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Abstract 10 

In this paper, we report the climatology of tropospheric ozone (O3) and sub-micron 11 

aerosol scattering at the Mt. Bachelor Observatory (MBO, 2.8 km asl) in central 12 

Oregon, USA, during 2004–2015. The seasonal cycle for O3 showed a bimodal 13 

pattern with peaks in April and July, while aerosol scattering (σsp) was lognormally 14 

distributed with a very high peak in August and a smaller peak in May. The mean O3 15 

concentrations showed positive and significant trends in all seasons except winter, 16 

with a slope of 0.6–0.8 ppbv yr−1. Monthly criteria for isolating free tropospheric (FT) 17 

and boundary layer influenced (BLI) air masses at MBO were obtained based on 18 

comparison of MBO water vapor (WV) distributions to those of Salem (SLE) and 19 

Medford (MFR), Oregon, at equivalent pressure level. In all seasons, FT O3 was, on 20 

average, higher than BLI O3, but the seasonal patterns were rather similar. For σsp the 21 

FT mean in spring was higher, but the BLI mean in summer was significantly higher, 22 

indicating the importance of regional wildfire smoke. 23 

To better understand the causes for the seasonal and interannual trends at MBO, we 24 

identified four major categories of air masses that impact O3, carbon monoxide (CO) 25 

and aerosols: upper troposphere and lower stratosphere (UTLS) O3 intrusion, Asian 26 

long-range transport (ALRT), Arctic air pollution (AAP) and plumes from the Pacific 27 

Northwest region (PNW). ALRT and PNW plumes can be further divided into 28 

wildfires (WF), industrial pollution (IP) and mineral dust (MD). Over the 12 years of 29 
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30 

(ERs) and Ångström exponents (AEs) of aerosols were calculated for all events. The 31 

lowest slope of ∆σsp/∆O3 is a unique feature of UTLS events. PNW-WF events have 32 

the highest averages for ∆σsp/∆CO, ∆σsp/∆O3 and ∆σsp/∆NOy compared to other events. 33 

These ERs decrease during long-range transport due to the shorter residence time of 34 

aerosols compared to the other pollutants. ALRT-WF events have lower absorption 35 

AEs (Åap) than PNW-WF, implying that brown carbon (BrC) is generated from 36 

biomass burning but its fraction decreases during long-range transport. Signatures of 37 

ERs and AEs are useful tools to identify different plume categories. These results 38 

demonstrate the increasing impact of baseline O3 on US air quality due to both global 39 

sources and regional wildfire events. 40 

Keywords: tropospheric ozone; sub-micron aerosols; western US; enhancement ratios; 41 

backward trajectories; long-term trends 42 

1. Introduction 43 

Tropospheric ozone (O3) and airborne particles (aerosols), especially fine particulate 44 

matter (PM2.5 or PM1), have significant impacts on human health and the environment 45 

(Davidson et al., 2005). O3 plays an important role in atmospheric chemistry and the 46 

global climate (IPCC, 2014). Sulfate and other low absorption aerosols have a 47 

dominant cooling effect and partially offset warming due to aerosol absorption and 48 

greenhouse gases (GHGs) (Charlson et al., 1992; Buseck and Pósfai, 1999; IPCC, 49 

2014). There are at least four sources of tropospheric O3 and aerosols in the western 50 

US: upper troposphere and lower stratosphere (UTLS) intrusion, Asian long-range 51 

transport (ALRT), Arctic air pollution (AAP) and plumes from the Pacific Northwest 52 

region (PNW). In the western US, background sources of O3 and PM are more 53 

important compared to other parts of the US (Jaffe et al., 1999; Heald et al., 2006; 54 

Zhang et al., 2009; McDonald-Buller et al., 2011). ALRT can be broadly classified 55 

into three categories: biomass burning, mineral dust and industrial pollution (Fischer 56 

et al., 2010a; Ambrose et al., 2011). 57 

In the troposphere, O3 comes from secondary photochemical processes involving 58 
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nitrogen oxides (NOx nds 59 

(VOCs) plus intrusion of stratospheric air. A significant increase in springtime O3 60 

mixing ratios in the western North America has been observed by Cooper et al. (2010) 61 

with evidence that it is influenced by increasing precursor emissions from Asia. Lin et 62 

al. (2012) argued that much of the recent O3 increase was driven by variability in 63 

circulation. Among the Asian sources of O3, Siberian wildfires could also be an 64 

important contributor (Gratz et al., 2015). UTLS intrusions have also been linked to 65 

high-O3 events in the western US, especially in springtime (Ambrose et al., 2011; 66 

Langford et al., 2012; Lin et al., 2012; Langford et al., 2017). Regional wildfires in 67 

the western US also contribute significantly to summertime O3 enhancement (Pfister 68 

et al., 2006; Jaffe et al., 2008; Jaffe et al., 2013; Baylon et al., 2015). 69 

Aerosol optical properties, including scattering (σsp) and absorption (σap), are useful 70 

indicators for source identification. The wavelength dependence of σsp is 71 

parameterized using the scattering Ångström exponent (Åsp), defined as follows 72 

(Ångström, 1929): 73 

spÅ

spσ λ−=                (1) 74 

Because the coefficient σsp decreases with wavelength for smaller aerosol particles, 75 

Åsp will be larger for smaller particle distributions (Boren and Huffman, 1983). In a 76 

similar way, Åap is the absorption Ångström exponent which is related to the 77 

composition, shape and mixing state of the aerosol particles, leading to size variation 78 

as well (Bergstrom et al., 2007): 79 

apÅ

apσ λ−=                (2) 80 

Optical coefficients (σsp and σap) together with their wavelength dependences (Åsp 81 

and Åap) reflect the differences of diverse aerosol plumes, especially between dust 82 

aerosols and combustion-generated carbonaceous aerosols (Fialho et al., 2005; Clarke 83 

et al., 2007; Yang et al., 2009; Fischer et al., 2011; Cappa et al., 2012; Cazorla et al., 84 

2013). 85 

The slope of a regression curve between two pollutants is known as the 86 

enhancement ratio (ER), which is an important tool for plume source apportionment. 87 
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normalized to CO is often used to identify and characterize the production or loss of 89 

the pollutant in smoke plumes, especially wildfire plumes (Goode et al., 2000; 90 

Bertschi et al., 2004; Honrath et al., 2004; Bertschi and Jaffe, 2005; Pfister et al., 2006; 91 

Val Martin et al., 2006; Real et al., 2007; Paris et al., 2009; Alvarado et al., 2010; 92 

Fischer et al., 2010b; Singh et al., 2010; Wigder et al., 2013). This method accounts 93 

for air mass dilution given the simple and well understood processing of CO. Jaffe 94 

and Wigder (2012) summarized reported ∆O3/∆CO values for wildfire plumes 95 

arranged by biome type and by plume age and found that the average ∆O3/∆CO ratio 96 

increases with plume age and also that tropical regions tend to have significantly 97 

greater ratios compared to boreal and temperate regions. However, they also reported 98 

large variability in ∆O3/∆CO ratios. Wigder et al. (2013) focused on the ∆PM1/∆CO 99 

ratio in wildfire plume events and found evidence for secondary organic aerosol (SOA) 100 

production in wildfire plumes. However, they found that with longer transport time 101 

PM1 loss is greater than SOA production. Baylon et al. (2015) looked into wildfire 102 

plume events and calculated multiple ERs, including ∆σsp/∆CO, ∆O3/∆CO, 103 

∆NOy/∆CO, ∆NOx/∆CO, ∆NOx/∆NOy and ∆PAN/∆NOy. The correlation between 104 

∆O3/∆CO and ∆NOx/∆NOy implies that the degree of NOx oxidation is a key predictor 105 

of O3 production. 106 

In this study, we report on seasonal variations and interannual trends of O3 and 107 

sub-micron aerosols at the Mt. Bachelor Observatory (MBO) in central Oregon, USA, 108 

for 2004–2015. MBO has one of the longest, continuous records of free tropospheric 109 

measurements in North America. Over the 12 years of observations, 177 individual 110 

plume events were identified based on elevated σsp, O3 or CO. The purpose of this 111 

study is to identify background sources of O3 and aerosols in the western US and 112 

characterize each category by a series of signatures including enhancement ratios and 113 

aerosol optical properties. We recognize that many plumes have multiple sources 114 

associated with them (Cooper et al., 2004), but we can identify the major contributors 115 

through gridded emissions for fires and industrial pollution, combined with air mass 116 

backward trajectories. 117 
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2. Methodology 118 

2.1. Site description and measurements of air pollutants 119 

Mt. Bachelor Observatory (MBO) is located on the summit of a dormant volcano in 120 

central Oregon (43°58′39″ N 121°41′10″ W, 2763 m asl). Due to its elevation and 121 

distance from major US source regions, local pollution is relatively rare at MBO. 122 

Mixing ratios of O3 and CO, scattering coefficient of sub-micron aerosols and 123 

meteorological parameters (e.g., air temperature, pressure, relative humidity, wind 124 

speed and direction, water vapor) have been measured from 2004 to 2015. Mixing 125 

ratios of nitrogen oxides (NOx and NOy), PAN and mercury as well as sub-micron 126 

aerosol scattering and absorption coefficients at multiple wavelengths have been 127 

measured during specific campaigns. Detailed instrumentation with method detection 128 

limits (MDLs) and estimated total uncertainties (Weiss-Penzias et al., 2006; Fischer et 129 

al., 2010a; Fischer et al., 2010b; Virkkula, 2010; Ambrose et al., 2011; Fischer et al., 130 

2011; Chen et al., 2013; Baylon et al., 2015; Gratz et al., 2015; Briggs et al., 2016) is 131 

described in Table S1 in the Supporting Information (SI). 132 

Both aerosol scattering coefficient (σsp) and absorption coefficient (σap) are reported 133 

at ambient temperature and pressure conditions. With σsp at 450 and 700 nm and σap at 134 

467 and 660 nm, dimensionless intensive optical properties, including scattering 135 

Ångström exponent (Åsp) and absorption Ångström exponent (Åap), can be calculated 136 

as follows: 137 

( )
( )

450 700ln /

ln 450 / 700sp

sp sp
Å

σ σ
= −              (3) 138 

( )
( )

467 660ln /

ln 467 / 660ap

ap ap
Å

σ σ
= −             (4) 139 

The coefficients at blue and red wavelengths were utilized in the calculation of the 140 

intensive properties, whereas we use the scattering coefficients at green wavelength to 141 

calculate plume enhancements and enhancement ratios with other pollutants. 142 

2.2. Sounding data analysis 143 

Twice daily (0 and 12 UTC) meteorological sounding data were obtained from the 144 
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quantify the vertical distribution of water vapor (WV) concentrations. This was used 146 

to help identify free tropospheric (FT) and boundary layer influenced (BLI) air masses 147 

at MBO. Soundings from Medford, Oregon (MFR, 42.36° N, 122.86° W, 405 m asl), 148 

and Salem, Oregon (SLE, 44.91° N, 123.00° W, 61 m asl), were used to compare with 149 

the monthly MBO WV distributions at equivalent pressure level (720–740 mbar). We 150 

have used similar techniques previously but at a seasonal resolution (Weiss-Penzias et 151 

al., 2006; Fischer et al., 2010b; Ambrose et al., 2011). 152 

Ozonesonde data from Trinidad Head, California (THD, 41.05° N, 124.15° W, 107 153 

m asl), during 2004–2015 were obtained from the Earth System Research Laboratory 154 

(ESRL) of NOAA (http://www.esrl.noaa.gov/gmd/ozwv/ozsondes). The THD 155 

ozonesonde data are collected in the daytime (16:00–22:00 UTC, or 8:00–14:00 local 156 

time). 157 

2.3. Backward trajectory analysis 158 

We computed 240-hour air mass backward trajectories from MBO for every hour of 159 

identified plume events using the Hybrid Single-Particle Lagrangian Integrated 160 

Trajectory (HYSPLIT) model version 4 (Draxler and Hess, 1998). For 2004 we used 161 

meteorological data from the Eta Data Assimilation System (EDAS) (40 km × 40 km) 162 

and the Final Global Data Assimilation System (FNL) (191 km × 191 km), and for 163 

2005–2015 we used Global Data Assimilation System (GDAS) 1° × 1° gridded 164 

meteorological data. The starting height was set to be 1800 m above ground level 165 

based on terrain height in the 1° × 1° gridded meteorological data. 166 

2.4. Wildfire maps and gridded industrial CO emission inventories 167 

Daily MODIS fire detection data for North America was obtained from the United 168 

States Department of Agriculture (USDA) Forest Service 169 

(http://activefiremaps.fs.fed.us/gisdata.php). Daily MODIS fire detection data for 170 

Eurasia was downloaded from the Fire Information for Resource Management System 171 

(FIRMS) of the US National Aeronautics and Space Administration (NASA) 172 

(https://firms.modaps.eosdis.nasa.gov/download). Gridded maps (0.1° × 0.1°) of 173 
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on the Hemispheric Transport of Air Pollution (HTAP) (http://www.htap.org). 175 

2.5. Enhancement ratio analysis 176 

For each plume event, we performed correlation analyses among gaseous pollutants 177 

(including O3, CO, PAN, NOx and NOy) and σsp. Enhancement ratios were calculated 178 

by taking the slope (∆Y/∆X) from the reduced major axis (RMA) regression between 179 

X and Y (Baylon et al., 2015). 180 

3. Results and Discussion 181 

3.1. Climatology of tropospheric O3 182 

3.1.1. Seasonal variation of the O3 mixing ratio 183 

Using the 12-year database (2004–2015), we present the seasonal variation of the O3 184 

mixing ratio at MBO. Fig. 1 shows the distribution of O3 mixing ratios by month. A 185 

bimodal pattern with peaks in April and July was found, which reveals the influence 186 

of ALRT, UTLS and regional wildfires in spring and summer. The monthly average 187 

