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Abstract Formaldehyde column density (QRHCHO) showed a potentially useful correlation with surface
ozone during the LISTOS campaign on Long Island Sound and the KORUS-AQ campaign in Seoul, South
Korea. This builds on previous work that identified this relationship from in situ aircraft observations with
similar findings for ground-based and airborne remote sensing of QHCHO. In the Long Island Sound region,
QHCHO and surface ozone exhibited strong temporal (> = 0.66) and spatial (> = 0.73) correlation. The
temporal variability in QHCHO (~1 Dobson units [DU]) was larger than the range in the spatial average
(~0.1 DU). The spatial average is most useful for informing ozone monitoring strategies, demonstrating the
challenge in using QHCHO satellite data sets for this purpose. In Seoul, high levels of NO, resulted in O,
better correlating with QHCHO than surface ozone due to titration effects. The QHCHO-O, relationship
may therefore reflect the sum of surface ozone and related photochemical oxidants, relevant to air quality
standards set to regulate this quantity such as the U.S. EPA National Ambient Air Quality Standard (NAAQS).
The relationship of QHCHO to O, shifted in Seoul during the campaign demonstrating the need to evaluate
this relationship over longer time periods. With sufficient precision in future satellite retrievals, QHCHO
observations could be useful for evaluating the adequacy of surface air quality monitoring strategies.

Plain Language Summary Surface ozone is hazardous to human health and the environment.
Space-based monitoring techniques provide the opportunity to improve our knowledge of regional surface
ozone pollution. Ozone measurements from space have limited ability to detect surface concentrations.
Observations of column formaldehyde, a trace gas produced during production of surface ozone, are correlated
with surface ozone and related pollutants. This relationship points to a potential use of satellite observations for
identifying regions of harmful ozone concentrations to complement sparse surface monitoring networks.

1. Introduction

Surface ozone continues to exceed recommended air quality standards created to protect human health and the
environment in many regions of the world (Cooper et al., 2014; Gaudel et al., 2018). Monitoring ozone levels
to assess exposure and inform efforts to adhere to these standards is challenged by sparse surface networks
and limited sensitivity of satellite sensors to the lower troposphere (Costantino et al., 2017; Gonzalez Abad
etal., 2019). The use of satellite information to inform ozone air quality has largely been confined to observations
of ozone precursors such as nitrogen dioxide (NO,) and formaldehyde (HCHO). Tonnesen and Dennis (2000)
first proposed that in situ HCHO/NO, was a useful metric for ground-level ozone sensitivity (NO,- vs. volatile
organic compound [VOC]-limited), particularly when conditions were removed from the transition between those
two regimes. The ratio of column HCHO/NO, from satellite retrievals has been applied in a similar manner
(Duncan et al., 2010; Jin & Holloway, 2015; Jin et al., 2020; Martin et al., 2004) but is subject to additional ambi-
guity due to differences in the vertical distribution of HCHO versus NO, (Schroeder et al., 2017).
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During the DISCOVER-AQ campaign, designed for improving the interpretation of satellite air quality data in
four polluted regions of the United States, Schroeder et al. (2016) found a strong relationship between surface
ozone and HCHO column density (QHCHO) derived from in situ aircraft observations. HCHO and ozone are
coproduced through the photochemical oxidation of VOCs in the presence of NO,. The short lifetime of HCHO
(several hours) results in a close correlation between the column amount, largely confined to the surface mixed
layer, and surface photochemistry. This relationship motivates exploring the use of QHCHO to identify areas of
unhealthy surface ozone in polluted regions to identify gaps in air quality monitoring efforts.

Pollution monitoring from space is entering a transitional period with the emergence of hourly observations
at higher spatial resolution (<10 km) with the launch of geostationary satellite sensors beginning with GEMS
(Geostationary Environment Monitoring Spectrometer) over East Asia in 2020 (Kim et al., 2020) that will be
followed by TEMPO (Tropospheric Emissions: Monitoring of POllution) over the United States in 2022 (Zoogman
et al., 2017), and Sentinel-4 over Europe and northern Africa soon after (Ingmann et al., 2012). These satellite
trace gas retrievals will provide an opportunity to better understand air quality at finer scales. In preparation for
these emerging satellite observations, recent field studies collected multiperspective data sets from in situ and
remote sensing platforms to improve interpretation of temporal and spatial relationships of column-based obser-
vations to surface air quality. We take advantage of QHCHO observations from two recent campaigns, the Long
Island Sound Tropospheric Ozone Study (LISTOS) and Korea—United States Air Quality (KORUS-AQ) study
to further investigate the relationship between QHCHO and surface ozone identified during DISCOVER-AQ.

2. Description of LISTOS and KORUS-AQ Observations

Relevant details about QHCHO and surface trace gas observations used in this analysis from LISTOS and
KORUS-AQ are briefly described below and summarized in Table 1.

2.1. Long Island Sound Tropospheric Ozone Study

LISTOS was a multiagency collaborative air quality study conducted in the vicinity of Long Island Sound in
summer 2018. The region is currently in moderate nonattainment of the ozone National Ambient Air Quality
Standard (NAAQS, U.S. EPA, 2021). The study investigated the lack of improved ozone design values along
the region’s shoreline despite emissions reductions over the last few decades (NESCAUM, 2017). A primary
goal of LISTOS was to better understand the features of ozone production and transport downwind of New York
City over Long Island Sound that are responsible for exceedances of the 8-hr ozone NAAQS. Observations
included airborne in situ and remote sensing platforms, and ground measurements of ozone and its precursors
(Karambelas, 2020).

The LISTOS study produced a robust data set of repeated raster mapping of QHCHO with the NASA Geosta-
tionary Trace gas and Aerosol Sensor Optimization (GeoTASO, Leitch et al., 2014) on the NASA LaRC HU-25
aircraft in late June 2018 and the GEO-CAPE Airborne Simulator (GCAS, Kowalewski & Janz, 2014) on the
NASA LaRC B200 from July through September 2018. Differences between GeoTASO and GCAS are small
and are described, along with the flight strategies, in Judd et al. (2020). All references to either instrument will
herein be referred to as “airborne spectrometer.” Airborne spectrometer QHCHO observations are available for
during 26 flights on 13 flight days (primarily between 8:00 and 17:00 LT) from 25 June to 6 September 2018
(Janz et al., 2019; Judd et al., 2020). A retrieval description is provided in Janz et al. (2019) with further details in
Section S1 in Supporting Information S1. For this analysis, the airborne QHCHO observations are compared to
hourly surface ozone from 22 State and Local Air Monitoring Stations (SLAMS) that report to the EPA Air Qual-
ity System (AQS) in the study domain. Preliminary analysis (not shown) revealed that early morning observations
(<10 LT), prior to significant photochemical activity, do not show a strong relationship between QHCHO and
surface ozone. Therefore, data collected before 10 LT are not considered in this analysis. To provide context on
how flight days compare to all days in this time period, a timeseries of daytime (10-16 LT) average surface ozone
from the 22 SLAMS sites overlaid by the ozone corresponding to the airborne spectrometer coincidences on the
13 flight days is provided in Figure S1 in Supporting Information S1.
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Table 1

Summary of Measurements and Comparison Criteria for KORUS-AQ and LISTOS Data Sets

QHCHO instrument

QHCHO sampling details Ozone and NO, surface measurements

LISTOS
Airborne spectrometer (GCAS/GedTASO) o

KORUS-AQ

Airborne spectrometer (GeoTASO)

Airborne in situ mid-IR absorption
spectrometer

Pandora spectrometer

Surface ozone from 22 SLAMS
and NO, from 9 SLAMS
Compared to the nearest 1 hr of the
aircraft overpass

Onboard the NASA LaRC B-200 (July—September 2018) or HU-25 .
(June 2018)

o 26 flights on 13 flight days .
e Primarily between 8 and 17 LT and averaged within a 1 km radius of
SLAMS sites for comparison

e Onboard the NASA LaRC B-200 o

o 27 flights over 17 flight days

o QHCHO retrieved over Olympic Park 25 times between 10 and 18 LT .
and averaged within a 1 km radius for comparison

