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Abstract

Despite declines in transportation emissions, air in the San Joaquin Valley and Los Angeles
remains unhealthy. The formation of secondary air pollutants ozone and PM (particulate matter)
are dependent on both volatile organic compounds (VOC) and oxides of nitrogen (NOx = NO +
NOz). We performed 16 research flights to map emissions of NOx and of an unprecedented range
of VOCs using airborne flux measurements in the Los Angeles region (South Coast Air Basin)
and the San Joaquin Valley. Emission inventories represented traffic emissions (both NOx and
VOC) better than biogenic or volatile chemical product emissions. In the San Joaquin Valley, we
show mismatches of the observed fluxes with inventories, including an underestimation of soil
NOx fluxes, an underestimation of dairy and citrus processing VOC fluxes, and an overestimate
of biogenic isoprene fluxes. In Los Angeles, the observations suggest that the inventory
overestimates NOx emissions near the coast and underestimates them inland, and underestimates
biogenic VOC emissions for mono- and sesquiterpenes. We demonstrate that biogenic terpenoid
emissions contribute on average 60% to ozone and secondary organic aerosol formation in
summertime Los Angeles, that this contribution strongly increases with temperature, and that this
emission is largely missing in the inventories.



Executive Summary

The South Coast Air Basin and the San Joaquin Valley of California are major hotspots of ozone
and particulate matter air pollution in the United States. Ozone and PM_ s in these regions have
not improved substantially for the last decade, despite a reduction in vehicular emissions of their
NOx and volatile organic compound (VOCSs) precursors. This reduction in “traditional” sources
results in more uncertainty in descriptions of the present-day emission mixture of air pollutant
precursors. The RECAP-CA (Re-evaluating Chemistry of Air Pollutants in California) aircraft
campaign was conducted to obtain VOC and NOx flux datasets covering relevant areas of the
San Joaquin Valley and South Coast Air Basin (Los Angeles area) and to use the measured
fluxes to evaluate and thereby reduce the uncertainty of emission inventories for VOC and NOx.
Inventories that are used by the California Air resources Board (CARB) and other agencies in
their predictions of Oz and SOA were assessed. The study was intended to map emission sources
and potentially find unknown or underestimated ones, to investigate magnitude and temperature
dependence of the emissions, and to assess the extent of weekend effects on the emissions.

Airborne flux measurements were conducted using a Twin Otter aircraft flying out of the
Burbank, CA, airport. The flight altitude was 300-400 m and flights were executed between June
1 and 22, 2021, under clear sky conditions between 11:00 and 17:00 local time. Flight legs were
flown at constant altitudes with legs that were as long and straight as possible to ensure high
quality flux measurements. The flight routes were designed to cover a wide range of
representative emission sources — in the San Joaquin Valley, croplands, dairy farms, oil and gas
production, oak forests, highway and urban areas; and in the Los Angeles area highways,
residential areas, the port, the downtown and the warehouse region in the eastern San Bernardino
Valley.

VOC and NOx concentrations were measured at 10 and 5 Hz, respectively, along with vertical
wind speed at 10 Hz. The covariance of wind and concentration measurements was calculated
using continuous wavelet transformation to obtain fluxes at flight altitude. The fluxes were
extrapolated to the ground to get surface emission and deposition fluxes by correcting for
chemical and physical vertical flux divergence. Flux footprints were calculated by the KL04-2D
model to determine the ground areas where the fluxes originated. Thus, the measured emissions
could be matched with spatially and time resolved emission inventories.

In the Los Angeles area, we find that the NOx fluxes have a pronounced weekend effect and are
highest in the Eastern part of the San Bernardino valley. The comparison of the RECAP-CA and
the modeled CARB NOy fluxes suggest the modeled emissions are too high near the coast and in
downtown Los Angeles and too low further inland in the Eastern part of the San Bernardino
valley. VOC fluxes measured included tracers for source categories such as traffic, vegetation,
and volatile chemical products (VCPs). In Los Angeles, mass fluxes were dominated by
oxygenated VOCs, with ethanol contributing ~29% of the total. In terms of OH reactivity and
aerosol formation potential, terpenoids contributed more than half. Observed VOC fluxes were
compared with two commonly used emission inventories: the California Air Resources Board
(CARB) inventory, and the combination of BEIS with the FIVE-VCP inventory. The comparison
shows mismatches regarding the amount, spatial distribution, and weekend effects of observed



VOC emissions with the inventories. The agreement was best for typical transportation related
VOCs, while discrepancies were larger for biogenic and VCP-related VOCs. We demonstrate
that biogenic terpenoid emissions account for ~60% of ozone and secondary organic aerosol
formation potential in summertime Los Angeles, and that this contribution strongly increases
with temperature. We also show that some important anthropogenic VOC emissions increase
with temperature, an effect which is not represented in current inventories. Because of the strong
influence of temperature, efforts to mitigate urban air pollution need to consider that climate
warming will strongly change emission locations, amounts and composition.

In the San Joaquin Valley, we combined footprint calculations and land cover statistics, and we
disaggregated the observed fluxes into component fluxes characterized by three different land
cover types. On average we find NOx emissions of 0.95 mg N m h! over highways, 0.43 mg

N m~2h™over urban areas and 0.30 mg N m2h™ over croplands. The calculated NOx emissions
using flux observations are utilized to evaluate anthropogenic emission inventories and soil NOx
emission schemes. We show that two anthropogenic inventories for mobile sources, EMFAC
(EMssion FACtor) and FIVE (Fuel-based Inventory for Vehicle Emissions), yield strong
agreement with emissions derived from measured fluxes over urban regions. Three soil NOx
schemes, including MEGAN v3 (Model of Emissions of Gases and Aerosols from Nature), BEIS
v3.14 (Biogenic Emission Inventory System) and BDISNP (Berkeley Dalhousie lowa Soil NO
Parameterization), show substantial underestimates over the study domain. Compared to the
cultivated soil NOx emissions derived from measured fluxes, MEGAN and BEIS are lower by
more than one order of magnitude and BDISNP is lower by a factor of 2.2. Despite the low bias,
observed soil NOx emissions and BDISNP present a similar spatial pattern as well as temperature
dependence. We conclude that soil NOx is a key feature of the NOx emissions in the SJV and that
a state-of-the-science model of these emissions is needed to simulate emissions for modeling air
quality in the region.

VOC mass fluxes in the San Joaquin Valley were dominated by alcohols, mainly from dairy
farms, while oak isoprene emissions and citrus monoterpene emissions were important sources
of reactivity. Comparisons with the CARB and BEIS+FIVE inventories showed that isoprene
emissions in the croplands were overestimated, while dairy and highway VOC emissions were
generally underestimated in the inventories, and important citrus and biofuel VOC point sources
were missing from the inventories.

The results of this project thus present unprecedented insights into the VOC and NOx sources in
the San Joaquin Valley and South Coast Air Basin, and provide much needed information for the
improvement of inventories, air quality predictions and regulations.

For future studies, we recommend repeating the flux measurements in both the San Joaquin
Valley and South Coast Air Basin to establish seasonal patterns and longer-term trends in VOC
and NOx fluxes. It would be beneficial to explore establishing long term flux towers to
supplement existing concentration measurement networks and to prepare to make routine and
rapid use of the satellite remote sensing observations of NOx, H2CO and aerosol that will soon be
available from TEMPO. Emission rates and source contributions will likely continue to evolve
with climate change, transformation of the vehicle fleet towards electric power, and other



controls that may be implemented on anthropogenic sources. Thus, future measurements of
fluxes both at fixed tower sites and through airborne measurements at regular intervals are
needed for documenting future VOC and NOx emissions in these evolving polluted regions.

Task summary and work described in this project

The major objective of this work was to obtain VOC and NOx flux datasets covering relevant areas
of the San Joaquin Valley and South Coast Air Basin, and using these to validate the CARB
emission inventories for VOC and NOx. The research included a field measurement planning
exercise to optimize the amount of information to be gained from airborne flux observations,
conducting field measurements, then comparing observed fluxes to modeled fluxes in order to
assess and improve CARB’s emission inventory.

The work done for each of the 5 tasks identified in the contract is briefly summarized below:

Task 1: Field campaign planning

The initial step of the project was field campaign planning. Informed by current emission
inventories, peer-reviewed literature, and TROPOMI NO; data, and guided by discussion with
CARB, we identified regions of particular interest. The flight routes were planned based on this
information, the methodological necessities for airborne flux measurements (flying long straight
legs low and slowly), and air traffic regulation. In the San Joaquin Valley we made sure to cover
croplands, dairy farms, highway, oil and gas production, urban areas, and oak woodlands. In Los
Angeles the terrain was a limiting factor, so that we covered mostly the valleys, but also made sure
to include Environmental Justice Communities near Long Beach and the port area with waiting
ships. The campaign time was chosen to be daytime in June to ensure a high planetary boundary
layer and homogeneous mixing.

Task 2: Preparing for field campaign

Preparation included pre-installation instrument characterization, configuration, calibration, and
safety review. It also included integration onto the aircraft, ground systems tests, and a 2-hour test
flight based out of the NPS Twin Otter facility in Marina, CA prior to deployment.

Task 3: Airborne flux measurements

We performed a field campaign with a total of 80 flight hours distributed over 16 flights (9 in Los
Angeles, 7 in the San Joaquin Valley) out of the airport in Burbank, CA between June 1 and June
23, 2021. 10 Hz VOC and wind data, and 5 Hz NOx data were recorded for airborne eddy
covariance. The same tracks were repeated during each individual San Joaquin Valley or Los
Angeles flight, respectively. Flight days were chosen according to the weather forecast to ensure
cloud free conditions and a certain variability of temperatures between flights. We also made sure
to include both weekends and weekdays.

Task 4: Analyzing airborne flux data

Airborne eddy covariance fluxes were calculated using wavelet transformation. This method de-
convolutes time series into frequency bins of covariance. The sum over all frequency bins gives
the flux for each point of time. This results in spatially highly resolved airborne fluxes. Significant
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fluxes were observed for more than 130 VOCs, out of more than 630 species with measurable
concentrations. This includes tracers for traffic, VCPs, dairy emissions, oil and gas, biogenics,
biomass burning, and more.

The area of origin for each flux varies according to wind conditions, flight altitude, surface
roughness and other parameters. We evaluated footprint models to derive the one that most
reasonably represented the observed flux variability.

The flux footprints were mapped and matched with inventory grid cells in space and time, and
comparisons were performed spatially, by temperature, and by weekday. They were also overlaid
with landcover data. Source attribution and quantification was performed via footprint
disaggregation using this landcover information in each footprint for multivariate linear regression.

Task 5: Draft Final Report
This report is submitted in fulfilment of Task 5.
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1.

1.1.

Introduction
Photochemical modeling is an essential tool used to develop State Implementation Plans (SIPs)
for Oz and PM. Models are sensitive to the spatial and temporal distribution and source strengths
of VOCs, NOy, meteorological fields, sinks, and chemical reactions. They are sensitive to VOCs
because VOCs provide the fuel for atmospheric photochemical processes that produce O3z and are
the substance of secondary organic PM. They are sensitive to NOx because NOy affects hydroxyl
radical (OH) concentrations, setting the rate of the photochemical engine leading to air pollution,
catalyzing production of Oz and setting the oxidation rate of VOCs and thus the rate of secondary
organic aerosol formation. For example, changes in air pollution emissions from 2006 to 2013 in
the Los Angeles Basin are estimated to have increased OH levels by ~35% in the city center,
while decreasing OH levels by ~15% 100 km downwind (Figure 1). Temperature is also a major
driver. High temperatures are correlated with stagnation and consequently higher concentrations
of VOC and NOx because of slowed removal to deposition and increased time for emissions to
accumulate. High temperatures are also associated with the increase in the rate of reactions and
most importantly with an increase in the emissions of many VOCs. These processes vary across
air basins and control human exposure to air pollution and associated health effects.

Figure 1.1: Model prediction of OH changes in the Los Angeles basin from 2006-2013. These changes
are largely driven by decreases in NOx. (Laughner, Zhu and Cohen, unpublished results)

Volatile Organic Compounds (VOCs)
A myriad of biogenic and anthropogenic sources can typically be identified by their VOC
emission signatures (e.g. fossil-fuel based transportation, cooking, consumer products, industrial
activities), but the mixture of sources and chemical composition of VOCs is rapidly changing.

11



As shown in Figure 1.2, United States (US) vehicular VOC emissions have been dramatically
decreasing due to successful efforts to control air pollution since the 1970s (e.g. Warneke et al.,
2012). The Contractor recently completed a study funded by CARB investigating how organic
compound emissions from light-duty vehicles are changing due to evolving emission control
regulations and strategies (Goldstein et al., 2017). Detailed speciation of VOCs including
intermediate and semi-volatile (IVOC/SVOC) emissions from a range of currently in-use
vehicles demonstrated a rapid decline with improving emission controls as the on-road fleet
transitions to newer vehicles (Drozd et al., 2019; Drozd et al., 2016; Saliba et al., 2017; Zhao et
al., 2017). A critical take home message from these vehicle emission studies is that as emission
control technologies improve, the fraction of total vehicular emissions from on-road driving is
falling much faster than emissions from cold starts (when catalyst is cold). This must result in
changing the urban spatial distribution of vehicular VOCs (and by implication also NOx
emissions), from on-road towards parking locations such as residential neighborhoods and urban
parking locations, a pattern relevant to this project. Additional decreases are now also occurring
due to a shift towards electric vehicles, especially in urban areas of California.

Figure 1.2: Trends since 1960: (a) California fuel (gasoline and Diesel) sales; (b) 1-h O3 maximum
mixing ratios in the LA basin. (c—f) Typical mixing ratios estimated from published data from various
campaigns close to downtown LA. (g—i) Same as Figures 3d—3f on a logarithmic scale. Figure and
caption adapted from Warneke et al. (2012).

On the other hand, the relative contribution of so-called volatile chemical products (VCPs),
cooking emissions, and other indoor sources to urban VOC emissions is growing. A recent
model (compared to measurements from 2010) estimates VCPs to contribute 50% of the
petrochemical VOC sources in industrialized cities, as shown in Figure 1.3 (McDonald et al.,
2018). Many important sources of VCPs are not targeted by air pollution regulation efforts, and
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VOC emission regulations and inventories have not been addressing the whole life cycle of the
chemicals such as long-term off-gassing, volatilization of byproducts, etc. (Khare and Gentner,
2018). Even with the massive reductions in emissions from vehicles and other regulated sources,
Oz and PM levels still frequently exceed current air pollution standards in California. A better
understanding of the complex evolving chemical cocktail of VOC emissions is required to yield
further improvement in urban air pollution.

Figure 1.3: Anthropogenic contributors to ambient air pollution the role of VOC in Los Angeles air
guality. (A to D) Distribution of (A) petrochemical product use, (B) anthropogenic VOC emissions, (C)
anthropogenic VOC reactivity with OH, and (D) anthropogenic SOA formation potential across
petrochemical sources only. Contributions from non-fossil sources are not shown. Uncertainties in source
apportionment were determined by Monte Carlo analysis. From McDonald et al. (2018).

UC Berkeley has engaged in a series of research projects on the chemistry of indoor air, focusing
mainly on indoor emission sources and chemical composition of gas and particle phase organic
chemicals. A critical take home message from these studies relevant to this work is that VOC
emissions indoors are substantial and a poorly understood source contributing to urban air
pollution.

Studying a densely occupied university classroom, the highest emission rates of observed VOCs
in the classroom were for cyclic volatile methyl siloxanes (cVMS), particularly
decamethylpentasiloxane (D5), widely used in personal care products such as antiperspirants
(Tang et al., 2015). These results have been cited in a series of new studies using cVMS
compounds observed in urban air as indicators of VCP emissions. For example, Coggon et al.
(2018) reported D5 emissions in Boulder, CO and Toronto, Canada as comparable to
transportation emissions of benzene in those cities, clearly demonstrating that indoor emissions
are relevant sources of outdoor air pollution.

Studying residential homes, ~50% of all indoor VOC species observed by Proton Transfer
Reaction Time of Flight Mass Spectrometry (PTR-ToF-MS) were an order of magnitude higher
than outdoors, ~80% of observed VOCs were at least twice as high as outdoors, and the
dominant sources were continuous and temperature dependent (Liu et al. 2019). Episodic
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1.2.

emissions due to human activities such as cooking and cleaning were also important (Liu et al.
2019). Ventilation rates were fast enough that in just a few hours the indoor air exchanged
completely with outdoor air (Liu et al., 2019). Indoor oxidant concentrations were quite low
(Arata et al., 2018). Together these results suggest indoor VOC emissions are typically
transported to the outdoors providing a distinct VOC signature. Thus, transport of
VOC/IVOC/SVOC emissions from indoors need further study as likely important sources of
urban outdoor air pollution. Not yet published results indicate that the total flux of VOCs from a
normally occupied house are comparable to those measured from a dense pine forest (e.g.,
Bouvier-Brown et al., 2012) on a per ground area basis. Furthermore, monoterpene emissions,
which come from cooking, cleaning, other household and personal care products, were also
similar in magnitude to the emissions per area observed in the pine forest.

Tens of thousands of different VOCs are known, but many more remain so far unknown, largely
because novel chemicals are created as secondary pollutants through atmospheric reactions of
primary VOCs. Due to this complexity (and the technically challenging devices needed to
observe this complex mixture), regulatory agency-operated urban monitoring stations typically
do not measure a vast array of the VOCs present in the atmosphere. In the past, instrument
limitations restricted VOC measurements to a few compounds, with mass spectrometers
scanning one predefined molecular mass after the other. However, recently a new class of mass
spectrometers became available which can quantify hundreds of VOCs at the same time -
including detecting a vast array of secondary compounds that have not yet been isolated in the
laboratory. These new measurement capabilities enable a far more comprehensive understanding
of the complex VOC mixture in urban air. To determine the origin of anthropogenic emissions,
VOC observations can provide crucial clues, as they provide “chemical fingerprints” of the
different source types (e.g. transportation/vegetation/\VVCPs/residential/photooxidation, etc.).
Once emitted to the atmosphere, VOCs react on timescales of minutes to weeks, depending on
the specific compound. This changes their chemical and physical properties (e.g. vapor pressure /
solubility). Depending on these properties, the VOCs either remain available for further chemical
reactions, aggregate to form particulate matter, or are removed from the atmosphere by
deposition (Goldstein and Galbally, 2007). Atmospheric losses must be accounted for when
applying airborne flux measurements to estimate emissions of short-lived compounds.

Oxides of Nitrogen (NOy)

NOx in urban areas is primarily emitted from high temperature combustion sources—cars, trucks
and other fossil fuel burning. Emissions can also result from lightning and from microbial
metabolic pathways, often in association with fertilizer application. The latter are typically
considered in agricultural regions—emissions from the urban biosphere have not been assessed
in detail as vehicular emissions have historically and continue to dominate but there is
speculation about the role of lawns, golf courses and agriculture at the urban rural boundary.
Recently it has been shown with laboratory observations of California tree species at the branch
scale and a column model, that stomatally controlled uptake of NOx can be almost half the NOx
sink at concentrations above 10 parts per billion (ppb) (Delaria and Cohen, 2020; Delaria et al.,
2018). Thus, fluxes can be to and from the landscape simultaneously.
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Improvements in catalytic converters and their widespread implementation on passenger vehicles
and new selective catalytic reduction (SCR) technologies implemented on heavy-duty diesel
trucks have resulted in long-term NOx reductions of about 7% year. These changes are important
to setting the rate of chemistry in cities. Initially, reductions in NOx led to an acceleration of
chemistry, including more rapid oxidation of VOC and of NOx. As a result, a 5% NOy emission
reduction might have been associated with a 7% NOx concentration reduction. Separating the
two effects has been difficult and many analyses have implicitly assumed that concentration
reductions can be directly mapped 1:1 to emission reductions. Recently, an extensive analysis of
satellite observations of NO2 confirmed that there have been decadal scale trends in the lifetime
of NOx and implying that these lifetime trends were coupled to trends in VOC and NOx
concentrations (Laughner and Cohen, 2019). As a consequence of this coupling, concentration of
NOy in Los Angeles decreased by less than the emissions decrease in Los Angeles as shown in
Figure 1.4.

NOy emissions from different sources are correlated with different VOCs and have unique ratios
to CO and COz. The scientific design of this project, obtaining simultaneous observations of
VOC and NOx fluxes, aims at using these correlations to identify processes and sectors
responsible for the different emissions.

Figure 1.4. Relationship between NOx emission reductions and NOy concentration changes are different
in different cities. Interpreting satellite observations of NO-, Laughner and Cohen showed that
concentration changes could be slower (red) or faster (blue) than emissions changes. The variations are
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assumed to be due to differences in the absolute NOy concentration and to local VOC concentrations and
reactivity (Laughner and Cohen, 2019).

2. Methods

2.1. Flight routes and study regions
A total of 16 flights was conducted in June 2021, seven of which in the San Joaquin Valley and
nine in the Los Angeles region (South Coast Air Basin). Routes were selected to ensure a good
coverage of the South Coast Air Basin (Fig. 2.1) and southern San Joaquin Valley (Fig. 2.2),
while keeping individual flight legs as long and straight at a stable altitude of 300-400 m as
possible (low, stable altitude and long legs assure good quality airborne flux measurements (Karl
et al., 2013)). The aircraft flew slowly at an airspeed of 50-60 m/s to ensure a good spatial
resolution. Each Los Angeles flight and every other San Joaquin Valley flight included a 12-15
km long stacked racetrack pattern (Karl et al., 2013) flown at 4-6 different altitudes within the
planetary boundary layer. Adjustments to the routes were made according to requests from air
traffic control both during planning and as necessary during flights. The aircraft took off at
~11:00-12:00 local time at Burbank Airport and landed at ~16:00-17:00.
Routes and flight days in Los Angeles were also designed to (i) cover a wide range of
temperatures, (ii) include ships anchoring in front of the port of Los Angeles, (iii) the region with
a high density of warehouses in the eastern San Bernardino Valley, and (iv) Environmental
Justice Communities around refineries. Otherwise, routes in Los Angeles were repeated along
the same tracks during each of the 9 flights, while alternating the flight direction (either first
going into the San Bernardino Valley or to the south).

Routes in the San Joaquin Valley were planned to cover (i) agricultural areas, especially dairy
farms, (i) the highway 1-99, (iii) oak woodlands in the Sierra Nevada foothills, (iv) the urban
areas of Bakersfield and Fresno, and (v) the oil and gas fields northeast of Bakersfield.

Routes in the San Joaquin Valley were repeated along the same tracks during each flight, except
that some flights were cut shorter towards the north and instead included a racetrack pattern at
several altitudes, while others reached north up to Fresno.
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Fig. 2.1. Flight routes over Los Angeles (without segments that were removed for flux data quality
reasons) and the four regions defined for the data analysis.
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2.2.

Fig. 2.2. Flight routes over the San Joaquin Valley.

Climatology during field campaign
Flights were performed between June 1 and 22, 2021, with average temperatures between 22 and
30°C in Los Angeles, and 23 to 36°C in the San Joaquin Valley. There was no precipitation.
Flight days and routes were chosen so that no cloud cover was encountered. Table 2.1 and 2.2
provide overviews of the meteorological variables for each flight over Los Angeles and the San
Joquin Valley, respectively. The flights were performed between 11:00 and 17:00 local time to
ensure homogeneous turbulent conditions and a high planetary boundary layer (PBL). Average
boundary layer heights in Los Angeles were around 500-700 m above ground, but often much
lower at the coast, which made it at times challenging to stay within the PBL especially in that
region, so that the flux data coverage is least dense at the coast of Los Angeles. In the San
Joaquin Valley, PBL heights were 800-1300 m above ground.
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Table 2.1. Average (£ standard deviation) for meteorological variables and modeled OH for each flight

(Los Angeles). OH was modeled using a box model that was trained using the flux gradients from stacked
racetrack flights. RH: relative humidity, TAS: true air speed. w*: Deardorff velocity (convective velocity
scale). “a.g.l.”: above ground level.

Flight | week- | date flight TAS PBL Wind wind RH Dewpoint Ambient w* OH
No day altitude (m/s) height | speed direction (%) | temperature temperature at | (m/s) (molec/cm?)
a.g.l. a.g.l. (m/s) ©) (°C) 2madg. |l
(m) (m) (°C)
LAL | week- | 01/06/2021 | 383+ 562+ | 592+ |31+ |258+20 |66 | 13707 26.6+25 08+ | 3.0e+06+
day 77 18 71 11 + 03 4.5e+05
14
LA2 | week- | 04/06/2021 | 347 + 553+ | 515+ | 45+ | 235+40 | 60 | 123%13 25.6+ 3.4 08+ | 4.1e+06+
day 41 2.0 36 16 + 03 2.2e+06
18
LA3 | week- | 06/06/2021 | 400 + 560+ | 645+ | 49+ | 203+55 | 74 | 11.1%05 226+29 1.0+ | 5.9e+06+
end 55 23 15 14 + 03 2.4e+06
10
LA4 | week- [ 10/06/2021 | 395+ 558+ | 694+ |47+ |249+25 |43 [45+23 245+ 1.4 11+ | 1.8e+06=
day 50 21 120 14 +7 03 6.0e+05
LAS | week- [ 11/06/2021 | 400+ 570+ | 862+ |39+ | 244+50 |40 | 7.0+28 28724 12+ | 38e+06z
day 61 22 258 15 + 04 1.2e+06
12
LA6 | week- | 12/06/2021 | 366 + 561+ | 572+ | 32+ | 256+36 | 34 | 64%30 295+28 09+ | 4.0e+06+
end 45 18 44 12 +9 03 7.8e+05
LA7 | week- [ 18/06/2021 | 342+ 565+ | 505+ |31+ |241+44 |68 | 16806 291+38 10+ | 3.3e+06=
day 35 23 58 0.9 + 03 1.1e+06
16
LA8 | week- | 19/06/2021 | 345+ 560+ | 477+ | 46+ | 247+27 |69 [ 17.2%06 286+2.9 08+ | 4.1e+06+
end 34 19 38 16 + 0.2 2.0e+06
13
LA9 [ week- | 21/06/2021 | 340+ 551+ | 495+ |41+ |242+43 |63 | 14419 28.0%5.4 08+ | 3.4e+06+
day 52 26 84 17 + 03 8.7e+05
20
Table 2.2. Same as Table 2.1, but for San Joaquin Valley. “Fresno flight” indicates whether a flight
included Fresno in the north (). If it did not (N), stacked racetrack patterns were flown at a suitable
location in order to measure vertical flux gradients.
Flight | Fresno | date flight TAS PBL Wind | Wind RH Dewpoint Ambient w* OH
No flight altitude | (m/s) height | speed | direction | (%) temperature temperature (m/s) (molec/cm?)
a.g.l. (m (m/s) ) (°C) at2m (°C)
(m) ag.l)
SiVi| N 03/06/2021 | 434 % 571+ | 1303+ | 32+ | 335450 |29+ | 97+21 36.2+19 11+ 1.9e+06 +
126 25 114 13 4 04 6.8¢+05
siv2| N 08/06/2021 | 430 + 56.4+ | 1202+ | 31+ | 314+45 |40+ | 26+12 228+18 16+ 2.9e+06 *
104 23 52 0.9 5 0.4 9.7e+05
SWV3 | Y 09/06/2021 | 424 + 560+ | 1266+ | 35+ |304+33 |41+ | 27+07 226+17 16+ 3.0e+06 *
101 27 20 11 5 0.4 8.3e+05
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SIV4 Y 13/06/2021 | 439 + 572+ | 1234+ | 28+ 305+ 38 48 + 13.3+1.6 31.2+20 1.3+ 2.6e+06 +
111 2.5 73 09 6 0.4 8.3e+05
SVJ5 Y 15/06/2021 | 428 + 571+ | 1193+ | 3.0+ 323+45 42 + 83+22 28.0+2.0 1.3+ 2.9e+06 +
114 2.6 23 1.2 6 0.4 1.0e+06
SJV6 N 16/06/2021 | 421+85 | 57.4+ | 899 + 29+ 307 £43 33+ 94+19 329+1.3 1.1+ 1.9e+06 +
3.2 102 1.1 4 0.4 5.9e+05
SIV7 Y 22/06/2021 | 415+94 | 56.9+ | 826 + 26+ 284 + 35 36 + 95+22 316+22 1.0+ 2.4e+06 +
2.6 126 0.8 7 0.3 9.2e+05
2.3. Aircraft

A two-engine UV-18A Twin Otter research aircraft (Fig. 2.3) was operated by the Naval
Postgraduate School out of the Burbank airport, CA. The aircraft is equipped with
micrometeorological sensors and is capable of flux measurements (Karl et al., 2013). The NPS
Twin Otter payload during RECAP-CA included total temperature measured by a rosemount
probe, dew point temperature (chilled mirror, EdgeTech Inc., USA), barometric, dynamic, and
radome-angle pressures based on barometric and differential transducers (Setra Inc., USA), total
air speed, mean wind, slip- and attack angles measured by a radome flow angle probe, GPS
pitch, roll and heading (TANS Vector platform attitude, Trimble Inc., USA), GPS latitude,
longitude, altitude, ground speed and track (NovAtel, Inc., USA), and latitude, longitude,
altitude, ground speed and track, pitch, roll and heading measured by C-MIGITS-I11 (GPS/INS,
Systron, Inc., Canada).

Air was drawn from a 3-inch isokinetic pipe inlet extending above the nose of the plane.
Ambient air gets diffused from a 2.047 inch ID orifice at the tip (area ratio of about 2) to another
diffuser with an area ratio of 5, resulting in a flow speed inside the tube of about 10% of the
aircraft speed (~ 60 m s-1). Vertical wind speed was measured by a five-hole radome probe with
33° half-angles at the nose of the aircraft. The measured vertical wind speed is unaffected by the
aircraft movement and flow distortion at the nose, as long as corrections based on “Lenschow
maneuvers” are applied (Lenschow, 1986). More detailed descriptions of this particular aircraft
can be found elsewhere (Hegg et al., 2005).

The aircraft payload included: 1) Airborne Vocus PTR-ToF-MS for VOC fluxes; 2) Laser-
induced Fluorescence instrument for NOx fluxes; 3) Picarro cavity-ringdown spectrometer for
H20, CO, CO,, and methane.
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2.4.
24.1.

Fig. 2.3. Twin Otter aircraft with mounted inlet.

NOx and VOC measurements

Laser Induced Fluorescence measurements of NOx
Mixing ratios of NOx were measured at 5 Hz frequency using a custom-built three-channel
thermal dissociation-laser induced fluorescence (TD-LIF) instrument. The multipass LIF cells,
fluorescence collection, long-pass wavelength filtering (for 2 >700 nm), and photon counting
details have been previously described (Thornton et al., 2000; Wooldridge et al., 2010; Da Day
et al., 2002). Details specific to this implementation are described below.

Air was sampled from the aircraft community inlet through PFA Teflon tubing at a rate of ~6
L/min and split equally between the three instrument channels. Each measured NO: by laser-
induced fluorescence utilizing a compact green laser (Spectra-Physics ExplorerOneXP 532 nm).
The laser was pulsed at 80 kHz and the 1.7 Watt average power was split between the three cells.
Earlier versions of the instrument used a dye laser tuned on and off a narrow rovibronic NO-
resonance at 585.1 nm. Experience over a wide variety of conditions had demonstrated the off-
line signal did not depend on the sample, other than from aerosol particles and that could be
eliminated by adding a Teflon membrane filter. Moving to nonresonant excitation at 532 nm
provided full-time coverage at 5 Hz along with lower complexity and more robust performance
of the laser system. Maintaining the LIF cells at low pressure (~ 0.4 kPa) was no longer required
to avoid line-broadening but was still desirable to extend the NO> fluorescence lifetime for time-
gated photon counting to reject prompt laser scatter. Instrument zeros were run using ambient air
scrubbed of NOx every 20 minutes in flight to correct for any background drift during the flights.
In addition, calibrations were performed in-flight every 60 minutes using a NOz in N2 calibration
cylinder (Praxair, 5.5 ppm, Certified Standard grade) diluted with scrubbed air.
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NO. was measured directly in the first channel, with the sample passing only through a particle
filter and a flow-limiting orifice before the cell. NOx was measured in the second by adding Os
(generated with 184.5 nm light and a flow of scrubbed and dried air) to convert NO to NO>
before detection. A 122 cm length of 0.4 cm i.d. tubing served as the O3+NO reactor, providing 4
seconds of reaction time before the orifice. The third channel was used to measure the sum of
higher nitrogen oxides (e.g. organic nitrates and nitric acid) by thermal dissociation to NO2 with
an inline oven (~ 500 °C) before LIF detection.

2.4.2. Vocus-PTR-ToF-MS measurements of VOCs
2.4.2.1 Sampling and instrument operation
Ambient air was sampled via a 90 cm long heated (40°C) 1/4°” Teflon line through a Teflon filter
from the abovementioned isokinetic inlet (flow speed approximately 6 m/s for 5 m length) with a
mass flow controller at 1.5 L/min. The resulting lag time between the wind sensor and VOC
detection was around 3 s.

The Vocus proton transfer reaction time of flight mass spectrometer (Vocus PTR-ToF-MS,
Aerodyne Inc., Billerica, MA, USA, (Krechmer et al., 2018)) was operated at 60°C reactor
temperature, 2.0 mbar reactor pressure, and an E/N of =130 Td. Mass resolution was 4805 + 283
(average + standard deviation). The potential gradient along the focusing ion-molecule reactor
(FIMR) was 590 V. The gradient between skimmer 1 and skimmer 2 was changed once during
the campaign from 6 to 9.1 V, which resulted in an improved sensitivity for some VOCs, but
stronger fragmentation for others, both of which effects were taken into account for by
calibrating. The reagent water flow was 20 sccm. With the resulting high water mixing ratio
(10%v/v=20%vV/v) in the FIMR, the instrument showed no humidity dependence for sensitivity,
which is an advantage in flux measurements because it eliminates the necessity to correct for
humidity differences between different eddies caused by water fluxes. The high water
concentration causes a high primary ion (HsO+), whose signal is reduced by a big segmented
quadrupole (BSQ) that decreases the transmission of low-mass ions in order not wear out the
detector too quickly. However, we kept the voltage of the BSQ relatively low at 200 V so that
signals for low-mass VOCs like methanol were not too strongly reduced.

Mass spectra were recorded at 10 Hz time resolution (or 2 Hz time resolution, for 3 flights out of
16: SJV6, LA7, LA8) for a mass range of 10-500 Da. Zero air measurements were conducted
several times during each flight for 1-5 min, during direction changes of the aircraft, because
data acquired during turns cannot be used for flux calculations. 2-4 times during each flight, the
zero air measurement was followed by a pulse of calibration gas of approximately 1-5 min
length. These calibration data were used to confirm that the instrument sensitivity after
correction for the zero air background did not change significantly with the lower inlet pressure
at our flight altitude and that, thus, the calibration factors acquired on the ground were applicable
to the airborne data.

2.4.2.2 VOC data treatment and calibration
Raw PTR-ToF data were processed with Tofware 3.2.3. No dead time correction was applied in
this step. 630 peaks were selected for peak fitting to derive ion counts per second. lon counts
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from in-flight zero air measurements were interpolated and subtracted from the ambient data.
The instrument zero at flight altitude was different from the zero on the ground due to pressure
effects that changed the pressure control valve position. Laboratory tests of pressure effects
confirmed that after subtraction of the flight zero, the sensitivities at the altitudes we flew at were
the same as on the ground.

Ground calibrations were conducted every 1-3 days (in total, 19 times) during the campaign
using one of three different gravimetrically prepared multicomponent VOC standards (Apel-
Riemer Environmental Inc., Colorado, USA). The following VOCs were included in the
calibration gas standards: methanol, acetonitrile, acetaldehyde, ethanol, acrolein, dimethyl
sulfide, isoprene, methacrolein + methyl vinyl ketone, benzene, toluene, xylene, p-cresol, 1-,3-,5-
trimethylbenzene, D3 siloxane, D4 siloxane, D5 siloxane, D6 siloxane, propanol, butanol,
acetone, furan, furfural, benzaldehyde, 6-MHO, monoterpenes (mixture of a- and b-pinene and
limonene), nonanal, acrylonitrile, methyl ethyl ketone, b-caryophyllene. For most VOCs, the
sensitivities were stable within 25% over the campaign.

For all m/z without a corresponding gas standard, the sensitivities were derived from a
theoretical calibration, using a root function (the expected function of a ToF transmission) fitted
to reaction rate normalized sensitivities of non-fragmenting and non-clustering gas-standard
calibrated VOCs (Holzinger et al., 2019, Yuan et al., 2017). This approach accounts for
transmission effects dependent on m/z. A commonly used default reaction proton transfer
reaction rate of k = 2x10™° cm? molecule s was applied for the non-gas standard compounds.
The uncertainties of this and the gas-standard calibration are based on typical estimates for the
uncertainty of the theoretical calibration (50%) and the gas-standard calibration uncertainty
(20%), which consists of the calibration standard uncertainty and the uncertainty of the mass
flow controller. The resulting estimated uncertainty of the calibration for gas-standard calibrated
VOCs was 20%, while it was 54% for all other VOCs (propagated from 20% and 50%).

2.4.2.3 VOC identification

Since the PTR-ToF-MS method provides exact masses that can be attributed to chemical
formulas, but often not with certainty to molecular structures, measured ions can be mixtures of
several isomers or originate from varying VOCs, depending on the dominant source type.

Gasoline vapor as well as oil and gas emissions include cycloalkanes that fragment on CsHgH*
(m/z 69.0699), the ion that is usually attributed to isoprene in PTR-MS. E.g. Gueneron et al.
(2015) show that several cyclohexanes fragment on CsHgH*, especially at higher E/N,
comparable to the instrument conditions in our study. Pfannerstill et al. (2019) reported in
measurements of oil and gas emission-dominated air around the Arabian Peninsula that isoprene
measured by GC-FID was substantially lower than the CsHgH™ signal in PTR-ToF-MS. They
therefore attributed the CsHgH™ after isoprene subtraction to emissions from oil and gas
extraction. Additionally, many of the longer-chain aldehydes, such as nonanal, fragment on
CsHgH", too (Buhr et al., 2002). These aldehydes can be substantial in urban areas and in dairy
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emissions (Rabaud et al., 2003). Both the long-chain aldehydes and the cycloalkanes also appear
on CgHis* (Mm/z 111.117) and/or CoH17* (m/z 125.132).

In order to separate isoprene from interfering fragments of aldehydes and cycloalkanes, we used
the following approach: From the (isoprene-free) nonanal calibration gas standard, the ratio of
m/z 69.0699 vs (m/z 111.117 + m/z 125.132) was derived. This ratio was compared to that seen
over oil and gas fields in the San Joaquin Valley, were the m/z 69.0699 is most likely dominated
by cycloalkane fragments. Both ratios were the same at ~ 17 (for a gradient between skimmer 1
and skimmer 2 of 6 V) or ~ 45 (at a skimmer gradient of 9.1 V). This isoprene-free ratio of m/z
69.0699/(m/z 111.117 + m/z 125.132) was used to correct the isoprene signal:

[soprene y = m69.0699 — [(m111.117 + m125.132) - slope,onanail (Eq. 2.1)

For an accurate isoprene flux correction, this equation was applied to the fluxes of m/z 69.0699
and (m/z 111.117 + m/z 125.132) directly, not to the mixing ratios first. Since aldehydes are
long-lived and represent a relatively high background in urban areas, the correction was rather
large (factor of 2) when applied to the mixing ratios. However, the correction is small in the flux
data (10%) since the fluxes of the aldehydes are small. We conclude that most of the observed
flux (i.e. covariance with vertical wind) on m/z 69.0699 was an actual isoprene flux on top of a
high constant background signal of aldehydes that did not covary with the vertical wind.

Similarly, acetaldehyde was corrected for ethanol fragments (Buhr et al., 2002). Benzene was
calibrated on the O>" product m/z 78.046 to avoid influence of benzaldehyde fragments.

The monoterpenes measured at m/z 137.13 may include fragments of monoterpenoids and
monoterpene alcohols whose parents mass is m/z 155.14 (C10H180, e.g. eucalyptol (Kari et al.,
2018), linalool, cineole, terpineol (Tani, 2013)).

WRF-Chem model simulation
We conducted model simulations over the study period using the Weather Research and
Forecasting-Chemistry model (WRF-Chem v 4.1). The model configuration is described in Li et
al. (Li etal., 2021). We first performed a WRF-Chem simulation at 12 km horizontal resolution
over the Continental US to provide the initial and boundary condition, and then performed a 4
km horizontal resolution nest run over California.

We utilized the RACM2_Berkeley2.0 chemical mechanism (Goliff et al., 2013; Browne et al.,
2014; Zare et al., 2018) with the following updates: We incorporated the Madronich Photolysis
(TUV) scheme for the calculation of photolysis and coupled SOA VBS scheme for better
representation of SOA formation (Ahmadov et al., 2012). Isopropanol, propylene glycol, and
glycerol are added as new species to represent the VOC chemistry from VCP emissions (Coggon
etal., 2021).

The anthropogenic emissions are provided by the fuel-based inventory for vehicle emissions
(FIVE-VCP), developed by McDonald et al. (McDonald et al., 2012) and updated by Harkins et
al. (2021). The FIVE-VCP inventory was further updated to include emissions from volatile
chemical products (Coggon et al., 2021). We also re-speciated the FIVE-VCP inventory to the
updated RACM2_Berkeley2.0 mechanism. The biogenic emissions are provided by Biogenic
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Emission Inventory System (BEIS) v3.14. It is the default scheme to estimate volatile organic
compounds from vegetation and NO from soil developed by United States Environmental
Protection Agency (EPA).

The WRF-Chem outputs used in this study were J(O'D), H.0, and O3 for the chemical vertical
divergence correction (see below).

2.6. Airborne Eddy Covariance

2.6.1. Flight segment selection
Flight segments for flux calculation were chosen according to the following criteria: gap-free
length of at least 10 km, stable aircraft roll and pitch (within 8°), stable altitude (within £50 m).
This is to reduce errors (Lenschow et al., 1994; Karl et al., 2013), which become large for short
flight segments. Planetary boundary layer (PBL) height was derived by eye from stark drops in
dew point, water concentration, toluene concentration and temperature during aircraft soundings.
Soundings were conducted at least at the beginning and end of each flight and before each
stacked racetrack, but sometimes much more frequently when the aircraft accidentally left the
low PBL near the LA coast. Datapoints outside the PBL were disregarded for flux calculation. In
the remainder of this section, we offer a detailed description of application of our methodology
to VOC. Nearly identical procedures were applied to NOx.

2.6.2. Continuous wavelet transformation
Lag times were determined for each VOC and each segment by calculating the covariance and
searching for the maximum covariance in a window of 4 s (covariance peak, see Fig. 2.5 A).
Different VOCs have different levels of stickiness, which causes lag times to differ between
compounds (Taipale et al., 2010). Because of our use of a mass flow controller in front of the
inlet pump, pressure changes additionally influenced the lag time. Moreover, as Taipale et al.
(2010) describe, lag times can vary because pumping speed varies over time, so a variable lag
time assures that the flux is not underestimated. When there was no covariance peak above the
noise, a constant lag time (the lag time of isoprene) was applied for the respective VOC and
segment. The reason for this approach is that it is possible that there was a positive flux during
half of the segment and a negative flux during the other half of the segment, which can be
resolved with wavelet transformation.

Lag times were determined for NOx following the same procedures as VOCs. However, for NOx
measurement, the time lag is assumed to be due to differences in the clocks of the two
instruments and the transit time of air through the TD-LIF instrument, we assume that the lag
time for each flight is constant. We use the median lag time from each flight for all segments
collected on the same day to calculate the NOx flux.

25



Fig. 2.4. lllustration of the steps from raw 5 Hz timeseries to the flux timeseries. a) Variance of NOy and
vertical wind speed, b) frequency and time resolved wavelet power spectrum with cone of infuence shown
as black dotted line, c) the integrated fluxes from the raw data points are shown in black, the fluxes after
moving averaging and COlI filtering are shown in green.

Aircraft fluxes for each VOC were determined by continuous wavelet transformation (Torrence
and Compo, 1998), which de-convolutes the variance within a timeseries along both the
frequency and time (distance) domains (Fig. 2.5). 10 Hz wind and VOC data were aligned using
the lag times determined as described above. Wavelet transformation of the data yielded the local
wavelet co-spectra for each data point along the flight track. Integration over all frequencies
generates the flux timeseries. A quality filter removed points containing > 80% spectral power
within the cone of influence, the region in which edge-effects can lead to spectral artifacts. A
moving average of 2 km was applied to the 10-Hz fluxes to remove artificial emission and
deposition that are effects of turbulence, and sub-sampled to 200 m. All flux data points have
associated systematic and random uncertainties. For the three flights where data was recorded
only in 2 Hz resolution, disjunct Airborne Eddy Covariance was applied. Otherwise, these data
were treated the same as the 10 Hz data. A comparison between results of 10 Hz fluxes and the
same data averaged to 2 Hz before doing the wavelet transformation showed a very minor high
frequency loss, with an overall reduced average flux of e.g. 0.5 % for isoprene and 0.4% for
benzaldehyde. As the cumulative cospectrum (Fig. 2.5) shows, almost 100% of all flux is at
frequencies below 1 Hz (the Nyquist frequency which can be resolved by 2 Hz sampling, Fig.
2.5). This indicates that the eddies were sufficiently large at our flight altitude that no significant
information was lost by 2 Hz sampling. Previous aircraft campaigns operated at an even lower
0.7 s time resolution (Misztal et al., 2014; Karl et al., 2013) without a need for correction for
high-frequency losses. The Nyquist frequency for 10 Hz measurements is 5 Hz (Fig. 2.5).
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We note that polar VOCs such as long-chain OVOCs or siloxanes are prone to losses in the inlet
system, leading to a dampened covariance peak and thus, a potential underestimation of their
flux. However, the cumulative cospectra for most OVOCs compared well with the modeled
complete cospectra, including sticky ones like cresol, ethanol or methanol. The stickiest among
the gas-standard-calibrated VOCs was nonanal, for which the cospectrum suggests around 50%
spectral loss.

Fig. 2.5. Spectral quality control. (A) Covariance peak for D5 siloxane as an example for a VOC that is
sticky and has low emissions. The covariance peak was resolved nonetheless. (B) Cospectra of toluene
flux (w’VOC’) and heat flux (w’T”) for one example segment of flight LA3. (C) Cumulative cospectrum
for toluene (w’VOC”) and heat (w’T’) fluxes for the same example segment of flight LAS3. The cospectral
model was derived by optimizing transfer functions from Lee et al. (2005) following Misztal et al.
(2014).

2.6.3. Vertical flux divergence correction
2.5.3.1 Chemical vertical flux divergence correction for reactive VOCs
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Reactive VOCs are partly lost between emission on the ground and observation at 300-400 m
due to reaction with OH and ozone. In order to correct for this loss, gradients of fluxes of
isoprene, trimethylbenzene, and dimethylfurane were used to derive approximate OH
concentrations. The resulting OH for each of these three VOCs and their isomers covers a certain
range. In order to get OH concentrations for the whole flight track, and not just the racetrack
locations, we use the steady state box model described in the Supplement of Laughner and
Cohen (Laughner and Cohen, 2019). Input parameters include the measured NOy concentrations,
VOC reactivity (calculated from all measured VOCs, CO, and methane, multiplied by 1.3 to
account for unmeasured species), an organic nitrate branching yield of 0.056 based on the
measured VOC composition, and OH production rates calculated using simulated J(O'D), H20
and Oz from WRF-Chem (see 2.5). The performance of the model was verified with data from
the CalNex campaign, where direct OH and total OH reactivity measurements are available
(Griffith et al., 2016).

The VOCs were then corrected using the OH concentration following:

dF
— = kou+voc * [OH][VOC] (Eq.2.2)

F=z+"+F, (Eq. 2.3),

where Fs is the flux at the surface and F; the flux at flight altitude, z is the flight altitude, kon+voc
is the OH reaction rate of the respective VOC, and [OH] and [VOC] are the concentrations of
hydroxyl radicals and VOC, respectively. The ozone correction was done the same way. OH and
ozone reaction rates used and references are listed in Supplementary Table 1 and 2. Reaction
rates for NOy are too slow for its fluxes to be significantly affected by OH.