O3 mixing ratio had the highest value (50.4 ppbv) in April and the lowest (40.5 ppbv) 188 

in November. O3 at MBO was highest in the springtime, which was influenced by 189 

both ALRT and UTLS intrusion (Weiss-Penzias et al., 2006; Cooper et al., 2010; 190 

Ambrose et al., 2011; Lin et al., 2012; Gratz et al., 2015). Enhancements in 191 

summertime O3 at MBO were mainly from regional wildfires in the western US (Jaffe 192 

et al., 2013; Wigder et al., 2013; Baylon et al., 2015) and UTLS intrusion in early 193 

summer, although Siberian fire plumes also contribute occasionally (Ambrose et al., 194 

2011). The contribution of each source is further discussed in Section 3.4. 195 

3.1.2. Trends and interannual variation of the O3 mixing ratio 196 

Fig. 2 shows the interannual variation of O3 by season from 2004 to 2015. From 2004 197 

to 2015, the mean O3 mixing ratio in spring, summer and fall increased by 0.62±0.25 198 

ppbv yr−1 (r2 = 0.38, p < 0.05), 0.66±0.27 ppbv yr−1 (r2 = 0.38, p < 0.05) and 199 

0.79±0.34 ppbv yr−1 (r2 = 0.35, p < 0.05), respectively. This trend appears to be driven 200 

by Asian pollution in spring (Ambrose et al., 2011) and regional wildfires in summer 201 

and early fall (Jaffe et al., 2013; Wigder et al., 2013; Baylon et al., 2015). However, 202 
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level and 2015 has a high O3 level (Jaffe and Zhang, 2017). The trends in the three 204 

seasons were not significant (p > 0.05) for the period of 2005–2014 in contrast to the 205 

trends for the entire data record from 2004 to 2015. The springtime O3 increase was 206 

probably linked to the increase of Asian emissions (Gratz et al., 2015). The yearly 207 

98th percentile of O3 at MBO, reflecting the design value, had a more significant 208 

positive trend than the median (see Fig. S1 in the SI). Lin et al. (2015) summarized 209 

previous O3 observations from sondes, lidars and aircraft campaigns in the western 210 

US during 1995–2014 and showed a significant positive trend. However, the trend 211 

significantly slowed after 2005. Interannual variations are also very important. 212 

Significant jumps of the average O3 mixing ratio were found in the summer of 2012 213 

and 2015. The 2012 jump was probably related to the more frequent wildfire events as 214 

indicated by higher mean CO and aerosols at MBO. It is further verified by source 215 

identification in Section 3.4. The 2015 jump was probably linked to summer wildfires 216 

and the temperature anomaly in the western US in 2015, especially June (Jaffe and 217 

Zhang, 2017). 218 

3.2. Climatology of sub-micron aerosol scattering 219 

3.2.1. Seasonal variation of the aerosol scattering coefficient 220 

Fig. 3 displays the distribution of aerosol scattering coefficient (σsp, green) by month 221 

in logarithmic scale. Sub-micron σsp also has a bimodal seasonal pattern. The highest 222 

peak occurred in August followed by a smaller peak in May. Summer plume events 223 

had a more significant influence on sub-micron aerosols than spring plume events. 224 

The highest value in August was about three orders of magnitude higher than the 225 

median value. The springtime aerosols are mainly from ALRT, including biomass 226 

burning, mineral dust and industrial pollution (Fischer et al., 2010a; Fischer et al., 227 

2011), while summertime aerosols are mostly generated from regional and Siberian 228 

wildfires (Wigder et al., 2013; Laing et al., 2016). In summer, primary aerosols from 229 

regional wildfires have more significant impacts on MBO than aerosols from 230 

long-range transport, although Siberian wildfires are also important (Laing et al., 231 
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3.2.2. Interannual variation of the aerosol scattering coefficient 233 

Fig. 4 shows the interannual variation of sub-micron aerosol scattering coefficient by 234 

season from 2004 to 2015. For aerosol scattering, we saw an increase only in summer 235 

but not statistically significant (r2 = 0.32, p = 0.06). This could be driven by recent 236 

increases in wildfire activity in the western US (Jaffe et al., 2013; Wigder et al., 2013; 237 

Baylon et al., 2015). The level of aerosol scattering in summer 2015 was 238 

exceptionally high because of the frequent and large wildfire events (Laing et al., 239 

2016). 240 

3.3. Free tropospheric O3 and aerosols 241 

3.3.1. Criteria for FT and BLI air masses at MBO 242 

At MBO daily upslope and downslope airflows cause a pronounced diurnal variation 243 

in O3, WV, CO2 and other pollutants (McClure et al., 2016). We used the 2010–2015 244 

sounding data from both MFR and SLE to obtain monthly distributions of the WV 245 

concentration at the 720–740 mbar level, which is similar to the MBO pressure. This 246 

pressure level at MFR and SLE represent FT air masses as indicated by the lack of 247 

diurnal WV variability (Weiss-Penzias et al., 2006; Ambrose et al., 2011). Hourly WV 248 

data from MBO at the same period were also processed for monthly distributions. The 249 

significant diurnal change of WV suggests an influence of planetary boundary layer 250 

(PBL) on the air at MBO in daytime (Reidmiller et al., 2010; McClure et al., 2016). 251 

A FT dataset for MBO was defined by the monthly distribution of all WV data at 252 

720–740 mbar from the MFR and SLE soundings. We obtained a similar WV 253 

distribution from MBO by retaining the drier portion of the distribution such that the 254 

monthly averages of the MBO data and the soundings were equivalent. The cut points 255 

are referred to as the WV criteria for FT air masses at MBO, as shown in Table 1. The 256 

retained data represent FT air masses, while the non-retained data stand for BLI air 257 

masses. The BLI air is not purely boundary layer or FT air but represents a mix of the 258 

two. MBO is influenced constantly by FT air and occasionally by daytime upslope 259 

flow to the summit from the more moist PBL air (McClure et al., 2016). The seasonal 260 
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However with a monthly resolution rather than seasonal, this study contributes to a 262 

more accurate FT/BLI isolation. 263 

3.3.2. Free tropospheric O3 264 

Based on the WV criteria, the O3 mixing ratios for FT and BLI were separated and the 265 

monthly averages of each are shown in Fig. 5. There is a significant difference (5–10 266 

ppbv) between the average O3 mixing ratios for FT and BLI at MBO. The FT O3 had a 267 

peak in May unlike the BLI case, but the variations and trends for FT and BLI O3 268 

were similar. The most significant discrepancies occurred in May and June, reflecting 269 

the influence of ALRT and UTLS O3 intrusion. We compared seasonal tropospheric 270 

