of US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN)] during spring over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).

Figure 14. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in eastern part of US [R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. during spring over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).



Figure 15. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in western part of US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN)] during summer over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).




Figure 16. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in eastern part of US [R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. during summer over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).




Figure 17. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in western part of US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN)] during fall over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).




Figure 18. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in eastern part of US [R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. during fall over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).




Figure 19. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in western part of US [R0: Pacific South (PS), R1: Pacific North (PN), R2: Mountain South (MS), R3: Mountain North (MN)] during winter over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).
 




Figure 20. Scatter plot for contribution of Asian ozone on total ozone surface regulation policy limit exceedance in eastern part of US [R4: Central South (CS), R5: Central North, R6: Eastern South (ES), R7: Eastern North (EN)]. during winter over 6 years. Plots with color codes: Asian ozone “caused” exceedance of policy limit at 60 [ppbv] (blue), 70 [ppbv] (green), 80 [ppbv] (red).







Figure 21. Bias of the on the computational model simulation. (from Brown-stein and Hess, 2011) 
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Figure 12, Probability distribution of summer aftemoon background O; concentrations over the United
States in the model surface air for the ensemble of data for summer 1995 (solid line) and for those days
‘when surface O; exceeded 80 ppbv (dotted line). The background is defined s Os produced outside the
North American boundary layer (surface to 700 hPa).
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Non-Asian O3 vs. Asian O3 in SPR(MAM); R4(CS); 6yrs
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Non-Asian O3 vs. Asian O3 in SUM(JJA); R1(PN); 6yrs
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Non-Asian O3 vs. Asian O3 in SUM(JJA); R4(CS); 6yrs
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Non-Asian O3 vs. Asian O3 in FAL(SON); R0(PS); 6yrs
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Non-Asian O3 vs. Asian O3 in FAL(SON); R4(CS); 6yrs
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Non-Asian O3 vs. Asian O3 in WNT(DJF); R0(PS); 6yrs
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Table 1. Key Reactions in O; Photochemistry

Reaction No. Reaction
R1) 03 +hv — 0, + O('D)
(R2) O(P)+0,+M — 05 +M
(R3a) O(!D) +H,0 — 20H
(R3b) o('D) +M — O(°P) +M
R4 HO, + NO — NO, + OH
(RS) CH;0, + NO — NO, + CH;0
(R6) RO; + NO — NO, +RO
R7) 0; +OH — HO, + O,
(R8) 0; +HO, — 20, + OH
R9) HO; + HO; — H,0; + O,
(R10) NO + 03 — NO, + O,
(R11) NO; + hv - NO + 0O

(R12)

NO, + OH + M — HNO; +M
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Fig. 10. Kinematic 7-day backward (open circles) and 3-day forward (solid circles) trajectories for the enhanced CO layers of Asian pollution
(CO>125ppbv and 2-7 km) observed in the INTEX-B DC-8 flight on May 9 as shown in Fig. 9. The flight track is shown in gray and the
black crosses show the locations of enhanced CO layers, corresponding to the northern and southern branches of Fig. 9. The trajectories
were constructed using reanalysis data from the National Centers for Environmental Prediction (Fuelberg et al., 2007).
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Fig. 15. Mean simulated US surface ozone enhancements from
Asian anthropogenic emissions during the INTEX-B time period
(17 April-15 May 2006). Total Asian ozone enhancements (top
left) are separated into linear contributions from ozone produced in
the Asian and Pacific lower troposphere (surface — 700 hPa), and in
the middle/upper troposphere (700 hPa — tropopause). Note that the
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Internationa transport and East Asian influence on the US surface Ozone:




