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Abstract The Soberanes Fire burned 53,470 ha (132,127 acres) along the central California coast
between 22 July and 12 October 2016, generating dense smoke and a variety of gaseous compounds that
drifted eastward into the San Joaquin Valley Air Basin (SJVAB), an “extreme” nonattainment area for ozone
(O3). These gases included nitrogen oxides (NOx) and volatile organic compounds, the photochemical
precursors of O3. The fire started during the California Baseline Ozone Transport Study, a field campaign
that brought aircraft, surface, and remote sensing measurements of O3 and related species to central
California. In this paper, we use the California Baseline Ozone Transport Study measurements to assess the
impact of the Soberanes Fire on ozone and particulate air quality in the SJVAB. We focus our analysis on
27 July to 2 August when the smoke haze was heaviest and the highest O3 concentrations in the SJVAB
during 2016 were recorded. Our analyses suggest that while 40 to 60 ppbv of fire‐generated O3 was
transported to the eastern SJVAB in the 1‐ to 3‐km‐altitude range, relatively little smoke or fire‐generated O3

reached the surface in the Visalia area.

1. Introduction

The adverse impacts of wildfire smoke on human health and welfare in the western United States and
Canada have grown as long‐standing fire suppression practices and climatic shifts have contributed to
increased wildfire activity across the region (Bryant & Westerling, 2014; Westerling et al., 2016). The health
impacts are of particular concern in California where many of the state's 40 million residents have been
exposed to wildfire smoke in recent years (Kochi et al., 2012, 2016). An analysis by Wettstein et al. (2018)
showed statistically significant increases in emergency room visits by the elderly for heart attack (15%),
stroke (22%), and respiratory complaints (18%) on dense smoke days across northern and central
California during the 2015 fire season, when nearly 323,000 ha (800,000 acres) burned across the state.
The potential health effects have only increased since that time with 766,000 ha (1.9 million acres) burned
in 2018, the most destructive fire season in California history (https://www.nifc.gov/). Smoke from these
fires impacted rural and urban areas alike, with daily average fine particulate (PM2.5) concentrations reach-
ing 250 and 177.5 μg/m3 in Sacramento and San Francisco, respectively, when smoke from the devastating
62,052 ha (153,336 acre) Camp Fire in Paradise drifted westward from the Sierra Nevada foothills in
mid‐November. These daily averages are more than 5 times the U.S. National Ambient Air Quality
Standard (NAAQS) of 35 μg/m3 established by the U.S. Environmental Protection Agency (EPA) to protect
human health and welfare.

In addition to smoke, wildfires generate a variety of gaseous compounds including nitrogen oxides
(NO + NO2 = NOx), carbon monoxide (CO), methane (CH4), and other volatile organic compounds that
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are the photochemical precursors of ozone (O3). Ozone has also been
linked to increased morbidity and mortality (U.S. Environmental
Protection Agency, 2014) as well as damage to growing vegetation
(Avnery et al., 2011a, 2011b) and is a long‐standing problem in the
South Coast and San Joaquin Valley Air Basins (SoCAB and SJVAB,
respectively) of California, which are currently designated “extreme”
ozone (O3) nonattainment areas (https://www.epa.gov/green-book).
Wildfires can contribute significantly to ambient surface concentrations
across the western United States (Jaffe et al., 2008; Pfister et al., 2008),
and O3 produced above the boundary layer can be transported thousands
of kilometers downwind to impact surface O3 concentrations in the east-
ern United States (Wotawa & Trainer, 2000). Quantifying these contribu-
tion is difficult, however, since the amount of O3 generated in wildfire
plumes is highly variable and depends not only on temperature, humidity,
and solar flux, which drive the photochemical production rates, but also
on the plume injection height and precursor emissions rates that depend
in turn on poorly quantified parameters such as fuel type and moisture
content, combustion efficiency, and local meteorology (Jaffe &
Wigder, 2012).

In this paper, we use airborne, surface, and remote sensing measurements
made during the 2016 California Baseline Ozone Transport Study
(CABOTS) (Faloona et al., 2020) to examine the production of O3 in the
Soberanes Fire plume and estimate the impact on surface O3 concentra-
tions in the SJVAB during the summer of 2016. This fire, which burned
more than 52,600 ha (130,000 acres) along the central California coast
between 22 July and 12 October 2016, created an elevated smoke haze that
covered the southern and central SJVAB in late July and early August. We

focus our analysis on late July and early August when the smoke haze was most pervasive and the highest
surface O3 concentrations in the SJVAB during 2016 were recorded. We augment the CABOTS lidar and air-
craft data with measurements from in situ regulatory monitors (www.arb.ca.gov) and the Aerosol Robotic
Network (AERONET) (Holben et al., 1998) and use NASA Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite imagery in conjunction with the FLEXPART and HYSPLIT models
to track the dispersion of the Soberanes Fire plume. Correlations between O3, CH4, and CO2 from the air-
craft measurements, and aerosol backscatter and O3 from the lidar retrievals (see the supporting informa-
tion) are used to estimate the amount of fire‐generated O3 in the elevated smoke haze. Our analyses show
that while the fire plume increased O3 by 40 to 60 ppbv between 1 and 3 km above the SJVAB, the impact
of the smoke and excess O3 on surface air quality in the eastern SJVAB was minimal.

2. The California Baseline Ozone Transport Study

The CABOTS field campaign (Faloona et al., 2020) was organized by the California Air Resources Board to
investigate the contributions of background O3 originating from Asian pollution (Lin, Fiore, Horowitz
et al., 2012) and stratospheric intrusions (Lin, Fiore, Cooper et al., 2012) on surface concentrations in the
SJVAB (Figure 1). The study was conducted between late May and mid‐August of 2016 with two intensive
operating periods (IOP1: 27 May to 18 June and IOP2: 18 July to 7 August). A primary goal of CABOTS
was the characterization of O3 above the SJVAB, and the measurements included daily profiling of O3

and aerosol backscatter by the National Oceanic and Atmospheric Administration (NOAA)/Earth System
Research Laboratory TOPAZ (Tunable Optical Profiler for Aerosols and oZone) mobile differential absorp-
tion lidar system (Alvarez et al., 2011) from the Visalia Municipal Airport (VMA, 36.315°N, −119.392°E,
88 m above sea level, asl) during the two IOPs. Visalia is located about one third of the way from Fresno
to Bakersfield, the two most populous cities in the San Joaquin Valley (SJV), and the TOPAZ lidar was colo-
cated with a radar wind profiler and Radio Acoustic Sounding System operated by the San Joaquin Valley
Air Pollution Control District (Bao et al., 2008) and a vertically staring Doppler lidar operated by NOAA.

Figure 1. Shaded relief map of California and Nevada with the San Joaquin
Valley Air Basin outlined in black. The basin is bounded by the Sierra
Nevada Mountains to the east and the various Coast and Transverse Ranges
to the west and south, respectively. The Kings Canyon and Sequoia
National Parks are outlined in green and the Soberanes, Goose, and Sand
Fire burn areas in red. The magenta triangle represents the Visalia
Municipal Airport (VMA), and the diamonds the Bakersfield, Fresno,
Monterey, and Ames AERONET sites, respectively.
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Ozone, CO2, CH4, and other species were also sampled by single‐engine
Mooney TLS Bravo and Ovation 2 research aircraft operated by the
University of California, Davis (UC Davis) and Scientific Aviation
(SciAv) (Trousdell et al., 2019) and by the NASA Alpha Jet Atmospheric
eXperiment (AJAX) research aircraft (Yates et al., 2015). Details of the
sampling techniques and intercomparisons between the lidar and air-
borne O3 measurements are described in Leblanc et al. (2018) and
Langford et al. (2019).

3. The Soberanes Fire

The Soberanes Fire started on the morning of Friday, 22 July 2016, 4 days
after the beginning of the second CABOTS IOP. It spread from an illegal
campfire in Garrapata State Park near Big Sur and Monterey (cf.
Figure 1) and burned 53,470 ha (132,127 acres) of grasslands, oak wood-
lands, chaparral, mixed hardwood/conifer, coast redwood, and coastal
scrub between sea level and about 1,500 m asl over the next 10 weeks
(National Interagency Coordination Center, 2017). Potter (2016) divided
the evolution of the fire into three stages, with the end of the first stage
(22 July to 7 August) coinciding with the conclusion of the second
CABOTS IOP. This period was characterized by high ambient tempera-
tures, clear skies, and unusually dry conditions, and the fire expanded
rapidly with a mean burn rate of ~1,375 ha (3,400 acres) per day. More
than 23,269 ha (57,500 acres) or 40% of the total burn area was scorched
during this roughly 2‐week period, with 13,326 ha (32,930 acres) and 57
homes burned in the first 7 days (22–29 July).

Two other wildfires affected the SJVAB during the second CABOTS IOP.
The Sand Fire in Los Angeles County also started on 22 July and grew
rapidly to cover more than 8,094 ha (20,000 acres) by the following eve-
ning (https://www.fire.lacounty.gov). This fire was 85% contained at
15,731 ha (38,873 acres) by the morning of 29 July and 100% contained
at 16,767 ha (41,432 acres) on 3 August. The much smaller Goose Fire
started in the Sierra foothills east of Fresno on the afternoon of 30 July
and was fully extinguished on 9 August (https://www.fire.ca.gov/inci-
dents/2016/7/30/goose-fire/). This fire burned nearly 728 ha (1,800 acres)
of grass, scrub, and oak woodlands over the first 24 hr but was attacked
aggressively and did not spread beyond 907 ha (2,241 acres).

4. Dispersion of Smoke Into the SJV

The dispersion of Soberanes smoke into the SJVAB was accomplished pri-
marily by the thermally driven circulations that dominate the regional
transport in summer when the synoptic forcing is weak (Bao et al., 2008;

Zhong et al., 2004). The thermal contrast between the cold ocean water and warm land surfaces creates a
pressure gradient that forces clean marine air through the Carquinez Strait (cf. Figure 1) and up the valley
during the day, bringing with it a variety of pollutants including the NOx and volatile organic compound pre-
cursors of O3 from the densely populated San Francisco Bay Area. This ~1‐km‐deep inflow also entrains
urban emissions from Fresno and other regional cities and from dispersed transportation, agricultural,
and petrochemical sources as it moves up the valley toward Bakersfield (Pusede & Cohen, 2012;
Pusede et al., 2014).

The Pacific inflow is amplified by thermally driven up‐valley winds that are modulated by daytime upslope
flows along the flanks of the Sierra Nevada Mountains to the east and Coast Ranges to the west. Widespread
agricultural irrigation (Li et al., 2016) and subsidence created by the mountain‐valley circulations and per-
sistent North Pacific High (Trousdell et al., 2016) typically cap the afternoon mixed layers below 1 km

Figure 2. Terra‐MODIS images (~1030 Pacific Daylight Time, PDT) from
(top to bottom) 23, 27, and 31 July. The small red triangles show the
MODIS Fires and Thermal Anomalies detections from the Soberanes, Sand,
and Goose Fires. The SJVAB is outlined in dotted white. The yellow triangle
and diamonds mark the VMA and AERONET sites, respectively.
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(Bianco et al., 2011), and some of the pollution carried into the mountains by the afternoon upslope winds
(Panek et al., 2013) is recirculated back over the valley above the shallow boundary layers (De Young
et al., 2005; Fast et al., 2012; Gohm et al., 2009; Rampanelli et al., 2004; Zardi & Whiteman, 2013). There,
the pollution accumulates in a persistent “buffer layer” (Faloona et al., 2020; Trousdell et al., 2019) that
can persist for days or even weeks until dispersed by passing cold frontal systems. During CABOTS, free tro-
pospheric air flowing over the Coast Ranges also carried smoke from the Soberanes Fire into the buffer layer
where it mingled with the anthropogenic pollution.

The Soberanes Fire emissions were initially trapped by the coastal inversion, and the Terra‐MODIS image
from 23 July (Figure 2, top panel) shows the nascent smoke plume streaming southward over the Pacific
Ocean. Some of the emissions were lofted higher as the fire grew, and the image from 27 July shows smoke
flowing inland with the southwesterly winds aloft (Figure 2, middle panel). Smoke continued to drift inland
over the next several days, and the Terra‐MODIS image from 31 July shows the Soberanes plume mingling
with smoke from the Goose Fire. Smoke from the Sand Fire is also visible in the 23 July image, but not the
images from 27 and 31 July.