O3 between MBO and THD (see Fig. 5). THD tropospheric O3 has a bimodal seasonal 271 

pattern, 2–8 ppbv higher than MBO. The highest average THD O3 mixing ratios occur 272 

in April. The significant peak of THD O3 in August suggests a more significant impact 273 

of regional industrial pollution and/or wildfires compared to MBO. The difference 274 

between THD and MBO could be caused by large-scale transport and local 275 

photochemical condition instead of PBL influence. Fig. S2 in the SI shows the 276 

climatology of vertical velocity at 700 mbar in the US. THD exhibits a positive 277 

overall vertical velocity while MBO has a negative one. Pacific high pressure and 278 

subsidence in northern California increase O3 at THD (Stauffer et al., 2017), while the 279 

mean negative vertical velocity indicates greater upward airflow with high WV at 280 

MBO. 281 

3.3.3. Free tropospheric aerosols 282 

With the WV criteria, sub-micron aerosol scattering coefficients for FT and BLI were 283 

also separated, and the monthly average σsp is shown in Fig. 6. The mean FT σsp was 284 

higher in spring, but the mean BLI σsp was significantly higher in summer. This 285 

implies that the regional wildfire smoke (at lower elevation) in summer had more 286 

influence on the BLI atmosphere while global sources had more impacts on the FT air 287 

masses in the rest of the year. The bimodal pattern was more prominent for the FT air 288 

masses than BLI air masses due to springtime ALRT in the free troposphere. The 289 



11 

290 

et al. (2016) reported that 6 of 19 biomass burning events at MBO during August 291 

2015 were influenced by Siberian fires originating near Lake Baikal. The next section 292 

provides more evidence on the contribution of Siberian wildfires in summer. 293 

3.4. Plume event identification 294 

To verify the pollution sources that cause the seasonal patterns and interannual trends 295 

of O3 and σsp, we identified plume events using hourly data of σsp, O3 or CO that are 296 

above the 97.5 percentile of the annual dataset. The identified hours are called 297 

“polluted hours”. A group of no less than eight consecutive polluted hours, plus two 298 

hours before and two hours after, was identified as a plume event (i.e., one event is at 299 

least 12 hours long). We referred to the pollutants that are enhanced for each event as 300 

the trigger pollutants. Based on these criteria, a total of 177 plume events were 301 

identified during 2004–2015. It should be noted that most plumes have multiple 302 

sources. 303 

Based on backward trajectories and correlation between WV and O3, plume events 304 

at MBO can be broadly classified into four categories: upper troposphere and lower 305 

stratosphere (UTLS) O3 intrusion, Asian long-range transport (ALRT), Arctic air 306 

pollution (AAP), and plumes from Pacific Northwest (PNW). UTLS events have 307 

trajectories derived from higher elevation (5000–10000 m agl). ALRT events have 308 

longer trajectories, often tracing back to Siberia, Mongolia, China or Japan. AAP 309 

events have trajectories passing through the Arctic at lower elevations. PNW events 310 

have shorter trajectories that originate from the Pacific Northwest region at low 311 

elevation. Fig. 7a exhibits the WV-O3 relationships for the THD sounding data (1997–312 

2017). WV and O3 are overall negatively correlated. The negative slope of ∆O3/∆WV 313 

is steeper at higher elevations. MBO data showed a similar pattern as the THD data 314 

(Fig. 7b) which can be used for source identification. UTLS and ALRT events 315 

originate from higher elevations, and thus have higher O3 and lower WV with steeper 316 

∆O3/∆WV slopes. The WV concentrations of these two categories are usually lower 317 

than 3 g kg−1, while those of PNW events are usually higher than 4 g kg−1. UTLS and 318 
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often climb up and back down over the Pacific Ocean entraining UTLS air masses. 320 

Besides backward trajectories, we used the CO level to make a rough separation. 321 

When the mean CO is in the range of 110–130 ppbv, it is considered as a mixture of 322 

UTLS and ALRT. CO level below this range implies the dominant contribution of 323 

UTLS while above this range ALRT. In either case, it is difficult to separate source of 324 

O3 for an air parcel transported at high elevations. 325 

ALRT and PNW events can be further categorized into wildfires (WF), industrial 326 

pollution (IP) and mineral dust (MD). Backward trajectories, wildfire detection maps 327 

from MODIS and gridded industrial CO emission inventories from HTAP were used 328 

for identifying these sub-categories. For ALRT events, an air mass may pass through 329 

fire spots, an industry-intensive region (e.g., China, Japan) or a desert region (e.g., 330 

Mongolia) at low elevation (<3000 m agl). This would carry the air pollution from all 331 

of these sources. ALRT events are usually mixed events, but we can identify which is 332 

the major contributor among WF, IP and MD. ALRT-MD has elevated σsp but low CO. 333 

However, it is much more difficult to distinguish ALRT-WF from ALRT-IP. To 334 

identify the dominant source, we estimate the CO emission rates of WF and IP in the 335 

grid boxes through which the trajectories pass to determine their relative contribution. 336 

The backward trajectories from MBO back to East Asia have uncertainties of up to 337 

1000 kilometers (Draxler and Hess, 1998). Therefore, we partitioned the East Asia 338 

region into 10° × 10° grids and identify those grids where the air mass passes through 339 

at low altitude (<3000 m agl) as “influential grids”. Based on the industrial CO 340 

emission inventory in 2010 from HTAP, we calculated the average CO emission rate 341 

of each grid. Fig. S3 in the SI shows the industrial CO emission rates of all grids in 342 

East Asia. The grid containing the North China Plain region (Beijing, Tianjin, Hebei, 343 

etc.) has the highest industrial emission rate (1024 kg CO s−1). Wildfire maps for the 344 

East Asia region seven days (average transport time) before each event were obtained 345 

from the MODIS data. We calculated the CO emission rate from wildfires for each 346 

fire spot based on the fire radiative power (FRP) using the following equation adopted 347 

from Kaiser et al. (2012): 348 
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FRPl lr κ β= ⋅ ⋅               (5)349 

where r is the emission rate of CO, g CO s−1; κl is the emission factor of CO that is 350 

land cover type dependent, g CO kg−1 (dry matter); βl is the conversion factor that is 351 

also land cover type dependent, kg (dry matter) MJ−1; FRP is the fire radiative power 352 

from the MODIS dataset, MW; l is the land cover type, including extratropical forest 353 

(EF), tropical forest (TF), savannah (SA), agriculture (AG), and so on. κl and βl are 354 

from the study of Kaiser et al. (2012), and land cover information is from the MODIS 355 

data by Global Land Cover Facility (http://glcf.umd.edu/data/lc). 356 

CO emission rates for each grid were obtained by adding up emission rates of all 357 

fire spots in the grid. We used the ratio of wildfire/industrial (W/I) CO emission rates 358 

in the influential grids to quantify the largest source. Fig. 8 shows the CO emission 359 

rates and W/I ratios of an ALRT-WF event and an ALRT-IP event. If the W/I ratio of 360 

an ALRT event is higher than 2, it is regarded as an ALRT-WF event; if lower than 0.5, 361 

it is regarded as an ALRT-IP event; and if the W/I ratio is in the range of 0.5–2, it is 362 

considered a mixing event (ALRT-WF/IP). Most events with influential grids in 363 

