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Comparisons of upper air ozone at a coastal and urban site and the impacts 
of non-controllable ozone sources 

Chloe Gore , Sen Chiao * 

Center for Applied Atmospheric Research and Education, San Jose State University, USA   

A R T I C L E  I N F O   
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A B S T R A C T   

This study quantified the impact of non-controllable and urban emission sources on the enhancement of ozone 
(O3) in the troposphere. These enhancements were investigated using data from simultaneous ozonesonde 
launches at Half Moon Bay (HMB), CA and San Jose (SJ), CA on eleven dates in July and August 2018. The urban 
O3 enhancement in the SJ vertical profile was derived by subtracting out HMB, which represents baseline O3, 
from the urban SJ profile. Within the planetary boundary layer (PBL), urban emissions had a large impact on SJ, 
as SJ O3 was 20–30 ppb higher than HMB for all dates. Above the PBL, most enhancement profiles remained close 
to zero, indicating little differences aloft between HMB and SJ. The two sites had strong correlation coefficients 
(CCs), highlighting the influence of baseline O3 on SJ. A major axis regression for all vertical levels between SJ 
and HMB revealed a slope of 1.00 SJ ppb/HMB ppb and intercept of 0.004 ppb. The percent contribution of 
mixing layer (ML) O3 to tropospheric O3 and tropospheric O3 to total column O3 demonstrates the predominant 
influence of baseline O3 on the O3 profile, even over a polluted urban region. The contribution of ML O3 was low 
for all dates, between 2 and 6%, whereas the tropospheric contribution was 11–18%. These findings emphasize 
the importance of baseline O3 in regions with reduced vertical mixing; polluted urban air near the surface has 
minimal impacts on O3 concentrations above the PBL.   

1. Introduction 

Ozone (O3) is a secondary air pollutant formed primarily through the 
photochemical oxidation of carbon monoxide (CO) and volatile organic 
compounds (VOC) in the presence of nitrogen oxides (NOx) (Fiore et al., 
2002; Wu et al., 2008; Jaffe et al., 2018). Prior studies (e.g., Smith et al., 
2009; Ostro et al., 2012; Bell et al., 2006; Anenberg et al., 2010; Turner 
et al., 2016; Berman et al., 2012; Ellingsen et al., 2008; Rai and Agrawai, 
2012; Avnery et al., 2011a,b) have confirmed that in the troposphere, O3 
is harmful to human health and vegetation. In 2015, the Environmental 
Protection Agency (EPA) lowered the National Ambient Air Quality 
Standard (NAAQS) for ozone from 75 ppb to 70 ppb (Environmental 
Protection Agency, 2015). By definition, the NAAQS is met when the 
three-year average of the annual fourth-highest daily maximum 8-h 
ozone concentration is less than or equal to 70 ppb (U.S. Environ-
mental Protection Agency, 1998; 2105). In order to protect public health 
and meet the NAAQS for ozone, it is important to monitor O3 trends and 
design emission control strategies to reduce O3 concentrations and O3 
precursor species. 

Studies observing these tropospheric O3 trends have found a 
decrease in the overall variability and range (difference between days of 
low and high O3 mixing ratios) of surface O3 concentrations in numerous 
regions across the U.S. (Lefohn et al., 2010; Cooper et al., 2012; Simon 
et al., 2015). In the western U.S., observed background O3 trends are 
shown to be increasing up to the mid 2000s (Jaffe et al., 2003; Jaffe and 
Ray, 2007; Cooper et al., 2010) and have since begun to decrease 
(Parrish et al., 2017). This decrease should help regions in the western 
U.S. maintain the NAAQS standard, which has been a challenge in the 
past due to the influence of baseline O3. Baseline O3 is defined by the 
Task Force on Hemispheric Transport of Air Pollution (HTAP) as an O3 
concentration observed at a site uninfluenced by local anthropogenic 
activities (Cooper et al., 2011; Task Force on Hemispheric Transport of 
Air Pollution, 2010; Cooper et al., 2015). 

Western coastal sites are largely impacted by synoptic transport of 
air masses across the Pacific. These air masses can transport high O3 
concentrations from the Asian continent, increasing baseline O3 con-
centrations and creating challenges for improving local air quality 
(Oltmans et al., 2008; Cooper et al., 2010; Lin et al., 2017; Hudman 
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et al., 2004; Ryoo et al., 2017). Additionally, Ryoo et al., (2017) 
examined a high O3 event off the central California coast on May 30, 
2012, and determined that Asian transport had a large impact on the air 
masses reaching the western U.S. Forward model trajectories also indi-
cated that this transported high-O3 air could affect inland surface con-
centrations. Parrish et al., (2014) concluded that the lifetime of 
tropospheric O3 is within the temporal scale for transport between 
continents. They further noted that, aside from urban regions, this 
baseline O3 inflow is the controlling source of observed O3 
concentrations. 

Elevated O3 levels are also influenced by stratospheric intrusions (SI) 
(e.g., Langford et al., 2017; Langford et al., 2015; Lin et al., 2012; 
Langford et al., 2018; Clark and Chiao, 2019). SIs typically result from 
tropopause folding, which entrains high O3 stratospheric air into the free 
troposphere (Langford et al., 2018). Lin et al. (2015a) examined how 
climate variability impacts SIs and found that after strong La Nina 
winters, there is an increase in late spring SIs in the Western U.S. due to 
the northward shift of the polar jet stream into the Pacific Northwest. 
Zhang et al., (2014) determined that lightning increases surface O3 mean 
levels and that SIs result in the highest O3 concentrations in the Inter-
mountain West. They also examined the relationship between O3 levels 
and wildfires, however did not reach a definitive conclusion. California 
anthropogenic emissions were determined to increase surface O3 con-
centrations downwind, as well. 