AirKorea ozone and NO, at
Olympic Park

Averaged within +0.5 hr window
from the aircraft overpass

e Onboard the NASA DC-8 e Seven AirKorea sites along the
1-Hz data integrated into QHCHO as described in Section S2 in flight path with ozone and NO,
Supporting Information S1 e Averaged over a +0.5-hr window

e 33 descents over Olympic Park after 10 LT from the aircraft overpass

e Located at Olympic Park °
e Direct-sun mode, 4937 ~90 s observations with uncertainty <0.25 DU

AirKorea ozone and NO, at
Olympic Park
e Matched within 5 min or less

2.2. Korea-United States Air Quality Study

The KORUS-AQ field study took place from 2 May to 10 June 2016. The campaign overview is provided in
Crawford et al. (2021). We focus on three QHCHO measurements at or near the Olympic Park ground site
(37.5216°N, 127.1242°E) that include (a) in situ profiles from the NASA DC-8, (b) a Pandora spectrometer, and
(c) airborne spectrometer (GeoTASO) overflights. This analysis aims to intercompare these measurements and
investigate their relationship to surface ozone from the AirKorea regulatory monitoring network in the vicinity
of Olympic Park.

The airborne spectrometer was onboard the NASA LaRC B-200 aircraft and flew 27 flights over 17 flight days.
Unlike the LISTOS campaign, flights only included a small subset of raster-like patterns. As a result, observa-
tions lacked sufficient measurement density to investigate the QHCHO-ozone relationship across a large region
as was done for LISTOS. Instead, observations were concentrated over the vicinity of the Olympic Park site in the
Seoul Metropolitan Area (SMA). This site also included Pandora observations, nearby surface AirKorea moni-
tors, and frequent in situ profiling by the NASA DC-8. QHCHO was retrieved from the airborne spectrometer
over Olympic Park 25 times between 10 and 18 LT. The airborne spectrometer QHCHO retrieval is described in
Kwon et al. (2021).

The DC-8 aircraft was equipped with an onboard 1 Hz in situ HCHO instrument (Fried et al., 2020). This instru-
ment, a mid-IR absorption spectrometer, acquired HCHO measurements during frequent descents (n = 33 after
10 LT) over the Olympic Park site, constrained at the surface with a ground HCHO measurement run by the U.S.
EPA (Spinei et al., 2018) to provide in situ derived QHCHO (detailed calculation in Section S2 in Supporting
Information S1). The EPA also operated a Pandora spectrometer at Olympic Park in direct-sun mode for contin-
uous observations of QHCHO (Spinei et al., 2018). The ~90 s Pandora observations (n = 4,937) were colocated
with an AirKorea ozone and NO_monitor. Pandora QHCHO has been corrected for known a positive interference
from Delrin off-gassing (Spinei et al., 2021) and was filtered for total uncertainty <0.25 Dobson units (DU). A
summary of this correction is provided in Section S3 in Supporting Information S1.

3. QHCHO Versus Surface Ozone During LISTOS

Figure 1a shows the density of LISTOS airborne spectrometer QHCHO observations overlaid by the SLAMS
ozone monitor locations in the domain. Between two and four repeated raster maps were collected on 13 flight
days with 26 flights for a total of 37 rasters. The flight strategy included sampling of New York City on all
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Figure 1. (a) The spatial sampling density of QHCHO retrievals collected after 10 LT during LISTOS. Black symbols show the 22 SLAMS ozone monitor locations
within the study area. The squares, triangles, and diamonds designate monitors in the small domain, full domain, and outside the domain, respectively. The other three
panels show average QHCHO with at least five observations during (b) all flight data, (c) flight data for the exclusively sampled small domain, and (d) flight data for
the exclusively sampled full domain. The average ozone values between 10 and 16 LT at the SLAMS sites for the days flown are overlaid on each map. The color bar
for (b)—(d) is the same. Map tiles by Stamen Design, under CC BY 3.0. Data by © OpenStreetMap contributors, under ODbL.

flight days, with 10 flights expanding further eastward over the full domain, mostly coinciding with high ozone
forecasts around Long Island Sound. We consider the impact of this variable sampling strategy to ensure that
the relationship between QHCHO and surface ozone is not due to preferential sampling of the full domain when
ozone events were forecasted.

We define four groupings of the data based on the different airborne flight strategies described above.