Figure 3 plots FLEXPART biomass burning CO tracer distributions (see the supporting information) on the
900 hPa (~1 km asl), 850 hPa (~1.5 km asl), and 700 hPa (~3.1 km asl) surfaces corresponding to the
Terra‐MODIS images in Figure 2. The superimposed cyan lines show 12‐km North American Mesoscale
Forecast System (NAM) hybrid‐pressure HYSPLIT model (Stein et al., 2015) back trajectories launched from
the VMA at 1800 UT (1100 Pacific Daylight Time, PDT). The distributions in Figures 3a and 3d appear simi-
lar to the 23 July Terra‐MODIS image with the Soberanes plume streaming southward over the ocean and
the Sand plume drifting northeastward over the Mojave Desert. Figure 3g shows only the Sand Fire emis-
sions rising above 3 km. The low‐level HYSPLIT back trajectories in Figures 3a and 3d pass through the
San Francisco Bay with the Pacific inflow about 24 hr earlier, while the trajectory at 3.1 km (Figure 3g) fol-
lows the northwesterly flow aloft. None of the BBCO tracer had yet reached the SJVAB.

The FLEXPART distributions for 27 July show most of the Soberanes emissions still heading southward
along the coast at low altitudes (Figures 3b and 3e), but the smoke is hard to see against the low‐lying marine
stratocumulus deck in the corresponding Terra‐MODIS image (Figure 2, middle). The 850 hPa plot in
Figure 3e also shows the tracer spreading into the SJVAB toward Fresno at 1.5 km, and the corresponding
HYSPLIT back trajectory passes directly over the Soberanes Fire about 48 hr earlier. Figure 3b shows that
similar transport also occurred at the 900‐hPa level. As before, Figure 3h suggests that the Soberanes plume
remained below 3 km on 27 July, but the plot also shows a dispersed BBCO tracer cloud covering the entire
SJVAB. Most of this cloud was probably created by lofting of Soberanes smoke, but the 700‐hPa back trajec-
tory suggests that some of this tracer may have been emitted by the Sand Fire on the previous day. The
low‐level winds shifted to the southwest on 30 July and cleared the FLEXPART tracer from the coastal areas.
The distributions for 31 July show a more compact Soberanes plume, but the 850‐hPa distribution and back
trajectory in Figure 3f still suggest that there was significant transport from the Soberanes Fire to the VMA at
1.5 km. Figure 3i shows a smaller tracer cloud at 3 km punctuated by the plume from the Goose Fire.
Figure S1 shows the evolution of the FLEXPART BBCO tracer above the Soberanes, Sand, and Goose
Fires in addition to the VMA.

4.1. Remote Sensing

The arrival of the Soberanes smoke in the central and southern SJV can be seen in measurements from the
NASA‐operated AERONET stations at Fresno and Bakersfield (yellow diamonds in Figure 2) (Holben
et al., 1998). Figures 4a and 4b show time series of the 340‐nm aerosol optical depths (AODs) measured
by these stations, which lie about 65 km NW and 110 km SE of Visalia, respectively, during IOP2. These fig-
ures also plot the integrated backscatter (IBS) from the TOPAZ lidar, which is roughly proportional to AOD.
The time series appear similar, with all three measurements peaking between 27 and 29 July when a distinct
haze was visible over the VMA (Figure S2). The two AERONET time series are highly correlated, with a
mean Fresno/Bakersfield ratio of 1.05 ± 0.01 (R = 0.79). This indicates that most of the smoke became fairly
uniformly distributed above the central and southern SJVAB, although the spikiness in late July shows that
finer scale plumes were still reaching the eastern valley. Regressions between the Fresno and Bakersfield
AODs and the TOPAZ integrated backscatter imply extinction‐to‐backscatter ratios of S = 39.6 ± 0.6 sr
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Figure 3. FLEXPART biomass burning CO (BBCO) tracer distributions (red) at 900 hPa (~1 km ASL, a–c), 850 hPa (~1.5 km ASL, d–f), and 700 hPa (~3.1 km
ASL, g–i) at 18 UT (11 PDT) on 23, 27, and 31 July. Note that 900 hPa is the lowest calculated level. The cyan lines show 12‐km NAM HYSPLIT back
trajectories launched from the VMA at 18 UT, and the filled circles mark 12‐hr intervals. The black triangles represent the VMA and the filled black diamonds the
Fresno and Bakersfield AERONET sites. The dashed black curve outlines the SJVAB. Gray areas represent terrain higher than the pressure level.
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(R = 0.77) and 36.9 ± 0.4 sr (R = 0.81), respectively, comparable to the value assumed in the lidar retrievals
(Langford et al., 2019).

The AOD first began to increase in both cities on 25 July with the Bakersfield station initially reporting
higher values than Fresno. HYSPLIT trajectories (not shown) suggest that is due to smoke recirculated
inland from the southbound Soberanes plume, although some smoke from the Sand Fire may also have
reached Bakersfield. The AOD decreased dramatically on 31 July when southwesterly synoptic winds dis-
rupted the thermal circulations (cf. Figure 3) but briefly increased again on 1–3 August. The maximum
AOD value of ~1.1 measured in Fresno on the morning of 28 July is larger than the peak of 0.35 measured
by the Ames station on 26 July but about 200 times smaller than the AOD of ~6 measured only 15 km from
the fire by the Monterey AERONET station.

Figure 4. AERONET 340‐nm AOD measurements (left axes) from (a) Fresno and (b) Bakersfield, respectively, plotted along with the TOPAZ (25 to 5,000 m agl)
integrated backscatter (black crosses, right axis). The open and closed symbols represent the Version 3, Level 1.5, and Level 2.0 AERONET data, respectively. The
340‐nm Level 2.0 Bakersfield data were unavailable. (c) Surface PM2.5 from the Visalia‐N. Church St. CARBmonitoring station and the mean 25‐ to 500‐m TOPAZ
backscatter. The solid dark green staircase shows the daily average PM2.5 which peaked on 27 July.
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The AERONET stations also retrieved normalized particle size distributions from the multiwavelength mea-
surements using the almucantar method (Holben et al., 1998). Before the start of the fire, the aerosol above
both stations was dominated by coarse particles (PM10) with a mode of ~6 μm associated with transportation
and agricultural activities. A much smaller peak between 0.07 and 0.12 μm attributed to photochemistry was
also present (Figure 5). After the fire started, the fine particle fraction increased dramatically, with the mode

Figure 5. Time evolution of the AERONET aerosol normalized size distributions above Fresno derived from midafternoon measurements. The size distributions
before the fire in (a) were dominated by coarse particles with a mode of ~6 μm associated with transportation and agricultural activities. The smoke haze was
composed of much smaller particles with a mode that increased from ~0.11 to 0.15 μm.
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increasing from ~0.11 μm on 25 July to 0.15 μm on 29 July, as smoke consisting of black carbon and
secondary organic aerosol particles (Park et al., 2007) with ages ranging from ~1 day to 1 week
accumulated above the SJVAB. These distributions are consistent with previous studies of smoke particle
formation and aging (Reid et al., 2005).

Figure 6. Daily time‐height curtain plots of the TOPAZ 294‐nm backscatter coefficients (β) measured from 24 July to 1 August. The arrows show the horizontal
winds from the 915 MHz profiler, and the black curves the boundary layer heights inferred from the RASS temperature profiles (solid) and vertically staring
Doppler lidar measurements (dotted, 30 July to 3 August only) (Bonin et al., 2018). Arrows pointing down and to the right correspond to northwesterly winds.
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Figure 4c compares the mean TOPAZ backscatter measured between the surface and 500 m and the hourly
PM2.5 measured by the California Air Resources Board Visalia‐N. Church St. monitor 8.5 km east of the
VMA in downtown Visalia. These measurements are well correlated (R= 0.68 between 13 and 17 PDT when
the boundary layer was well mixed) with both time series peaking on 27 July and 2 August. This comparison
confirms that the low elevation TOPAZ backscatter is a good proxy for surface PM2.5 loadings. The highest
daily average PM2.5 recorded by the Visalia monitor during CABOTS (29 μg/m3 on 27 July) remained well

Figure 7. Same as Figure 6 but showing the corresponding TOPAZ O3 mixing ratios. The highest O3 (~120 ppbv) was measured around 2.5 km agl on 25 July.
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Figure 8. Scatter plots comparing the TOPAZ O3 and β measurements averaged between 2,250 and 2,750 m on (a) 24 July, (b) 25 July, and (c) 26 July; between
1,000 and 1,500 m on (d) 27 July, (e) 28 July, and (f) 29 July; and between 25 and 500 m on (g) 27 July, (h) 28 July, and (i) 2 August. Note the different
horizontal scales. The solid lines in (a)–(f) represent orthogonal distance regression (ODR) fits of the measurements on the indicated days or time intervals; the
ΔO3/Δβ ratios (in units of 106 ppbv m−1 sr−1) derived from the slopes are shown. The long gray and displaced short dashed red lines in (g)–(i) show fits
from the pre‐Soberanes (18–23 July) measurements.
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below the NAAQS (35 μg/m3) showing that the Soberanes Fire did not
severely impact the particulate air quality in the Visalia area.

The vertical distribution of the smoke above the VMA is shown in
Figure 6, which displays daily time‐height curtain plots of the TOPAZ
backscatter measured between 23 July and 3 August. These plots also
show the horizontal winds measured by the colocated 915‐MHz radar pro-
filer and the boundary layer heights inferred from the Radio Acoustic
Sounding System temperature measurements. The wind patterns on most
of the measurement days appear similar to the measured and
WRF‐simulated winds for 29 July to 3 August 2000 from the Central
California Ozone Study shown in Bao et al. (2008). The winds in the low-
est 2 km were generally up‐valley (north northwesterly) due to the strong
inflow through the San Francisco Bay, but a strong westerly component
appears in the lowest 1 km during the day as upslope flow into the
Sierra Nevada develops. The low‐level winds then accelerate and rotate
to the northwest around 1700 PDT (0000 UT) as a low‐level jet develops
during the night (Bao et al., 2008).

The top middle panel of Figure 6 shows the first smoke appearing from
the west at about 2.5 km at 1700 PDT on the afternoon of 24 July. More
diffuse smoke followed between 1 and 2 km later that evening, and
enhanced backscatter was measured from the surface to about 3.5 km
on 25 July with several pockets of denser smoke appearing around
2.5 km. The backscatter aloft briefly decreased on 26 July when the winds
above 1 km became more northerly but increased again the following day
and remained high through 30 July. The densest backscatter was mea-
sured between 1 and 2 km on the evening of 29 July with denser smoke
also appearing at these altitudes on 27 July and 3 August. Backscatter
diminished at most altitudes on 31 July when the winds above the bound-
ary layer became southwesterly but began to increase again the next day,
recovering first in the boundary layer and then in the buffer layer as the
thermal circulations reestablished (cf. Figure 4c). The narrow tongue
appearing around 2 km on 31 July is likely due to the nearby Goose
Fire. Light smoke from this fire was still present between 3 and 4 km on
1 and 2 August.

5. Ozone Production in the Smoke Plume

The time‐height curtain plots in Figure 7 are analogous to those in
Figure 6 but instead show the O3 mixing ratios measured by the TOPAZ
lidar. The striking similarities between these two figures show at a glance
that substantial O3 was formed in the Soberanes Fire plume. The correla-
tion between ozone and backscatter is more obvious in Figure 8, which
displays scatter plots of the mean O3 and β measured within 2.5 ± 0.25,
1.25 ± 0.25, and 0.25 ± 0.25 km altitude bins representing the free tropo-

sphere, buffer layer, and mixed layer, respectively. The upper panels show measurements from 24–26 July
when the smoke first appeared around 2.5 km, and the middle panels show the measurements from
27–29 July when the AOD and integrated backscatter were highest (cf. Figure 4a). The lower panels show
the measurements from 27 July, 28 July, and 2 August when the mixed layer backscatter and Visalia
PM2.5 loadings were highest (Figure 4c). The gray points in each plot show the measurements made on
the 6 days (18–23 June) immediately preceding the appearance of the smoke plume above the VMA.

The 2.5 ± 0.25‐km free tropospheric measurements in Figures 8a–8c show very little aerosol in the free tro-
posphere before the start of the fire and no correlation between this background aerosol and O3. The mean
pre‐Soberanes O3 mixing ratio was 56 ± 5 ppbv, and the mean backscatter was 0.01 ± 0.09 × 10−6 m−1 sr−1.

Figure 9. (a) Scientific Aviation morning (EPA3, red) and afternoon
(EPA4, green) and AJAX (blue) flight tracks from 28 July superimposed
on the afternoon (1330 PDT) Aqua‐MODIS image. The yellow diamonds
mark the AERONET stations. (b) Altitude‐longitude plot of the 28 July
flight tracks. The terrain profile corresponds to the dashed white line in (a).
(c) Time‐height curtain plot of the TOPAZ O3 measurements from 28 July
with the EPA4 flight track superimposed (black). Aircraft measurements
made with 15 km of the VMA are colorized to reflect the measured O3
mixing ratios.

10.1029/2019JD031777Journal of Geophysical Research: Atmospheres

LANGFORD ET AL. 11 of 22



Both O3 and β increased dramatically when the first smoke appeared from the west on the afternoon of 24
July, however, with themeasured O3mixing ratios climbing tomore than 110 ppbv. Themeasurements from
25 July show up to 120 ppbv of O3, but both O3 and β decreased on 26 July after the winds shifted to the north
(cf. Figures 4 and 6). These plots are analogous to the ΔO3/ΔCO or ΔO3/ΔCO2 mixing/dilution plots used in
many studies where CO (e.g., Jaffe & Wigder, 2012) or CO2 (Yates et al., 2016) is used as the passive tracer.
The linearity of the O3‐β relationships in these plots suggests that the lidar backscatter can also be used as a
tracer and implies that (i) most of the O3 production occurred in the 24–48 hr before the smoke reached the
VMA, (ii) the background O3 concentrations were relatively constant over the sampling periods shown in
these plots, and (iii) the observed variations were controlled primarily by mixing between the advected
fire plume and the surrounding free tropospheric air. The differences between the highest and lowest O3

concentrations along the mixing lines give lower limits for the amount of O3 produced in the plume, with
≥45 ppbv of excess O3 measured on 24 July (Figure 8a).

Figures 6 and 7 show that the backscatter and O3 in the buffer layer (1.25 ± 0.25 km) increased significantly
on 27 July after the winds aloft shifted from westerly to northerly on 26 July. Figure 3b shows that the corre-
spondingHYSPLIT trajectories arrived from northerly but passed over the Soberanes Fire about 48 hr earlier.
The densest smoke and highest O3 were measured on the evening of 29 June (Figure S2). The scatter plots in
Figures 8d–8f show strong linear correlations between O3 and β, but the interpretation of these measure-
ments is complicated by the presence of anthropogenic O3 and particulates from the boundary layer. These

Figure 10. Altitude‐longitude plots showing the flight tracks from the TLS morning (EPA3, 0757–0952 PDT) flight on 28
July colored by the measured: (a) O3, (b) CO2, and (c) CH4 concentrations. The background terrain corresponds to the
dashed transect south of Fresno in Figure 9a. The labels (A–E) are described in the text. The gray bands show the
“boundary layer” (BL), “buffer layer” (BFL), and free troposphere (FT) altitude ranges used in Figure 8. The morning
flights on 27 July (EPA1) and 29 July (EPA5) followed similar flight tracks.
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anthropogenic contributions caused the O3 mixing ratios in the buffer layer to exceed the corresponding free
tropospheric values by more than 30 ppbv on both 20 and 21 June, and the mean pre‐Soberanes O3 mixing
ratio of 62 ± 10 ppbv was 5.5 ppbv greater than the free tropospheric value. The mean pre‐Soberanes
backscatter was also higher in the buffer layer (0.6 ± 0.4 × 10−6 m−1 sr−1). The orthogonal distance
regression (ODR) fits in Figures 8d–8f have intercepts between 40 and 50 ppbv, which are comparable to
the mean value of 43 ± 2 ppbv of O3 measured by Scientific Aviation (see below) upwind of the fire at
1.45 km asl on the morning of 29 July. Figure 8f shows that the difference between the highest (111 ppbv)
and lowest (56 ppbv) concentrations measured on the evening of 29 July was 55 ppbv, but some of this O3

may have originated from anthropogenic sources.

The ODR fits in Figures 8a–8f vary widely, but Figure S3 shows that theΔO3/Δβ ratios in the buffer layer and
free troposphere decreased exponentially with increasing peak backscatter. A recent analysis of surface mea-
surements by Buysse et al. (2019) also found less O3 production in some denser smoke plumes. Possible rea-
sons for the decrease in Figure S3 include reduced actinic fluxes in the denser smoke plumes, O3 losses on
aerosol surfaces, or changes in the fuels and/or combustion regime. A higher ΔO3/Δβ ratio might be
expected for flaming combustion which usually produces more NOx and less smoke than smoldering com-
bustion (Yokelson et al., 2008). It could also be argued that O3 is still being formed in the denser smoke
plumes, which are presumably younger than the more dispersed smoke, but this explanation seems incon-
sistent with the linearity of the scatter plots, which is more easily explained by mixing.