The processes impacting O3 are spatially large scale, as demonstrated 
by Logan et al., (2012), who determined that a similar temporal vari-
ability of tropospheric O3 is present for the 500–1000 km scale. For 
example, Baylon et al., (2016) examined the impact of baseline O3 
measured at Mount Bachelor Observatory (MBO) on surface O3 at 
various sites in the Western U.S. and found that, under conducive 
meteorological conditions, the length of the surface station O3 correla-
tion is 850 km. Similarly, Wigder et al., (2013) assessed the transport of 
tropospheric O3 from MBO to Boise and marine boundary layer O3 from 
Cheeka Peak, WA to Enumclaw, WA and determined that, when the air 
mass influences Boise’s MDA8 O3, MBO explained 40% of Boise’s MDA8 
variation and Cheeka Peak explains 69% of Enumclaw MDA8 variations. 

O3 concentrations are also influenced by various meteorological 
parameters. Solar radiation drives photochemical reactions of O3 pre-
cursor species (e.g., NOx), therefore ample sunlight is favorable for high 

O3 production (Pudasainee et al., 2006). O3 exhibits a diurnal pattern, 
with high concentrations during the daytime and low concentrations at 
night, while the precursors (e.g. NOx) have an opposite pattern (Tu et al., 
2007). Seaman and Michelson (2000) identified synoptic conditions 
favorable for O3 production, including high temperatures, light winds, 
and minimal cloud cover. This is consistent with observations that 
indicate stable conditions are ideal for high O3 and poor air quality 
events. Knowledge of these characteristics is important for under-
standing O3 formation and the causes of high O3 episodes. 

O3 concentrations are also influenced by precursor emissions 
(Wigder et al., 2013). Increases in NOx and VOCs have been shown to 
lead to O3 increases (Wei et al., 2014; John et al., 1998; David and Nair, 
2011; Pusede and Cohen, 2012; Gorai et al., 2015; Grewe et al., 2012). 
Carbon monoxide (CO) is a known precursor to O3; under photochemical 
conditions, CO and O3 have a positively correlated relationship (Chin 
et al., 1994; Fishman and Seiler, 1983; Gilge et al., 2010; Macdonald 
et al., 2011). Methane (CH4) can also act as a precursor to O3, however 
due to the long lifetime of CH4, these studies are primarily modeling 
analyses (Shindell et al., 2005; Dentener et al., 2005; West et al., 2006; 
Fiore et al., 2002). O3 photochemical formation is not a linear process. 
Increases in the precursor NOx do not consistently lead to O3 increases 
and can sometimes cause decreases. This response depends on existing 
ambient conditions and VOC/NOx concentrations (e.g., Konovalov, 
2002; Xiao et al., 2010). Consequently, the nonlinearity of O3 formation 
creates challenges for source attribution of O3 concentrations. 

O3 precursors are prevalent in urban regions as a result of the dense 
population, which leads to increased automobile activity, higher energy 
demands, etc. (Marcotullio et al., 2013; Dodman, 2011). Urban locations 
in the western U.S. have additional challenges for reducing O3 concen-
trations due to the combination of O3 precursor emissions and high 
concentrations of baseline O3. For example, Cooper et al. (2012) 
observed decreases in rural O3 concentrations across the eastern United 
States in spring and summer months from 1990 to 2010, while the 
western sites had more significant increasing than decreasing trends. 
Additionally, Lin et al. (2015b) observed springtime increasing O3 
trends in western North America over the last decade and increasing 
background trends. 

Although O3 studies have been conducted for northern and southern 
California (Goldstein et al., 2004; Croes and Fujita, 2003; Cooper et al., 

Fig. 1. Location of ozonesonde launches (red triangle). Duncan Hall represents the San Jose, CA site, as it is located next to downtown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. NOAA HYSPLIT backwards trajectories from SJ (Duncan Hall) for each launch date. The red line is 0 km, blue line is 5 km, and green line is 10 km. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2011; Yates et al., 2013), to further advance our understanding, the focal 
area of this study will be the San Francisco Bay Area. The Bay Area and 
Central California are largely impacted by baseline O3 which, coupled 
with heavy urban pollution, seasonal wildfires, and SI events, increases 
the frequency of non-attainment days. The quantified contribution of 
baseline O3 and O3 generated from urban precursor emissions and 
non-controllable sources is important to understand for future emission 
control planning. Therefore, the goal of this study is to examine the 
sources of surface urban O3 enhancements and quantify the inland 
transport of baseline O3. 

2. Data and methods 

2.1. Ozonesondes 

On eleven dates between July and August 2018, two electrochemical 
concentration cell (ECC) ozonesondes were simultaneously launched 
from HMB and San Jose, CA (SJ) at approximately 1400 PDT (2100 
UTC) (Fig. 1). This launch time was selected in order to capture peak O3 
concentrations due to the photochemical production of O3 during the 
daytime. ECC ozonesondes have been deemed a reliable and accurate 
measurement method through laboratory and field experimental studies 
(e.g., Lui et al., 2009). For this study, each ozonesonde was prepped two 
weeks before launch and calibrated in the lab the morning of following 
NOAA ESRL procedures (https://www.en-sci.com/documentation/). 
The average uncertainties of measurements were between ±7–10% for 
all launches. SJ launches were conducted on the roof of Duncan Hall at 
an altitude of approximately 50 m above sea level (ASL) while HMB 

ozonesondes were launched at an elevation of roughly 9 m above sea 
level (ASL). O3 mixing ratio measurements were averaged into 100 m 
vertical levels. Each experiment lasted around 2 h and reached an alti-
tude of about 20 km. To focus on tropospheric O3, only the lowest 15 km 
will be studied. Data below 100 m were also eliminated to account for 
the difference in launch altitudes between sites. Launch dates were 
selected based on ideal onshore wind conditions aloft (southwest to 
northwest winds) to ensure measurements of baseline O3 at HMB and to 
represent the inland transport of the HMB airmass into the SJ region. To 
quantify the enhancement of O3 in the urban profile in the absence of 
baseline O3, HMB O3 was subtracted from SJ O3, creating what will be 
called the “enhancement profile” for each date. A statistical comparison 
between the two profiles on each date was also explored to verify that 
HMB can be assumed to represent baseline O3 for SJ. 