The speciation of monoterpenes measured as C1oH1sH" was assumed to be comparable to the
afternoon Los Angeles monoterpene composition in van Rooy et al. (2021). The resulting
reaction rate was verified and adjusted to represent (i) the ratios of inferred surface flux (after O3
and OH correction) to measured aircraft flux at altitude, with the gradient observed in stacked
racetracks, and (ii) the monoterpene oxidation product/monoterpene ratio with expected yields
according to the reaction rate used. Both methods showed that the assumed combination of
monoterpenes with 44% a-pinene, 8% camphene, 1% sabinene, 5% b-pinene, 5% b-myrcene, 1%
3-carene, 14% limonene, 10% eucalyptol, 1% phellandrene, 10% ocimene causing an average
OH reaction rate coefficient of 8.52e-11 cm3 molec™ s and an ozone reaction rate coefficient of
1.9e-17 cm3 molec st are reasonable. Eucalyptol was included here despite being a C1oH1s0
monoterpenoid since ~90% of it is expected to fragment on C1oH16H" (Kari et al., 2018). The
monoterpenoid parent masses measured as C10H160 and C10H180 contributed only 0.06% and
2% of the total monoterpene flux, respectively, and therefore the choice of their reaction rate
coefficients (here based on the average of citral and camphor reaction rates for C1oH160, and on
the average of terpineol, linalool, and citronellal for C10H180) did not significantly impact the
result.
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Even though there is uncertainty in the monoterpene composition and in the resulting chemical
vertical divergence correction, a sensitivity analysis showed that the next step in the analysis —
physical vertical divergence correction — removes most of the bias caused by an over- or
underestimation of the monoterpene OH reaction rate coefficients, since it is based on the
remaining vertical gradient in the oxidation-corrected data (see below). In the sensitivity
analysis, a factor of 2 change in monoterpene reaction rate coefficients led to only a 12% change
in average monoterpene flux.

2.5.3.2 Physical vertical flux divergence correction for VOCs

Physical vertical flux divergence is caused by horizontal advection and entrainment (Pigeon et
al., 2007). Entrainment causes the flux divergence to be different for each chemical species. The
vertical racetrack data did not show conclusive vertical gradients in non-reactive VOCs. We
attribute this to impacts of local emissions and the larger uncertainty of the fluxes on the short
(10 km) racetrack legs. Therefore, we used data from complete flights to determine the vertical
flux divergence. Since the boundary layer heights varied strongly across the study domain and
from day to day, we covered a wide range of z/zi (flight altitude normalized by boundary layer
height) from 0.2-1. Due to the generally low, marine-influenced boundary layer in Los Angeles,
95% of the data was between z/zi = 0.5 and z/zi = 1 here. In the San Joaquin Valley, 95% of the
data was between z/zi = 0.2 and z/zi = 0.66, causing a much smaller physical vertical divergence.
The aggregation of data from multiple time periods caused uncertainty in the determination of
the slopes, which is why we use the day-to-day-variation in the slopes as a basis for the Monte
Carlo error propagation to determine the uncertainty of the vertical divergence correction (see
chapter 2.6.4).

Vertical flux divergence was determined for each VOC and each of the four regions of Los
Angeles separately. At first, for quality reasons, any data points with a random error > 30% or
with a horizontal wind speed > 8 m/s or with a z/z; > 0.8 were excluded. Data above z/zi 0.8 gets
so close to the entrainment layer that the correction is more uncertain here, and in addition, the
correction would become very large (and thus more uncertain) since it exponentially increases
when approaching the top of the boundary layer.

Fluxes for each VOC and region were binned into eight different z/zi bins at regular intervals
between z/z;= 0 and z/zi = 0.8, removing any bins that contain less than 3% of the data and any
data points that do not have a counterpart in the other bins within 6 km distance (~ footprint
size). The vertical divergence slope (s) is determined from a linear regression of the median flux
of each altitude bin vs. z/z; (Fig. 2.6 shows x and y axis inverted). The linear equation for a flux
at altitude z (F;) can be expressed as:

E =F,+ sf (Eq. 2.4)

The slope is normalized by the intercept Fo (which corresponds to the surface flux), and we call
the normalized slope: s/Fo = C. The slope needs to be normalized to get the relative loss due to
vertical divergence, which can be applied to each surface flux (Wolfe et al., 2018; Druilhet and
Durand, 1984).
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F, Z
=1+ Czi (Eq. 2.5)

0
Rearranging the equation, the surface fluxes (Fo) can be calculated from the fluxes at altitude z
as:

F, = —= (Eq. 2.6)

T 1+cZ
z

C is negative for VOCs that are emitted at the surface. However, C can be positive when VOCs
are deposited at the surface, or for OVOCs that are being formed (through oxidation) while the
air moves from the surface to the point of observation.

Data points where the vertical divergence correction was larger than 3 times the median
correction factor of the respective VOC were replaced with “NaN” in order to not introduce very
high uncertainties. The vertical divergence correction in Los Angeles amounted to a factor of
2.1 + 1.8 (average + standard deviation), and in the San Joaquin Valley to a factor of 1.0 £ 1.3.

Fig. 2.6. Vertical divergence for benzene for each region of Los Angeles. The dashed lines denote the
95% confidence interval of the linear regression, and the orange lines the linear fit (where y= Flux, x =
z/zi). z/zi is the flight altitude normalized by the boundary layer height.
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2.5.3.3 Physical vertical flux divergence correction for NOy

To investigate the impact of vertical divergence, the flight route includes three vertically stacked
racetracks, during which the segments are close to each other in space but vary in height. After
removing the legs that fail the quality control, only one racetrack measurement carried out
between 14:20 to 15:10 on June 8th presented qualified flux segments, and the vertical
distribution of fluxes is shown in Fig. S2.1. No consistent increase or decrease of fluxes with
increasing height is detected during the racetrack in this study because the vertical divergence is
hampered by emission heterogeneity. The footprint map for each segment at various altitudes
covers regions with high heterogeneity.

Therefore, we use an alternative approach to calculate the vertical divergence. Instead of
extracting racetrack measurements, we collect a subset of flux measurements during the whole
field campaign based on the footprint coverage. Only fluxes with footprints covering croplands
exclusively are included to avoid emission heterogeneity. We calculate the ratio of measurement
heights relative to the PBL height (z/zi) and 98% of selected fluxes are located within 70% of the
PBL height and they are divided into 7 bins of z/z; with uniform width. We then perform a linear
fit for the binned median fluxes versus z/z; to calculate the vertical correction factor (C =
slope/intercept) (Figure 2.7). This correction factor is used to linearly extrapolated the fluxes at
the measurement height (F) to fluxes at the surface (Fo) (Eqn. 2.6). After vertical divergence
correction, the surface fluxes are on average 26% higher than the fluxes at the measurement
heights.

31



Fig. 2.7. Vertical profiles of measured fluxes above croplands during RECAP-CA field campaign binned
by the ratio of measurement height and PBL height (z/zi). The points represent the median flux within
each bin, and the error bars represent the standard deviation. The red dashed line shows a linear fit for
median fluxes versus relative height.

2.6.4. Flux detection limit and uncertainty for VOCs
The flux detection limit was calculated for each VOC and for each flight segment. The
uncertainty due to instrument noise was propagated along with the uncertainty due to random
sampling of the fluxes: First, a VOC white noise time series was created following Langford et
al. (Langford et al., 2015), and then wavelet fluxes were caluclated using this white noise time
series and the measured wind. If the resulting random flux was below the random covariance
(i.e., covariance at + 220-240 s lag time), the random covariance of the respective segment was
used. The overall precision was propagated from the 2c detection limit and the random
uncertainty of the flux calculation which was calculated following Lenschow et al. (Lenschow et
al., 1994; Karl et al., 2013). The accuracy was propagated from the uncertainty of the calibration,
the systematic uncertainty of the flux calculation (Lenschow et al., 1994), and the uncertainties
of divergence corrections. The uncertainty of the chemical vertical divergence correction was
estimated to be 20% of the correction applied (a numerical calculation of this uncertainty is
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difficult since the sequence of applying this correction before the physical vertical divergence
correction means that any over- or undercorrection of the oxidative loss should be approximately
eliminated by the physical vertical divergence correction). The uncertainty of the physical
vertical divergence correction was estimated using a Monte Carlo uncertainty propagation,
assuming a 17% uncertainty each for the slopes and boundary layer heights, since 17% was the
average day-by-day variability in the vertical divergence slopes of benzene. The resulting
average uncertainty of the vertical divergence correction was in Los Angeles ~70% for the VOCs
tested, and in the San Joaquin Valley it was typically lower with a median of 17% and an
average of 51%. The resulting uncertainties depend on the VOC, ranging for Los Angeles data
from 19% to 67% precision, and from 73% to 100% accuracy. Resulting average total
uncertainties range from 75%-86% for gas-standard calibrated VOCs, and 90-170% for the more
than 400 VOCs that were calibrated using the theoretical approach. The average total uncertainty
for each species is listed in Supplementary Table 1 (Los Angeles) and 2 (San Joaquin Valley).
For the San Joaquin Valley data, precision ranged from 4%-220% (for gas standard calibrated
VOCs 4-150%), accuracy from 7-400% (for gas standard calibrated VOCs 7-120%), and total
uncertainty from 33% to 136% (for gas standard calibrated VOCs 33-87%).

As a quality filter, any data points with a random error > 30% (indicating that the corresponding
legs were too short) or with a horizontal wind speed > 8 m/s were excluded. The latter criterion
aimed at accommodating the range of wind speeds from the vertical divergence correction. Since
only few data points have such high wind speeds, we assume that the physical vertical
divergence correction would be larger for these data points, and we do not have enough data to
determine a suitable correction.

Postprocessing, flux detection limit and uncertainty for NOx
It is worth noting that cropland includes not only soil NOx emissions but the off-road vehicle
emissions. Erroneously attributing the NOx from off-road vehicle emissions to soil NOx
emissions leads to a high bias. While trimethylbenzene was observed during RECAP-CA field
campaign, the trimethylbenzene fluxes are interpolated to match the NOx fluxes in time and are
utilized as an indicator of off-road vehicle emissions over croplands (Tsai et al., 2014). The
trimethylbeneze fluxes are categorized into two groups; the first group presents footprints
covering croplands exclusively and the second group presents footprints with mixed land cover
types. Shown in Fig. S2.2, the trimethylbeneze flux is much lower over croplands, a median of
0.003 mg m* h'* compared to a median of 0.009 mg m h'! over mixed land cover types
including highway and urban areas. Among all observations over cropland, we identify those
with the trimethylbeneze flux larger than 0.02 mg m h*!, which consists of 7% of the total data
points, are impacted by the off-road vehicle emissions, and then filter out them in the later
analysis. We also vary the threshold of the trimethylbeneze flux between 0.005 mg m h'* and
0.04 mg m2 h'tand conclude that the choice of the threshold does not influence the results.

The flux detection limit does not only depend on the signal-to-noise ratio of the NOx
measurement, but also varies with wind speed and atmospheric stability. Following Langford et
al., 2015, we calculate the detection limit of flux (LoD) before the moving and spatial average
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are applied. For each segment, the observed NOx is replaced with a white noise time series and is
then feed into the CWT to yield the corresponding time series of “"noise” flux. The random error
affecting the flux (oo, noise) 1S defined as the standard deviation of this noise-derived flux, and
LoD is defined as 2 x aNox,noise(QSth confidence level). Among 142 segments, Fig. 2.8 (a) shows
the distribution of flux LoD among 142 segments. The LoDs range from 0.02 mg N m?2 h? to
0.30 mg N m? h, and the average LoD is 0.10 mg N m h'l. To obtain a better constraint on the
flux quality, we compare the LoD against the time series of flux in each segment and filter out 18
segments in which the whole time series is below the LoD.

Fig. 2.8: a) The distribution of segment-based NOx flux detection limit (LoD). b) The distribution
of total uncertainty of NOx flux.

The flux calculation using CWT introduces uncertainty from a variety of sources. We describe
systematic errors and random errors following Wolfe et al., 2018. Systematic errors arise from
the under-sampling of high-frequency and low-frequency ranges. The CWT algorithm fails to
resolve a frequency higher than the Nyquist frequency. Due to the high temporal resolution (5
Hz), we expect a minimal loss at the high-frequency limit. The upper limit of systematic error
associated with low frequency is calculated using Eqn. 2.7 (Lenschow et al., 1994).

The flux calculation using CWT introduces uncertainty from a variety of sources. We describe
systematic errors and random errors following Wolfe et al., 2018, and quantify the uncertainty
introduced from the constant lag correction.

The systematic errors arise from the under-sampling of high frequency and low frequency
ranges. The CWT algorithm fails to resolve frequency higher than the Nyquist frequency. Due to
the high temporal resolution of data points (5 Hz), we expect a minimal loss of high frequency
limit. The upper limit of systematic error associated with low frequency is calculated using Eq.
2.7 (Lenschow et al., 1994).

SE < 2.2(5)0-5% (Eq. 2.7)

z and L are the measurement heights and the length of segments, respectively. z; are the
boundary layer heights from HRRR. We estimate the low frequency error ranges from 1%-5%.
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Random errors arise from the noise in the instrument (REnoise) as well as the noise in turbulence
sampling (REwm), which are calculated using Eqn. 2.8 and Eqn. 2.9 (Wolfe et al., 2018,
Lenschow et al., 1994).

2 2
O-NOx.n oise Ow

RE ise = N

(Eq.2.8)

0.5

REqyp (Z 925 iz
—— 175 —) = Eq. 24

z, L and z; are the same as Eqn. 2.7, o2 is the variance of vertical wind speed. Note that REnoise
assumes the noise in each time step is uncorrelated, therefore, we ignore the moving average step
in the uncertainty calculation and N denotes the number of points used to yield each 500m
spatially averaged flux.

Utilizing a constant lag time introduces an additional source of uncertainty. We estimate the
uncertainty by comparing the calculated fluxes using segment-specific and constant lag times
across all segments that specific lag times are available. Shown in Fig. S2.4, the difference is less
than 25% for 90 percent of the data. Therefore, we attribute an uncertainty of 25% due to the lag
time correction (REiag). While we believe this error is unphysical and that a single lag time is
more appropriate, we include it to be conservative in our estimate of the uncertainties.

Estimating the uncertainty caused by the correction of vertical divergence is tricky. While we
conclude that the influence of vertical divergence is non-negligible, it is ignored in some
previous airborne flux studies (e.g. Vaughan et al., 2016; Vaughan et al., 2021; Hannun et al.,
2020; Drysdale et al., 2022). While the flux is scattered in each vertical intervals in our
divergence calculation, we first bootstrap the flux observations and calculate the uncertainty of
correction factor (o.) to 40%. As we see a significant difference in vertical correction factor on
racetrack measurements versus a selected subset of flux observations, we tentatively set the
uncertainty of C to 100%, in order to account for the case of no vertical divergence. Besides, we
account for a 30% uncertainty in the PBL heights.

We propagate the total uncertainty from each component using Eqn. 2.11and the distribution of
total uncertainty is shown in Fig. 2.8 (b). The average uncertainty is 60% and the interquartile of
total uncertainty are 48% and 68%. The random error and the vertical divergence correction
dominate the uncertainty and the uncertainty is consistent with previous studies (Wolfe et al.,
2018; Vaughan et al., 2016).

noise

a5 = \/552 + RE2,;, + REZ,,,, + REZ, (Eq.2.10)
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2.6.6.

Flux footprints and land cover
The footprint describes the contribution of surface regions to the observed airborne flux. We
used an updated version of the KL04+2D footprint (Metzger et al., 2017; Vaughan et al., 2021;
Metzger et al., 2013) algorithm to derive 90% footprint contours. The code is accessible on
GitHub (Zhu and Pfannerstill, 2022). This KL04+2D parameterization is developed from a 1-D
backward Lagrangian stochastic particle dispersion model (Kljun et al., 2004). Metzger et al.
(2012) implemented a Gaussian cross-wind distribution function to resolve the dispersion,
perpendicular to the main wind direction. The input parameters include height of the
measurements, standard deviation of horizontal and vertical wind speed, horizontal wind
direction, boundary layer height, surface roughness length and the friction velocity. The obtained
footprints were typically 3-6 km long and 2-6 km wide at their widest point.

Fig. 2.9 shows the resulting footprints along the flight track in Los Angeles, and Fig. 2.10 for the
San Joaquin Valley. The roughness lengths for the San Joaquin Valley were taken from HRRR,
and for Los Angeles they were derived from land cover using the relationship between Los
Angeles land use and roughness lengths described in Burian et al. (2002). 2019 Landcover data
for Los Angeles were obtained from the National Land Cover Database (Multi-Resolution Land
Characteristics (MRLC) Consortium, 2019). High-resolution tree cover data were obtained from
Alex Guenther (UC Irvine), and population density data was acquired from the US census
database (U. S. Census Bureau, 2020). CropScape 2018 (National Agricultural Statistics Service,
2018) was used as land cover data for the San Joaquin Valley. In both regions, additional
emission sources were taken from the Vista-CA methane inventory (Hopkins et al., 2019). For
the San Joaquin Valley, we found high monoterpene emissions over citrus processing facilities
(such as juice factories and citrus packaging warehouses) and high ethanol emissions from an
ethanol biofuel plant. Using Google Maps, we derived our own inventory of citrus processing
and packing facilities for the study area (Pfannerstill, 2022).

The KL04+2D footprint algorithm was compared with the half-dome footprints (Weil and Horst,
1992) applied for airborne VOC fluxes by Misztal et al. (2014), and with the Kljun et al. (2015)
algorithm applied for airborne fluxes by Hannun et al. (2020). Matches with known point sources
and VOC flux increases observed (dairy farms, methanol) were used to check whether an
algorithm’s result explained the observed VOCs. From this comparison, the KL04+2D algorithm
showed the best match.
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Fig. 2.9. Flux footprints along the flight tracks in Los Angeles. The different colors show the areas where
the 10th, 30th, 50th, 70th, and 90th percentiles of the measured fluxes originated.

Fig. 2.10. Flux footprints along the flight tracks in the San Joaquin Valley. The different colors show the
areas where the 10th, 30th, 50th, 70th, and 90th percentiles of the measured fluxes originated.

37



2.1.

Inventory comparison method
We compare our observations to commonly used inventories. First, we use the inventory
developed by the California Air Resources Board (CARB). The anthropogenic emissions of NOx
and VOCs consist of mobile sources, stationary sources and other emissions from miscellaneous
processes such as residential fuel combustion and managed disposal. In the State of California
inventory, the mobile sources are estimated from EMission FACtor (EMFAC) v1.0.2 and
OFFROAD mobile source emission models. The stationary sources are estimated based on the
reported survey of facilities within local jurisdiction and the emission factors from California Air
Toxics Emission Factor (CATEF) database. An alternative anthropogenic emission inventory is
the FIVE-VCP emission inventory described in the section “2.5 WRF-Chem simulations”. The
FIVE-VCP inventory (anthropogenic) and the BEIS inventory (biogenic) were summed up to
obtain the complete inventory that is used for WRF-Chem by NOAA.

Biogenic inventories include both biogenic VOC emissions and soil NOx emissions and they
vary nonlinearly with meteorological conditions, soil conditions and agricultural activities. The
Model of Emissions of Gases and Aerosols from Nature v3 (MEGAN) (Guenther et al., 2012) is
the most commonly used scheme and is capable of providing biogenic VOC and soil NOx
emissions in the CARB emission inventory. It is gridded at 4 km spatial scale and has hourly
time steps. Biogenic Emission Inventory System (BEIS) is the default scheme to estimate
volatile organic compounds from vegetation and NO from soil developed by United States
Environmental Protection Agency (EPA). We obtained the hourly BEIS v3.14 biogenic VOC
and soil NOy emission at 4 km during the study period from the Weather Research and
Forecasting-Chemistry model (WRF-Chem, described in the section “2.5 WRF-Chem
simulations”). For soil NOx emissions, we also obtained a third scheme named Berkeley
Dalhousie lowa Soil NO Parameterization (BDISNP) (Hudman et al., 2012; Sha et al., 2021).
The BDISNP scheme is the most recent soil NOx scheme with modifications to better represent
the soil moisture and temperature, the response to meterological parameters and fertilizer N
emissions. Using the WRF-Chem setup described in (Sha et al., 2021) (2021), we also calculate
the BDISNP soil NOx emissions during the study period at the spatial resolution of 2 km and re-
grid them to 4 km,

For VOC flux comparison with the inventory, each footprint (corresponding to a measured flux)
was matched to the inventory grid cells that it overlapped with, weighted by the percentage of
the overlap, if the overlap was > 10% of the area of the grid cell and the sum of all overlaps
amounted to at least 100%. The measured and inventory data for each grid cell were matched in
time. Only for the purpose of plotting maps, an average of all flyovers was calculated for each
grid cell.

38



3. NOx fluxes in Los Angeles
Please note that comments by reviewers and by the South Coast Air Quality Management district
concerning this chapter have not been incorporated yet but will be addressed before finalization of this
report.

A version of this chapter is under review at Atmospheric Chemistry and Physics under the title
“Measurement report: Airborne measurements of NOy fluxes over Los Angeles during the
RECAP-CA 2021 campaign”’, with the following authors: Clara M. Nussbaumer, Bryan K.
Place, Qindan Zhu, Eva Y. Pfannerstill, Paul Wooldridge, Benjamin C. Schulze, Caleb Arata,
Ryan Ward, Anthony Bucholtz, John H. Seinfeld, Allen H. Goldstein, and Ronald C. Cohen,
https://doi.org/10.5194/equsphere-2023-601

3.1. Overview of observed NOx fluxes
NOx concentrations and NOy fluxes over Los Angeles were separated into four different
geographical regions, as shown in Figure 4.1. We analyze the effects of temperature and the
planetary boundary layer height, as well as differences between weekend and weekday data.
Figure 3.1 shows the temperature for the different sections, measured on the research aircraft
(380 £ 63 m altitude).

Lowest temperatures were observed in the coastal section with a median value of 17 °C.
Temperatures measured over Santa Ana and Downtown were slightly higher with median values
around 19 °C. Further inland, observed temperatures were highest with a median value of 24 °C.
Significant differences between the four sections were also observed regarding the boundary
layer height (BLH) as presented in Figure 3.1(b). The lowest BLH was found for the coastal
section with a median value of 470 m, followed by Santa Ana with 490 m and a median value of
540 m for Downtown. The BLH in the San Bernardino valley was highest with a median value of
590 m. Figure 3.1(c) shows NOx concentrations and Figure 3.1(d) shows the corresponding
fluxes over Los Angeles, separated into the geographical sections and into weekdays and
weekends. Neither NOy concentrations nor NOx fluxes were found to be temperature dependent
(see Figure S3.1 in the appendix).

Median concentrations were highest in Downtown with 0.011 mg m~3 on weekdays and

0.006 mg m~3 on weekends. In the San Bernardino valley, median concentrations were

0.010 mg m 3 and 0.007 mg m 3 on weekdays and weekends, respectively. The median
measured fluxes in Downtown Los Angeles were 0.86 and 0.35 mg m~2 h™?, respectively for
weekdays and weekends. In the San Bernardino valley, the median fluxes were 0.97 mgm2h!
on weekdays and 0.46 mg m~2 h™* on weekends. In all of these locations weekend emissions
decreased by 50 - 60 % from weekday values.

Concentrations were lower near the coast. Median NOy concentrations were similar for the
coastal section and Santa Ana with around 0.005 mg m~2 on weekdays. The weekend values
were smaller with 0.003 - 0.004 mg m3. However, no significant differences could be observed
between weekday and weekend fluxes in these regions. Much of the coastal region is over water
and the median values of fluxes are near zero on both weekdays and weekends and
approximately 0.2 mg m~2 h* on both weekdays and weekends in the Santa Ana region.
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While NOy concentrations were observed to be highest over Downtown Los Angeles, NOx fluxes
were found to be highest in the San Bernardino valley. This effect could be partly caused by the
observed differences in the boundary layer height. While highest emissions occurred in the San
Bernardino valley, the increased planetary BLH (as shown in Figure 3.1(b)) should lead to a

~ 15% lower mixing ratio. The differences in concentrations are likely also due to chemistry and
advection.

Figure 3.1. Boxplots for (a) the temperature, (b) the boundary layer height, (¢) NOx concentrations and
(d) NOx fluxes subdivided into four geographical sections according to Figure 1b and into weekday and
weekend data. Please note that outliers are not shown.

Using the highway information by the California Department of Transportation (2015), we
separated NOy fluxes into emissions from highway and non-highway grid cells. A 500 m x

500 m grid cell is considered a highway emission when it is crossed by a highway. For
weekdays, NOx fluxes from highway grid cells were on average 0.84 + 1.43mgm 2 h1,
approximately 25% higher than NOy fluxes from non-highway grid cells with an average of 0.67
+1.26 mg m~2 h™1. Weekend NOx fluxes from highways were on average 0.58 +

0.94 mg m~2 h™1. Weekend NOyx emissions from non-highway areas were 0.45 +

0.93 mg m~2 h™L. Note the large 1o standard deviations, indicating the large variability of the
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fluxes. The median values were lower compared to the mean values (0.57 and 0.29 mgm 2 h!
for highway and non-highway, respectively, on weekdays and 0.38 and 0.26 mgm 2 h™* for
high- way and non-highway, respectively, on weekends), but showed a similar qualitative result
with higher emissions from highway compared to non-highway areas.