Figure 11. Time series of the (a) O3, (b) CO2, and (c) CH4 measured on the morning flight from Fresno to San José and
back on 28 July (EPA3). The locations corresponding to the labels A–E are show in Figure 10. The dashed black lines
represent the flight altitude.
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Figures 8g–8i show the backscatter and ozone measured near the surface. Only measurements made
between 13 and 17 PDT, when the boundary layer was well mixed and at least 500 m deep, are shown.
These plots also show that there was much less smoke near the surface than in the buffer layer, with the lar-
gest afternoon backscatter enhancement measured on 2 August (cf. Figures 4c). The measurements from 27
July (Figure 8g) show much higher O3 mixing ratios than were measured in the 6 days before the fire but lie
slightly below and very close to the pre‐Soberanes mixing line. This suggests that either the high O3

(~110 ppbv) measured on that day was man made or that the O3 production rate (relative to PM) in the
smoke was similar to that of the anthropogenic pollution. The measurements from 28 July and 2 August
(Figures 8h and 8i) also follow the same slope as the pre‐Soberanes measurements but are significantly dis-
placed from themixing line. The O3mixing ratios are slightly higher than those measured before the fire, but
these displacements can also be explained without any invoking any fire‐related O3 enhancements (cf.
section 6). The differences between the buffer layer and mixed layer measurements suggest that the surface
smoke was transported up the valley with the Pacific inflow and not mixed downward from the buffer layer.
We note that the buffer layer‐boundary layer coupling may have been stronger in the southern SJV where
the subsidence is stronger and vertical mixing by the nocturnal low‐level jet important (Caputi et al., 2019).

Figure 12. Scatter plots comparing: (a) CH4 and CO2, (b) O3 and CO2, and (c) O3 and CH4 concentrations measured between ~1.5 and 2.5 km asl by the TLS and
AJAX aircraft. The top panels show measurements from discrete smoke plumes sampled over the northwestern SJVAB and coast ranges. The bottom
panels (d–f) show measurements made within 20 km of the VMA. The colored lines show orthogonal distance regression (ODR) fits of the plotted data.
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5.1. Aircraft Measurements

The Soberanes smoke was sampled by the Scientific Aviation Mooney TLS Bravo research aircraft (http://
www.scientificaviation.com) on 27–29 July (TLS) during flights supported by the U.S. EPA and the Bay
Area Air Quality Management District. Additional flights were conducted on 4–6 August but will not be dis-
cussed here. The TLS carried a 2B Technologies Model 205 O3 monitor and a Picarro 2301f Cavity
Ring‐Down Spectrometer to measure CO2, CH4, and H2O. The aircraft also carried an Eco Physics Model
CLD 88 chemiluminescence detector with a photolytic converter for NO2, but these measurements were
plagued by noise on some of the flights (Trousdell et al., 2019) and are not used here. The ad hoc

Figure 13. Scatter plots comparing the retrieved O3 and β from the TOPAZ profiles to TLS in situ CH4 measurements made within 20 km of the lidar on
EPA2 (1327–1338 PDT), EPA4 (28 July, 1326–1342 PDT), and EPA6 (29 July, 1449–1505 PDT). Panels (a)–(c) compare the TOPAZ O3 and TLS O3 measurements.
The dashed lines show the 1:1 correspondence. Panels (d)–(f) compare the TLS (filled circles) and TOPAZ (open circles) O3 measurements to the TLS CH4.
Panels (g)–(i) compare the TOPAZ β to the TLS CH4. The solid lines in all of the plots show orthogonal distance regression (ODR) fits to the plotted data. See
Figure 12 for the color scheme.
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EPA/Bay Area Air Quality Management District program consisted of morning (0800–1000 PDT) flights
between Fresno and San José and afternoon (1200–1600 PDT) flights above the Fresno‐Visalia area. In the
following discussion, odd numbers refer to the morning flights (EPA1, EPA3, and EPA5) and even
numbers the afternoon flights (EPA2, EPA4, and EPA6). The afternoon flights included low approaches
and/or spiral profiles at the VMA for comparisons with TOPAZ and the in situ surface measurements at
the VMA. The aircraft, lidar, and in situ measurements of O3 agreed to within ±5 ppbv on average during
these comparisons (Langford et al., 2019).

The Soberanes emissions were also sampled by the NASAAlpha Jet Atmospheric eXperiment (AJAX) (Yates
et al., 2016) during an afternoon flight on 28 July. The Alpha Jet carried an external wing pod with a mod-
ified commercial ultraviolet absorption monitor (2B Technologies Inc., model 205) to measure O3 (Ryoo
et al., 2017; Yates et al., 2015; Yates et al., 2013) and a (Picarro model 2301‐m) cavity ring‐down analyzer
to measure CO2, CH4, and H2O (Tanaka et al., 2016). A second wing pod carried a nonresonant
laser‐induced fluorescence instrument to measure formaldehyde (CH2O) (St. Clair et al., 2017). The AJAX
O3 measurements were also compared with TOPAZ during profiles and low approaches at the VMA before
the start of the Soberanes Fire, and these comparisons likewise found agreement to within ±5 ppbv
(Langford et al., 2019). AJAX also sampled the Soberanes plume on several flights conducted after the end
of the CABOTS campaign that will not be discussed here. Unfortunately, neither aircraft measured particu-
lates or CO since wildfires were not the primary focus of the CABOTS campaign.

Figure 14. Scatter plots showing the (a) daily average PM2.5 and (b) MDA8 O3 from the Visalia N. Church St. monitor as
a function of daily maximum temperature during all of CABOTS. Panels (c) and (d) show the corresponding
measurements from the Fresno‐Garland monitor colocated with the AERONET. Note the different vertical scales. The
black points show measurements made before the Soberanes Fire started (27 May to 22 July) and the red points those
made after the fire started (23 July to 7 August). The partially filled circles in (a) are from days when only preliminary
PM2.5 data were reported at Visalia. The horizontal dashed lines in (b) and (d) show the 70 ppbv NAAQS.
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Figure 9a shows flight tracks from the two 28 July TLS sorties (EPA3: 0808–0952 PDT and EPA4: 1212–
1558 PDT) and the 28 July AJAX (1426–1602 PDT) flight, superimposed on the (1330 PDT) Aqua‐MODIS
image. The winds were relatively calm on 28 July, and the Aqua‐MODIS image shows diffuse smoke haze
covering the Coast Ranges and south central SJVAB with fresher smoke lingering near the fire. Figure 9b
shows the same flights as altitude‐longitude plots, and Figure 9c is a time‐height curtain plot of the 28
July TOPAZ O3 measurements with the EPA4 flight track superimposed (black line). The portions of the
track within 20 km of the VMA are colorized to show the O3 concentrations measured by the aircraft.
These measurements show the excellent agreement between the two techniques.