1. All flight data: 13 flight days/26 flights (37 raster maps) for the entire study region.

2. Exclusively sampled full domain: 10 flight days/18 flights (21 raster maps) for the entire study region.

3. Exclusively sampled small domain: 5 flight days/8 flights (16 raster maps) for the New York City area.

4. Small domain: 13 flight days/26 flights (37 raster maps) for the subset of data over the New York City area.

Figure 1b shows campaign average QHCHO for all flight data (excluding areas that had less than 5 QHCHO
retrievals over the time period of LISTOS). The average ozone mixing ratio for each SLAMS monitor on the
flight days between 10 and 16 LT is overlaid. Ozone and QHCHO were lowest to the west of New York City
with higher values to the east of the domain. However, this is not necessarily representative of actual average
conditions since the full domain was not sampled on all flight days. Figures 1c + 1d show average QHCHO on
flights with exclusive sampling of the small and full domains, respectively. The lower QHCHO in the exclu-
sively sampled small domain corresponds to low surface ozone (52 ppb) across the full study domain (all sites in
Figure 1c). These relatively cleaner days partially explain the strength of the west-to-east gradient in Figure 1b,
highlighting the importance of consistent sampling to observe a true spatial pattern across the domain.

Eighteen flights over 10 days expanded further eastward to map the full domain when forecasts indicated increased
ozone over Long Island Sound, resulting in higher regional ozone concentrations (61 ppb). Maximum ozone
values occurred at the SLAMS monitors along the Connecticut coast (Figure 1d). The average data collected
during flights over the exclusively sampled full domain show an increase in ozone and QHCHO from west to
east, but this gradient is weaker than for all flight data which includes the cleaner conditions when exclusively
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Figure 2. Hourly ozone versus QHCHO. Gray points indicate individual coincidences between airborne spectrometer and EPA surface ozone monitors in panels (a)—
(c). (a) All flight data with black squares showing site averages and standard deviations. (b) Small domain data with black squares showing site averages and standard
deviations. (c) Small domain data with black squares showing daily domain averages and standard deviations. The site averages for a narrower range of ozone and
QHCHO are shown inset on panel (b) to aid the viewer. This inset shows the site averages colored by average flight day MDAS ozone. The inset in panel (c) shows the
daily domain averages colored by the average MDAS ozone across the sites. The 2 values annotated in each panel are for the correlation of the spatially and temporally
aggregated points (black squares).

sampling the small domain. The highest QHCHO was sampled along the north shore of Long Island (Figures 1b
+ 1d), but more consistent sampling of QHCHO and ozone would be needed to determine whether this is a
regular occurrence and indicative of consistently higher ozone or a product of the inconsistent sampling strategy.

Figure 2 investigates the spatial and temporal correlation between QHCHO and surface ozone for subsets of the
LISTOS data. The aircraft overflew 17 of the 22 SLAMS monitors in the LISTOS study domain at least 5 times
(Figure 1a). Figure 2a shows the relationship between QHCHO averaged within 1 km of each ground site and the
nearest hourly surface ozone for individual coincidences at these sites (gray points, r> = 0.47). The average of
all coincidences for each individual SLAMS site is overlaid (black squares). This demonstrates that QHCHO is
spatially correlated with ozone in the campaign average (r> = 0.71). The three sites with average ozone >70 ppb
are located downwind of NYC on the coast of Long Island Sound, near Stamford, CT; Bridgeport, CT; and Stony
Brook, NY. However, as stated above, all flights did not consistently overfly all 17 SLAMS sites.

Figures 2b + 2c focus on the more frequently sampled nine sites in the small domain (black squares in Figure 1a).
The consistent sampling of these sites provides confidence in the strong spatial correlation for site-averaged
QHCHO and ozone (Figure 2b, r> = 0.73). The inset panel of Figure 2b shows the site-averaged QHCHO and
ozone colored by the flight day average maximum daily 8-hr average (MDAS) ozone. As the peak ozone values
that drive MDAS8 ozone generally occur during similar hours sampled here (10-16 LT), there is a correlation
between site average daytime ozone and MDAS ozone (r? = 0.80). Thus, elevated QHCHO may also be indicative
of both elevated daytime and MDAS ozone. Similarly, when the individual coincidences are averaged for each
flight day (Figure 2c), the temporal correlation (> = 0.66) and correlation of daily ozone with MDAS8 ozone
(r> = 0.88) show that the small domain responds coherently to day-to-day changes in photochemical production
of ozone and HCHO.