3.2. Comparison to the CARB emission inventory

The comparison between the emission inventory and the calculated NOy fluxes is shown in
Figure 3.2. We present the weekday data here and show the weekend data in Figure 3.3. Panel
(@) shows the RECAP-CA NOx fluxes at 4 km x 4 km, panel (b) presents the CARB emission
inventory and in panel (c) we show the difference between the RECAP-CA and the CARB data
according to Eq. 3.1.

ANOflux = NO,f1lux(RECAP) — NO,flux(CARB) (3.1)

As expected from the results presented in Section 3.1, the highest NOx fluxes were observed in
the San Bernardino valley which is characterized by several heavily trafficked highways and
warehouses that cause dense diesel truck traffic (Uranga, 2023). Elevated NOy emission also
occurred in the region around Downtown Los Angeles. The average weekend RECAP-CA NOy
fluxes (Fig. 3.2a) showed a similar emission distribution over Los Angeles compared to the
weekday data, but with smaller values. This is in line with the findings presented in Section 3.1.

Figure 3.2(b) shows average weekday NOx fluxes as predicted by the CARB emission inventory.
The large NOy flux in proximity to the coast (~ 34.0 ° N, 118.4 ° W) with a value close to

8 mg m~2 h~! was associated with aircraft emissions from Los Angeles International Airport
(LAX). We show the NO fluxes as predicted by CARB separated into (a) on-road emissions, (b)
aircraft emissions, (c) area sources and (d) emissions from ocean going vessels in Figure S3.2 of
the Appendix. Aircraft NOx emissions can also be observed in the San Bernardino valley
(~34.1'N, 117.6 * W) from Ontario International Airport which is illustrated in Figure S3.2b.
High NOx fluxes in this area were also associated with on-road emissions, shown in Figure
S3.2a. The Downtown Los Angeles area (~ 34.0 ° N, 118.2 © W) also showed high fluxes which
originated from on-road and area sources. Elevated NOy fluxes around Long Beach (~ 33.8 ° N,
118.2 ° W) were associated with shipping and port emissions. Average weekend NOy fluxes
predicted by the emission inventory are presented in Figure 3.3b which showed a similar
qualitative distribution compared to the weekday data but were generally lower.

Figure 3.2c presents the difference between the NOx fluxes from the RECAP-CA campaign and
the CARB emission inventory. Red colors represent higher values for the RECAP-CA campaign
compared to the emission inventory. Blue colors indicate higher fluxes from the emission
inventory. In most places, the NOy fluxes predicted by the emission inventory were higher
compared to the values from the RECAP-CA campaign. This difference was particularly
pronounced in the area around Downtown Los Angeles and along the coast. We were not able to
capture any airport emissions during the RECAP-CA campaign, as a result the differences in the
vicinity of the Los Angeles and Ontario airports should not be interpreted as meaningful. NOx
fluxes around Downtown Los Angeles are dominated by area sources and on-road emissions.

41



We observed higher NOy fluxes during the RECAP-CA campaign compared to the emission
inventory in the San Bernardino valley. A possible explanation could be the accumulation of
distribution and fulfillment centers which are accessible to delivery trucks via multiple highways
in this area (Uranga, 2023; Schorung and Lecourt, 2021). Over the past two decades net sales via
distribution centers have grown exponentially (Statista, 2022a). In the U.S., the number of
delivered orders by the online retailer amazon has increased by nearly a factor of 6 between 2018
and 2020 (Statista, 2022b). NOx emissions in proximity to warehouses have likely increased to a
similar extent in recent years which might not yet be incorporated in the CARB 2020 emission
inventory. Additional research is needed to examine more details of these differences and
connect them to specific processes in the inventory and observations.

In Figure 3.4 and 3.5 we show the NO fluxes corrected for vertical divergence as presented in
Section 2.6.3 in comparison to the CARB emission inventory for weekdays and weekends,
respectively. The emission features shown in Figure 3.2 for the RECAP-CA campaign are more
pronounced after applying the factor for vertical correction. High emissions are observed over
Downtown Los Angeles and the inland highways in San Bernardino, while the coastal region and
Santa Ana show lower, and even negative fluxes. As a result, CARB emissions remain dominant
over RECAP-CA fluxes in the coastal region, but are lower around Downtown Los Angeles and
in San Bernardino. The median values of the corrected fluxes are around a factor of 3 higher
compared to the non-corrected fluxes. The interquartile range increases by even more as a result
of the large scatter induced by the correction. This sensitivity analysis emphasizes how important
the characterization of the vertical flux divergence is and should be subject to future studies.

Figure 3.2. Weekday averages of NOx emissions without vertical divergence correction across Los
Angeles with a 4 km x 4 km spatial resolution (a) during the RECAP-CA campaign, (b) from the CARB
emission inventory and (c) the difference between RECAP-CA and CARB NOx fluxes.
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Figure 3.3. Weekend averages of NOx emissions without vertical divergence correction across Los
Angeles with a 4 km x 4 km spatial resolution (a) during the RECAP-CA campaign, (b) from the CARB
emission inventory and (c) the difference between RECAP-CA and CARB NOy fluxes.

Figure 3.4. Weekday averages of vertical divergence corrected NOx emissions across Los Angeles with a
4 km x 4 km spatial resolution (a) during the RECAP-CA campaign, (b) from the CARB emission
inventory and (c) the difference between RECAP-CA and CARB NO, fluxes.

Figure 3.5. Weekend averages of vertical divergence corrected NO, emissions across Los Angeles with a
4 km x 4 km spatial resolution (a) during the RECAP-CA campaign, (b) from the CARB emission
inventory and (c) the difference between RECAP-CA and CARB NOx fluxes.
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4.

4.1.

VOC fluxes in Los Angeles
A version of this chapter is under review in Environmental Science & Technology under the title
“Mismatches between inventories and spatially resolved airborne flux measurements of
volatile organic compounds in Los Angeles™, with the following authors: Eva Y. Pfannerstill,
Caleb Arata, Qindan Zhu, Benjamin C. Schulze, Roy Woods, Colin Harkins, Rebecca H.
Schwantes, John H. Seinfeld, Anthony Bucholtz, Ronald C. Cohen, and Allen H. Goldstein

Overview of observed VOC fluxes

The spatial distribution of VOC fluxes measured along flight tracks is shown in Fig. 4.1 for
example species that were highly relevant for mass flux, OH reactivity and/or SOA formation
potential (see Fig. 4.3). Spatial distributions of the fluxes differed strongly between VOCs,
reflecting source distribution. E.g., isoprene emissions were highest on the outskirts of the city, on
the less- or non-urbanized hillslopes. This distribution and the observed emission range agrees
with a high-resolution BVOC emission inventory for the region (Scott and Benjamin, 2003).
Monoterpene and sesquiterpene fluxes were higher in downtown Los Angeles than in the San
Bernardino Valley, potentially reflecting fragrance-related sources and the distribution of terpene-
emitting, non-native trees like e.g. eucalyptus (McPherson et al., 2013). Ethanol and acetone had
a few strong point sources and were, as has been shown previously for OVOCs (Niinemets et al.,
2014), deposited in some areas (negative fluxes). Benzene was especially high over highways,
while the distribution of toluene was more similar to that of PCBTF (para-chlorobenzotrifluoride),
potentially reflecting their similar sources in solvent use (Stockwell et al., 2020). D5
(decamethylcyclopentasiloxane), a personal care product tracer (Coggon et al., 2018), showed a
distribution most similar to that of ethanol, reflecting that they both vary with population density.

Measured emissions were in the ranges of direct flux observations performed previously in other
cities (Fig. 4.2). Note that we compared only with stationary tower urban flux studies. We refrained
from comparing with previous urban airborne eddy covariance observations, since currently
available published studies did not correct for vertical divergence.
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Figure 4.1. Maps showing flux footprints, regions defined for the analysis, and fluxes for ten example
VOCs along the flight track. Data from all nine flights is shown here. Flux values are 2 km running averages
(to remove influence of small-scale turbulence on the flux values) downsampled to 100 m (for easier data
handling and display). Satellite maps from ESRI ArcGis Pro.
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Figure 4.2. Comparison of median flux observations from this airborne study (blue) with previous
stationary tower urban flux observations. Error bars show the 25" to 75" percentiles. C2-benzenes include
xylenes and ethylbenzene. References: Langford et al., 2009; Langford et al., 2010; Velasco et al., 2009;
Park et al., 2010; Valach et al., 2015; Rantala et al., 2016; Karl et al., 2018; Acton et al., 2020. Note that
the Houston study measured fluxes using relaxed eddy accumulation, not eddy covariance.

In the domain, the VOC with the highest observed individual net mass flux was ethanol with 3.8
+12.9 mgm?2h? (~29% of the total mass flux) (Fig. 4.3). The next highest emissions by mass
were the sum of acetone and propanal (CsHsO, 0.8 + 7.2 mg m2 h't), monoterpenes (CioHas, 0.8
+ 0.8 mg m?2 h), and isoprene (0.7 + 0.7 mg m? hl). The large standard deviations reflect the
high spatial variability in emissions, where some areas have emissions close to zero, while other
areas or point sources emit large amounts. In terms of contribution to OH reactivity, isoprene was
the largest single contributor, followed by monoterpenes and ethanol. The SOA formation
potential of the emissions is highest for VOCs with low-volatility oxidation products, which is
why monoterpenes and sesquiterpenes were the most important constituents by a wide margin,
followed by toluene. Notably, a coating VCP, PCBTF (Stockwell et al., 2020), which is not
traditionally among surveyed VOCs, appeared in the top 10 both for mass flux and SOA formation
potential.
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Figure 4.3. The top ten measured ions (labeled as attributed VOCSs) contributing to the VOC mass flux,
OH reactivity flux, and SOA formation potential of flux. “arom MT”: aromatic monoterpenes, “fragm”:
fragment, “GLV": green leaf volatile, “PCBTF": p-chlorobenzotrifluoride. Values shown are averages of
the whole campaign. For the net fluxes, standard deviations are shown as error bars. The pie charts show
how much of the summed respective flux is explained by the top 10 VOCs.

In downtown Los Angeles, we observed an average toluene/benzene ratio of 1.7 (weekend) or 2.2
(weekday). The downtown toluene/benzene emission ratios here were thus very similar to those
reported from tunnel measurements in California with 1.99 (weekend) and 2.24 (weekday)
(Warneke et al., 2013) and to direct gasoline exhaust measurements with ~1.5 (Drozd et al., 2016).
This indicates that vehicle emissions dominate toluene and benzene emissions in downtown Los
Angeles. When the whole study area (not just downtown) is included in the average, our flux
measurements result in a much larger toluene/benzene ratio of 4.1. This is close to the

47



toluene/benzene ratio of 4.2 found in emissions from solvent use (Wang et al., 2022c), and higher
than the emission ratios derived from VOC concentration measurements in Los Angeles in 2010
(Gouw et al., 2017), where the toluene/benzene ratio was 2.9. Potentially, this reflects a growing
relative influence of non-traffic (solvent) sources for toluene, while the likely almost exclusively
traffic-related benzene emissions (Drozd et al., 2016) have decreased since 2010. This is supported
by the differing spatial distributions of toluene and benzene emissions (Fig. 4.1), and by inventory
timelines which predict that solvent VOC emissions (part of the VCPs) have not decreased as
strongly as traffic emissions over the last few decades (Kim et al., 2022).

4.2. Emission inventory comparison

Figure 4.4a displays a comparison of the sum of measured molar VOC emissions with those
included in the inventory from medians of the whole campaign. The most striking difference here
is that observed alcohol emissions (dominated by ethanol) were much higher than both the
inventories predicted — more than a factor of 2 compared to the BEIS+FIVE-VCP inventory, and
more than a factor of 5 compared to the CARB inventory. The sum of observed acid emissions
was also substantially (more than a factor of 5) underestimated by the inventories. The summed
carbonyl emissions were higher than observations in the BEIS+FIVE-VCP, and lower than
observations in the CARB inventory. Overall, the total of observed oxygenated VOC emissions
was substantially underestimated by the inventories. A similar observation was made in the
comparison of VOC flux measurements with a regional inventory in London, where the biggest
discrepancies were in oxygenated VOCs (Langford et al., 2010).
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Figure 4.4. Comparison of a) molar flux, b) VOC OH reactivity, and ¢) SOA formation potential of
emissions between BEIS+FIVE-VCP (BEFI) inventory, CARB inventory, and measurements by chemical
family. Alkanes were not included in the comparison since they cannot be measured by PTR-MS. In both
inventories, alkanes contributed =~ 20 mol m?2 h? in emissions, 0.02 ms2 in OH reactivity of emissions, and
a negligible amount in SOA formation potential of emissions. Apart from alkanes, this comparison includes
all VOCs available in the observations or in the inventories.
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In Fig. 4.4b, the same data are shown in terms of OH reactivity, based on OH reaction rate
constants listed in Supplementary Table 1. The OH reactivity emission sums are comparable
between inventories and measurements. However, the inventories included more isoprene (but still
within the measurement uncertainty) and substantially less monoterpene and alcohol emissions
than the observations, leading to a similar sum based on a different composition than observed.
Monoterpenes contributed 19% of the OH reactivity sum in the observations, much higher than in
the inventories where they contributed only 4% (BEIS+FIVE-VCP) or 5% (CARB). The alcohol
contribution was 13% in the observations, but only 5% (BEIS+FIVE-VCP) or 2% (CARB) in the
inventories. The isoprene contribution to OH reactivity fluxes was 35% in the observations, but
46% (BEIS+FIVE-VCP) or 72% (CARB) in the inventories. We note that, since the PTR-MS
method is not able to measure all VOCs (notably it is unable to ionize alkanes), there may be a
significant missing OH reactivity source. Based on direct total OH reactivity observations
performed in Los Angeles in 2010 (Hansen et al., 2021), and after comparison with species
observed then, we estimate this missing OH reactivity source to be at maximum ~30%.

The SOA formation potentials of the emitted VOCs were estimated using the Statistical Oxidation
Model (SOM), which is based on SOA yields from chamber studies and approximately accounts
for multigenerational aging (Cappa and Wilson, 2012), combined with a one-dimensional volatility
basis set for OVOCs (Robinson et al., 2007). The overall SOA formation potential of the emitted
VOCs (Fig. 4.4c) was underestimated substantially (by a factor of 2-3) by both inventories. This
discrepancy was mainly due to underestimated mono- and sesquiterpene emissions, which were
on average at least a factor of 5 higher than in the inventories. This caused the fractional
contribution of monoterpenes to SOA formation potential to be 33% in the observations, but just
15% (BEIS+FIVE-VCP) or 24% (CARB) in the inventories. On the other hand, the contribution
of aromatic emissions was well represented by the FIVE-VCP inventory. The CARB inventory
underestimated the aromatic contribution because, despite a good match for simple aromatics (Fig.
4.5), it underestimated heavier aromatic VOCs (see, e.g., naphthalene in Fig. 4.5). The summed
SOA formation potential is likely underestimated by our observations, because long-chain alkanes,
which were not detected in our measurements, are relevant SOA precursors (Gu et al., 2021). We
estimate that including long-chain alkanes would increase the total SOA formation potential of
emissions by maximum ~30% (uncorrected for trends since 2010).

A comparison of the median fluxes of individual VOC species (Fig. 4.5, Supplementary Table 1)
provides a more detailed view of the similarities and differences between the two inventories and
the measurements. Since the uncertainties of the observed VOC fluxes introduced through the
necessary vertical divergence correction are on the order of a factor of 2, the agreement between
measurements and inventories was considered reasonable within that range (Fig. 4.5). Note that
this uncertainty is likely systematic, and a single scale factor for all measurements, so a better
knowledge of it would not reduce the spread of agreement. The distribution of points shows that
the CARB inventory has a general tendency towards underestimation for a subset of compounds
(Fig. 4.5b), while the BEIS+FIVE-VCP inventory scatters more around the 1:1 line (Fig. 4.5a)
both in the positive and the negative direction.
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Figure 4.5. Comparison of median values between measured and inventory emissions of individual VOCs
for (a) BEIS+FIVE-VCP and (b) CARB. Cres: Cresol, Phen: Phenol, MCT: Methanethiol, PDCBZ:
Paradichlorobenzene, D5SILX: D5 siloxane, SESQ: sesquiterpenes, TMB: trimethylbenzene, BALD:
benzaldehyde, Naphth: naphathalene, MEK: methyl ethyl ketone, Benz: benzene, PCBTF: para-
chlorobenzotrifluoride, Xyl: Xylene, Tol: Toluene, MT: monoterpenes, Iso: isoprene, MeOH: methanol,
EtOH, ethanol, CCOOH: acetic acid, ACD: acetaldehyde, RCOOH: Higher organic acids, ARO1: Other
aromatics with kOH < 2x10* ppm* min. “Measured” values can slightly differ in comparison to each
inventory because of a different distribution and coverage of inventory grid cells.

The agreement between measurements and CARB inventory was excellent for benzene, toluene,
and xylene, while the BEIS+FIVE-VCP inventory was slightly higher than the observations for
these species, but within a factor of 2 except for benzene. Also within a factor of 2 and thus within
the uncertainty were (for both inventories) methanol, isoprene, acetaldehyde, and PCBTF (for
BEIS+FIVE-VCP), as well as trimethylbenzene and acetone (for CARB). Larger discrepancies
were observed for benzaldehyde, phenol, cresol, ethanol, acids, sesquiterpenes, dichlorobenzene,
D5 siloxane, and methanethiol. Among these, benzaldehyde, ethanol, acids, and sesquiterpenes
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were important contributors to OH reactivity and/or SOA formation potential (Fig. 4.3). Generally,
there was better agreement between observations and inventories for aromatics than for OVOCs
and other VCPs. This reflects the fact that routine measurements historically have been more
focused on typical traffic emissions like aromatics, which are therefore much better understood.
On the contrary to that, OVOCs were not easily measurable with routine methods in the past.
For example, even during an intense, state-of-the-art observation campaign like CalNex 2010 in
Los Angeles, only nine OVOC species were observed (Hansen et al., 2021). With the airborne flux
measurements in 2021, we observed significant fluxes of 93 different OVOCs thanks to more
comprehensive state-of-the-art instrumentation. Eight of these OVOCs were among the 10 most
important VOCs in terms of mass flux or OH reactivity flux (Fig. 4.3). The CARB inventory
includes 19 and the BEIS+FIVE-VCP inventory 17 OVOCs, respectively (although including
some lumped species). In the comparison of OVOCs it is important to be aware that our
observations are net fluxes, which means that the median is decreased due to deposition fluxes.
Emission inventories do not assume deposition, which is treated separately by another module in
atmospheric modeling. This means that gross emission fluxes would be higher than the observation
medians shown in Fig. 4.5 - in some cases (e.g., for acetone or ethanol) substantially, as can be
seen in box charts of the fluxes that display large deposition fluxes (Fig. 4.8).
Notably, some relevant VOCs are only included in one of the inventories. For example, PCBTF, a
solvent VOC that is included e.g. in coatings (Stockwell et al., 2020), is listed as carcinogenic
(California Office of Environmental Health Hazard Assessment, 2022) and contributed a
substantial amount to SOA formation potential (Fig. 4.3). However, PCBTF is missing from the
CARB inventory and was only recently added to the FIVE-VCP inventory. Also missing from the
CARB inventory and recently added to the FIVE-VCP inventory is dichlorobenzene (“PDCBZ”
in Fig. 4.5), which is listed as carcinogenic (California Office of Environmental Health Hazard
Assessment, 2022) and is widely used in pesticides.

Fig. 4.6 demonstrates the importance of the discrepancies between observations and inventories of
the different VOC classes for the total mass flux, OH reactivity flux, and SOA formation potential
flux. For the mass flux, the difference between observations and inventories was largest in alcohols
(mainly ethanol), followed by other oxygenated VOC classes (carbonyls for CARB, acids for
BEIS+FIVE-VCP). The largest missing sources of OH reactivity (and thus ozone formation
potential) were monoterpenes and alcohols in both inventories. However, since this missing source
was made up for by an overestimation of isoprene emissions (CARB) and/or alkene emissions
(BEIS+FIVE-VCP), the summed OH reactivity source was very similar between observations and
inventories (Fig. 4.4). The largest missing contributors to SOA formation potential were
monoterpenes and sesquiterpenes in both inventories.
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Figure 4.6. Relevance of the discrepancies between measurements and inventories for the total molar flux
(a, b), the OH reactivity of the emissions (c, d), and the SOA formation potential of the emissions (e, f).
The bars show the difference between measurements and inventories (a, ¢, e for CARB, and b, d, f for

BEIS+ FIVE-VCP).
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4.3.

Regional, weekend and population density effects

While medians of the whole campaign (Fig. 4.5) can provide an overview validation of the
inventories, spatially resolved airborne flux observations can be used more specifically to map
regional agreements and disagreements with the emission inventories. Figure 4.7 shows the
difference in flux units between inventories and measurements on a 4 km x 4 km grid scale for
benzene, ethanol, isoprene, and monoterpene fluxes. The same data is shown in % (inventory
emissions/measured emissions) in Fig. S4.1. For benzene, the differences between both inventories
and measurements were small in the eastern San Bernardino Valley (around Rancho Cucamonga).
However, in relative terms, this was the region where the inventories, especially CARB,
underestimated the benzene emissions most clearly. The BEIS+FIVE-VCP inventory
overestimated benzene emissions in the downtown and coastal areas. The CARB inventory mostly
agreed better with the benzene measurements in the downtown and coastal regions. For ethanol,
the spatial pattern of disagreement with the observations is almost the same between the two
inventories. There appears to be a significant missing source of ethanol, which we suspect to be
cooking and possibly other indoor to outdoor emissions, combined with point sources (e.g.,
breweries and food manufacturing). Isoprene emissions matched best with both inventories in the
San Bernardino Valley, while the observations were lower than inventories in parts of the region
between downtown and Santa Ana. For monoterpene emissions, there is almost no grid cell with
a reasonable match between observations and inventories. The largest underestimation by the
inventories (in absolute terms) occurred in an area that includes much of downtown Los Angeles.
In relative terms, both inventories were more than a factor of 4 lower than the measurements also
in the San Bernardino Valley and much of the Santa Ana region. Potential explanations for this
mismatch are 1) a missing anthropogenic source of monoterpenes from fragrance use, and 2) a
(probably larger) missing biogenic source induced by flowering and/or drought stress, as well as
an unrealistic plant species composition and distribution in the inventories (see chapter 4.4). We
provide more maps of the inventory and measurement values as well as the differences between
both online (Pfannerstill et al., 2022), and tabular regional average comparisons in Supplementary
Table 3.
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Figure 4.7. Difference of flux measured-inventory for a) BEIS+FIVE-VCP, benzene, b) CARB, benzene,
c) BEIS+FIVE-VCP, ethanol, d) CARB, ethanol, ) BEIS+FIVE-VCP, isoprene, f) CARB, isoprene, Q)
BEIS+FIVE-VCP, monoterpenes, h) CARB, monoterpenes. Blue colors show that the measurements were
lower than the inventory, red colors that the measurements were higher than the inventory. A comparison
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by ratio instead of difference for the same VOCs is shown in Fig. S4.1. More comparison maps are available
as an interactive online map (Pfannerstill et al., 2022).

Figure 4.8. Regional fluxes shown for a selection of VOCs in comparison between measurements and the
two inventories. The boxes represent the 251-75™ percentile of the data, the whiskers the 5'-95th percentile,
and the horizontal line the median. PCBTF and D5 siloxane emissions are not reported in the CARB
inventory.

The fact that observed fluxes matched better with the inventories in some regions than others is
also illustrated in Fig. 4.8 and Supplementary Table 3. For example, isoprene fluxes agreed with
the BEIS+FIVE-VCP inventory within 10% in the San Bernardino Valley, within 50% in at the
coast, but only within a factor of 2 in Downtown and Santa Ana. Similarly, the CARB inventory
agreed with the observations within 30% in the San Bernardino Valley, but only within a factor of
2-3 in the other regions. Observed benzene fluxes agreed with both inventories within 50% in the
San Bernardino Valley, while the agreement decreased for the BEIS+FIVE-VCP inventory in the
other regions. Notably, for many of the VOCs shown, the match was best in the San Bernardino
Valley area. Potentially, this may be related to the fact that intense VOC observation campaigns
in Los Angeles have so far usually been performed in Pasadena (Gouw et al., 2017; Warneke et
al., 2013), which is located in the San Bernardino Valley. Inventories have been validated against
those measurements. Another factor, likely contributing to mismatches in polar VOC:s, is that our
observations are net fluxes, while the inventories only consider emissions and not deposition. This
means that some VOCs that are strongly deposited (e.g., acetone and other OVOCs, or D5 siloxane,
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Fig. 4.8) have a reduced net flux as opposed to if only the emissions were considered. In addition
to that, for D5 siloxane it is possible that the measurements somewhat underestimated the fluxes
because siloxanes are relatively sticky in the inlet system, leading to a dampened covariance peak.