Figure 10 shows the O3, CO2, and CH4 measurements from EPA3 (28 July) as colorized altitude‐longitude
plots. The gray bands show the “boundary layer,” “buffer layer,” and “free troposphere” altitude bins used
in Figure 8. These plots show that the CO2 concentrations fell quickly as the TLS climbed out of the shallow
boundary layer near Fresno, but the CH4 concentrations remained high through the top of the buffer layer.
Figure 10a shows that O3 was elevated in the buffer layer with much lower concentrations in the boundary
layer. The late morning TOPAZ O3 measurements show a similar structure. The TLS cruised northwestward
at about 1.4 km asl and entered a broad plume with elevated CO2, CH4, and O3 about 80 km north of the fire
at Point A. The aircraft climbed out of this plume at about 1.9 km asl (Point B) as it ascended to 2.5 km for the
return leg to Fresno. It passed through a thin layer with much higher CO2, CH4, and O3 around 2.6 km asl
(Points C and D) on the return leg and descended through a second, similar layer at 1.9 km asl (Point E) dur-
ing the approach to Fresno. The O3, CO2, and CH4 measurements from EPA3 are plotted as time series in
Figure 11. The O3 enhancements in some of the narrow peaks exceed 50 ppbv.

5.2. Emission Ratios

Since neither aircraft measured CO, we calculate methane emission ratios (MER) relative to CO2, and ozone
production rates (OPR) relative to both CO2 and CH4. Both compounds are emitted by biomass burning, but
their usefulness as reference tracers is compromised in the boundary and buffer layers since CO2 is taken up
by growing vegetation, and there are large agricultural and petrochemical sources of CH4 in the SJVAB
(Peischl et al., 2018; Peischl et al., 2012; Trousdell et al., 2016). In the following discussions, we therefore
restrict our analyses of the aircraft data to measurements made above 1.5 km. For these calculations, we cre-
ate scatter plots from the 1‐s measurements acquired during the roughly 1 min required for the aircraft to fly
through one of the narrow plumes corresponding to the labeled peaks in Figure 11 and similar time series
from the other EPA and AJAX flights.

Figure 12a shows that the CH4 and CO2measurements fromEPA1 (black points) fall on a straight line with a
well‐defined intercept consistent with the mixing of a fine‐scale plume into air with constant background
concentrations (Yokelson et al., 2013). An orthogonal linear regression fit of these points gives a MER of
5.5 ± 0.2 ppb CH4 (ppm CO2)

−1. The measurements from EPA6 (orange points) follow a much steeper line
corresponding to 13.9 ± 0.3 ppb CH4 (ppm CO2)

−1. Fits are not shown for the measurements from the other
flights, which fall between these two extremes with the measurements from different parts of some flights
(e.g., EPA3, red points) following more than one mixing line.

MERs are not usually reported relative to CO2 if CO measurements are available, but the values derived
here are similar to those derived from AJAX measurements (Yates et al., 2016) near Yosemite National
Park made during the 104,058 ha (257,134 acre) Rim Fire as part of the 2013 SEAC4RS (Studies of
Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys) campaign
(Toon et al., 2016). The Rim Fire burned in brush, oak, and pine stands located at higher elevations than
the Soberanes Fire, but analysis of smoke plumes sampled by AJAX on 26 and 29 August, 2013, when
the Rim Fire was still actively expanding, yielded MERs of 8.0 and 6.5 ppb CH4 (ppm CO2)

−1, comparable
to the value shown in Figure 12a from the EPA1 (27 July) measurements. AJAX measurements made
2 weeks later when the Rim Fire was mostly smoldering yielded a much higher MER of 18.3 ppb CH4

(ppm CO2)
−1, which is closer to the MER derived from EPA6 (29 July). These values can also be compared

to MERs ranging from 7.4 to 22.0 ppb CH4 (ppm CO2)
−1 inferred from surface measurements of CH4 and

CO2 during four different wildland fires and prescribed burns in mixed conifer forests of the northern
Rocky Mountains (Urbanski, 2013).
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The wide range of MERs derived from the data in Figure 12a can be explained by the sampling of emissions
from different combustion regimes; higher MERs are associated with smoldering combustion, which usually
generates more particulates and reduced compounds (e.g., CO, CH4, nonmethane organic compounds, and
NH3), while lower MERs are associated with flaming combustion, which typically emits fewer particulates
andmore fully oxidized species (e.g., CO2 andNOx) (Akagi et al., 2011; Urbanski, 2013; Yokelson et al., 2008).
The large plume‐to‐plume variability on some flights was probably caused by the sampling of smoke originat-
ing from different parts of the rapidly growing fire.

Figures 12b and 12c are similar to Figure 12a but show the corresponding O3 mixing ratios plotted as a func-
tion of CO2 and CH4, respectively. The OPRs taken from the slopes in Figure 12b show less variability than
the MERs with values between 4.8 and 6.4 ppbv ppb O3 (ppm CO2)

−1. OPRs are also rarely reported relative
to CO2, but these values are larger than the OPRs from the Rim Fire measurements of 29 August 2013, which
found 2.0 ppb O3 (ppm CO2)

−1 within the main Rim Fire smoke plume, and 2.7 ppb O3 (ppm CO2)
−1 within

the smoke haze filling a nearby valley. However, the values derived here are closer to the OPR of 7.3 ppb O3

(ppm CO2)
−1 inferred from the reported ΔO3/ΔCO and ΔCO/ΔCO2 emission rates in the 4‐hr‐old fire plume

from a prescribed fire in a similar chaparral ecosystem (primarily scrub oak and sagebrush) near San Luis
Obispo California (Akagi et al., 2012). Interestingly, the intercepts in Figure 12b change by nearly a factor
of 2 from day to day, but this variability collapses in Figure 12c.

The measurements from the afternoon EPA flights above the valley show even more variability. The TLS
executed a profile and/or close approach at the VMA on each of the afternoon EPA flights (i.e., EPA2,
EPA4, and EPA6), and the scatter plots in the lower panels of Figure 12 show the in situ measurements
(above 1.5 km asl) along those flight segments.