Siberia are ALRT-WF events, while most events with influential grids in China are 364 

ALRT-IP events. 365 

Most PNW events are PNW-WF with a high slope of ∆σsp/∆CO. Air masses of 366 

PNW-IP events usually occur when regional wildfires are absent and the air mass 367 

circulates in an industry-intensive area with a long residence time in the western US at 368 

low elevation (<1000 m agl). Air masses of PNW-MD events are from the desert areas 369 

in the southwestern US with elevated σsp but low CO. PNW-IP and PNW-MD are rare 370 

events at MBO. 371 

Fig. 9 shows the distribution of different types of plume events during 2004–2015 372 

by month. UTLS events occur most frequently in spring and early summer. ALRT 373 

events have the highest frequency in spring with a few in summer, mainly Siberian 374 

wildfire events. PNW events mainly occur in summer and early fall. 375 

3.5. Characteristics of typical plume events 376 

Table S2 in the SI shows a summary of all 177 plume events. Six typical plume events 377 
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378 

PNW-IP. Backward trajectories of these events are shown in Fig. 10. WV-O3 and 379 

CO-σsp relations of these events are shown in Figs. S4–S9 in the SI. Means and 380 

maximum values of hourly σsp, O3, CO, NOx, PAN, NOy and WV of these events are 381 

shown in Table 2. 382 

3.5.1. Event 138: 21 July 2013 (UTLS) 383 

Event 138 occurred at 4:00–20:00 UTC on July 21, 2013. In this event, O3 was the 384 

only elevated compound, while CO and σsp were both at very low levels. O3 was 385 

negatively correlated with WV (R2 = 0.84). This event had the lowest hourly average 386 

of WV (1.20 g kg−1) among the six events. The trajectories came from a very high 387 

altitude above the Pacific Ocean (Fig. 10a). Fig. S10 in SI shows the geopotential 388 

height at 850 mbar from the National Centers for Environmental Prediction (NCEP) 389 

Reanalysis for the East Pacific and North America region on 15 July 2013. We 390 

observe the confrontation of high and low pressure zones above the East Pacific 391 

region, which is the primary driving force of UTLS intrusion. 392 

3.5.2. Event 151: 19 April 2014 (ALRT-WF) 393 

Event 151 occurred between 2:00–18:00 UTC on April 19, 2014. The average σsp rose 394 

up to a maximum hourly average of 39.7 Mm−1, and CO and O3 elevated to high 395 

levels. There were significant positive correlations between σsp and CO (R2 = 0.93) 396 

and between σsp and O3 (R
2 = 0.45). The hourly average WV (2.45 g kg−1) was lower 397 

than regional events. Air mass trajectories traveled at low elevation through an 398 

intensive wildfire region at the eastern junction of Siberia and China on April 11–13 399 

(Fig. 10b). Fig. S11 in the SI shows the CALIPSO lidar vertical profiles one day 400 

before arrival at the western US on April 19. Polluted dust and cloud were observed in 401 

the profiles. The W/I ratio of this event was 5.28. 402 

3.5.3. Event 148: 20–21 November 2013 (ALRT-IP) 403 

Event 148 took place in 2013 from 21:00 on November 20 to 11:00 on November 21 404 

(UTC). CO and σsp were enhanced in the plume. O3 was at a low level. There were 405 

significant positive correlations between σsp and CO (R2 = 0.91) and between O3 and 406 
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407 

which was an industry-intensive region (Fig. 10c). This path avoided wildfire 408 

intensive regions and carried with it heavy industrial pollution. The CALIPSO 409 

profiles show the arrival of this event in the western US on November 21 (Fig. S12 in 410 

SI). ALRT-IP air masses frequently experience cloud processing during transport, 411 

which will reduce the amount of aerosols but not the CO. The W/I ratio of this event 412 

was 0.06. 413 

3.5.4. Event 102: 1 May 2011 (ALRT-MD) 414 

Event 102 occurred at 3:00–15:00 UTC on May 1, 2011. The σsp and O3 levels were 415 

both elevated, but CO remained low. This is typical for ALRT-MD events, which are 416 

often mixed with UTLS air. Positive correlation between O3 and σsp was observed (R2 417 

= 0.54). Trajectories traveled at low elevation through the Gobi Desert region in South 418 

Mongolia and North China, carrying a significant amount of mineral dust (Fig. 10d). 419 

Fig. S13 in the SI shows the CALIPSO profiles at the arrival section in the western 420 

US on May 1, and the profiles corroborate the presence of mineral dust. 421 

3.5.5. Event 123: 25–26 August 2012 (PNW-WF) 422 

Event 123 took place in 2012 from 11:00 on August 25 to 22:00 on August 26 (UTC). 423 

Extremely high maximum hourly values of σsp (407 Mm−1) and CO (707 ppbv) were 424 

found in this event with a very strong correlation (R2 = 0.97). NOx and NOy were also 425 

enhanced significantly to maximum hourly values (577 and 4648 pptv, respectively). 426 

Fig. 10e shows the local trajectories in the western US. Low-altitude trajectories 427 

traveled through two hotspots of wildfires with high FRP values in northern California 428 

on August 25–26. 429 

3.5.6. Event 53: 25 May 2007 (PNW-IP) 430 

Event 53 occurred at 7:00–18:00 UTC on May 25, 2007. In this event, O3 was 431 

enhanced with an hourly average of 64.0 ppbv while CO was not (an hourly average 432 

of 124 ppbv). Trajectories circulated at low altitude above the Pacific Ocean and 433 

traveled through western Oregon to MBO without impact of wildfires (Fig. 10f). WV 434 

was also greater than the FT cutoff value. Urban pollution from industries and mobile 435 
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probably the major contributors. Trajectories for this event were originated from 437 

subtropical latitudes where background O3 is lower, indicating the contribution from 438 

local sources. 439 

3.6. Signatures of different event categories 440 

Table 3 shows the mean enhancement ratios (ERs) and the aerosol Ångström 441 

exponents of different event types. These are important signatures for source 442 

identification. PNW-MD events have little data available and are thus not listed in 443 

Table 3. 444 

3.6.1. UTLS 445 

UTLS events have steep negative ∆O3/∆WV slopes (−10.05±3.26 ppbv kg g−1), which 446 

reveals that an anomalously low WV level is usually linked to a strong O3 intrusion. 447 

UTLS and UTLS/ALRT events also have the only negative average ∆σsp/∆O3 among 448 

all event types. The ∆O3/∆CO slope varies significantly among different UTLS events. 449 

UTLS events have higher ∆NOx/∆PAN (0.96±0.64 pptv pptv−1) than PNW-WF events. 450 