Ozone and QHCHO show greater variability in the daily average (Figure 2c) compared to the site average
(Figure 2b). Site average QHCHO in the small domain exhibited a range of 0.12 DU (Figure 2b) compared to
1.0 DU in the daily average (Figure 2c). The daily average range in QHCHO is reduced to 0.35 DU without
the consideration of the day with the highest QHCHO that occurred on 2 July. This day was characterized by
high temperatures, stagnation, and air mass recirculation (Couillard et al., 2021). The larger daily variability is
expected, but the average spatial variability is particularly valuable for informing ozone monitoring strategies.
Spatial averaging provides insight as to where higher QHCHO, and by extension surface ozone, may occur. Suffi-
cient temporal sampling in this spatial average is important as the QHCHO—-ozone relationship does not exhibit a
consistent spatial pattern from day to day. It is also not well behaved enough to exhibit a one-to-one correspond-
ence useful for predicting ozone at any specific place or time.

When considered individually, all nine sites in the small domain exhibit a statistically significant temporal
relationship between QHCHO and surface ozone (r> = 0.40-0.77, p-value <0.05). This implies that a single
well-sampled site could be used to establish whether a strong QHCHO-o0zone relationship is present that could
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Figure 3. (a) Spatial density of airborne spectrometer QHCHO retrievals with DC-8 flight tracks and the seven AirKorea ozone monitors (red triangles) designated
along the descent over Olympic Park (yellow triangle). (b) DC-8 flight tracks and AirKorea ozone monitors now overlaid over a map of the SMA. (c) Surface ozone
versus QHCHO from DC-8 missed approaches (green circles), Pandora (gray dots), and airborne spectrometer (orange squares) at Olympic Park. (d) Surface ozone
versus Pandora QHCHO colored by NO,/O, (discussed in Section 5). Binned data show average ozone and standard deviations for each decile of QHCHO (white circles
and black lines). Map tiles by Stamen Design, under CC BY 3.0. Data by © OpenStreetMap contributors, under ODbL.

be used to evaluate maps of QHCHO for indications of where the greatest ozone impacts are expected across the
region.

4. QHCHO Versus Surface Ozone During KORUS-AQ From Multiple Perspectives

KORUS-AQ provides a unique opportunity to compare QHCHO from multiple perspectives: an airborne remote
spectrometer on the B-200 aircraft, in situ profiles from the DC-8 aircraft, and a ground-based Pandora spectrom-
eter at Olympic Park. Figure 3a provides a map of the airborne spectrometer observational density, overlaid by
the DC-8 flight tracks for the missed approaches over Olympic Park that were followed by mid-tropospheric to
upper tropospheric spirals over Tachwa Research Forest. The DC-8 flight tracks and ground monitor locations are
overlaid again on a map of the SMA in Figure 3b. We compare QHCHO and surface data sets using these criteria:

1. Pandora and airborne spectrometer QHCHO are compared to surface measurements at Olympic Park only and
airborne spectrometer data are averaged within a 1 km radius of Olympic Park.

2. DC-8 QHCHO are compared to the average of the seven Air Korea monitors along the lowest portion of the
aircraft missed approach.

3. Surface monitors are averaged within +0.5 hr of the QHCHO coincidences with the exception of Pandora
that is matched to the nearest surface measurement within 5 min. Shorter time windows between +0.5 hr and
+5 min for averaging surface monitor data do not have a significant impact on the results.

TRAVIS ET AL. 60f 13
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Unlike during LISTOS, airborne spectrometer QHCHO shows negligible correlation (> = 0.07) with surface
ozone at Olympic Park (Figure 3c). However, DC-8 QHCHO shows a strong relationship (r> = 0.63). The
QHCHO-ozone relationship shown in Figure 3¢ for the 5-min Pandora coincidences (r> = 0.23) is also weaker
than for the DC-8. However, Pandora QHCHO provides a much larger data set to compare to surface ozone
(n =4,937) than for the airborne spectrometer (n = 25) or the DC-8 (n = 33). The average Pandora QHCHO total
uncertainty (0.05 DU/8%) is smaller than the variability in Figure 3c, thus this lower correlation is likely due
to real variability in QHCHO and ozone on shorter timescales driven by factors other than photochemistry (i.e.,
transport). When averaged over decile bins of QHCHO (Figure 3d), the relationship between Pandora QHCHO
and ozone is significantly strengthened (> = 0.98). Therefore, a strong relationship between QHCHO and ozone
is evident from DC-8 and Pandora observations but not for airborne spectrometer observations. We investigate
potential causes for this discrepancy below.