2.2. Estimating mixing layer heights 

To further assess the atmospheric processes occurring at SJ, the 
mixing layer heights for each date over SJ were estimated using vertical 
profiles of relative humidity (%) and potential temperature (K) provided 
by the radiosonde, which is launched in tandem with the ozonesonde. 
Identifying the maximum gradients of relative humidity and potential 
temperature has been shown to be an adequate method for estimating 
the top of the mixing layer (Wang and Wang, 2014; Garrat, 1994; Sediel 
et al., 2010; Ao et al., 2008). The two variables were plotted together 
and altitudes where a visibly steep drop in relative humidity and an 
increase in potential temperature were denoted as the mixing layer top. 
Because this is an estimate, the mixing layer heights were also compared 
with the Weather Research and Forecasting (WRF) model. The North 
American Mesoscale Model (NAM) 6-h reanalysis data were used for the 
model input and the Thompson physics scheme was applied as the 
physics parameterization. For each launch date, a 24-h model run (0000 
UTC on launch date - 0000 UTC on the day after) was conducted for a 
1 km by 1 km domain covering HMB and SJ. 

2.3. HYSPLIT analysis 

An additional analysis was completed using the NOAA Hybrid 
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) 
model to determine the source of the airmass at SJ and if HMB is 
representative of the baseline O3 transported into the urban region. The 
archived Global Data Assimilation System (GDAS) 0.5◦ meteorology file 
on the date of each launch was selected for the model input. A 24-h 
backwards trajectory from SJ (37◦19′57.78′′N, 121◦52′56.55′′W) 
beginning at 2100 UTC on the launch date was run at 0.05, 5, and 10 km 
altitudes to capture the entire tropospheric column. 

2.4. Surface, tropospheric, and total column O3 

Following the methods of David and Nair (2011), the mixing layer, 
tropospheric, and total column O3 at SJ and HMB were compared using 
the ozonesonde and MERRA-2 single-level diagnostics, time-averaged, 
1 h model (0.5◦ × 0.625◦) (Global Modeling and Assimilation Office, 
2015a). The ozonesonde provides total column O3 measurements in 
Dobson Units (DU). Tropopause pressure was provided by AIRS daily 1◦

standard physical retrieval (AIRS Science Team/Joao Teixeira, 2013) 
and total column O3 was obtained from MERRA-2, both measurements 
using a 0.2◦ by 0.2◦ bounding box centered on each site. Stratospheric 
O3 was thereby included in the total column calculation. Mixing layer 
(ML) O3 was calculated as the ozonesonde total column O3 value at the 
top of the mixing layer and tropospheric O3 was the ozonesonde total 
column O3 value at the tropopause pressure given by AIRS. The percent 
contribution of ML to tropospheric and tropospheric to total column O3 
were then computed. 

Table 1 
Correlations between HMB and SJ profiles.  

Date Correlation Coefficient P-Value 

July 9, 2018 0.93 0.0 
July 16, 2018 0.83 0.0 
July 18, 2018 0.88 0.0 
July 20, 2018 0.84 0.0 
July 24, 2018 0.91 0.0 
July 31, 2018 0.72 0.0 
August 2, 2018 0.92 0.0 
August 3, 2018 0.87 0.0 
August 6, 2018 0.68 0.0 
August 10, 2018 0.85 0.0 
August 17, 2018 0.92 0.0 
All dates 0.79 0.0  

Fig. 3. Scatter plot of San Jose O3 mixing ratios (ppb) and Half Moon Bay O3 
mixing ratios (ppb) with a major axis regression line in black. Slope = 1.00 SJ 
ppb/HMB ppb and intercept = 4.38 ppb. 

C. Gore and S. Chiao                                                                                                                                                                                                                          
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3. Results and discussion 

3.1. HYSPLIT 

The HYSPLIT back trajectories initiated at 5 km and 10 km above 
ground level suggested airmasses over SJ were typically transported 
from the SSW to NW, while the surface trajectories were mostly from 
NNW, passing over the San Francisco Bay region into the SJ area (Fig. 2). 
On dates when the upper-level trajectories did not pass over the HMB 
region, they typically passed the coastline 50–100 km south of HMB, 
which is well within synoptic and mesoscale boundaries, therefore the 
airmass composition is likely similar between HMB and the coastal 
intersection point. Wind directions have minimal differences between 
HMB and the coast to the south so both sites are primarily receiving 
onshore winds off of the Pacific. There are few urban areas within this 
coastal region, so it is a reasonable assumption that SJ is receiving 
baseline O3 in a similar composition to HMB. Additionally, Parrish et al., 
(2010) (and Liu et al., 2009 therein) demonstrated that direct transport 

between Trinidad Head, CA and inland surface sites in the Northern 
Sacramento Valley is not necessary to explain observed results because 
the horizontal scale before correlation coefficients decrease by a factor 
of e is between 500 and 1000 km. As a result, the HMB concentrations 
are deemed applicable for the purposes of this study. 

This claim was also supported by a statistical analysis between HMB 
and SJ on each date. Table 1 describes the correlation coefficients be-
tween HMB and SJ for the full vertical resolution from 0.1 km to 15 km 
(e.g. tropospheric O3). All CCs are above the significance threshold of 
0.5, with the lowest of 0.68 on August 6. The visual similarities between 
HMB and SJ profiles and the small values of the enhancement profile 
above the PBL also confirm the strong relationship between the two 
sites. For all dates combined, the CC was also high at 0.79. A scatter plot 
of SJ and HMB with a major axis regression line is shown in Fig. 3. The 
data followed a linear pattern, with a slope of 1.00 SJ ppb/HMB ppb, 
illustrating the similar O3 concentrations between sites throughout the 
dataset and the underlying influence of baseline O3 on the SJ profile. 