However, due to limited available data, this comparison should be interpreted with 451 

caution. The high Åsp in UTLS events should be interpreted with caution as well given 452 

the extremely low scattering coefficients. 453 

3.6.2. ALRT-WF 454 

ALRT-WF events have the highest ∆O3/∆CO among all event types (0.52±0.64 ppbv 455 

ppbv−1), which is caused by the large amount of O3 precursors generated from 456 

wildfires and the long transport time for secondary O3 generation. ALRT-WF and 457 

ALRT-WF/IP events have lower Åap levels (1.45±0.02 and 1.54±0.39) than PNW-WF 458 

events (1.81±0.59), which implies that brown carbon (BrC) is generated from the 459 

biomass burning process but its fraction decreases during the long-range transport due 460 

to photobleaching (Laing et al., 2016). O3 from Siberian wildfires can be an important 461 

influence on US surface air quality (Jaffe, 2004). 462 

3.6.3. ALRT-IP 463 
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due to the high level of CO in industrial pollution. The ∆O3/∆CO slope of ALRT-IP 465 

events (0.21±0.50 ppbv ppbv−1) is higher than PNW-WF but lower than ALRT-WF. 466 

The long-range transport gives ALRT-IP events sufficient time for O3 generation. 467 

ALRT-IP events have a less steep negative ∆O3/∆WV (−7.88±6.26 ppbv kg g−1) than 468 

other ALRT events, because ALRT-IP events are usually linked to cloud process 469 

during transport resulting in higher WV. ALRT-IP events have the lowest average Åsp 470 

(2.02±0.20) among all types of events, indicating relatively larger particle size. This is 471 

possibly due to mixing with mineral dust sources during long-range transport. 472 

3.6.4. ALRT-MD 473 

ALRT-MD events are usually associated with UTLS. Mineral dust plumes occur in 474 

drier air masses (lower WV), and the ∆O3/∆WV of ALRT-MD is thus steeper 475 

(−13.94±6.81 ppbv kg g−1). In recent years, ALRT-MD events are rare compared to 476 

large MD events that occurred in prior years (Husar et al., 2001; Jaffe et al., 2003). 477 

3.6.5. AAP 478 

The average ∆σsp/∆CO of AAP (0.13±0.15 Mm−1 ppbv−1) is lower than ALRT-IP. 479 

Arctic pollution reservoir originates mainly from industrial pollution. One signature of 480 

AAP events is the high CO level and low oxidant level, resulting in low ∆O3/∆CO 481 

(−0.28±0.60 ppbv ppbv−1) and low ∆NOy/∆CO (2.72±0.26 pptv ppbv−1). However, the 482 

number of events is limited to make a conclusive statement. 483 

3.6.6. PNW-WF 484 

PNW-WF events have the highest ∆σsp/∆CO, ∆σsp/∆O3 and ∆σsp/∆NOy among all 485 

types of events (0.59±0.17 Mm−1 ppbv−1, 10.98±13.16 Mm−1 ppbv−1 and 0.10±0.07 486 

Mm−1 pptv−1, respectively). This is a distinctive feature of PNW-WF events, where 487 

aerosol is a dominant pollutant and has a shorter residence time than the gaseous 488 

pollutants (CO, O3 and NOy) (Laing et al., 2016). PNW-WF events have a lower level 489 

of ∆O3/∆CO (0.10±0.12 ppbv ppbv−1) than ALRT-WF events, indicating secondary O3 490 

formation during long-range transport and consistent with greater O3 production after 491 

extended transport (Jaffe and Wigder, 2012). 492 
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3.6.7. PNW-IP 493 

Because MBO is near to the coast and has no large cities upwind, PNW-IP events at 494 

MBO are relatively rare. These have a steeper negative ∆O3/∆WV slope (−8.57±0.68 495 

ppbv kg g−1) than PNW-WF events, demonstrating a stronger inverse relation likely 496 

associated with BLI/FT exchange. 497 

4. Conclusions498 

Mixing ratios of O3, CO, NOx, NOy and PAN and the optical properties of sub-micron 499 

aerosols have been measured at MBO from 2004–2015. The monthly average O3 500 

distribution has a bimodal pattern with peaks in April and July. ALRT and UTLS 501 

events were the main contributors of O3 in the western US in spring, while regional 502 

wildfires and UTLS contributed the most in summer with a non-negligible 503 

contribution from Siberian wildfires. Regional wildfires had more significant impacts 504 

on σsp, resulting in a very high peak in summer especially August. A smaller peak of 505 

σsp is seen in May, likely due to ALRT. Between 2004–2015, the mean O3 mixing ratio 506 

in spring, summer and fall increased by 0.6–0.8 ppbv yr−1 driven by Asian pollution in 507 

spring and regional wildfires in summer and early fall. 508 

We used the 2010–2015 sounding WV data from MFR and SLE at equivalent 509 

pressure level with MBO to separate FT and BLI air masses at MBO. At MBO, O3 is 510 

significantly higher (5–10 ppbv) in FT air compared to BLI air. The BLI mean σsp was 511 

higher than the FT mean in summer while lower in other seasons, showing that the 512 

regional air pollution in summer had more influence on the BLI atmosphere. O3 at 513 

MBO is slightly lower than an equivalent alternative (THD) over northern California 514 

due to the large-scale synoptic patterns. The bimodal pattern of σsp was more 515 

prominent for the FT air masses than BLI air masses due to springtime ALRT in the 516 

free troposphere. 517 

Over the 12 years of observations, we identified 177 individual plume events. 518 

These can be broadly classified into four categories (UTLS, ALRT, AAP and PNW) 519 

based on backward trajectories and the WV-O3 relationship. ALRT and PNW can be 520 

further divided into WF, IP and MD based on the CO level and the W/I ratio. Six 521 
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522 

exponents, regarded as signatures of different event categories, were calculated. 523 

UTLS events have the lowest ∆σsp/∆O3 slope. PNW-WF events have the highest 524 

∆σsp/∆CO, ∆σsp/∆O3 and ∆σsp/∆NOy among all types of events. The lower averages of 525 

ALRT-WF events indicate the sub-micron aerosol has a shorter residence time than 526 

the gaseous pollutants. The comparison of Åap between PNW-WF and ALRT-WF 527 

implies that BrC is generated from biomass burning, but its fraction decreases during 528 

the long-range transport, likely due to photobleaching. 529 
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Table captions 752 

Table 1  Water vapor (WV) criteria for free tropospheric/boundary layer influenced 753 

(FT/BLI) air masses at MBO and average FT and BLI WV by month. The WV criteria 754 

are the cut-off values that make the MBO mean WV similar to the radiosonde data. 755 

Table 2  Means and maximum values of hourly air pollutant concentrations for six 756 

typical plume events. 757 

Table 3  Enhancement ratios (mean ± standard deviation) and aerosol Ångström 758 

exponents of different types of plume events based on hourly data at MBO. 759 

760 
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Table 1  761 

(FT/BLI) air masses at MBO and average FT and BLI WV by month. The WV criteria 762 

are the cut-off values that make the MBO mean WV similar to the radiosonde data. 763 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

WV Criteria 

(g kg−1) 
3.26 2.64 2.46 2.55 3.06 4.25 5.14 5.23 4.60 4.36 3.44 2.97 

Average FT 

WV (g kg−1) 
2.07 1.76 1.85 1.98 2.30 2.94 3.36 3.66 3.05 2.75 2.20 1.96 

Average BLI 

WV (g kg−1) 
3.99 3.46 3.41 3.65 4.45 5.58 6.58 6.41 5.72 5.28 4.42 3.82 

764 
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Table 2  Means and maximum values of hourly air pollutant concentrations for six typical plume events. 765 

Event 

No. 