Some of the mismatch may be due to faulty assumptions of temperature dependence of emissions
in the inventories (chapter 4.4), or to differences in temperature assumed in the inventories.

In order to investigate the effect of working days vs weekends on emissions, we performed three
out of nine flights on weekends. Figure 4.9 shows comparisons between weekend and weekday
fluxes for the measurements and the two inventories for a selection of VOCs. A tabular overview
of weekend-weekday comparisons is given in Supplementary Table 4. Generally, there is a large
overlap of the interquartile ranges between weekdays and weekends. Benzene, which mainly is
emitted from vehicles, did not display any significant weekend effect. This observation agrees with
the inventories and with previous studies that demonstrated no significant difference in gasoline-
fueled vehicle activity between weekdays and weekends in California (Harley et al., 2005; Pollack
et al., 2012). Isoprene, which as a biogenic emission is expected to be independent of workdays,
also exhibits no weekend effect.

Figure 4.9. Weekday and weekend fluxes shown for a selection of VOCs in comparison between
measurements and the two inventories. The boxes represent the 25"-75" percentile of the data, the whiskers
the 51-95th percentile, and the horizontal line the median. PCBTF and D5 siloxane are not reported in the
CARB inventory. The plot only includes data from inventory grid cells that were sampled both on weekdays
and weekends.

57



However, the median and top 50% fluxes of a number of other VOCs decreased on the weekend.
This includes several of the more VCP- or solvent-related VOCs: acetone (94% decrease in
median), ethanol (44% decrease), toluene (23% decrease), xylenes (26% decrease), and PCBTF
(62% decrease). Since much solvent use is work/industry related (e.g., construction, printing,
cleaning), this observed decrease in emissions on weekends seems plausible. It is also notable that
the decreases in the aromatics xylene and toluene were smaller than in the purely solvent-sourced
PCBTF, since part of the aromatic emissions are expected to come from gasoline vehicles and
therefore not be affected as much by the weekend (see benzene). The inventories do not appear to
consider a weekend effect on solvent emissions, with insignificant weekday-weekend differences
(below 9%) in the medians for the above listed VOCs. This impacts OH reactivity and SOA
projections.

Figure 4.10. Fluxes of relevant indoor-to-outdoor emitted VOCs (Arata et al., in prep.) grouped as a
function of population density. Population density is given in people per km2. The left y axis corresponds
to the measured data, the right y axis to the two inventories.

Figure 4.10 explores relationships between observed VOC emissions and population density for
VVOCs whose indoor-to-outdoor emission fraction is large (Arata et al., in prep.): ethanol, D5
siloxane, acetic acid, and acetaldehyde. These VOCs are expected to have other sources besides
residences, e.g., acetaldehyde also comes from fuel combustion (Wang et al., 2022b) or solvent
use (Wang et al., 2022c), and ethanol is also expected to be released from biogenic sources (Schade
and Goldstein, 2002), fuel combustion or evaporation (Gouw et al., 2012), solvents (Gkatzelis et
al., 2021b), restaurants and food/alcohol manufacturing point sources. Moreover, any population
density effects are superimposed with weekend and/or temperature effects. This makes it
reasonable that the emission relationship with population density shows a large scatter.
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Nonetheless, our data demonstrate a tendency towards increasing emissions of these VOCs with
population density. The significance of this tendency was investigated using linear regression
through the median fluxes at each median population density for the four bins used in Fig. 4.10.
The results of this analysis are shown in Table 4.1. Except for the monoterpenes, all listed VOCs
possess a positive slope towards population density larger than the 1o uncertainty of regression.
The ratio of slope/uncertainty indicates the strength of the relationship. These results generally
agree with a study that found a population density dependence of VOC mixing ratios for the VOCs
listed (Gkatzelis et al., 2021b). The main difference is that our results indicate that monoterpene
emissions in Los Angeles are dominated by biogenic sources and not VCPs. The slopes in Table
4.1 also provide estimates of the VOC emission per person and hour.

Table 4.1. Results of the linear regression (median flux vs. median population density) for the VOCs shown
in Fig. 4.10 and further VOCs that were reported to increase with population density by Gkatzelis et al.
(2021b). The ratio of the regression slope/uncertainty shows that all listed VVOCs significantly increase with
population density (within the 1o uncertainty) except the monoterpenes, whose slope is therefore shown in
brackets.

lo Ratio
Slope (mg uncertainty slope/
person* h?)  of slope uncertaint
Ethanol 4170.0 3120.0 1.3
D5 siloxane 7.7 1.9 4.1
Acetic acid 419.0 86.0 49
Acetaldehyde 186.6 88.9 2.1
D4 siloxane 6.8 15 4.6
Dichlorobenzene 1.6 1.3 1.2
PCBTF 47.8 6.1 7.8
Monoterpenes (40.0) 76.0 0.5

The BEIS+FIVE-VCP inventory shows a relatively larger increase in ethanol and D5 siloxane
emissions with population density than the observations (Fig. 4.10), but a smaller relative increase
in acetaldehyde emissions and none in acetic acid emissions. The CARB inventory reflects the
observed relative ethanol emission increase well, while its increases in acetic acid and
acetaldehyde emissions are somewhat smaller. Overall, the relative dependence of these VOC
emissions on population density is mostly well reflected in the inventories. The absolute amounts
emitted are a more important mismatch (see Fig. 4.5).

In conclusion, the overall underestimation of alcohol, monoterpene and sesquiterpene emissions
by both inventories that we validated (CARB and BEIS+FIVE-VCP) is relevant for air quality
predictions, since alcohols and monoterpenes contributed 13% and 19%, respectively, to OH
reactivity (relevant for ozone formation), and sesquiterpenes and monoterpenes contributed 23%
and 32%, respectively, to SOA formation potential. Our measurements indicate important missing
sources of ethanol and terpenoids that should be added to current inventories. Traditionally better
quantified typical traffic emissions such as aromatics matched better between the inventories and
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measurements than OVOCs and terpenoids. Generally, the CARB inventory had a tendency
towards underestimation of emissions for a subset of VOCs, while the BEIS+FIVE-VCP inventory
underestimated some and overestimated other VOCs.

Apart from these general trends, there were regional trends in the mismatches. For many VOCs,
the inventories agreed best with the observations in the inland region of the San Bernardino Valley,
while downtown Los Angeles was more prone to emission underestimations, e.g., for ethanol and
monoterpenes.

The interquartile ranges of weekend and weekday emissions mostly overlapped. Nevertheless,
the observed weekend effect was stronger than predicted by the inventories, especially for solvent-
related VOCs like PCBTF, acetone, and toluene. The relative increase of some VOC emissions
with population density was reasonably well reflected in the inventories.

Seasonal and diel variability in emissions were not captured by our measurements, which are
limited to daytime in June — however, a time period when air quality standard exceedance
conditions typically occur.

Our results point to the necessity to improve inventory emissions of non-traditional VOC sources
like VCPs, solvent use and cooking to obtain a comprehensive representation of relevant air
pollutant precursors in urban areas. They also show the need for a better representation of urban
biogenic VOC emissions in inventories, since these are highly important for ozone and SOA
formation and not as accurately represented as transportation emissions.

4.4, Temperature-dependent VOC emissions dominate aerosol and ozone formation in
Los Angeles

A version of this chapter is under review at Science under the title “Temperature-dependent
emissions dominate aerosol and ozone formation in Los Angeles”, with the following authors:
Eva Y. Pfannerstill, Caleb Arata, Qindan Zhu, Benjamin C. Schulze, Ryan Ward, Roy Woods,
Colin Harkins, Rebecca H. Schwantes, John H. Seinfeld, Anthony Bucholtz, Ronald C. Cohen,
and Allen H. Goldstein

Ambient air pollution is the fourth ranking human health risk factor globally (Murray et al.,
2020), leading to an estimated 4.2 million premature deaths per year (World Health
Organization, 2022). Important pollutants causing cardiovascular and respiratory diseases are
fine particulate matter (PM2s) and tropospheric ozone (World Health Organization, 2022).
Volatile organic compounds (VOCSs) are precursors to both: A large fraction of PMzs is
Secondary Organic Aerosol (SOA), formed through the oxidation of VOCs (Hayes et al., 2013Db).
In the presence of nitrogen oxides and sunlight, VOC oxidation leads to ozone formation.

99% of the world's population lives in places where the World Health Organization air quality
guidelines are not met (World Health Organization, 2022). This includes the US megacity of Los
Angeles, where ozone and PM2 are frequently at unhealthy levels, especially in the summer (US
EPA, 2016, 2020). As in many industrialized cities, technologies like efficient 3-way catalytic
converters and efforts spurred by regulation led to a steep decrease in automotive VOC
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emissions, and thus to a decades-long decrease of air pollutant concentrations (Warneke et al.,
2012). However, concentrations of ozone and PM: s particle pollution have stopped decreasing
since ~2010 (Kim et al., 2022; Nussbaumer and Cohen, 2021). Recent studies indicate the
increasing relative importance of volatile chemical products, which now contribute as much as
half of urban fossil fuel VOC emissions in industrialized cities (McDonald et al., 2018; Coggon
et al., 2021). The relative contribution of the biogenic VOC fraction must also have increased
with declining transportation emissions. Following these changes in the emitted VOC mixture
over the course of a few decades, the sources of secondary air pollution have been called into
question. For example, model-observation comparisons have raised doubts on whether the
models correctly reproduce the emission source mixture contributing to SOA (Hayes et al., 2015;
Ma et al., 2017). The origin of SOA in Los Angeles is under debate — with some studies
reporting a predominantly vehicular source (Zhao et al., 2022; Hayes et al., 2015), while a
temperature-dependent analysis of PM. s concentrations and isoprene concentrations indicated a
major biogenic origin (Nussbaumer and Cohen, 2021). The percentage of days with PM2s
exceedances is below 10% at 20°C and more than 40% at 30°C, and reaches 70% at 40°C
(Nussbaumer and Cohen, 2021). Similarly, the likelihood of ozone exceedances (> 70 ppb) is
close to 0 at 20°C, and above 70% at temperatures > 30°C, with temperature-dependent biogenic
emissions of reactive terpenoids suggested as one of the driving factors (Nussbaumer and Cohen,
2020). However, concentration-based temperature dependencies may be influenced by
meteorology instead of emissions, since hotter days tend to be more stagnant (Horton et al.,
2014). This shows the need for direct emission observations. With climate change, an increase in
the number of days with high temperatures is expected (Hulley et al., 2020; Pierce et al., 2013).
Thus, it is important to understand how increasing temperatures affect VOC emission amounts,
mixture, and what this means for secondary air pollutant formation, as well as regulation
strategies.

Spatially resolved direct airborne measurements of VOC emission fluxes

Previous efforts to understand the magnitude and composition of VOC emissions in Los
Angeles, as in other megacities, have relied on indirect methods — either using traditional bottom
up emission inventories (Gu et al., 2021), or inferring emissions top down from concentration
measurements via chemical transport models (Coggon et al., 2021). Both approaches are indirect
and rely on a range of assumptions, and thus are subject to large uncertainties. To overcome
these limitations, we performed airborne eddy covariance measurements in order to provide the
first direct observations of spatially resolved VOC emissions in Los Angeles. Emission and
deposition fluxes were calculated from 10 Hz concentration and vertical wind speed
measurements using continuous wavelet transformation (Karl et al., 2013). State-of-the-art
instrumentation (PTR-ToF-MS) provided an unprecedented comprehensiveness of VOC species
for which spatially resolved urban fluxes were observed, including source specific tracers for
biogenics, vehicle emissions, personal care products, solvents, etc. Nine flights were conducted
in June 2021 between 11:00 and 17:00, with flight days selected to cover a temperature range as
wide as possible (maps of flight tracks see fig. 2.1). Median flight temperatures ranged from
23°C to 31°C, with minima and maxima stretching from 15°C to 37°C, respectively.
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Ozone formation in Los Angeles is still sensitive to VOCs, with recent analyses suggesting that
current NOx emissions need to be reduced substantially (more than 50%) to move to a NOx
sensitive ozone formation regime (Kim et al., 2022; Nussbaumer and Cohen, 2020). The
contribution of VOCs to ozone formation is determined by the reaction frequency of each VOC
species with the hydroxyl (OH) radical, the primary oxidant in the daytime troposphere. This
reaction frequency is referred to as OH reactivity and is calculated for emissions as

OHRp = konyoc * Froc (eq. 4.1),

where OHRE is the OH reactivity of the flux in ms?, kon,voc is the reaction rate constant of a
VOC with the OH radical in m* molecules™ s, and Fyoc is the flux of the VOC in

molecules m? s, Since the daytime boundary layer over Los Angeles can be considered as a
box which emissions are continuously added to, OH reactivity is a reasonable proxy for ozone
formation here. If an air parcel moving out of the valley were considered, the contribution of
highly reactive VOCs would decrease following oxidative loss. The contribution of VOCs to
SOA formation is more complex to quantify. We estimated aerosol yields using the Statistical
Oxidation Model (Robinson et al., 2007) combined with a one-dimensional volatility basis set
for OVOCs (Cappa and Wilson, 2012). Ambient particle formation also depends on factors like
ambient humidity (Gkatzelis et al., 2021a), pre-existing particle surface area (Holmes, 2007), and
the mixture of VOCs present (McFiggans et al., 2019), which we have not considered here but
are unlikely to substantially change the relative contribution of individual precursor classes to the
SOA budget. Based on a back of the envelope calculation assuming 24 h aerosol lifetime
(Nussbaumer and Cohen, 2021) and 800 m boundary layer height, the summed SOA potential of
the measured VOC emissions (0.32 mg m2h™) yields 9.6 pg/ms of SOA, which is ~80% of the
afternoon OA observed during CalNex (Hayes et al., 2013a).
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Fig. 4.11. Terpenoid fraction of OH reactivity and secondary organic aerosol formation potential (SOAP)
of measured emissions at low vs high temperatures in Los Angeles. Maps show the terpenoid (isoprene
(CsHs) + monoterpenes (CioHis, C10H160, C1oH150) + sesquiterpenes (CisH24)) fraction in the summed
OH reactivity flux (A) at low, (B) at high temperature, and in the summed SOA formation potential of
VOC emissions (C) at low and (D) at high temperatures. For each 4x4 kmz grid cell, “low temperature”
was defined as an ambient temperature (2 m above ground) in the lowest 25% of all flux measurements (n
> 6) conducted over that grid cell, and “high temperature” was defined as an ambient temperature in the
upper 25% of all flux measurements conducted over that grid cell. The frequency of grid cells’ terpenoid
fractions at low and high temperatures is shown in (E) and (F).

4.4.2. Temperature dependence of the VOC mixture contributing to secondary air pollutants

Mapped VOC emissions (Fig. 4.1) were attributed to footprint areas (Fig. 2.8) and averaged to
4 km x 4 km grid cells, and the OH reactivity and SOA formation potential were calculated for
each of the observed 410 VOC species. The fraction of terpenoids (isoprene, monoterpenes, and
sesquiterpenes, typically attributed to biogenic emissions) both in the summed OH reactivity and
SOA formation potential was large even in the lowest temperature bin, and grew substantially
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with temperature in most areas of Los Angeles (Fig. 4.11). In the lower 25" percentile of
temperatures, OH reactivity in 45% of the grid cells, and SOA formation potential in 67% of the
grid cells were dominated by terpenoids. This especially included regions at the less urbanized
hillsides on the outskirts of the metropolitan area, e.g., north of El Monte. In the top 25%
percentile, these values increased to 78% and 88%, respectively. Thus, at high temperatures,
terpenoids became the main drivers for the formation of ozone and particles even in the
downtown area (in Fig. 4.11 below and southeast of the label “Los Angeles”) where traffic and
consumer product emissions are expected to be largest based on current emission inventories.

Fig. 4.12. Contribution of different VOC classes to (A) mass flux, (B) OH reactivity of VOC flux, and
(C) secondary organic aerosol formation potential of VOC surface flux of all VOCs measured during the
RECAP-CA flights in June 2021. The pie charts show the median composition over all flights. MeOH:
methanol, EtOH: ethanol, SQT: sesquiterpenes. VOCs attributed to each group see Supplementary Table
1.

The composition of the observed average VOC emission mixture is shown in Fig. 4.12.
Terpenoids contributed ~16% of the measured VOC mass flux. Due to the high reactivity of the
terpenoids and the low volatility of their oxidation products, terpenoids accounted for 56% of the
OH reactivity and 56% of the SOA formation potential. The OH reactivity contribution here is
similar to the ~60% biogenic contribution to ozone in Berlin during a heatwave (Churkina et al.,
2017). An inventory-based study also found ~60% contribution of biogenic terpenoids to ozone
formation potential in Los Angeles, although with a higher isoprene and a lower monoterpene
contribution (Gu et al., 2021). The same study predicted only 23% of the (annual average) SOA
formation potential from terpenoids, but our value agrees well with a radiocarbon analysis of
organic aerosol in summertime Los Angeles that attributed 58% + 15% to non-fossil sources, of
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which 44% + 15% may be biogenic (Zotter et al., 2014). Ethanol, which was a major constituent
of the VOC mass flux, is a low-reactivity VOC and thus only contributed ~5% of the OH
reactivity. The terpenoid fraction here is higher than in our own (Fig. 4.13) and previously
published concentration-based Los Angeles observations (Hansen et al., 2021). Since these
VOC:s react rapidly, the magnitude of their contribution to secondary products may be
underestimated based on ambient concentrations alone.

Fig. 4.13. Contribution of different VOC classes to (A) mixing ratios (ppbv), (B) OH reactivity of
VOCs, and (C) secondary organic aerosol formation potential of VOCs during Los Angeles RECAP-CA
flights. These charts are based on concentration-based values (different from primary emissions in Fig.
4.12). The pie charts show the median composition over all flights. MeOH: methanol, EtOH: ethanol,
SQT: sesquiterpenes. VOCs attributed to each group see Supplementary Table 1.

We note that the VOC emission mixture observed here is incomplete, since the PTR method is
not sensitive to alkanes. However, alkanes are a comparably minor and relatively unreactive
fraction of total VOC, contributing only 4% of the measured mid-day VOC OH reactivity in Los
Angeles in 2010 (Hansen et al., 2021). For SOA formation, long-chain alkanes are of higher
significance (Gu et al., 2021). We estimate that including long-chain alkanes would reduce the
relative terpenoid contribution to average summertime SOA formation by 25-30% of the fraction
presented here. Seasonality and diel variability in emissions composition are not captured by our
measurements, which are limited to daytime in June — however, a time period when air quality
standard exceedance conditions typically occur.
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The VOCs included in Fig. 4.14 were among the largest contributors to OH reactivity and/or
SOA formation potential of the emissions, and they all increased with temperature. The observed
increase of isoprene, monoterpene and sesquiterpene emissions with temperature is in
accordance with the expectations for biogenic emissions (Guenther et al., 2012). Reflecting this
state of knowledge, two current inventories (CARB/MEGAN and BEIS+FIVE-VCP) also
predicted increases in emissions of these VOCs with temperature. However, the measured
amount of monoterpene and sesquiterpene emissions was a factor of 2-3 higher than predicted by
the inventories. The measured isoprene emission matched the inventories within the uncertainty
of the fluxes.

Observed emissions of several anthropogenic VOCs also increased with temperature. This
includes toluene (Fig. 4.14D), ethanol (Fig. 4.14E), and para-chlorobenzotrifluoride (PCBTF,
Fig. 4.14F). The observed temperature dependences of ethanol and toluene emissions in the
temperature range of 20-30°C approximately agree with their vapor pressure curves in this
temperature range (National Institute of Standards and Technology, 2022). Toluene, ethanol and
PCBTF can come from solvent-based sources, where evaporative volatilization could explain the
temperature dependence. Moreover, evaporative losses from gasoline can become an important
contributor to vehicle emissions at high temperatures (Rubin et al., 2006). The observed
temperature dependence of these anthropogenic VOCs was not accurately predicted in either of
the two inventories.
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Fig. 4.14. Temperature dependence of emissions of individual VOC species in comparison with
inventories. The VOC species shown here are among the largest contributors to SOA formation potential
and OH reactivity in the measured VOC emissions. The circles represent medians of each temperature
bin, and the shaded areas the 25" to 75" percentile of data. The temperature effect cannot be explained
with regional emission differences that may co-occur with temperature differences (Fig. S4.3).
Measurement uncertainties: 76%-96%. PCBTF (para-chlorobenzotrifluoride) is not included in the CARB
inventory. Only temperature bins that include data from all regions (Fig. 4.1) are shown.

As a result of the increase of VOC emissions with temperature, the summed OH reactivity of the
emissions, and thus the potential for ozone formation, increased 2- to 3-fold from 20°C to 30°C
(Fig. 4.15A). This amounts to a 27% increase per 1°C (Fig. S4.4). Although there was an
increase in both the emissions of terpenoids and all other VOCs, most of the overall increase was
due to the terpenoid emissions alone, which increased more than 3-fold. The OH reactivity of
non-terpenoid VOC emissions only doubled in the same temperature range. The terpenoid
fraction in the sum of the OH reactivity of VOC emissions increased from ~40% at 20°C to
~60% at 30°C.

Similar to OH reactivity, the SOA formation potential of emitted VOCs increased 2- to 3-fold
from 20°C to 30°C, or 13% per 1°C temperature increase (Fig. 4.15B, Fig. S4.4). The terpenoid
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fraction was enhanced from 45% to 64% of the overall SOA formation from 20°C to 30°C, with
the SOA-relevant terpenoid emissions approximately doubling in the same temperature range.
The SOA-relevant non-terpenoid VOCs — mainly aromatics (Fig. 4.12) — barely increased with
temperature (Fig. 4.15B). Although the emissions of the aromatic toluene were temperature
dependent (Fig. 4.14) because it has a large solvent source, many other aromatics are mainly
tailpipe emissions, which do not change with ambient temperature. We note that the SOA
formation potential calculated here does not account for

Fig. 4.15. Temperature dependence of the summed OH reactivity and SOA formation potential
of the VOC emissions. The primary terpenoid contribution was separated from all other VOCs
and is shown as the red fraction of the stacked plot. All measured fluxes were binned into 1°C
temperature bins for this plot, where “temperature” is the ambient temperature at 2 m above
ground level. To ensure that the dependence is not skewed by regional emission differences, only
temperature bins that cover at least three regions were included.

4.4.3. Monoterpene sources: biogenic or anthropogenic?
Since monoterpenes are an especially relevant contributor to SOA formation and OH reactivity
in Los Angeles, understanding whether their source is anthropogenic or biogenic is critical for air
quality management. Recently, anthropogenic sources of urban monoterpenes, especially D-
Limonene, have been reported (Gkatzelis et al., 2021b). Monoterpenes and sesquiterpenes are
present in a variety of fragranced consumer products, e.g., cleaning or personal care products
(Steinemann et al., 2011).

Our data suggest a dominant, but not sole, biogenic source for the monoterpenes. The biogenic
dominance is indicated both by the temperature dependence (Fig. 4.14B, (Peng et al., 2022)), and
by the correlation between monoterpenes and biogenic isoprene in fluxes measured in the
downtown Los Angeles region (Fig. 4.16A). In the same region, we did not observe correlations
between monoterpenes and any of the identified anthropogenic tracers, such as D5 siloxane
(personal care product tracer, Fig. 4.16B), toluene, or ethanol (fig. S4.5). Since the sesquiterpene
fluxes correlated well with the monoterpene fluxes (Fig. S4.5), a dominant biogenic source for
the sesquiterpenes can be assumed, too. Monoterpene emissions did not scale with inventories of
tree and shrub cover (Fig. S4.6, S4.7), likely because not all trees or shrubs are monoterpene
emitters. Biogenic emission inventories like the ones included in our comparison (Fig. 4.14B) do
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not consider the actual plant species variability within an urban area and therefore do not
faithfully represent potential spatial differences in the composition and emission factors of
biogenic emissions per tree. We observed regional differences in the isoprene/monoterpene
emission ratio, which was ~3 in San Bernardino and ~1.5 in downtown, even though both
regions have similar fractional tree coverage (Fig. S4.8). Likely, the species composition in the
San Bernardino Valley with its hillside shrublands is different.