Fig. 4. Ozone profiles of HMB (red), SJ (blue) and the enhancement profile (green) from each launch. Dates are listed in Table 1. Altitude is above sea level (ASL). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.2. Enhancement profiles 

Upon initial examination, the enhancement profiles generally did not 
show any significant urban enhancement of O3 aloft (Fig. 4), indicating 
minimal impact of high surface urban O3 on the tropospheric profile. 
Surface levels were consistently 20–30 ppb higher at SJ (Fig. 5), how-
ever above the ML, the two profiles matched closely and differences 
between them remained close to 0 ppbv. Near-surface HMB O3 is 
consistent with observations from other surface coastal sites in northern 
CA (Fig. 6): within 10 ppb of the other four locations. Additionally, a 
potential SI was observed on August 3 and will be discussed in further 
sections. Smoke was visibly present near the surface on August 3, 
contributing to the observed spike in O3 around 1 km. 

A notable offset in O3 concentrations aloft was observed on July 31 
and August 10 (e.g., Fig. 4). While ozonesondes are a reliable mea-
surement source, changes in model type of ECC ozonesonde or sensing 
solutions can induce measurement differences of up to 5–10% (e.g., Smit 

et al., 2007). In our cases, the same ECC ozonesonde model and solutions 
were used for all launches. HMB and SJ are within the same synoptic and 
meso spatial scales and had very similar profiles of wind speed and di-
rection, so the consistent offset throughout the vertical profile is not 
attributed to differences in atmospheric conditions. It is suspected that 
the observed SJ enhancement on July 31 and August 10 is a result of 
ozonesonde discrepancies, even with the same ECC model and solution. 

Local meteorological conditions were examined to investigate the 
enhancement of PBL O3 at SJ and identify potential sources. Surface 
temperature and cloud cover data were retrieved from NOAA’s Climate 
Data Online (CDO) local climatological data (https://www.ncdc.noaa. 
gov/cdo-web/datatools/lcd). The San Jose KSJC station (US WBAN: 
72494523293) was selected for SJ and is located at 37.3591oN, 
-121.9240 oW at an elevation of 15.5 m. It is roughly 4.7 km from the SJ 
launch site. The Half Moon Bay airport, KHAF, (US WBAN: 
72064600228) was selected for HMB and is at an elevation of 20.1 m 
and located at 37.5130 oN and -122.5010 oW. It is about 1.8 km from the 
HMB launch site. 

HMB was overcast for four of the eleven days while SJ reported few 
clouds to clear skies each day as recorded by observations at the launch 
site and confirmed with the WBAN station reports. As mentioned in the 
introduction, increased sunlight is conducive to higher O3 production. 
Additionally, surface temperatures at SJ were warmer than HMB by an 
average of 14.3 ◦C from 7/9 to 8/17. SJ also had a larger range in diurnal 
temperatures than HMB (Fig. 7). Low temperatures between sites were 
typically different by 10◦ but SJ high temperatures were greater by 
15–25◦. O3 has been shown to increase with increasing temperatures 
(Dawson et al., 2006; Bloomer et al., 2009) and a plot of SJ surface 
temperature and surface O3 (Fig. 8) showed similar findings with a slope 
of 1.08 ppb/◦C and R2 = 0.70. Additional studies derived similar 
regression line slopes for O3 and temperature. Rasmussen et al., (2012) 
found slopes to be 1–3 ppb K-1 in the northeast U.S. in May and 
4–6 ppb K-1 in the southeastern U.S. in May and July. Bloomer et al., 
(2009) found a slope of roughly 2.2 ppbv/

◦

C in the eastern U.S. post 
2002. Surface O3 measurements were provided by the Bay Area Air 
Quality Management District (BAAQMD) Jackson Street site, which is 
located at 37.35 oN, -121.89 oW two stories above ground level. Full 
details of this site are included in the 2017 Air Monitoring Network Plan 
(Knoderer et al., 2018). Surface O3 followed the diurnal trend of surface 
temperature, as well, providing further evidence of the temperature 
dependence on O3 at SJ. Vertical profiles of wind speed and wind 

Fig. 5. Box plot of O3 concentrations below 0.5 km at HMB and SJ. The orange 
line in the middle is the median value and the top and bottom lines of the box 
are the 75th and 25th quartiles, respectively. The top and bottom extended lines 
(whiskers) are the maximum and minimum values and the open circle repre-
sents an outlier. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 6. Surface O3 from four coastal sites across northern 
California. Data are for July and August 2018 daily aver-
ages for all hours of the day. The orange line in the middle 
is the median value and the top and bottom lines of the box 
are the 75th and 25th quartiles, respectively. The top and 
bottom extended lines (whiskers) are the maximum and 
minimum values and the open circles represent outliers. 
Jacobs, Humboldt Hill, and Santa Cruz are measured by 
EPA monitoring stations and Trinidad Head is provided by 
NOAA Earth System Research Laboratories (ESRL) Global 
Monitoring Laboratory. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the 
Web version of this article.)   
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direction revealed similar results for both HMB and SJ so these variables 
can be ruled out as a cause for SJ surface enhancement. 