Event time Category a σsp (Mm−1) O3 (ppbv) CO (ppbv) NOx (pptv) PAN (pptv) NOy (pptv) WV (g kg−1) 

Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max 

138 2013/7/21 4:00 – 20:00 UTLS 0.9 1.8 74.3 86.3 84 94 148 171 50 69 – – 1.20 1.97 

151 2014/4/19 2:00 – 18:00 ALRT-WF 26.4 39.7 67.1 79.9 192 226 – – – – – – 2.45 3.44 

148 2013/11/20 21:00 – 2013/11/21 11:00 ALRT-IP 16.6 28.6 53.3 57.0 215 260 – – – – – – 1.53 2.04 

102 2011/5/1 3:00 – 15:00 ALRT-MD 4.8 6.0 70.0 77.5 129 134 – – – – – – 1.73 3.53 

123 2012/8/25 11:00 – 2012/8/26 22:00 PNW-WF 100.6 406.7 60.7 69.4 296 707 283 577 – – 1418 4648 4.62 5.59 

53 2007/5/25 7:00 – 18:00 PNW-IP 3.0 4.3 64.0 76.5 124 130 85 133 – – – – 3.52 5.29 

a UTLS: upper troposphere and lower stratosphere O3 intrusion; ALRT: Asian long-range transport; PNW: Pacific Northwest pollution; WF: wildfires; IP: industrial pollution; MD: 766 

mineral dust. 767 

768 
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Table 3  Enhancement ratios (mean ± standard deviation) and aerosol Ångström exponents of different types of plume events based on hourly data at MBO. 769 

Category a Trigger 

pollutants 

∆O3/∆WV 

(ppbv kg g−1) 

∆σsp/∆CO 

(Mm−1 ppbv−1) 

∆σsp/∆O3 

(Mm−1 ppbv−1) 

∆σsp/∆NOy 

(Mm−1 pptv−1) 

∆O3/∆CO 

(ppbv ppbv−1) 

∆NOy/∆CO 

(pptv ppbv−1) 

∆NOx/∆PAN 

(pptv pptv−1) 

Åsp Åap 

UTLS O3 −10.05±3.26

(23/23) b
0.17±0.12 

(9/19) 

−0.14±0.12

(12/23)

0.04 

(1/3) 

0.04±1.53 

(4/19) 

10.08±1.80 

(2/3) 

0.96±0.64 

(4/5) 

2.66±0.88 

(10) (0)

UTLS/ALRT O3 −11.06±5.01

(20/20)

0.32±0.36 

(9/18) 

−0.07±0.20

(5/18)

0.01 

(1/5) 

0.17±3.17 

(5/20) 

−0.10±9.52

(2/6)

0.68 

(1/2) 

2.15±0.18 

(9) 

0.91±0.74

(4)

ALRT-WF σsp, CO −10.53±3.85

(10/11)

0.42±0.20 

(4/9) 

0.48±0.71 

(5/11) (0/4) 

0.52±0.64 

(7/9) 

−5.67±21.38

(3/3) (0/0) 

2.19±0.16 

(4) 

1.45±0.02

(2)

ALRT-WF/IP σsp, CO −10.61±3.66

(6/9)

0.23±0.13 

(3/8) 

0.66±0.51 

(5/8) 

0.05±0.03 

(2/5) 

0.01±0.90 

(3/9) 

8.14±6.90 

(4/5) (0/1) 

2.23±0.30 

(4) 

1.54±0.39

(4)

ALRT-IP CO −7.88±6.26

(15/22)

0.20±0.18 

(11/17) 

0.51±0.86 

(9/18) 

−0.12

(1/5)

0.21±0.50 

(13/21) 

7.69 

(1/4) (0/0) 

2.02±0.20 

(6) (0)

ALRT-MD σsp −13.94±6.81

(3/3)

−0.33

(1/3)

0.18±0.01 

(2/3) (0/0) 

−1.19±0.60

(3/3) (0/0) (0/1) 

2.07±0.05 

(2) (0)

AAP CO −5.85±3.40

(6/6)

0.13±0.15 

(4/6) 

1.39±2.40 

(2/6) 

0.05±0.04 

(2/5) 

−0.28±0.60

(3/6)

2.72±0.26 

(2/5) (0/0) (0) (0)

PNW-WF σsp, CO −5.27±5.99

(42/73)

0.59±0.17 

(58/63) 

10.98±13.16 

(30/70) 

0.10±0.07 

(19/25) 

0.10±0.12 

(20/61) 

5.83±3.11 

(19/25) 

0.35±0.25 

(6/11) 

2.16±0.20 

(33) 

1.81±0.59

(5)

PNW-IP CO −8.57±0.68

(2/3) (0/1) 

1.92 

(1/3) (0/0) (0/1) (0/0) (0/0) 

2.25 

(1) 

1.86

(1)

a UTLS: upper troposphere and lower stratosphere O3 intrusion; ALRT: Asian long-range transport; AAP: Arctic air pollution; PNW: Pacific Northwest pollution; WF: wildfires; IP: 770 

industrial pollution; MD: mineral dust. 771 

b The first value in parentheses gives the count of available data (∆Y/∆X) with considerable correlation between X and Y (R2 ≥ 0.3), and the second number gives the count of total 772 

available data (∆Y/∆X). 773 
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Figure captions 774 

Fig. 1. Statistical distributions of the O3 mixing ratio at the Mt. Bachelor Observatory 775 

(MBO) by month. The bottom and top of the box represent the 25th and 75th 776 

percentiles (the lower and upper quartiles, q1 and q3), respectively. The band near the 777 

middle of the box represents the 50th percentile (the median). The dot near the middle 778 

of the box represents the mean. The ends of the whiskers represent q3+1.5(q3–q1) and 779 

q1–1.5(q3–q1), respectively. The dots are outliers. 780 

Fig. 2. Trends and interannual variations of the O3 mixing ratio by season. The points 781 

show the mean values and the bars show the standard deviations. 782 

Fig. 3. Statistical distributions of the sub-micron aerosol scattering coefficient at the 783 