QHCHO from the airborne spectrometer, Pandora, and the DC-8 covary with one another, with the best compar-
ison between Pandora and the DC-8 QHCHO (Figure S2a in Supporting Information S1; 2 = 0.80, n = 38). The
airborne spectrometer QHCHO shows the largest degree of scatter both in comparison to Pandora and DC-8
QHCHO (Figures S2b + S2c in Supporting Information S1) and to surface ozone (Figure 3c). We attribute much
of this scatter to the higher uncertainty of the airborne spectrometer QHCHO, the small sample size, and the
impact of outliers.

The DC-8 HCHO observations provide the opportunity to investigate the impact of uncertainties in the a priori
HCHO profile used in the airborne spectrometer QHCHO retrieval. The largest outlier occurs on 17 May at
approximately 17 LT where ozone was high (82 ppb) but QHCHO was very low (0.27 DU). During this time,
QHCHO from the airborne spectrometer is biased low compared to Pandora and DC-8 QHCHO (Figure S3a in
Supporting Information S1) which is likely due to errors in the a priori profile (Figure S3b in Supporting Infor-
mation S1). QHCHO from the airborne spectrometer increases 37% (from 0.27 to 0.37 DU) when the a priori
profile from the DC-8 is used from the previous hour in the air mass factor calculation (Figure S3b in Supporting
Information S1), demonstrating the sensitivity of the airborne spectrometer retrieval to errors in this information.

The temporal density of Pandora data provides a method to investigate the impact of the airborne sampling times
on the poor correlation with ozone. As shown in Figure S4 in Supporting Information S1, we sample Pandora
data only at the times of the airborne spectrometer overpasses and obtain a similarly poor relationship with
ozone (r? = 0.08, n = 19). If we sample Pandora at the time of the DC-8 overpasses, the relationship is stronger
(r>=0.53, n = 22). Unlike airborne spectrometers, Pandora direct-sun retrievals do not require an a priori profile
(Spinei et al., 2018). The increased temporal density and lack of dependence on an a priori profile emphasize
the value that Pandora provides in building robust statistics to evaluate QHCHO-ozone. The expanding network
of Pandora spectrometers around the globe will be an asset to help further investigate causes for variability
in observed QHCHO-ozone relationships. However, only airborne (or space-based) spectrometers can provide
regional maps of QHCHO that can identify potential areas of elevated ozone. Therefore, improving retrievals of
QHCHO is imperative to the successful application of this method.

S. The Impact of NO, on the QHCHO-Ozone Relationship

The relationship between QHCHO and ozone can be influenced by NO, if concentrations are large enough to
result in significant ozone titration. To evaluate this impact, we use NO, measurements from the SLAMS sites
during LISTOS and AirKorea monitors during KORUS-AQ and compare QHCHO to O,, where O, = O, + NO,
Based on the expected interferences from NO, oxidation products for the majority of these monitors that continue
to use molybdenum oxide converters (Dunlea et al., 2007), these NO, levels must be considered an upper limit.

During LISTOS, in situ NO, measurements were available for approximately 60% of the airborne spectrometer
QHCHO and corresponding ozone observations in Figure 2b. For that subset of ozone and NO, observations, the
relationship remains unchanged when considering QHCHO-ozone (+2 = 0.53) or QHCHO-O, (r? = 0.52). With
the available data, we conclude that average NO, levels were low enough (6 + 4 ppb between 10 and 18 LST)
relative to ozone (59 + 15 ppb) that the impact of ozone titration was minimal.