3.3. Synoptic conditions 

For most dates, low pressure was observed off of the coast of the 
Western U.S. with high pressure present over the southwest to western 
U.S. This set up of large-scale high pressure to the SE and low pressure to 
the N was conducive to south-westerly to westerly winds at HMB. This 
wind pattern is ideal for inland transport of the airmass at HMB into the 
SJ region and for on-shore measurement of O3 at HMB that has not been 
contaminated by any local sources. Upper level wind speeds were 
highest on dates when these low pressure centers were observed. Lower 
level wind speeds were consistent between the two sites and remained 
around 10 ms-1 or below. Upper level wind speeds typically remained 
between 20 and 30 ms-1, with the strongest winds observed on August 2 
and 3 above 11 km due to a strong jet present over northern California 
throughout this time period. As shown in Fig. 9, three different synoptic 

Fig. 7. Time series of surface temperatures for HMB (blue) and SJ (red). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 8. Relationship between SJ surface O3 and surface temperatures from July 
9 – August 17. Best fit line equation: y = 1.08 ppb/◦C * x – 53 ppb 
and R2 = 0.70. 

Fig. 9. 250 hPa maps for the three potential SI cases (a) 01 August, (b) 04 
August, and (c) August 11, 2018 valid at 00Z. Images are provided by the 
University of Wyoming. 

C. Gore and S. Chiao                                                                                                                                                                                                                          
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setups will be examined in later sections for SI impacts: a positively 
tilted trough (July 31), low pressure center over the Gulf of Alaska 
coupled with a deep trough and strong jet (August 3), and a low pressure 
center off of the coast of the Pacific Northwest (August 10). 

3.4. Mixing layer heights 

The ML heights for each date were below 1 km, with 9 dates below 
0.5 km (Fig. 10). The WRF planetary boundary layer heights agreed well 

with the radiosonde estimations, with the largest difference of 260 m on 
July 20. The WRF model typically under-estimated the radiosonde ob-
servations (8 out of the 11 dates produced too low mixing layer tops). 
However, WRF followed the general trend of observed ML heights with 
correlation values of R2 = 0.72 (p-value = 0.01). Overall, both WRF and 
the radiosonde estimates observed a shallow mixing layer. These low 
heights reduce the extent of entrainment of tropospheric air into the 
boundary layer (Wigder et al., 2013), thereby reducing the vertical 
mixing potential of surface emissions. 

Fig. 10. Mixing layer height (m) estimations for SJ using the radiosonde observations of relative humidity and potential temperature. Note, the radiosonde is 
attached to and launched with the ozonesonde. At SJ, launches began at roughly 50 m above sea level (ASL) on the roof of Duncan Hall. Mixing layer height is 
denoted by the black dashed line. 
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3.5. Surface, tropospheric, and total column O3 percent contributions 

ML O3 contribution to tropospheric O3 (Fig. 11) at both sites ranges 
from 2 to 6% and tropospheric to total column O3 is 9–18%. The small 
contribution of ML O3 stems from the shallow ML heights over HMB and 
SJ and lack of convective activity that is conducive to vertical mixing. 
Tropospheric contribution is comparable at both locations but ML 
contribution is consistently higher at SJ because of local urban pollution 
leading to higher near surface O3. However even with increases in sur-
face O3 by 20–30 ppb from HMB to SJ, the SJ ML O3 impact on tropo-
spheric O3 is still very low, roughly 1–4% higher than HMB. 
Furthermore, there does not appear to be a relationship between the 
percent of ML O3 contribution on tropospheric O3 and the contribution 
of tropospheric O3 to total column O3. On July 31 at SJ, ML O3 contri-
bution decreased while tropospheric increased and from August 2 to 3, 

the ML increased to roughly 4.1% while tropospheric decreased. July 9 
had the highest tropospheric contribution, with the next highest on July 
31. However, the ML contribution was the lowest on July 31. The ML O3 
does not appear to be indicative of tropospheric O3 patterns at either 
location. 

Similarly, the atmospheric mass contributions for ML to tropospheric 
were compared at each location using the following equation (1) to 
compute the mass of the ML column and the tropospheric column, 

m=

∫ ∞

0
ρdz (1)  

where m =mass per unit area (kg m-2), ρ = 1.2 kg m-3 (e.g. an estimated 
average density of the atmosphere), and dz = change in altitude from 
launch to top of ML (m) and launch to tropopause (m). For both sites and 
all dates, ML mass contributes about 1.3–4.5% to the tropospheric mass 

Fig. 11. Contribution of ML to tropospheric O3 and tropospheric to total column O3.  

Fig. 12. Percent contribution of ML atmospheric mass per unit area (kg m-2) to tropospheric mass per unit area (kg m-2). HMB in red and SJ in blue. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 12). SJ ML contribution was higher for three of the eleven dates but 
the two sites were comparable for the rest of the launches. The limited 
contribution of ML mass agrees with the low ML O3 percent contribu-
tions to the tropospheric column. The stability of the atmosphere in this 
region limits the growth of the ML and entrainment of ML O3 into the 
free troposphere and, consequently, limits the long-range transport of 
high surface urban O3. These results further emphasize the importance 
of understanding baseline O3; even over urban SJ, baseline O3 remains 
the dominant influence on the tropospheric column. 

3.6. Stratospheric intrusions (SI) cases 

Indications of a potential SI via a steep drop in RH with an increase in 
O3 were identified on July 31, August 3, and August 10 from 
Figs. 13–15, respectively. To further investigate the SI, the potential 
vorticity (PV) using NASA MERRA-2 data was analyzed at lower levels 
(~ 925 hPa) to determine if stratospheric air was present over the region 
(Fig. 16) (Global Modeling and Assimilation Office, 2015b). Common 
dynamic tropopause height has been identified as the 2 PVU isosurface 
(Sprenger et al., 2007; Martius et al., 2010; Clark and Chiao, 2019) and 
will be used in this study to indicate stratospheric air. A backwards 
HYSPLIT trajectory originating from the SJ site was used to determine if 

there was strong vertical descent of air into the region (Fig. 17). Each 
trajectory was initialized at 2100 UTC on the date of each launch from SI 
altitudes: 0.5 km on July 31, 1 km on August 3, and 1 km on August 10. 
To further confirm stratospheric influence following the methods of 
Ryoo et al., (2017), a scatter plot analysis was conducted between 
relative humidity and O3 (Fig. 18). 