Mt. Bachelor Observatory (MBO). The bottom and top of the box represent the 25th 784 

and 75th percentiles (the lower and upper quartiles, q1 and q3), respectively. The band 785 

near the middle of the box represents the 50th percentile (the median). The dot near 786 

the top of the box represents the mean. The ends of the whiskers represent q3+1.5(q3–787 

q1) and q1–1.5(q3–q1), respectively. The dots are outliers. 788 

Fig. 4. Interannual variation of the aerosol scattering coefficient by season. The points 789 

show the mean values and the bars show the standard deviations. 790 

Fig. 5. Means of the O3 mixing ratio for MBO free tropospheric air (MBO-FT), MBO 791 

boundary layer influenced air (MBO-BLI), MBO overall (MBO) and Trinidad Head 792 

(THD) at 720–740 mbar. 793 

Fig. 6. Means of the sub-micron aerosol scattering coefficient for free tropospheric 794 

(FT) air, boundary layer influenced (BLI) air and overall at MBO. 795 

Fig. 7. Water vapor-ozone (WV-O3) relationships for (a) the Trinidad Head (THD) 796 

sounding data (1997–2017) at different elevations, and (b) different categories of 797 

events at MBO (2004–2015), including upper troposphere and lower stratosphere O3 798 

intrusion (UTLS), Asian long-range transport events (ALRT), the combination of 799 

UTLS and ALRT, Arctic air pollution events (AAP), and Pacific Northwest pollution 800 

events (PNW). 801 
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Fig. 8.802 

trajectories of (a) an Asian long-range transport wildfire (ALRT-WF) event (Event 36, 803 

9 May 2006) and (b) an Asian long-range transport industrial pollution (ALRT-IP) 804 

event (Event 148, 20–21 November 2013). Shaded grids are influential grids where 805 

trajectories are at low altitude (<3000 m agl); the numbers above and below the line in 806 

shaded grids are CO emission rates of wildfire and industry, respectively (unit: kg s−1); 807 

The W/I ratio is the ratio of wildfire/industrial CO emissions. 808 

Fig. 9. Distribution of different types of plume events during 2004–2015 by month. 809 

(PNW: Pacific Northwest pollution; IP: industrial pollution; WF: wildfire; MD: 810 

mineral dust; AAP: Arctic air pollution; ALRT: Asian long-range transport; UTLS: 811 

upper troposphere and lower stratosphere O3 intrusion) 812 

Fig. 10. Backward trajectories for six typical plume events at MBO: (a) an upper 813 

troposphere and lower stratosphere O3 intrusion (UTLS) event; (b) an Asian 814 

long-range transport wildfire (ALRT-WF) event; (c) an Asian long-range transport 815 

industrial pollution (ALRT-IP) event; (d) an Asian long-range transport mineral dust 816 

(ALRT-MD) event; (e) a Pacific Northwest wildfire (PNW-WF) event; (f) a Pacific 817 

Northwest industrial pollution (PNW-IP) event.818 

819 
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820 

Fig. 1. Statistical distributions of the O3 mixing ratio at the Mt. Bachelor Observatory 821 

(MBO) by month. The bottom and top of the box represent the 25th and 75th 822 

percentiles (the lower and upper quartiles, q1 and q3), respectively. The band near the 823 

middle of the box represents the 50th percentile (the median). The dot near the middle 824 

of the box represents the mean. The ends of the whiskers represent q3+1.5(q3–q1) and 825 

q1–1.5(q3–q1), respectively. The dots are outliers. 826 

827 



34 

828 

Fig. 2. Trends and interannual variations of the O3 mixing ratio by season. The points 829 

show the mean values and the bars show the standard deviations. 830 
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832 

Fig. 3. Statistical distributions of the sub-micron aerosol scattering coefficient at the 833 

Mt. Bachelor Observatory (MBO). The bottom and top of the box represent the 25th 834 

and 75th percentiles (the lower and upper quartiles, q1 and q3), respectively. The band 835 

near the middle of the box represents the 50th percentile (the median). The dot near 836 

the top of the box represents the mean. The ends of the whiskers represent q3+1.5(q3–837 

q1) and q1–1.5(q3–q1), respectively. The dots are outliers. 838 

839 
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840 

Fig. 4. Interannual variation of the aerosol scattering coefficient by season. The points 841 

show the mean values and the bars show the standard deviations. 842 
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844 

Fig. 5. Means of the O3 mixing ratio for MBO free tropospheric air (MBO-FT), MBO 845 

boundary layer influenced air (MBO-BLI), MBO overall (MBO) and Trinidad Head 846 

(THD) at 720–740 mbar. 847 
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849 

Fig. 6. Means of the sub-micron aerosol scattering coefficient for free tropospheric 850 

(FT) air, boundary layer influenced (BLI) air and overall at MBO. 851 
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853 

Fig. 7. Water vapor-ozone (WV-O3) relationships for (a) the Trinidad Head (THD) 854 

sounding data (1997–2017) at different elevations, and (b) different categories of 855 

events at MBO (2004–2015), including upper troposphere and lower stratosphere O3 856 

intrusion (UTLS), Asian long-range transport events (ALRT), the combination of 857 

UTLS and ALRT, Arctic air pollution events (AAP), and Pacific Northwest pollution 858 

events (PNW). 859 
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860 

Fig. 8. Gridded East Asian carbon monoxide (CO) emission rates and HYSPLIT trajectories of (a) an Asian long-range transport wildfire (ALRT-WF) 861 

event (Event 36, 9 May 2006) and (b) an Asian long-range transport industrial pollution (ALRT-IP) event (Event 148, 20–21 November 2013). Shaded 862 

grids are influential grids where trajectories are at low altitude (<3000 m agl); the numbers above and below the line in shaded grids are CO emission 863 

rates of wildfire and industry, respectively (unit: kg s−1); The W/I ratio is the ratio of wildfire/industrial CO emissions. 864 
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 865 

Fig. 9. Distribution of different types of plume events during 2004–2015 by month. (PNW: 866 

Pacific Northwest pollution; IP: industrial pollution; WF: wildfire; MD: mineral dust; AAP: 867 

Arctic air pollution; ALRT: Asian long-range transport; UTLS: upper troposphere and lower 868 

stratosphere O3 intrusion) 869 
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 871 

Fig. 10. Backward trajectories for six typical plume events at MBO: (a) an upper troposphere and 872 

lower stratosphere O3 intrusion (UTLS) event; (b) an Asian long-range transport wildfire 873 

(ALRT-WF) event; (c) an Asian long-range transport industrial pollution (ALRT-IP) event; (d) an 874 

Asian long-range transport mineral dust (ALRT-MD) event; (e) a Pacific Northwest wildfire 875 

(PNW-WF) event; (f) a Pacific Northwest industrial pollution (PNW-IP) event. 876 



 

1. Long-range transport and UTLS enhance tropospheric O3 in western US in spring. 

2. Interannual aerosol increase in summer is driven by regional and Siberian 

wildfires. 

3. CO emission rate helps identify long-range transport wildfire and industrial 

events. 

4. Enhancement ratios and aerosol optical properties provide plume event signatures. 