Figure 12d shows that the measurements from EPA2 (27 July, cyan points) fall on a line giving a MER of
14.8 ± 0.5 ppb CH4 (ppm CO2)

−1, which is similar to the values derived from the measurements made above
the coastal mountains on both EPA2 and EPA6 (29 July, orange points). The EPA4 measurements (28 July,
green points) near the VMA fall approximately on the same line, but the EPA6 (29 July, orange points) mea-
surements near the VMA give a much larger MER of 25.3 ± 0.7 ppb CH4 (ppm CO2)

−1. The OPRs calculated
from the EPA6 VMA measurements (Figures 12e and 12f, orange points) are also much smaller than those
derived from measurements made further west on the same flight and using the same analysis technique,
which precludes possible contamination by other CH4 sources.

Figure 13 compares the TLS measurements from the VMA profiles on the EPA2 (27 July), EPA4 (28 July, cf.
Figure 10c), and EPA6 (29 July) flights with the nearest TOPAZ O3 and βmeasurements (<20 km). The indi-
vidual points in these plots represent samples taken between 1,500 and 2,500 m asl at roughly 100‐ to 200‐m
intervals and include both buffer layer and free tropospheric samples. The reasonable agreement between
the lidar and aircraft O3 measurements in the top row lends confidence to the assumption that the lidar
and aircraft were sampling similar air masses on all 3 days; more rigorous intercomparisons are described
elsewhere (Langford et al., 2019). The middle panels (Figures 13d–13f) show that the OPRs (relative to
CH4) estimated from these sparsely sampled measurements are similar to those derived from the more com-
plete plume analyses in Figure 12f. The bottom panels (Figures 13g–13i) also show good correlations
between the TOPAZ backscatter and the TLS CH4, which supports the use of β as biomass burning tracer.

These comparisons between the lidar and aircraft shed no further light on the reason for the smaller slopes in
the 29 July measurements in Figures 12f and 13i, but one possible explanation is suggested by HYSPLIT
back trajectories (not shown), which indicate that the air sampled about ~1.5 km above the VMA on
EPA2 (27 July) passed near the Soberanes Fire about 48 hr earlier, while the air sampled on EPA6
(29 July) spent the previous 72 hr circulating between the SJVAB and the Sierra Nevada, which may
have depleted both smoke and O3 relative to CH4.

6. Impact on Surface Air Quality in the SJVAB

The arrival of the Soberanes smoke plume coincided with the highest surface O3 measured in the SJVAB
during 2016. The two highest recorded 1‐hr O3 concentrations (120 and 131 ppbv) of the year were measured
midway between Fresno and Visalia at Parlier on 27 and 29 July, respectively, and the highest MDA8
(101 ppbv) was recorded at Parlier on 27 July. The Visalia monitor also reported its highest MDA8 value
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(83 ppbv) of 2016 on 27 July, and 22 of the 25 O3 monitors in the SJVAB exceeded the 70‐ppbv NAAQS on
that day. PM2.5 was also enhanced at many of the SJVAB monitors on these days.

The increase in surface O3 following the appearance of Soberanes smoke aloft suggests that the fire may
have contributed to this increase. However, the week following the outbreak of the Soberanes Fire was
also the hottest in the SJVAB during 2016 with daily maximum temperatures at the Fresno‐Garland sta-
tion reaching 41–42 °C (106–107 °F) on 27–29 July, compared to 34–36 °C (93–97 °F) on 18–22 July.
Thus, the high O3 and PM2.5 measured during that period may simply have been caused by more effi-
cient photochemical production from locally emitted precursors (the smoke haze was not dense enough
to significantly reduce the solar flux). Figure 14 plots the daily average PM2.5, and MDA8 O3 measured
by the Visalia N. Church St. and Fresno‐Garland monitors as a function of daily maximum temperature
(Jaffe et al., 2004). Parlier, where the highest O3 was measured, did not measure PM2.5. Figures 14a and
14c show that the highest daily average PM2.5 was measured in both Fresno and Visalia on 27 July
when high β also appeared above the VMA. Neither of these daily averages approached the PM2.5

NAAQS of 35 μg/m3, but Figures 14b and 14d indicate that the O3 NAAQS of 70 ppbv was exceeded
by 13 ppbv in Visalia and 21 ppbv at Fresno‐Garland on 27 July. Figures 14a and 14c show that the
PM2.5 at both monitors was ~5 μg/m3 larger on 26–28 July than might be expected from the tempera-
ture dependence seen before the fire, but the ozone measurements in Figures 14b and 14d do not show
a similar step increase. Indeed, Figure 14d shows that the highest MDA8 O3 at the Fresno‐Garland
monitor (94 ppbv) was recorded on 1 July, well before the start of the fire. Also, while 26–28 July were
three of the four highest MDA8 O3 days in Visalia, the second highest day was 26 June with 79 ppbv.
We conclude from these data that the contribution of the Soberanes Fire to the high O3 measured in
these two cities during late July and early August was a few ppbv at most, and certainly not the 13
and 21 ppbv by which the Visalia and Fresno‐Garland monitors, respectively, exceeded the NAAQS
on 27 July.

7. Summary and Conclusions

The outbreak of the Soberanes Fire during the 2016 CABOTS field campaign created a unique opportu-
nity to study the spread of smoke and fire‐generated O3 into the SJVAB using coordinated remote sensing,
ground‐based lidar, and aircraft measurements. The ground‐based NOAA TOPAZ lidar measurements
show that ultraviolet backscatter profiles retrieved in the analysis of O3 differential absorption lidar mea-
surements can be useful as a tracer for fire smoke and help quantify O3 production in dispersed fire
plumes. The O3‐to‐β ratio derived from the lidar measurements was found to decrease exponentially with
smoke plume density, possibly because of the reduced actinic flux. Measurements of O3, CH4, and CO2 by
the Scientific Aviation and NASA AJAX aircraft suggest that CH4 can be a good tracer for biomass burn-
ing in the free troposphere when CO measurements are unavailable, and comparisons between the lidar
and aircraft show linear relationships between CH4 and lidar backscatter. Both the lidar and aircraft mea-
surements found O3 enhancements of 40–60 ppbv of O3 in the lower free troposphere above the Coast
Ranges and eastern San Joaquin Valley but found no clear evidence that the fire significantly increased
surface O3 in the Fresno‐Visalia area.
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