The results showed that only July 31 had PV greater than 2.25 PVU 
off the coast of California at 950 hPa, indicating air of stratospheric 
origin (Fig. 16). The highest O3 concentrations were also present at low 
RH and the backwards trajectory showed a descent from 11 km over the 
course of a week with a steeper descent over the days before (Fig. 17). It 
is important to note that winds below 4–5 km on all dates were from the 
north, potentially advecting polluted air from the San Francisco region 
into HMB and SJ and increasing O3. This cannot be ruled out as a 
contribution to higher concentrations on July 31 in addition to an SI. 

A large spike in O3 occurred at roughly 1.0 km on August 3 (Fig. 13). 
RH less than 40% was present at all altitudes over SJ (Fig. 13). Addi-
tionally, the backwards HYSPLIT did not show a descent from strato-
spheric altitudes (Fig. 17). The MODIS image of day and night fire and 
thermal anomalies from August 2 demonstrated several locations of 
wildfires in Northern California (Fig. 19). Wildfire smoke is a significant 
source of O3 precursors, such as CO, NOx, and VOCs. As a result, these 

Fig. 13. July 31 profiles for HMB (top) and SJ (bottom). Horizontal black line in the left figures denote potential SI altitude.  
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plumes can increase surface O3 downwind due to advected elevated O3 
concentrations produced within the plumes (Lindaas et al., 2017; Pfister 
et al., 2008). This, coupled with PV ~ 1.5 PVU and northerly winds in 
the lowest 5 km indicate the dry, O3-rich air is a result of advected 
wildfire smoke and polluted urban air and not an SI. 

August 10 had a similar HYSPLIT descent as July 31 but from a lower 
altitude and the PV (at 900 hPa) is low on this date (Fig. 16). There are 
high O3 concentrations with low RH (Fig. 18). However, winds are 
coming from the north to northeast, bringing in dry continental air 

(Fig. 15). Additionally, polluted urban air from the north, as with July 
31, can be a cause for increased O3 on this date. Because of these vari-
ables, it is determined that an SI did not occur on August 10. 

4. Conclusion 

This study investigated the impact of non-controllable sources on O3 
enhancements and the influence of inland transported baseline O3. An 
enhancement profile was created to describe the enhancement of O3 

Fig. 14. August 3 profiles for HMB (top) and SJ (bottom). Horizontal black line in the left figures denote potential SI altitude.  
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over SJ by subtracting out the HMB baseline O3 profile. Surface O3 at SJ 
was higher than HMB by roughly 20–30 ppb for all dates and can be 
attributed to higher surface temperatures and higher concentrations of 
O3 precursors. 

Anomalies occurred on July 31, August 3, and August 10 and were 
examined to identify potential SIs. Synoptic conditions on all dates were 
conducive to SIs but only July 31 was observed to have stratospheric air 

increasing O3 concentrations in the profile, characterized by low relative 
humidity, high PV, and vertical descent of air into the region leading up 
to launch. August 3 was impacted by residual smoke from wildfires in 
northern California, as confirmed by backwards trajectories passing over 
the northern state, winds originating from the north in the lower vertical 
profile, and MODIS observed smoke plumes across northern California. 
RH was less than 40% for all altitudes, indicating dry, O3-rich air typical 

Fig. 15. August 10 profiles for HMB (top) and SJ (bottom). Horizontal black line in the left figures denote potential SI altitude.  
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of wildfire plumes. August 10 was not observed to be stratospherically 
influenced, evidenced by low PV over the region. 

The processes that control O3 production and transport are fairly 
large scale, so it is expected that HMB and SJ are strongly related above 
the ML. The major axis regression had a slope of 1.00 SJ ppb/HMB ppb 
and intercept of 0.004 ppb; SJ O3 followed closely to HMB. The two sites 
were strongly correlated, with R2 values ranging from 0.68 to 0.93. 
Furthermore, SJ ML O3 had minimal contributions to observed tropo-
spheric O3 of only 2–6%. Despite surface O3 increases from HMB to SJ, 
the contribution of ML O3 to tropospheric O3 at SJ only increased by 
about 1–4%. 

The results of this study indicate the importance of understanding 
baseline O3 in the western U.S. For central California, which is suscep-
tible to high pollution events due to low mixing layer heights keeping 
pollutants close to the surface and inhibiting vertical mixing, baseline O3 
remains the predominant influence on free and upper tropospheric O3. 
While high surface O3 episodes are important to understand, free 
tropospheric O3 has a longer lifetime than O3 within the ML and can be 
transported over large distances as well as entrained into the PBL, 
further contributing to these episodes. High O3 concentrations in the 
free troposphere can also be transported from other continents, thereby 
increasing baseline O3 concentrations and contributing to exceedances 
in the western U.S. Consequently, as urban emissions decrease with 
improved controls, upper level O3 concentrations remain largely influ-
enced by baseline O3 trends and can impact surface concentrations, 
which presents a unique challenge for remaining within the NAAQS for 
O3. Additionally, it would be useful to incorporate modeling studies to 
further assess vertical transport processes in inland urban regions in the 
western U.S., as well as investigate the inland transport of baseline O3 
from the coast further inland into California to supplement existing 
literature. 

Declaration of interest statement 

We the undersigned declare that this manuscript is original, has not 
been published before and is not currently being considered for publi-
cation elsewhere. 

We wish to confirm that there are no known conflicts of interest 
associated with this publication and there has been no significant 
financial support for this work that could have influenced its outcome. 

We confirm that the manuscript has been read and approved by all 
named authors and that there are no other persons who satisfied the 
criteria for authorship but are not listed. We further confirm that the 
order of authors listed in the manuscript has been approved by all of us. 