Nonetheless, there are indications for an anthropogenic influence on measured monoterpene
emissions: Some high monoterpene emissions in downtown Los Angeles (Fig. 4.16A) were not
correlated with isoprene. In New York in winter, i.e., where plant emissions are assumed to be
low, monoterpenes scaled with population density (Gkatzelis et al., 2021b). However, in Los
Angeles in summer, we did not observe a correlation between monoterpene emissions and
population density in the flux footprint. (Different from the personal care product tracer D5
siloxane which did correlate with population density, see Fig. S4.6.) Due to this observation, we
infer that a dominant anthropogenic monoterpene source is unlikely. A non-negative matrix
factorization of monoterpene and other VOC fluxes with tree cover, temperature and population
density assigned ~33% of the variability in monoterpenes fluxes to a factor dominated by
population density, while the rest of the variability was explained by temperature, tree and shrub
cover (Fig. S4.9). This is in good agreement with a source-apportionment study in Atlanta,
Georgia, that attributed 26% of the monoterpenes to anthropogenic sources (Peng et al., 2022),
and where anthropogenic monoterpenes did not correlate with temperature. Coggon et al.
suggested an anthropogenic source of monoterpenes in New York of up to 860 mg person™ day*
(Coggon et al., 2021), which, applying the population density in our flux footprints, would
amount to a median of 0.74 mol km h! or 15% of observed total monoterpenes in Los Angeles.

The observed monoterpene and sesquiterpene emissions were significantly higher than predicted
by the CARB and BEIS+FIVE-VCP inventories (Fig. 4.14). While this may indicate an
anthropogenic source not incorporated in the inventories, the size of the mismatch suggests
another missing source. Since the inventories only consider an average urban tree composition,
specific local monoterpene emitters may be missing, e.g. eucalyptus trees that comprise 5% of
Los Angeles tree population. Moreover, flowering emissions are not included in the inventories.
For example, jacaranda (jacaranda sp.) trees, which are among the most abundant species in Los
Angeles (McPherson et al., 2013), were in bloom during the aircraft observations. Monoterpene
emissions during bloom can be up to an order of magnitude higher than usual (Fares et al., 2011,
Baghi et al., 2012), and jacaranda flowers have been shown to emit a bouquet that includes
monoterpenes and is rich in sesquiterpenes (Pontes et al., 2022; Guimarées et al., 2008). Another
factor that can substantially increase biogenic terpenoid emissions and is not part of inventories
is heat or drought stress (Holopainen et al., 2018; Werner et al., 2021). Long-term drought stress
has been shown to increase sesquiterpene and monoterpene emissions while reducing isoprene
emissions (Werner et al., 2021; Potosnak et al., 2014), which agrees with our observed inventory
discrepancies. In California, 2021 was one of the driest and hottest years on record (California
Department of Water Resources, 2021).
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Fig. 4.16. Correlation of monoterpene emissions in downtown Los Angeles with other VOC fluxes,
indicating biogenic origin of monoterpenes. (A) Density plot showing correlation (r = 0.7) between
monoterpene fluxes and isoprene fluxes in the Los Angeles downtown region (definition of regions see
Fig. 4.1). (B) No correlation (r = 0.25) of monoterpene fluxes with the fluxes of an anthropogenic tracer,
D5 siloxane, in the downtown Los Angeles region.

Implications for urban air quality in a warming climate
Climate change is predicted to increase the number of hot days, with disproportionately large
temperature increases in urban areas and in the summer (Hulley et al., 2020; Pierce et al., 2013).
Average summer temperatures in the Los Angeles region are projected to increase by 3°C by the
2060s (Pierce et al., 2013). Our results imply that this would lead to a doubling in OH reactivity
and a 40% increase in SOA formation potential of the VOCs represented here. These may even
be underestimates as this calculation assumes a linear increase in OH reactivity and SOA
formation potential with temperature, as observed in the limited temperature range covered in
our study, while biogenic emissions are expected to increase exponentially with temperature
(Guenther et al., 2012). Our data suggest that terpenoids dominate the SOA formation potential
and ozone formation potential above 30°C. Historically, only 10% of July days in coastal
Southern California exceeded 30°C. By the 2060s, this fraction is predicted to increase to 50%
(Pierce et al., 2013). In inland Los Angeles regions, even currently July temperatures exceed
30°C (Pierce et al., 2013) nearly every day, and therefore biogenic sources likely already
dominate SOA and ozone production.
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Our findings underscore that climate change will lead to more high-ozone and high-PM2 s
pollution events unless anthropogenic emissions are substantially reduced (Jacob and Winner,
2009; Schneidemesser et al., 2015; Wu et al., 2008). On high temperature days, it becomes even
more important to reduce anthropogenic VOC emissions, since biogenic emissions cannot be
regulated, and since anthropogenic SOA is thought to pose a higher health risk by mass than
biogenic SOA (Lovett et al., 2018). A further reduction in NOx emissions will also help alleviate
the ozone burden after transitioning to a NOx-limited ozone formation regime. Flowering and
drought stress periods are expected to increase biogenic terpenoid emissions and may therefore
be especially prone to high ozone and particle pollution events.

Even at lower summer temperatures, biogenic terpenoids dominate secondary air pollutant
formation in many parts of Los Angeles. The inventory underestimation of mono- and
sesquiterpene emissions caused a factor of ~2 underestimation of VOC SOA formation potential
(Fig. 4.17) and may explain the gap between modeled and measured SOA (Pennington et al.,
2021). This combined with the fact that inventories also did not capture the temperature
dependence of anthropogenic VOCs has implications for the representation of the emission
mixture in general, and for predicting how the composition and pollutant formation changes as
temperatures increase.

Fig. 4.17. Summed OH reactivity of flux for the lowest and highest 25% temperatures in each 4 km x 4
km grid cell, and summed SOA formation potential of flux for the lowest and highest 25% temperatures
in each grid cell, shown for measurements, CARB and BEIS+FIVE-VCP inventories.
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5. NOx fluxes in the San Joaquin Valley
A version of this chapter is under review in Atmospheric Chemistry and Physics under the title
“Direct observations of NOx emissions over the San Joaquin Valley using airborne flux
measurements during RECAP-CA 2021 field campaign™, with the following authors: Qindan
Zhu, Bryan Place, Eva Y. Pfannerstill, Sha Tong, Huanxin Jessie Zhang, Jun Wang, Clara M.
Nussbaumer, Paul Wooldridge, Benjamin C. Schulze, Caleb Arata, Anthony Bucholtz, John H.
Seinfeld, Allen H. Goldstein, Ronald C. Cohen (Zhu et al., 2023)

5.1. Overview of observed NOx fluxes
The overview of observed fluxes across 7 flights over San Joaquin Valley is illustrated in Fig.
5.1. It shows a distinct spatial heterogeneity (Figure 5.1 (a)). For instance, high NOx flux signals
are detected when the aircraft was flying above highway 99 between Bakersfield and Visalia.
The transect of cities, such as Fresno, capture a substantial enhancement of NOx fluxes. Fig. 5.1
(b) exhibits the distribution of airborne fluxes. 90% of the fluxes are positive, demonstrating that
our airborne flux measurements are capable of detecting NOx emissions over the study domain.
We attribute the remaining 10% of negative fluxes to the uncertainties in the flux calculation.
The distribution of observed fluxes is right-skewed; the mean and median observed flux over the
SJV is 0.37 mg N m? h and 0.25 mg m h'%, respectively. The interquantile range of flux is
0.11 mg N m?2h™'and 0.49 mg N m?h. 1.2% of extremely high fluxes exceeding 2 mg N m2 h
! represents the long tail in the flux distribution, which are, like the negative fluxes, most likely
caused by the incomplete sampling of the spectrum of eddies driving the fluxes.

As discussed in Sect. 2.5.6, we then calculate footprint for each flux observation during the
RECAP field campaign. Figure 5.1 (a) shows the 90% footprint extent in grey. Fig. 5.1b
illustrates that the 90% extent for the calculated footprints ranged from 0.16 to 12 km with a
mean extent of 2.8 km. The KL04+2D footprint algorithm has been applied to airborne flux
analysis over London and in that study the 90% footprint extents range from 3 km to 12 km from
the measurement (Vaughan et al., 2021). While the largest footprint extent is comparable with
those from Vaughan et al. (2021), our calculated footprints show a wider scatter towards smaller
extent as 62% of the footprint extents are within 3 km. We attribute the small footprints to the
stagnant weather conditions. Due to the valley geography, the SJV experiences more stagnant
weather condition features with weaker horizontal wind advection compared to London. The
mean wind speed was 2.9 m/s for the full observational data set and it reduces to 2.4 m/s for
those data points with small footprint extents less than 3 km. The largest footprint extent
corresponds to observations at the foothills, due to higher altitude relative to the boundary layer
height and stronger horizontal wind advection.
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Fig 5.1. a) The map of observed airborne fluxes over 7 flights over the San Joaquin Valley. If the segment
overlaps each other, the average flux is calculated. The grey shade represents the coverage of 90%
footprint extents for all flux observations. b) The distribution of full data sets of observed airborne NOx
fluxes.

5.2. Component flux disaggregation
The region covered by the footprints is composed of mixed land cover types. We use the 2018
USDA CropScape database (2018) to describe the land cover types. The resolution has been
degraded from the native 30m resolution to 500m. For each grid, the land cover type is assigned
if a land type makes up more than 50\% of the 500m grid cell. We generalize a “soil” land cover
type if the land cover type is identified as either cropland or grassland. The grids classified as
“developed” in CropScape are dominated by anthropogenic activities including transportation
and fuel combustion. We overlay the national highway network and categorize the grids
containing highways as “highway” land types. The remaining grids are classified as “urban” and
they correspond to the area with heavy populations in the absence of highways. The distinction
between “highway” and “urban” land type is utilized to address on-road mobile sources. 37% of
the flux observations include the highway land type in the 90% footprint extent, 23% of the
observations include the urban land type and 96% of the observations include cultivated soil land

type.

To disentangle the flux emanating from different land cover types, we apply the Disaggregation
combining Footprint analysis and Multivariate Regression (DFMR) methodology described in
Hutjes et al. (2010). The observed fluxes are treated as the weighted sum of component fluxes
from each land cover type:

Fops = Z}i:l wi F (Eq. 5.1)

where K1 to ks denote highway, urban, and soil land types, wk is the fractional area within the
90% footprint contour and Fk are the corresponding component fluxes from highway, urban and
soil land types, respectively. The multi-linear regression is applied to observations from all
flights, consisting of 4391 data points. We perform the Monte Carlo simulation to identify the
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uncertainty of the multi-linear regression due to the flux uncertainty. The resulting statistical
uncertainty is shown in Fig. 5.2. The highway land type yields the highest flux of 0.96 mg N m"
h! with the standard deviation of 0.04 mg N m h'. The areas classified as urban land type
exhibit a flux of 0.43 (x 0.02) mg N m h', which is 50% of the highway flux.

2

Most likely the fluxes from highway are even higher than 0.95 mg N m2 h'. Note that the land
type map is at 500 m spatial scale, the grid classified as highway indeed includes both highway
and areas near highway. If, for example, the highway is only 10% of the true area of the land
cover pixel, then the fluxes on the highway could be as much as 10 times larger. the cultivated
soil land type flux of 0.30 (+ 0.01) mg N m2 h'l is large. It is about 1/4 the magnitude of the
highway flux and half that of the urban flux. As the total area of soil pixels are much larger than
the area of highway or urban pixels, integrated across the SJV soil NOx emissions are a major
factor.

Fig. 5.2. Bootstrapped statistical results of multi-linear regression to resolve component fluxes from
highway, urban and soil land types. Each bar represents the average component fluxes from each land
type and the black line shows the standard deviation.

Estimate of NOx emission map using airborne NOx fluxes
While these separate component fluxes emphasize the distinction between individual land types
at the spatial resolution of the land cover (500m), we utilize the NOx fluxes to yield an estimate
of NOx emission at 4km. For each 4 km grid, we collect the observed fluxes whose 90% of the
footprint overlaps with this grid area and define the weight ri as the fractional area that the
footprint covers. The emission, in a unit of mg N m2 h'l, is calculated by the weighted average
of flux (Eqgn. 5.2). Only grids measured by at least five flux observations are considered in order
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to focus our attention on those pixels for which we have a statistically representative sample of
the emissions.

Zk 1rka

Zn>5

The emission is calculated based on the observations from six flights during weekdays(Fig. 5.3
(@)). The largest reported weekday emission was on June 03 when the median emission was 0.39
mg N m= ht, The lowest weekday emission was observed on June 15 with the median emission
of 0.14 mg N m? h. The large daily variation observed in estimated emissions during weekdays
is partially due to the variation in flight routes and footprint coverage. This is illustrated by the
daily estimated emission map shown in Fig. \ref{supp:infer-emission-daily}.

Emis; = (Eq. 5.2)

As the emission inventories make a distinction between weekdays and weekends and do not
account for the daily variation on different weekdays, we average over the six-weekday flights to
yield the best estimate of emission maps over the San Joaquin Valley derived from flux
measurements (Fig. 5.3 (b)). The median estimated weekday NOx emission over the study
domain is 0.26 mg N m? hl. with the interquantile range of 0.14 and 0.46 mg N m2 h. The
observed emission map describes high NOy emissions in the cities of Bakersfield (119° W, 35.3°
N) and Fresno (119.8° W, 36.75° N) and along highway 99.

Fig. 5.3: @) The whisker box plot of observed emissions for each flight, aligned in the order of flight days.
The box represents the interquartile ranges of observed emissions and the line represents the median
emission. The whiskers show the maximum and minimum values. b) The spatial distribution of emission
at 4 km over SJV derived from observed fluxes during weekdays. The patch color shows the observed
NOx emission. The edge color denotes the land cover type; the grid cells covering highways in white,
those covering urban regions in black, and the rest of the grid cells that are categorized with cultivated
soil land cover types in green.
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Evaluation of anthropogenic NOxemission inventories
For each grid cell categorized as anthropogenic emission dominant, we then match the emission
inventories representing the weekday scenario to the same hour and grids of emissions derived
from measured fluxes. The corresponding hour of this estimated emission is rounded to the
closest hour of the observation times. Figure 5.4 and Figure \ref{supp:soil-emission-scatter}
show the comparison of observed anthropogenic emissions against EMFAC and FIVE emission
inventories. Over urban regions, the mean and median observed RECAP NOx emission are 0.37
mg N m2 h, and the interquartile range is 0.14 and 0.58 mg N m h't, Both EMFAC and FIVE
yield a good agreement with our measurements; the mean urban NOx emission are 0.40 and 0.43
mg N m* h. However, the median urban NOx emission in these inventories is 24% and 22%
lower than the observation, respectively. The estimated NOx emission on grid cells covering
highways is more scattered. The median estimated NOx emission is 0.24 mg N m2 hL. It is lower
than on urban grid cells due to spatial averaging and the fact that most of the highway length is
outside the urban regions. The distribution of observed RECAP NOy emissions from the highway
is right-skewed, characterized by an interquartile range of 0.14 and 0.47 mg N m? h't. We also
note that over Highway 99, the RECAP NOx emission is a factor of 3 higher than average on grid
cells near congestion, reflecting the variation of emission caused by real-time traffic conditions.
Both EMFAC and FIVE provide lower NOx emissions over highway grids, the median NOx
emissions are 37% and 50% of those from the RECAP observations. The highway pixels include
a land cover that is mostly non-highway; typically, soil. If soil N emissions are substantially
larger than in these inventories, it is possible that the measurements and bottom-up inventories
for highways are in better agreement than indicated by the figure.
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Fig. 5.4. Whisker box plot of observed RECAP anthropogenic NOx emissions from transportation and
fuel combustion as well as those from EMFAC and FIVE emission inventories, separated by highway and
urban land cover types. The box is the interquartile range with the line of the median value. The
maximum and minimum emissions are shown by whiskers and the mean emissions are shown in red dots.
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5.5.

Evaluation of soil NOx scheme

Figure. 5.5. a) Whisker box plot of estimated soil NO, emissions and parameterized soil NOx emissions
from MEGAN, BEIS and BDISNP schemes. The mean soil NOy, emissions are shown in black dots. b)
The scatter plot of soil NOy emissions calculated from BDISNP scheme and from flux estimates. The
dashed black is the least-square linear fit.

Figure. 5.5 (a) illustrates the range of soil N emissions derived from RECAP observations as
compared to these three different soil NOx schemes. The analysis of the observations exhibits a
median cultivated soil NOx emission of 0.26 mg N m h%; the interquartile range of the inferred
emission is 0.14 mg N m2 h'*and 0.45 mg N m? ht. MEGAN and BEIS both have an order of
magnitude lower emissions with median soil NOy emissions of 0.008, 0.011 mg N m2 h,
respectively. The BDISNP soil NOx scheme shows a median soil NOx emission of 0.14 mg N m
hl. Figure. 5.5 (b) exhibits a point-by-point comparison of the observed RECAP and the
BDISNP soil NOx emissions showing that there is a correspondence between the two but the
model is 2.2 times lower than the observations. Figure S5.4 (a) and (d) shows the spatial
distribution of soil NOx emissions from observation and BDISNP scheme. Both show higher soil
NOx emissions between 35.75° N and 36.25° N.
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Figure. 5.6. The dependence of soil NOx emissions on soil temperature from both flux
measurements (gray) and BDISNP scheme (orange). Both observed and BDISNP soil NOy
emissions are binned based on mean soil temperature from WRF-Chem. Three soil temperature
bins are described with 4k intervals. The whisker box shows the distribution and the black dot
shows the mean within each bin, the line connects median soil NOx emissions across three bins.

A distinct characteristic of soil NOx emission is its temperature dependence. For instance,
Oikawa et al. (2015) identified unusually high soil NOx emissions in a high-temperature
agricultural region based on in-situ observations. The temperature-driven increase in soil NOx
emission raises concerns in the future warmer climate, resulting in a larger contribution to O3
pollution (Romer et al., 2018). Here we leverage our flux observations to probe this temperature
dependence. We collect observed NOx emissions for each flight and select the subset of NOx
emissions on grids categorized as cultivated soil land type. We also collect corresponding mean
soil temperature from WRF-Chem and match them to observed NOx emissions both in time and
space. A range of soil temperature between 295K to 304K is observed. We then bin observed soil
NOy emissions to three soil temperature categories, each of which has 4K intervals. The median
soil NOx emissions increase from 0.22 mg N m2 h to 0.29 mg N m2 h*t with the median soil
temperature increasing from 296 K to 300 K. As the response to soil temperature is incorporated
in the BDISNP scheme, we also bin the BDISNP parameterized soil NOx emissions into the
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same soil temperature categories. Both the RECAP measured flux and the BDISNP modeled soil
NOx emissions exhibit an approximately 33% increase over the range of soil temperature shown.

5.6. Discussion of soil NOx scheme
Soil NOx emissions in California have been studied in field experiments. Matson et al., 1997
measured soil NOx emissions from nine dominant crop types in SJV and reported mean fluxes of
0.01-0.09 mg N m2 ht, They also reported a large variation of measured NOx flux among crops
and among different fields of the same crop; the highest measured NOx flux is 0.17 mg N m? h!
due to the fertilizer application and soil moisture characteristics. Horwath et al., 2013 observed
an average flux of 0.05-0.28 mg N m h! at mid-days during summertime from five crops in
California, and the highest NOx flux is >4 mg N m h! in systems receiving large N inputs
resulting in high concentrations of ammonium. Oikawa et al., 2015 observed soil NOx emissions
in a high-temperature fertilized agricultural region of the Imperial Valley, CA, ranging between -
0.02 and 3.2 mg N m h', They also conducted control experiments to investigate the soil NOx
emission responses to fertilization and irrigation. The highest soil NOx flux was reported ~ 10
days after the fertilizer at the soil volumetric water content of 30% and the soil temperature of
~ 313K.

The mean soil NOx flux, 0.32 mg N m h, derived in our flux measurements is higher than the
mean fluxes reported in Matson et al., 1997 and Horwath et al., 2013, however, the range of
estimated soil NOx flux is within those in Horwath et al., 2013 and Oikawa et al., 2015. Fertilizer
is likely the primary contributor to the higher mean soil NOx flux in our study. The RECAP-CA
field campaign was conducted in June, right after the month of peak fertilizer use in SJV (Guo et
al., 2020). Shown in Oikawa et al., 2015, soil NOx flux can increase up to 5-fold within 20 days
of fertilizer. The higher mean soil NOx flux is also contributed by higher soil temperature. In our
study, the mean soil temperature is 299K with a range between 295K and 304K, whereas the
observations in Horwath et al., 2013 and Oikawa et al., 2015 spread over a wider range of soil
temperature, 288K-315K. Consistent with our study, the temperature dependence of soil NOX
emission is observed in these field experiments. Horwath et al., 2013 reported a 2.5-3.5 fold
increase in NOXx fluxes with 10-degree increase in soil temperature. Oikawa et al., 2015 showed
that the temperature dependence of soil NOx emission is non-linear; a steeper increase in soil
NOx emission was observed with the soil temperature exceeding 295K .

It is worth noting the limitation of estimated soil NOx emissions in our study. First of all, we are
unable to investigate the dependence of soil NOx emissions on meteorological drivers other than
soil temperature, such as soil moisture, as modeled soil moisture presents very small variation
during the field campaign. Second, as our measurements only cover limited cropland areas in
SJV over a short time period and it is around the time of fertilizer use, we cannot scale the
estimated soil NOxemission to the whole year or to the total cropland areas in California. Last, in
the absence of ozone and PM2.5 observations, we cannot investigate the impact of soil NOx
emission on air quality. However, as the SJV is in the NOx limited regime (Pusede et al., 2014),
we expect a model that captures the soil NOx more accurately will produce higher ozone. Future
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work is needed to further advance our understanding of soil NOx emission and its role in urban
and rural air pollution.
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6. VOC fluxes in the San Joaquin Valley
A version of this chapter is under review at Atmospheric Chemistry and Physics under the title
“Volatile organic compound fluxes in the San Joaquin Valley — spatial distribution, source
attribution, and inventory comparison”, with the following authors: Eva Y. Pfannerstill, Caleb
Arata, Qindan Zhu, Benjamin C. Schulze, Roy Woods, Colin Harkins, Rebecca H. Schwantes,
John H. Seinfeld, Anthony Bucholtz, Ronald C. Cohen, Allen H. Goldstein,
https://doi.org/10.5194/egusphere-2023-723

6.1. Overview of the VOC flux observations
VOC flux observations from seven flights on different days were spatially averaged to 1 km with
the result shown in Fig. 6.1. As described in chapter 5.1 (Zhu et al., 2023) and shown in Fig. 2.9,
the footprints were mostly close to the flight track and had an average extent of 2.6 km. The
spatial distributions of the fluxes were clearly source-dependent (Fig. 6.1). Monoterpene
emissions were highest (> 0.6 mg m hl) in the areas where citrus orchards, citrus packaging
and processing facilities are located, and moderate in the urban areas (mostly in the range of 0.3-
0.6 mg m2 h'), where both trees and anthropogenic sources like fragrance use may contribute to
the monoterpene emissions (Peng et al., 2022). Aromatic emissions (example in Fig. 6.1: C3
benzenes, likely mainly trimethylbenzene) were highest (> 0.03 mg m? h™ and up to
0.3 mg m2 h'* for C3 benzenes) in the urban areas and along the highway 1-99. Isoprene
emissions were negligible in the croplands, and high (0.6-3.8 mg m h%) in the oak woodlands
of the Sierra Nevada foothills (Sequoia National Forest), as previous airborne flux observations
in the region have also shown (Misztal et al., 2014; Misztal et al., 2016). The isoprene emissions
in the oak woodlands were in the same range as reported by Misztal et al., although visually up
to 1/3 of the oaks appeared to be dead (Fig. S6.4), potentially from climate stress (Wang et al.,
2022a) and/or Sudden Oak Death (Frankel, 2019). Enhanced isoprene emissions in Bakersfield
(up to ~1 mg m? h'!) may indicate isoprene-emitting urban trees. The negligible isoprene fluxes
observed in the croplands confirm that crops are negligible isoprene emitters (Gentner et al.,
2014b). The spatial distributions of methanol, ethanol, and cresol emissions were similar to each
other (Fig. 6.1). They all resembled the distribution of dairy and cattle farms, which likely are
their main sources. Like other oxygenated VOCs (OVOCs), methanol and ethanol were
deposited in some parts of the study area, especially in the oak woodlands of the Sequoia
National Forest. Maximum deposition fluxes reached -2.1, -7.0, and -0.08 mg m2 h*! for
methanol, ethanol, and cresol, respectively.
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Figure 6.1: Fluxes in the San Joaquin Valley shown for 6 example VOCs. Values shown result from all
flights, averaged to a 1 km grid (points enlarged for better visibility). Blue colors indicate deposition
fluxes. The monoterpene emission distribution is shown together with a heat map of citrus packing and
processing facilities. Methanol, ethanol and cresol emissions distributions are comparable to the
distribution of dairy and cattle farms (shown as heat map in last panel). Satellite imagery map from ESRI
ArcGIS Pro.