We confirm that we have given due consideration to the protection of 
intellectual property associated with this work and that there are no 

Fig. 16. MERRA-2 potential vorticity (PV) plotted at SI pressure levels at 
950 hPa on July 31, 900 hPa on August 3, and 900 hPa on August 10. 

Fig. 17. Backwards HYSPLIT trajectories for potential SI dates.  

C. Gore and S. Chiao                                                                                                                                                                                                                          



Atmospheric Environment: X 7 (2020) 100085

14

impediments to publication, including the timing of publication, with 
respect to intellectual property. In so doing we confirm that we have 
followed the regulations of our institutions concerning intellectual 
property. 

We understand that the Corresponding Author is the sole contact for 
the Editorial process (including Editorial Manager and direct commu-
nications with the office). He is responsible for communicating with the 
other authors about progress, submissions of revisions and final 

approval of proofs. We confirm that we have provided a current, correct 
email address which is accessible by the Corresponding Author and 
which has been configured to accept email from aea@elsevier.com. 

CRediT authorship contribution statement 

Chloe Gore: Conceptualization, Methodology, Validation, Re-
sources, Writing - original draft, Writing - review & editing. Sen Chiao: 

Fig. 18. Scatter plots of relative humidity and O3 for HMB (left) and SJ (right).  

C. Gore and S. Chiao                                                                                                                                                                                                                          

mailto:aea@elsevier.com


Atmospheric Environment: X 7 (2020) 100085

15

Conceptualization, Methodology, Validation, Resources, Writing - re-
view & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We acknowledge the suppliers of datasets utilized in this research. 
We wish to express our appreciation to Drs. Jin Xu and Matthew Johnson 
for the suggestions for the development of this research. This research 
was supported by the NASA MUREP # NNX15AQ02A. The research is 
based on the thesis research of the first author and repeated in this paper 
with permission. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aeaoa.2020.100085. 

References 

AIRS Science Team/Joao Teixeira, 2013. AIRS/Aqua L3 Daily Standard Physical 
Retrieval (AIRS-only) 1 degree x 1 degree V006. Goddard Earth Sciences Data and 
Information Services Center (GES DISC), Greenbelt, MD, USA. https://doi.org/ 
10.5067/Aqua/AIRS/DATA303. Accessed: June 8, 2020.  

Anenberg, S.C., Horowitz, L.W., Tong, D.Q., West, J.J., 2010. An estimate of the global 
burden of anthropogenic ozone and fine particulate matter on premature human 
mortality using atmospheric modeling. Environ. Health Perspect. 118, 1189–1195. 
https://doi.org/10.1289/ehp.0901220. 

Ao, C., Chan, T., Iijima, B., Li, J., Mannucci, A., Teixeira, J., Tian, B., Waliser, D., 2008. 
Planetary boundary layer information from GPS radio occultation measurements. In: 
GRAS SAF Workshop on Applications of GPSRO Measurements, 2008, pp. 123–131. 

Avnery, S., Mauzerall, D.L., Lui, J., Horowitz, L.W., 2011a. Global crop yield reductions 
due to surface ozone exposure: 1. Year 2000 potential crop production losses and 
economic damage under two scenarios of O3 production. Atmos. Environ. 45, 
2284–2296. https://doi.org/10.1016/j.atmosenv.2010.11.045. 

Avnery, S., Mauzerall, D.L., Lui, J., Horowitz, L.W., 2011b. Global crop yield reductions 
due to surface ozone exposure: 2. Year 2030 potential crop production losses and 
economic damage under two scenarios of O3 production. Atmos. Environ. 45, 
2297–2309. https://doi.org/10.1016/j.atmosenv.2011.01.002. 

Baylon, P.M., Jaffe, D.A., Pierce, R.B., Gustin, M.S., 2016. Interannual variability in 
baseline ozone and its relationship to surface ozone in the western U.S. Environ. Sci. 
Technol. 50, 2994–3001. https://doi.org/10.1021/acs.est.6b00219. 

Bell, M.L., Peng, R.D., Dominici, F., 2006. The exposure-response curve for ozone and 
risk of mortality and the adequacy of current ozone regulations. Environ. Health 
Perspect. 114, 532–536. https://doi.org/10.1289/ehp.8816. 

Berman, J.D., Fann, N., Hollingsworth, J.W., Pinkerton, K.E., Rom, W.N., Szema, A.M., 
Breysse, P.N., White, R.H., Curriero, F.C., 2012. Health benefits from large-scale 
ozone reduction in the United States. Environ. Health Perspect. 120, 1404–1410. 
https://doi.org/10.1289/ehp.1104851. 

Fig. 19. NASA EOSDIS Worldview MODIS image of day and night fire and thermal anomalies from August 2.  

C. Gore and S. Chiao                                                                                                                                                                                                                          

https://doi.org/10.1016/j.aeaoa.2020.100085
https://doi.org/10.1016/j.aeaoa.2020.100085
https://doi.org/10.5067/Aqua/AIRS/DATA303
https://doi.org/10.5067/Aqua/AIRS/DATA303
https://doi.org/10.1289/ehp.0901220
http://refhub.elsevier.com/S2590-1621(20)30024-1/sref2
http://refhub.elsevier.com/S2590-1621(20)30024-1/sref2
http://refhub.elsevier.com/S2590-1621(20)30024-1/sref2
https://doi.org/10.1016/j.atmosenv.2010.11.045
https://doi.org/10.1016/j.atmosenv.2011.01.002
https://doi.org/10.1021/acs.est.6b00219
https://doi.org/10.1289/ehp.8816
https://doi.org/10.1289/ehp.1104851


Atmospheric Environment: X 7 (2020) 100085

16

Bloomer, B.J., Stehr, J.W., Piety, C.A., Salawitch, R.J., Dickerson, R.R., 2009. Observed 
Relationships of ozone air pollution with temperature and emissions. Geophys. Res. 
Lett. 36 https://doi.org/10.1029/2009GL037308. 

Chin, M., Jacob, D.J., Munger, J.W., Parrish, D.D., Doddridge, B.G., 1994. Relationship of 
ozone and carbon monoxide over North America. J. Geophys. Res. Atmos. 99, 
14565–14573. https://doi.org/10.1029/94JD00907. 

Clark, J., Chiao, S., 2019. A case study of stratospheric ozone transport to the northern 
san Francisco Bay area and Sacramento Valley during CABOTS 2016. J. Appl. 
Meteor. Climatol. 58, 2675–2697. https://doi.org/10.1175/JAMC-D-18-0322.1. 

Cooper, O.R., et al., 2010. Increasing springtime ozone mixing ratios in the free 
troposphere over western North America. Nature 463, 344–348. https://doi.org/ 
10.1038/nature08708. 

Cooper, O.R., et al., 2011. Measurement of western US baseline ozone from the surface to 
the tropopause and assessment of downwind impact regions. J. Geophys. Res. 116, 
D00v03. https://doi.org/10.1029/2011JD016095. 

Cooper, O.R., Gao, R., Tarasick, D., Leblanc, T., Sweeney, C., 2012. Long-term ozone 
trends at rural ozone monitoring sites across the United States, 1990-2010. 
J. Geophys. Res. 117, D22307 https://doi.org/10.1029/2012JD018261. 

Cooper, O.R., Langford, A.O., Parrish, D.D., Fahey, D.W., 2015. Challenges of a lowered 
U.S. ozone standard. Science 348 (6239), 1096–1097. https://doi.org/10.1126/ 
science.aaa5748. 

Croes, B.E., M Fujita, E., 2003. The 1997 southern California ozone study (SCOS97- 
NARSTO): introduction and perspective. Atmos. Environ. 37 (Suppl. 2), S3–S26. 
https://doi.org/10.1016/S1352-2310(03)00378-9. 

David, L.M., Nair, P.R., 2011. Diurnal and seasonal variability of surface ozone and NOx 
at a topical coastal site: association with mesoscale and synoptic meteorological 
conditions. J. Geophys. Res. 116 https://doi.org/10.1029/2010JD015076. 

Dawson, J.P., Adams, P.J., Pandis, S.N., 2006. Sensitivity of ozone to summertime 
climate in the eastern USA: a modeling case study. Atmos. Environ. 41, 1494–1511. 
https://doi.org/10.1016/j.atmosenv.2006.10.033. 

Dentener, F., Stevenson, D., Cofala, J., Mechler, R., Amann, M., Bergamaschi, P., Raes, F., 
Derwent, R., 2005. The impact of air pollutant and methane emission controls on 
tropospheric ozone and radiative forcing: CTM calculations for the period 1990- 
2030. Atmos. Chem. Phys. 5, 1731–1755. https://doi.org/10.5194/acp-5-1731- 
2005. 

Dodman, D., 2011. Forces driving urban greenhouse gas emissions. Curr. Opin. Environ. 
Sustain. 3, 121–125. https://doi.org/10.1016/j.cosust.2010.12.013. 

Ellingsen, K., et al., 2008. Global ozone and air quality: a multi-model assessment of risks 
to human health and crops. Atmos. Chem. Phys. Discuss. 8, 2163–2223. https://doi. 
org/10.5194/acpd-8-2163-2008. 

Environmental Protection Agency, 2015. National ambient air quality standards for 
ozone. Fed. Regist. 80, 65292–65468 available at. https://www.gpo.gov/fdsys/pkg 
/FR-2015-10-26/pdf/2015-26594.pdf. 

Fiore, A.M., Jacob, D.J., Field, B.D., Streets, D.G., Fernandes, S.D., Jang, C., 2002. 
Linking ozone pollution and climate change: the case for controlling methane. 
Geophys. Res. Lett. 29 https://doi.org/10.1029/2002GL015601, 25-1-25-4.  

Fishman, J., Seiler, W., 1983. Correlative nature of ozone and carbon monoxide in the 
troposphere: implications for the tropospheric ozone budget. J. Geophys. Res. Ocean 
88, 3662–3670. https://doi.org/10.1029/JC088iC06p03662. 

Garrat, J.R., 1994. Review: the atmospheric boundary layer. Earth Sci. Rev. 37, 89–134. 
Gilge, S., Plass-Duelmer, C., Fricke, W., Kaiser, A., Ries, L., Buchmann, B., 

Steinbacher, M., 2010. Ozone, carbon monoxide and nitrogen oxides time series at 
four apline GAW mountain stations in central Europe. Atmos. Chem. Phys. 10, 
12295–12316. https://doi.org/10.5194/acp-10-12295-2010. 

Global Modeling and Assimilation Office (GMAO), 2015a. MERRA-2 tavg1_2d_slv_Nx: 
2d,1-Hourly,Time-Averaged,Single-Level,Assimilation,Single-Level Diagnostics 
V5.12.4. Goddard Earth Sciences Data and Information Services Center (GES DISC), 
Greenbelt, MD, USA. https://doi.org/10.5067/VJAFPLI1CSIV. Accessed: June 8, 
2020.  

Global Modeling and Assimilation Office (GMAO), 2015b. MERRA-2 inst3_3d_asm_Np: 
3d, 3-Hourly, Instantaneous, Pressure-Level, Assimilation, Assimilated 
Meteorological Fields V5. 12.4. Goddard Earth sciences data and information 
services center (GES DISC), Greenbelt, MD, USA. https://doi.org/10.5067/ 
3Z173KIE2TPD. Accessed: March 17, 2020.  

Goldstein, A.H., Millet, D.B., McKay, M., Jaeglé, L., Horowitz, L., Cooper, O., 
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