The mass flux measured in the San Joaquin Valley was overwhelmingly dominated by OVOCs
(including alcohols, acids, carbonyls, and other OVOCSs) with 81% of the total (Fig. 6.2).
Alcohol emissions alone contributed almost half, mostly due to methanol (21%) and ethanol
(18%). Acids (18%) and carbonyls (9%) also were relevant OVOC emissions. We attribute the
dominance of OVOC emissions mainly to the abundance of dairy farms in the study area (see
Fig. 6.1 and below), with 200 farms in the flux footprints and =1400 in the whole San Joaquin
Valley (Hopkins et al., 2019). In an airborne study of VOC mixing ratios in the San Joaquin
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Valley, OVOCs even accounted for 91% of the total (Liu et al., 2022). This reflects that a
relevant fraction of the reactive VOCs is lost before it reaches the point of observation, which
makes it difficult to determine primary emission contributions from concentration-based studies
and underscores the value of direct flux measurements.

When the fluxes are scaled by OH reactivity (Fig. 6.2a), which is an indicator for the VOCs’
relevance for ozone formation, the OVOCs contribute 42%, but now the terpenoids (isoprene,
mono- and sesquiterpenes) contribute equally 42% of the total, mainly because of isoprene
(32%) followed by monoterpenes (10%). This fraction is much higher than the concentration-
based BVOC contribution to OH reactivity of 6% found in the SJV by Liu et al. (2022) or our
own observation of 13% (Fig. 6.2b), since such observations are skewed towards long-lived
species, depend on the transport and oxidation time between emission and observation, and do
not reflect the primary emission contributions (see above). When considering the relative
contributions shown in Fig. 6.2, it is important to note that the contribution of isoprene is almost
entirely due to the flight leg performed in the Sierra Nevada foothills. Depending on the wind
direction, it is possible that these emissions contribute less to air quality in the center of the San
Joaquin Valley than Fig. 6.2 suggests.

Figure 6.2: Pie charts showing the median composition of (a) flux-based quantities, with VOC group
contribution to measured mass flux, and OH reactivity flux; and (b) concentration-based quantities, i.e.,
the contributions to the VOC mixing ratio and OH reactivity. The VOCs included in each group are listed
in Supplementary Table 2. VOC classes contributing less than 2% of the total were not labeled. SQT:
Sesquiterpenes.
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Figure 6.3: Pie charts showing the composition of the measured VOC emissions by mass from the
footprint disaggregation result. CxHy DBE: Hydrocarbons with double bond equivalents (i.e., alkenes,
cycloalkanes, and potentially unknown aromatics). For oil and gas sources, this category includes CisHz4
(European Chemical Agency, 2006) and C1oH1s (Gueneron et al., 2015) isomers that are sorted into the
sesquiterpene and monoterpene categories, respectively, for other sources. Since the PTR-MS is blind to
most alkanes, the VOC composition, especially of the oil & gas category, can be expected to be
incomplete.
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6.2.

Source attribution
The San Joaquin Valley contains a multitude of potential VOC sources, with crop agriculture,
dairy and cattle farms, major highways, oil and gas production, urban areas, and natural sources.
In order to attribute VOC emissions to their sources, we used a footprint disaggregation method
that applies multivariate linear regression of the measured fluxes using land cover information
weighted by footprint density as predictors (Hutjes et al., 2010; Hannun et al., 2020). We
compiled the spatial distribution of landcover types and point sources using CropScape for land
cover (National Agricultural Statistics Service, 2018), Vista-CA for the locations of dairy and
cattle farms, composting sites, digesters, landfills, and wastewater treatment plants (Hopkins et
al., 2019), a business registry for ethanol biofuel manufacturing locations (SafeGraph, 2022), a
registry of active oil and gas wells (CALGEM, 2022), and locations of citrus processing and
packaging facilities collected from Google Maps which we uploaded to ArcGIS online
(Pfannerstill, 2022). Using these sources as input, we first identified the crop types and Vista-CA
sources that were present in at least 10 % of the footprints or covered at least 10 % of a footprint.
The remaining source types were used as input for a multivariate linear regression for footprint
disaggregation. The number of crop types was reduced further by performing a test with adding
crop types in each regression loop. Only citrus crops (combining oranges and other citrus) and
other tree fruit crops (combining cherries, nectarines, peaches, pomegranates, apples, pears)
significantly improved the regression. All remaining crop types were summed up under a
“cropland” category. The grasslands in the slopes of the Sierra Nevada were removed from the
results since they are strongly impacted by the hillslope effect, which causes pollution from the
valley to be transported up along the slopes and makes it appear as positive emission fluxes in
the measurements, although it is not emitted by the grass itself. Grasslands are expected to be
negligible VOC sources (Bamberger et al., 2010; Brunner et al., 2007) except immediately after
cutting (Brilli et al., 2012; Davison et al., 2008). Figure 6.4 shows the relative composition of
emissions attributed to eight relevant source types found in the San Joaquin Valley.

The footprint disaggregation results (Fig. 6.4) show reasonable emission compositions for the
sources presented, although the separation of sources is not always complete. For example, the
oil and gas category includes isoprene, since most of the oil and gas wells overflown were
located in the Sierra Nevada foothills northeast of Bakersfield, close to the oak woodlands. Vice
versa, the oak shrubland category includes hydrocarbons that may be stemming from the oil and
gas production (but partly may be PTR-MS fragment ions from terpenoids emitted in the oak
region (Kari et al., 2018; Tani, 2013)).

Apart from the overall composition of each source’s emissions, we also identified tracer m/z for
the sources (Table 6.1). These were m/z whose emissions in the disaggregation result were above
3x the overall median emission of that m/z, above 2x the standard deviation of emissions
between the sources, and higher than in the disaggregation result of at least six other source
categories.

The composition of the dairy/CAFO (concentrated animal feeding operation) category was
dominated by fermentation-related VOCs, with a mass fraction of 12 % methanol (1.1 kg
facility h't), 34 % ethanol (3.0 kg facility* h™%), 12 % other alcohols, and 21 % acids dominated
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by acetic acid (1.8 kg facility* h') (Fig. 6.4, Table 6.1). This composition is in agreement with
direct measurements of dairy cattle VOC emissions (Gierschner et al., 2019; Oertel et al., 2018;
Shaw et al., 2007; Stackhouse et al., 2011; Sun et al., 2008; Yuan et al., 2017), of silage, the
fodder used for cows in industrial agriculture (Hafner et al., 2013; Malkina et al., 2011), and of
manure (Hales et al., 2015; Sun et al., 2008), which all are rich in alcohols and acids. For
example, Yuan et al. (2017) reported a mole fraction of 55-87 % alcohols and 4-32 % carboxylic
acids from CAFO emissions. Less important in amount, but relevant “tracers” for dairy and cattle
emissions (Table 6.1) in agreement with previous studies (Yuan et al., 2017; Borhan et al., 2012;
Gierschner et al., 2019) also included strongly odor-active sulfur-containing VOCs (hydrogen
sulfide, methane thiol, dimethyl sulfide or ethane thiol, benzothiazole), and phenolic species
(phenol, cresols). The emission strengths can vary strongly between individual dairy farms
(Gentner et al., 2014a; Yuan et al., 2017) based on feed composition (Hafner et al., 2013; Hales
et al., 2015; Malkina et al., 2011), management practices, or animal age and state (Shaw et al.,
2007; Gierschner et al., 2019; Stackhouse et al., 2011). This is confirmed by our observations,
where e.g. methanol fluxes from dairy-dominated footprints had a variance of 2.2 mg m? ht
associated with a median of 1.0 mg m2 h.

The oil and gas category mainly consisted of hydrocarbons (82%, Fig. 6.3). Since the PTR-MS
method is blind to most alkanes, we can only report hydrocarbons with double bonds or longer-
chain (cyclo)alkanes, and aromatics. Interestingly, two m/z that are usually attributed to biogenic
emissions were significantly enhanced in the oil and gas emissions: CisH24H* (m/z 205.19) and
CioH16H™ (m/z 137.13; Table 6.1). In the oil and gas category, we attributed them to petroleum
emissions and included them into the hydrocarbons with double bond equivalents category, since
C1sH24 can be a component of petroleum kerosine (European Chemical Agency, 2006) and
CioH16H" here is likely a PTR-MS product of decahydronaphthalene (Gueneron et al., 2015).
Tracers for this source category included C4-C17 hydrocarbons, covering almost the entire mass
and volatility range that can be measured with the method used. Example m/z are C14H24H*
(anthracene or phenantrene), and CgH1s™ and CoH17*, which both are fragments of substituted
cyclohexanes (Gueneron et al., 2015).

The citrus packing and processing category includes juice factories, fragrance extraction, and
citrus packaging facilities. Emissions from these consist of 28% (8.75 kg facility* h™%)
monoterpene and 28% ethanol emissions as the largest contributors by mass (Fig. 6.3). While
there were 45 citrus processing and packaging facilities identified in the study area, one of them
stood out with extremely large emissions: A facility in Tipton, CA. In Fig. 6.1, this is shows up
as the largest monoterpene source location, with 11.8 mg m? h' emitted on average in Tipton
over all flights, while only a small fraction of the measurement footprint is covered by the
facility. This facility does not only produce juices, but also extracts monoterpenes for the
fragrance industry (Ventura Coastal, 2023). It is possible that ethanol is used as a solvent in the
extraction process. Also, fruit juices contain significant amounts of ethanol (Gorgus et al., 2016).
Since citrus fruits emit monoterpenes especially when they are being handled, and monoterpene
emissions were enhanced around citrus packaging facilities, we conclude that citrus packing also
contributes to the agroindustrial source of monoterpenes summed up in this category. Tracers
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observed in the citrus processing and packing emissions (Table 6.1) were rich in C1oH1e
monoterpenes, but also included aromatic monoterpenes (C1oHzs), monoterpenoids (e.g.
C10H180, CgH140, CoH1402, C10H1803), sesquiterpenes (CisH24), sesquiterpenoids (CisHz2),
diterpenes (C20Hs32), and the plant metabolite dodecane (C12H2s).

The citrus crop emissions composition with mass fractions of 31% monoterpenes and 17%
methanol agrees with a study performed on Californian citrus plants and in a San Joaquin Valley
citrus plantation, where methanol and monoterpenes were the largest emissions, approximately
equal in molar contributions (Fares et al., 2012; Fares et al., 2011). The aromatic fraction of the
citrus crop emissions (11%) included aromatic monoterpenes (CioHzs) and their fragments. Other
aromatic emissions from citrus observed here (toluene, Table 6.1) have previously been reported
as well (Misztal et al., 2015).

Emissions of the “other tree fruits” category (not shown in Fig. 6.3 for space reasons, see Fig. 6.4
and Table 6.1) were enhanced in monoterpene emissions compared to the other cropland, and
exhibited a plant metabolite as a tracer: methyl salicylate, a methyl ester of a plant hormone that
is considered to be a stress indicator (Niinemets and Monson, 2013). The monoterpene
enhancement is in accordance with the literature, where fruit trees such as cherry and peach have
been shown to be monoterpene emitters (e.g. Gentner et al., 2014b; Rapparini et al., 2001).

The emission mass fractions in the “other cropland” category look similar to the dairy emissions,
which is likely because the dairy farms are usually located in the middle of cropland and cannot
completely be separated out. However, in the cropland category, the methanol emission fraction
is, at 27% of the total, much higher than in the dairy category (Fig. 6.3), which indicates that
some actual crop emissions were captured by the disaggregation. Methanol has been reported to
be emitted by many crops (Konig et al., 1995; Das et al., 2003; Gonzaga Gomez et al., 2019;
Karl et al., 2001; Warneke, 2002; Gentner et al., 2014b; Loubet et al., 2022), including almonds
(Gentner et al., 2014b), one of the major crops in the San Joaquin Valley. There were no specific
tracer VOCs identified for the “other cropland” category.

The oak shrublands emissions were dominated by isoprene (62%, 0.73 mg m h!) and
monoterpenes (20%, Fig. 6.3). The oaks of the Sierra Nevada foothills are known isoprene
emitters (Misztal et al., 2014). Tracer m/z identified for the oak shrubland emissions also
included monoterpene alcohols (C10H180) and sesquiterpene alcohols (C1sH260).

The emission composition of the urban & road category was similar to the composition of VOC
emissions in Los Angeles (Pfannerstill et al., submitted), with a large ethanol contribution (21%,
Fig. 6.3) and significant aromatics emissions (8%). Tracer species identified for this source
category included chloramine (potentially from cleaning (Mattila et al., 2020)), several aromatics
(styrene, C2 benzenes [e.g. Xylene], C3 benzenes [e.g. trimethylbenzene]) indicative of traffic
emissions, and para-chlorobenzotrifluoride, a coating solvent (Stockwell et al., 2020).

In Pixley, CA, the largest single ethanol source of the study area was observed: An ethanol
biofuel factory, which according to the disaggregation emits 106 kg of ethanol per hour. The
footprint disaggregation result of almost exclusively ethanol emissions (93%, Fig. 6.3) for this
facility is reasonable.
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Figure 6.4 shows quantitative results of the footprint disaggregation. Area fluxes per mass (Fig.
6.4a) were highest in the “developed” category (total of ~4.2 mg m ht) which includes roads
and urban areas, followed by cropland and citrus crop emissions of each ~3 mg m2 h. A
notable result was the deposition of OVOCs (alcohols, acids, carbonyls) of in total -0.9

mg m h'tin the oak shrublands. With an emission flux of 1.1 mg m? h, the resulting net mass
flux of the oak shrublands was close to zero. Deposition of oxygenated VOCs on leaf surfaces
and even uptake into leaves (Seco et al., 2007; Canaval et al., 2020) and soils (Rinnan and
Albers, 2020) are known phenomena. Point source emissions (Fig. 6.4b) were highest from
ethanol biofuel manufacturing (=115 kg h* facility®), followed by citrus processing/packing
(~31 kg h! facility'), and dairy farms (~9 kg h! facility®).

Considering the OH reactivity instead of the mass of emissions by area (Fig. 6.4c) changes the
order of source importance: The oaks were the largest source of OH reactivity per area (0.21

m s2) followed by citrus crops (0.17 m s) and developed areas (0.16 m s). Among the point
sources, scaled by OH reactivity, the ethanol manufacturing factory (Fig. 6.4d) was still largest
(0.59 m® s facility'), and was closely followed by citrus processing (0.43 m? s facility™).
Dairy farms emitted an OH reactivity of 0.22 m? s facility .

The relevance of each of these sources for air quality in the San Joaquin Valley depends on their
abundance in the region. It should be noted that there is only one ethanol biofuel factory in the
valley, but = 1400 dairy farms, 47 000 active oil or gas wells, and 45 citrus processing facilities.
The areas of citrus crops, other tree fruits, other cropland, oak shrublands, and developed areas in
the whole San Joaquin Valley are approximately 970, 1140, 17540, 3880, and 3960 km?,
respectively. (The oak area depends strongly on where the border of the valley is drawn.)
Previous studies have reported that dairy farms are a major contributor to ozone formation in the
San Joaquin Valley, only second to road transport (Howard et al., 2008) and predicted that traffic
and dairies would contribute equally by 2020 (2012). We refrain from upscaling our results to
the whole San Joaquin Valley for two reasons: The source separation resulting from the
disaggregation is not perfect, and the contribution of the oak woodlands depends strongly on
where along the slope of the Sierra Nevada the border of the valley is drawn. However, it
becomes clear from our observations that citrus-related emissions — including crops and citrus
processing or packing — are a previously disregarded source of highly reactive VOCs in the San
Joaquin Valley with important ozone formation capabilities. Locally, in Pixley, ethanol biofuel
manufacturing is a substantial VOC source with potential for secondary air pollution
contribution.
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Figure 6.4: Quantitative footprint disaggregation results shown as mass fluxes (a, b) and OH reactivity
fluxes (c, d). The fluxes for area sources were given per area (a, c), while point sources (b, d) are reported
as fluxes per facility. Negative fluxes signify deposition. Note that the oil and gas well emissions were
multiplied by 100 to become visible, and that their expectedly significant alkane emissions were not
captured by the measurements. “Developed” includes urban areas and roads.

Table 6.1: List of tracer m/z specific to the different sources, resulting from the footprint disaggregation.
Point source emissions are given in kg facility™* h, and area source emissions in mg m? h™. The
complete disaggregation results with emissions of each VOC attributed to each source are given in
Supplementary Table 5. No specific tracers were found for the general cropland emissions.

Chemical .
Mass (amu, . Source emission
Source rotonated) Formula Potential 1D (kg facility h)
P (protonated) g y
Citrus _ 93.055 CaHyOut Glycerol, C; acid/ester 1.29E-01
Processing water cluster
103.039 C4H703+ Isoprene ox 5.81E-02
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Ethanol
Biofuel
Factory

Oil & Gas
production

103.075
105.091
109.101
133.050
135.117
137.132
139.112
155.107

155.143

159.138
163.075
167.034
171.065
171.138

171.211

175.060

203.179

205.195
273.258

47.049

57.070

71.086
83.086
85.101

CsH1102+
CsH1302+
CeHist
CsHoO4+
CioH1s+
CioHa7+
CoH150+
CoH1502+

C1oH100+

CoH1902+
C1oH1102+
CsH7O4+
CsH1104+
CioH1502+

CioHo7t

C7H100sH+

CisHozt

CisHos+
CaoHaH+

CyH,0+

CsHo+

CsHut
CeH11t
CeHizt

ethyl propionate, etc.
Pentanediol
sesquiterpene fragment
CsHgOq4

aromatic monoterpenes
monoterpene
Nopinone etc
norpinonaldehyde etc

citronellal, monoterpene
alcohols

Co acid/ester
Safrole, carbofuran
Phthalic acid
CsH1004

Linalool oxide

Dodecane (plant
metabolite)

Shikimic acid

Aromatic sesquiterpene,
sesquiterpenoid

Sesquiterpenes

Diterpenes

ethanol

butene

pentene
cyclohexene, hexadiene

hexene, hexanol fragm

4.54E-02
3.67E-02
1.07E-01
1.12E-01
5.04E-02
8.75E+00
1.19E-02
1.21E-02

1.01E-02

2.22E-02
1.67E-02
2.66E-02
6.53E-03
4.72E-03

4.90E-04

6.28E-04

2.52E-03

6.40E-02
5.56E-04

106.14

9.79E-04

4.45E-05
8.72E-04
4.64E-05
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Dairy & cattle
farms

97.101

111.117

119.086

125.132

129.164

133.101

135.117
137.132
139.148
146.976
151.148

179.179

193.195

203.179

205.195

207.211

221.226
231.211
235.242

33.033

34.995
43.054

C7Hqat+

CeHyst

CoHuit+

CoHy7t+

CoHo1t+

CioH1at

CioHis+
CioHa7+
CioH1ot+
CeCloHs+
CuHiet+

CiaHost

CuaHos+

CisHost

CisHos+

CisHort

CisHoot
CirHort
Ci7Hart

CHs0O+

HsS+
CsH7+

heptadiene, heptanal
fragm

dimethylcyclohexane
fragment

propenyl benzene,
methyl styrene, indane

Trimethylcyclohexane
fragment

CoH20 hydrocarbons

Phenylbutene and
isomers

tetramethyl benzene
Decahydronaphthalene
C1oHag hydrocarbons
dichlorobenzene
methyl-caren

Heptylbenzene and
isomers

anthracene, phenantrene

CisHy, petroleum
hydrocarbons

CisH24 petroleum
hydrocarbons

CisHzs petroleum
hydrocarbons

C16 hydrocarbon, 3DBE
Ci7 hydrocarbon, 5 DBE
Ci7 hydrocarbon, 3 DBE

methanol

Hydrogen sulfide

propanol fragment

1.72E-04

1.19E-04

4.84E-05

3.81E-05

1.85E-06

4.68E-05

1.64E-04
2.19E-03
2.14E-05
4.41E-05
6.57E-05

6.91E-05

2.51E-05

7.83E-06

1.71E-04

5.75E-06

3.61E-06

4.34E-06

2.98E-06

1.08E+00

1.58E-03
7.06E-01
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Vinylamine,

44.049 CoHsN+ acetaldimine 3.34E-03
45.033 CyHs0+ acetaldehyde 2.06E-01
47.049 C.H,0+ ethanol 3.03E+00
49.011 CHsS+ methane thiol 5.47E-03
61.028 CoHsOx+ acetic acid 1.78E+00
63026  CoHiS+ 537?.32 thiol, dimethy} 2.30E-02
63.944 So+ Sulfur 2.66E-03
73.065 C4HyO+ methyl ethyl ketone 4.53E-02
74.060 CsH/NOH+ Dimethylformamide 6.67E-03
83.013 C4H302+ fragment 5.68E-03
87.080 CsHu10+ Cs carbonyls 5.60E-03
95.049 CgH;O+ phenol 2.83E-02
103.075 CsH110+ ethyl propionate, etc. 9.36E-03
107.070 C4H1103+ C4-acid water cluster 2.56E-02
109.065 C7H,O+ cresols, anisole 3.93E-02
121086 CoHuOHOH+  valors eold 9.85E-03
129.127 CgH1,0+ Csg carbonyls 2.51E-03
136.022 C7HsNS+ benzothiazole 6.03E-03
141.055 C7HoOs+ C7HgO3 1.19E-02
145.122 CgH1702+ Cs acid 4.80E-03
155.107 CoH1502+ Cy acid/ester 3.07E-03
173.044 C7HqOs+ C7HgO4 5.56E-03
223.169 C1aH230.+ C14aH220- 7.25E-04
Chemical .

Source R S Formula Potential ID Source eml_szsn:_)ln
protonated) (protonated) (mg m=h™)
Citrus Crops 93.070 C/Ho+ I;?)%Tg:)g:;sr,ot?f: (ia(;e 0.076
137.132 CioH17+ monoterpene 0.906
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6.3.

151.112

205.195

Other Tree
Fruits

137.132

153.055

Developed

(urban &

51.995

road)

Oak

82.945

97.101

105.070

107.086

121.101

136.022
156.951

181.003

38.015

shrubland

69.070

155.143

223.206

C1oH1s0+

CisHos+

CioHi7t+

CgHqOs+

CIH3N+

CHCI+

C/Hiz+

CgHot+

CeHut

CoHyat+

C/HsNS+
CoHgl+

C/H4CIFzH+

CsHo+

CsHot

C1oH10+

Ci5H270+

monoterpenoids - e.g.
carvone, thymol

sesquiterpene

monoterpene

Methyl salicylate (plant
metabolite)

chloramine

chlorinated fragment

heptadiene, heptanal
fragm

styrene,
cyclooctatetraene

Xylene, C; benzenes

trimethyl benzene, Cs
benzenes

benzothiazole
lodoethane

Para-
chlorobenzotrifluoride

alkyl fragment

Isoprene

citronellal, monoterpene
alcohols

Cadinol, farnesol,
sesquiterpenoids

0.005

0.036

0.095

0.014

0.005

0.007

0.006

0.028

0.045
0.022

0.007
0.002
0.006

0.010

0.733
0.003

0.002

Inventory comparison

A comparison of observed median fluxes with the California Air Resources Board (CARB)
Inventory and the combination of the BEIS (biogenic) and FIVE-VCP (anthropogenic)
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Inventory, hereafter “BEIS + FIVE-VCP?”, is given in Fig. 6.5. In both inventories, median
isoprene emissions were strongly overestimated. In the CARB inventory (Fig. 6.5a), methanol,
acetaldehyde and acetone emissions were relatively close to the observations (within a factor of
2). All other CARB VOCs included were underestimated in the medians, notably the aromatics
and typical dairy emissions such as ethanol, acids, cresol and phenol.

While most CARB inventory VOC emissions were lower than observations, the BEIS + FIVE-
VCP inventory emissions (Fig. 6.5b) scatter more around the 1:1 line with observations. Within a
factor of 2 were methanol, ethanol, monoterpenes, long-chain acids, and acetaldehyde; within a
factor of 3 toluene and xylene. The inventory underestimated the median emissions of cresol,
phenol, benzaldehyde, benzene, and acetic acid, and overestimated acetone and potentially
sesquiterpene emissions. The sesquiterpene emission observations are a lower limit because their
speciation is unknown, and conservative reaction rates were assumed for the correction of ozone
and OH loss between surface and flight altitude.
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Figure 6.5: Comparison of median values between measured and inventory emissions of individual
VOC:s for (a) CARB and (b) BEIS+FIVE-VCP. Cres: Cresol, Phen: Phenol, MCT: Methanethiol, SESQ:
sesquiterpenes, TMB: trimethylbenzene, BALD: benzaldehyde, BACL.: Biacetyl, Naphth: naphathalene,
MEK: methyl ethyl ketone, Benz: benzene, Xyl: Xylene, Tol: Toluene, TMB: Trimethylbenzene, MT:
monoterpenes, MeOH: methanol, EtOH: ethanol, CCOOH: acetic acid, ACD: acetaldehyde, RCOOH:
Higher organic acids, “Measured” values can slightly differ in comparison to each inventory because of a
different distribution and coverage of inventory grid cells.
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Figure 6.6: Differences between measurement and inventory emissions for terpenoids observed in the
San Joaquin Valley. (a), (c): CARB Inventory, (b, d) BEIS+FIVE-VCP inventory. Orange colors
designate observations > inventory emissions, purple colors the opposite. Color scales were chosen
accordingly (diverging where there are both over- and underestimations in the inventory, orange where
there are mainly underestimations, purple where there are mainly overestimations). Important sources are
indicated in the maps (oak shrublands for isoprene, citrus processing and packing for monoterpenes, with
Tipton highlighted as the place with a juice and fragrance extraction factory). Satellite maps from NAIP
Imagery via ESRI ArcGIS Pro.

Since emissions are spatially highly variable within the San Joaquin Valley according to source
distribution, spatial comparisons of observed emissions with the inventories provide additional
information and can regionally differ from the median comparison shown in Fig. 6.5. Figure 6.6
shows the difference between measurements and inventory for isoprene and monoterpene
emissions. Both inventories display similar patterns for isoprene (Fig. 6.6 a, b). Observations and
inventories matched well in the oak shrublands, with only a slight tendency to overestimation
especially in the BEIS inventory, potentially because of the reduced fraction of live oak trees
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(see Fig. S6.6 and Sect. 6.1). Isoprene emissions were strongly overestimated by both inventories
northeast of Visalia, in the region with intense citrus production (see Fig. 6.6d). The CARB
inventory overestimated isoprene emissions in Bakersfield, while the BEIS + FIVE-VCP
inventory matched relatively well there and instead showed a stronger overestimation in the
dairy region around Hanford. For monoterpene emissions (Fig. 6.6 ¢, d), the two inventories
were distinctly different. The CARB inventory underestimated monoterpene emissions almost
throughout the study region, with especially strong underestimations in the regions with intense
citrus processing. The monoterpene emission hotspots of the juice and fragrance factory in
Tipton (and to a lesser extent of a juice factory in Delano) have clearly not been included in
either of the two inventories. Contrary to the CARB inventory, the BEIS+FIVE-VCP inventory
overestimated monoterpene emissions from large swaths of the croplands. However, it
underestimated monoterpene emissions in the citrus regions similarly to the CARB inventory.
An unrealistic land cover underlying the inventory is likely the reason for mismatches between
observed and predicted isoprene and monoterpene emissions (Misztal et al., 2016).
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Figure 6.7: Differences between measurement and inventory emissions for two aromatic VOCs observed
in the San Joaquin Valley. (a), (c): CARB Inventory, (b), (d) BEIS+FIVE-VCP inventory. Satellite maps
from NAIP Imagery via ESRI ArcGIS Pro. Orange colors indicate where the inventory is underestimating
emissions, purple colors where it is overestimating. The C;Hg signal potentially includes fragments of
aromatic monoterpenes besides toluene.

The benzenoid emissions comparison (Fig. 6.7) showed distinct patterns where toluene and
xylene were both underestimated by the inventories along the highway and in Bakersfield but
overestimated in Fresno and Visalia. Toluene emissions were also underestimated in the citrus
production regions northeast of Visalia, potentially because of citrus toluene emissions (Misztal
et al., 2015), but this signal may be influenced by fragments of aromatic monoterpenes (Kari et
al., 2018).
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Figure 6.8: Differences between measurement and inventory emissions for some dairy and cattle farm
VOC emissions observed in the San Joaquin Valley. (a), (c), (¢): CARB Inventory, (b), (d), (f)
BEIS+FIVE-VCP inventory. Important sources are indicated by the density of dairy farms and, for
ethanol (c, d), by the ethanol biofuel factory location. The CARB inventory includes the sum of cresol
and phenol (e), while cresol is shown separately for BEIS+FIVE-VCP. Satellite maps from NAIP
Imagery via ESRI ArcGIS Pro.
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Typical dairy VOC emissions are shown in comparison with the inventories in Fig. 6.8, and they
all tend to be underestimated. Both inventories predicted lower than observed methanol
emissions with especially strong differences in the dairy-intense regions (Fig. 6.8 a, b), while
matching reasonably well in the urban areas of Bakersfield and Fresno. However, the differences
were generally larger in the CARB inventory than in the BEIS+FIVE-VCP inventory. For
ethanol emissions (Fig. 6.8 ¢, d), the ethanol biofuel factory was the location of the largest
underestimation in both inventories. Both inventories also clearly underestimated ethanol
emissions in the dairy-intense regions and matched better in the urban areas. Cresol and Phenol
were underestimated by both inventories in the dairy regions, but also in the urban areas. For
other dairy-relevant emissions not shown here (e.g. methanethiol and acetic acid), we find a
similar result where the inventories underestimate these emissions. This may explain why a
model based on the CARB inventory underestimates observed enhanced ozone near dairy farms
(Cai et al., 2016).

This hypothesis is further explored in Fig. 6.9, which shows ratios of OH reactivity emissions
(summed from all available VOC emissions, not including deposition fluxes) between
inventories and observations. Because of the strong overestimation of highly reactive isoprene
emissions almost throughout the study region (see Fig. 6.6), the emission of OH reactive species
was overestimated by a factor of at least 2 by the two inventories almost everywhere (Fig. 6.9 a,
b). However, the CARB inventory clearly shows some underestimation of OH reactive emissions
(by a factor of 2-5) in the dairy-intense region, which also includes the two largest single sources
of OH reactivity observed: the ethanol biofuel factory in Pixley and the citrus processing facility
in Tipton, closely north of Pixley (see Fig. 6.6). These also were the locations where the
BEIS+FIVE-VCP inventory underestimated the flux of OH reactive emissions. Since
overestimated isoprene in the inventories was clearly dominant in causing the OH reactivity flux
mismatch, we removed it from the sums in Fig. 6.9 ¢ and d. Now it becomes apparent that the
CARB inventory underestimated the remaining OH reactive emissions throughout the study
region, usually by a factor of 3 and more. For BEIS+FIVE-VCP, the picture is different with
underestimated OH reactive emissions of a factor of 3 and more in the oak shrublands (pointing
at missing biogenic VOCs), underestimation at dairy farms at the south and northwest ends of the
flight tracks and the abovementioned citrus and ethanol processing. In the urban areas, the
BEIS+FIVE-VCP inventory had a tendency towards overestimating the OH reactivity source. In
conclusion, our observations support the finding by Cai et al. (2016) that the dairy farm regions
emit more ozone-relevant VOCs than predicted by the CARB inventory. However, some of this
is not solely caused by dairy farms, because intense point sources of monoterpenes and ethanol
contribute to the mismatch.
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Figure 6.9: Inventory/observations ratio of OH reactivity emissions (OHRf) summed from all VOCs for
a) CARB, b) BEIS + FIVE-VCP; and inventory/observations ratio of summed OH reactivity emissions
without isoprene for ¢) CARB and D) BEIS+FIVE-VCP. Satellite maps from NAIP Imagery via ESRI
ArcGIS Pro. Orange colors indicate where the inventory is underestimating emissions, purple colors

where it is overestimating.

6.4. Temperature relationship of VOC emissions
The flight days were chosen so that measurements were conducted under a wide range of
summer temperatures. Average flight temperatures ranged from 23 to 36°C (Table 2.2). In order
to investigate measured and inventory fluxes dependence on temperature, the data were sorted
into three different temperature bins. All data points in grid cells that were not covered in at least
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6 out of 7 flights and in each temperature bin were removed. The non-temperature related point
sources of the ethanol production and citrus extraction facilities were also removed from the
temperature dependence analysis. Figure 6.10 shows a comparison of the observed fluxes with
the two inventories grouped by those temperature bins.

Figure 6.10: Fluxes of example VOCs grouped into three temperature bins, in comparison between
measurements, CARB, and BEIS+FIVE-VCP inventories. All data points in grid cells that were not
covered in at least 6 out of 7 flights and in each temperature bin were removed. Each of the temperature
bins includes 310-366 data points (except the subset of oak shrubland data with 20-60 data points)

Some of the VOC emissions increased with temperature, while others did not appear to have
temperature relationships (Fig. 6.10). Methanol, ethanol, and acetic acid showed overall
increased emissions with temperature in agreement with a study that reported increasing
contributions of small oxygenated VOCs to OH reactivity in the San Joaquin Valley with
increasing temperature (Pusede et al., 2015). This may be related to the main source of alcohols
and acids here, dairy farms (Table 6.1), and specifically silage (Hafner et al., 2013), whose VOC
emissions can volatilize more at higher temperatures as has been shown in experiments (Hafner
et al., 2012). However, wind speed (Hafner et al., 2012) and management practices such as
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opening silage plastic covers (Heguy et al., 2016) play a role in this volatilization, which may
explain why the temperature dependence is not more prominent in our observations. For
methanol, the temperature dependence of agricultural crop emissions is a contributing factor, too
(Gonzaga Gomez et al., 2019; Loubet et al., 2022). The CARB inventory did not reflect the
observed emission increases of these OVOCs with temperature, while the BEIS+FIVE-VCP did
better (although underestimating acetic acid emissions significantly).

Methanethiol also is a dairy farm emission, but it does not come from silage (Hafner et al.,
2013). Its main source is expected to be the cows themselves (Shaw et al., 2007; Gierschner et
al., 2019), and it was not temperature dependent (Fig. 6.10). Toluene and xylene did not display
temperature-related patterns, potentially because their main source in the study region was
traffic. When toluene emissions are mostly solvent-related, they do increase with temperature
(Pfannerstill et al., submitted).

The biogenic VOC emissions — monoterpenes and isoprene — were clearly temperature related, as
is known (Guenther et al., 2012). The observed monoterpene emission increase with temperature
was not as strong as predicted by the BEIS + FIVE-VCP inventory, but stronger than in the
CARB inventory. The isoprene emissions were clearly temperature related in the oak shrublands,
where the observed flux range was in between the CARB and BEIS+FIVE-VCP predictions.
There were no significant isoprene emissions observed in the rest of the study region, especially
not in the croplands (see Fig. 6.1). Therefore, the overall isoprene emission medians were low.
The overall isoprene emissions predicted by the inventories, with a clear temperature increase in
BEIS+FIVE-VCP, suggest an unrealistic biogenic emission source assumed as a basis of both
the inventories.

7. Summary and Conclusions
We performed airborne NOx and VOC flux measurements during the RECAP-CA field
campaign over the San Joaquin Valley and Los Angeles region (South Coast Air Basin) in June
2021. We calculated the fluxes using continuous wavelet transformation.

Nine flights were conducted over the Los Angeles region. VOC flux comparisons with emission
inventories revealed an overall underestimation of alcohol, monoterpene and sesquiterpene
emissions by both inventories that we validated (CARB and BEIS+FIVE-VCP). This is relevant
for air quality predictions, since alcohols and monoterpenes contributed 13% and 19%,
respectively, to OH reactivity (relevant for ozone formation), and sesquiterpenes and
monoterpenes contributed 23% and 32%, respectively, to SOA formation potential. Our
measurements indicate important missing sources of ethanol and terpenoids that should be added
to current inventories. Not surprisingly, because of the more extensive history of observations,
we found that the observed traffic emissions, for example aromatic compounds, were described
more accurately by the inventories than other classes of emissions. Generally, the CARB
inventory had a tendency towards underestimation of emissions for a subset of VOCs, while the
BEIS+FIVE-VCP inventory underestimated some and overestimated other VOCs. Apart from
these general trends, there were regional trends in the mismatches. For many VOCs, the
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inventories agreed best with the observations in the inland region of the San Bernardino Valley,
while downtown Los Angeles was more prone to emission underestimations, e.g., for ethanol
and monoterpenes. Our results point to the necessity to improve inventory emissions of non-
traditional VOC sources like VCPs, solvent use and cooking to obtain a comprehensive
representation of relevant air pollutant precursors in urban areas. They also show the need for a
better representation of urban biogenic VOC emissions in inventories, since these are highly
important for ozone and SOA formation and not as accurately represented as transportation
emissions.

Our findings on temperature-dependent VOC emissions in Los Angeles (chapter 4.3) underscore
that climate change will lead to more high-ozone and high-PM s pollution events unless
anthropogenic emissions are substantially reduced. On high temperature days, it becomes even
more important to reduce anthropogenic VOC emissions, since biogenic emissions cannot be
regulated (except by changing the tree and plant species), and since anthropogenic SOA is
thought to pose a higher health risk by mass than biogenic SOA (Lovett et al., 2018). A further
reduction in NOx emissions will also help alleviate the ozone burden after transitioning to a NOx-
limited ozone formation regime. Flowering and drought stress periods are expected to increase
biogenic terpenoid emissions and may therefore be especially prone to high ozone and particle
pollution events.

Even at lower summer temperatures, biogenic terpenoids dominate secondary air pollutant
formation in many parts of Los Angeles. The inventory underestimation of mono- and
sesquiterpene emissions caused a factor of ~2 underestimation of VOC SOA formation potential
and may explain the gap between modeled and measured SOA (Pennington et al., 2021). This
combined with the fact that inventories also did not capture the temperature dependence of
anthropogenic VOCs has implications for the representation of the emission mixture in general,
and for predicting how the composition and pollutant formation changes as temperatures
increase.

Seven flights were made over the San Joaquin Valley. When combined with footprint and land
cover information, we resolve spatial heterogeneity in landscape flux. The component fluxes are
estimated based on the multi-linear regression and exhibit statistically significant differences.
The component fluxes are the highest from highways at 0.96 mg N m? h. Cultivated soil land
types emit a non-negligible flux of 0.30 mg N m? h. The airborne flux observations are
projected to a 4 km grid spacing to yield an estimated emission map over the SJV. We utilize this
map to evaluate emission inventories commonly used in photochemical modeling. The
anthropogenic emission inventories, EMFAC and FIVE, agree well with estimated mean NOx
emissions over urban regions. However, the widely used, but not biogeochemical process-based,
models for soil NOx emissions underestimate emissions by an order of magnitude or more in the
SJV, leading to a poor assessment of the relative roles of mobile and agriculture sources of NOx
in the region. The BDISNP model as adapted by Sha et al., 2021 results in a better comparison
with the observations. Even though it is still lower by a factor of 2.2, we show it yields a similar
spatial pattern and soil temperature dependence as observed. Variations of this model are
embedded in CMAQ (Rasool et al., 2019) and GEOS-CHEM (Wang et al., 2021) and have been
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implemented in WRF-CHEM by Sha et al., 2021. Studies, where soil NOx is potentially
important, should make use of these codes, all of which are more consistent with observations at
multiple scales.

The VOC flux measurements in the San Joaquin Valley provide unprecedented insight into the
sources and sinks of volatile organic compounds in the region, including their spatial distribution
and their contribution to OH reactivity. Using a landcover-informed footprint disaggregation
method, we were able to attribute and quantify emissions of various sources, and to identify
tracer compounds for distinct source types.

We found that developed areas, dairies, and citrus (including citrus crops and packing or
processing) are important sources of anthropogenic VOCSs and reactivity in the San Joaquin
Valley. Citrus processing and biofuel manufacturing sources were apparently not included in the
two commonly used inventories that we compared with, CARB and BEIS+FIVE-VCP. Spatially
resolved differences in inventory mismatches showed that the inventories generally
underestimated dairy, citrus, and highway traffic emissions, but strongly overestimated isoprene
emissions in the cropland regions. The oak woodlands in the Sierra Nevada foothills were a
significant sink for oxygenated VOCs. Apart from the expected temperature dependence of
biogenic VOC emissions, we also observed evidence for temperature-dependent dairy silage
VVOC emissions.

8. Recommendations for CARB inventory
Based on our flux measurements over the San Joaquin Valley and South Coast Air Basin, and
comparison to emission inventories, we recommend the following:

To represent the agricultural NOx emissions faithfully, BDISNP or another model that is tested
against ecosystem scale parameters should be implemented. To improve the representation of the
temperature dependence of ozone and SOA in the Los Angeles region, the biogenic emissions
and especially monoterpenes should be better described in the inventories. The landcover
information responsible for biogenic emissions in both the San Joaquin Valley and Los Angeles
region should be improved to better represent the major sources, especially in the croplands,
where isoprene was strongly overestimated. The representation of the temperature dependence of
solvent emissions should be improved. PCBTF emissions should be added to the CARB
inventory, since we observed high fluxes of it in Los Angeles, it is carcinogenic, and may have a
high SOA formation potential. Cooking and other not traditionally included emissions should be
added to improve the representation of OVOCs, especially ethanol. Dairy emissions in the San
Joaquin Valley need to be increased to match the observed fluxes. Several additional sources
such as the warehouses in the eastern San Bernardino Valley (causing added truck traffic
emissions of NOx and benzene), citrus processing and ethanol manufacturing in the San Joaquin
Valley should be included.

We also recommend repeating the flux measurements in both the San Joaquin Valley and South
Coast Air Basin to establish seasonal patterns and longer-term trends in VOC and NOx fluxes.
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Care should be taken when choosing the season for flux measurements in the South Coast Air
Basin to maximize the boundary layer height and reduce the necessity for vertical flux
divergence correction.

It would be beneficial to explore establishing long term flux towers in a few key locations (San
Bernardino Valley, downtown Los Angeles, close to dairy farms in San Joaquin Valley,
Bakersfield, ...) to supplement existing concentration measurement networks, and to prepare to
make routine and rapid use of the satellite remote sensing observations of NOx, H.CO and
aerosol that will soon be available from TEMPO. Emission rates and source contributions will
likely continue to evolve with climate change, the transformation of the vehicle fleet towards
electric power, and other controls that may be implemented on anthropogenic sources. Thus,
future measurements of fluxes both at fixed tower sites and through airborne measurements at
regular intervals are needed for documenting future VOC and NOy emissions in these evolving
polluted regions.
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Appendix

Appendix 1: Supplementary Tables
See separate xlIsx and csv files: Supplementary Tables 1-5.

Appendix 2: Supplementary Figures
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Figure S2.1: Vertical distribution of observed flux during racetrack, separated by the west patch (red) and
east patch (east). The dot represents the median flux and the shade refers to the interquantile range.
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Figure S2.2: a) the comparison of trimethylbenzene fluxes with footprints exclusively covering soil land
cover type and those with footprints covering mixed land cover types. b) The distribution of
trimethylbenzene fluxes with footprints exclusively covering soil land cover type. The dashed line
denotes a trimethylbenzene flux of 0.02 mg m2h,
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Figure S2.3: a) the comparison of calculated fluxes using various and constant lag time. b) corresponds
the relative difference of fluxes.
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Figure S3.1. Temperature correlation of NOx concentrations and NOXx fluxes for all data points ((a)&(b))
and separated into the four regions ((c)-(f)).
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Fig. S3.2. CARB NOy emission inventory for Los Angeles, separated into different sectors.
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Figure S4.1. Ratio of inventory/measured flux in % for a) BEIS+FIVE-VCP, benzene, b) CARB,
benzene, ¢) BEIS+FIVE-VCP, ethanol, d) CARB, ethanol, e) BEIS+FIVE-VCP, isoprene, f) CARB,
isoprene, g) BEIS+FIVE-VCP, monoterpenes, h) CARB, monoterpenes. Blue colors show that the
measurements were lower than the inventory, red colors that the measurements were higher than the

inventory.
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Fig. S4.2. Contribution of different VOC classes at high and low temperature to (A) mass flux, (B)
OH reactivity of VOC flux, and (C) secondary organic aerosol formation potential of VOC surface flux of
all VOCs measured during the RECAP-CA flights in June 2021. The pie charts show the median
composition in the low/high temperature bin (regional lowest/highest 25% temperatures). MeOH:

methanol, EtOH: ethanol, SQT: sesquiterpenes.
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Fig. S4.3. Box charts of the temperature dependence of VOC fluxes separated by region in Los Angeles.
This shows that emission ranges may differ by region due to a different source distribution, but emissions
of these VOCs increase with temperature almost everywhere. The coastal region is not shown because of

low coverage.
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Fig. S4.4. Summed OH reactivity of VOC emissions (r2 = 0.71) and SOA formation potential of VOC
emissions (r2 = 0.72) as a function of temperature. The linear fit equations are shown in the figures.
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Fig. S4.5. No correlation of monoterpene fluxes in downtown Los Angeles with anthropogenic tracer
VOCs, indicating biogenic origin of monoterpenes. (A) Monoterpenes vs. ethanol. (B) Monoterpenes vs.
toluene. (C) Monoterpenes vs. sesquiterpenes — the relatively good correlation suggests a common source.
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Fig. S4.6. (A) Population density in the flux footprints and tree cover in the flux footprints, (B) Fluxes of
D5 siloxane and monoterpenes vs. binned population density, (C) fluxes of D5 siloxane vs population
density, (D) fluxes of monoterpenes vs population density (observations and calculated following the
emission factor from Coggon et al.), (E) isoprene fluxes vs. tree and shrub cover, (F) monoterpene fluxes
vs tree and shrub cover in the footprint. The boxes represent the interquartile range, the horizontal lines
the median, and the whiskers the 5"-95" percentile range.
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Fig. S4.7. Isoprene, monoterpene, sesquiterpene and toluene fluxes plotted as box plots in five bins of tree
and shrub cover in the flux footprint, separated by temperature.

130



Fig. S4.8. (A) Combined tree and shrub cover fraction in the flux footprints by region (region
definition see fig. S1). The boxes show the interquartile range, the horizontal line the median,
and the whiskers the 1.5x interquartile range. Points outside the interquartile range are shown as
circles. (B) Ratio of measured isoprene (Iso) fluxes vs. monoterpene (MT) fluxes on a 4 km x 4

km grid.
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Fig. S4.9.

Non-negative matrix factorization result of monterpene (MT), isoprene (iso) and D5 siloxane (D5) fluxes
with population density (popdens), shrub and tree cover, and temperature (temp). F1-F3 are factors
resulting from the non-negative matrix factorization that together explain the time series of the respective
variables. Values shown are fractions of the variability of each variable explained by the respective factor
(F1-F3). The “nnmf” function in Matlab with “mult” algorithm was used.

Figure S5.1. Vertical distribution of observed flux during racetrack, separated by the west patch and east
patch. The dot represents the median flux and the shade refers to the interquantile range.

132



Figure. S5.2. The estimated gridded emission map for each flight, aligned in the order of flight days.

Figure S5.3. a) The estimated anthropogenic NOx emission map at 4 km resolution during weekday. b)
and c¢) are EMFAC and FIVE-VCP anthropogenic emission inventories matched both in time and space,
respectively.
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Figure S5.4. a) The estimated soil NO, emission map at 4km during weekday. b), c), d) are made from
soil NOx schemes matched both in time and space, including MEGAN, BEIS and BDISNP.
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Figure S6.1. Spectral quality control for SJV VOCs. (a) Covariance peak for methanol (as an example for
a sticky VOC) for one flight segment. (b) Cospectra for wind and temperature (w’T’’), wind and Cs-
benzenes (w’VOC’’), and from a cospectral model (Massman et al., 2005). The Nyquist frequency is half
the sampling frequency. (c) Same as in b), but cumulative cospectra.
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Figure S6.2. Physical vertical flux divergence for a selection of VOCs in the San Joaquin Valley.
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Figure S6.3. Size of the isoprene physical vertical divergence correction along the flight tracks.
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Figure S6.4. Footprint model comparison between KL04+2D and the half dome footprints (Weil and
Horst, 1992). 90™ percentile footprints calculated from both models shown. The increase in methanol flux
seen in the flux measurements cannot be explained by the smaller half dome footprints (yellow), which do
not contain the dairy farms. The KL04+ footprints (blue) contain the dairy farms which are most likely
responsible for the methanol emission enhancement observed. Vista CA_dairies: Dairy farm locations

from Vista-CA inventory.
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Figure S6.5. Footprint model comparison between KL04+2D and KL15. 90" percentile footprint
contours shown. (a) The KL15 footprints (black) are extremely large, encompassing almost the entire
study area, due to a bias that increases the footprint size strongly when the point of observation is close to
the top of the boundary layer. (b) shows a zoom into the southern part of (a). The methanol emission
increase observed can not be explained by the KL15 footprints, which always include the dairy farms, but
the KLO4+ footprints (blue) explain the flux increase well. (c) The strong isoprene fluxes observed in the
Sierra Nevada foothills are explained well by the size of the KL04+ footprints, which contain almost
exclusively the oak woodlands in the area with strong isoprene fluxes. The KL15 footprints are too large
to explain the isoprene emissions observed. Vista_CA_dairies: Dairy farm locations from Vista CA
inventory.
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Figure S6.6. Swaths of dead oak trees in the Sierra Nevada foothills.
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