During KORUS-AQ, NO, and ozone at Olympic Park averaged 27 + 12 and 66 + 18 ppb, respectively, during
Pandora QHCHO coincidences. This results in an average NO,/O, fraction of 29%, which is 3 times greater than
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observed during LISTOS (9%). Figure 3d shows the Pandora QHCHO-ozone data colored by the value of NO,/
O,. Ozone titration has the greatest impact on the QHCHO-ozone relationship for ozone below approximately
40 ppb when NO,/O, is highest. High NO,/O, also favors lower values of QHCHO, which is consistent with the
suppression of radicals and the reduced oxidation of VOCs.

Figure 4 explores the effect of ozone titration further by showing Pandora and DC-8 QHCHO compared against
ozone (a and d), NO, (b and e), and O, (c and f). The QHCHO-O, relationship is stronger than QHCHO-ozone
for both Pandora (r?> = 0.44 vs. 0.23) and the DC-8 (2> = 0.73 vs. 0.63). The lowest surface ozone values no longer
depart from the relationship with QHCHO when viewed as O,. Pandora (or satellite-based QNO,) can provide
an indicator of the presence of high NO,/O, if surface NO, measurements are unavailable and the correlation of
QHCHO with surface ozone shows evidence of possible titration (i.e., Figure 3d). This is illustrated by Figure S5
in Supporting Information S1 showing the strong correlation between QNO, and surface NO, (r* = 0.62).

In South Korea, temperatures increased from May to June in 2016, resulting in higher isoprene emissions
and increasing QHCHO. The Pandora instrument provides an immense amount of data to look at changes in
QHCHO-O, over this transition. The data in Figures 4a—4c are colored by date. QHCHO generally increases
from the beginning (May) to the end of the campaign (June). Separating the data by month shows that QHCHO
is larger in June for a given increase in O, (Figure 4c). The strength of the relationship (r?) remains largely
unchanged as only the QHCHO-O, slope is affected. The decrease in slope does not reflect a decrease in ozone,
as average ozone is 65 ppb in May versus 69 ppb in June (Figure 4a). Higher ozone is expected with increasing
isoprene emissions in the VOC-limited conditions in Seoul (Schroeder et al., 2020). Instead, the increase in VOCs
likely results in greater oxidation of NO, to NO, reservoirs (e.g., peroxyacetylnitrate [PAN]) as reflected by the
decrease in NO, from May to June (Figure 4b). Figure S6¢ in Supporting Information S1 shows an increasing
trend in average daytime PAN below 0.5 km for the DC-8 aircraft descents over the campaign. An increase in
HNO, is also observed, but as the aircraft observations do not indicate a clear increase in OH or ozone photolysis
frequency over the campaign (Figures S6a + S6b in Supporting Information S1) it is difficult to attribute the
cause for this increase.

The shift from May to June in QHCHO raises the question of whether the ratio QHCHO/QNO, provides insight
into surface ozone pollution. Previous studies have suggested that the ratio QHCHO/QNO, is a useful indicator of
surface ozone sensitivity to precursor emissions (i.e., Duncan et al., 2010). This ratio, provided by Pandora, shifts
from 0.5 to 0.7 from May to June. These values are indicative of VOC-limited conditions in both months and are
outside the range of ambiguity described by Schroeder et al. (2017). However, this metric is of limited value as it
fails to consider the impact of NO, emissions on the footprint of regional ozone production which spans the full
range of ozone sensitivity to NO, and VOC emissions. As a result, ozone will not decrease in the broader region
without reductions in NO_ (Schroeder et al., 2020).

In the United States, the ozone NAAQS is in fact defined as a standard for both ozone and related photochemical
oxidants, where photochemical oxidants are products of the oxidation of NO in the presence of VOCs (ozone, NO,,
HCHO, PAN, HNO,, etc.; U.S. EPA, 1978, 2020). The primary indicator for the NAAQS is ozone since it can be
measured with high specificity and is easily implemented for widespread monitoring. Thus, the greater sensitiv-
ity of QHCHO to O, carries relevance for the larger concern of total photochemical oxidants that ground-based
ozone measurements are intended to address. This suggests that areas identified for attention based on QHCHO
maps could warrant a suite of measurements that include ozone, NO,, and other photochemical oxidants when
possible. In South Korea, NO, emissions are declining due to local emissions controls. This is expected to lead
to initially increasing ozone in the SMA (Schroeder et al., 2020) and ozone will make up a larger fraction of O,
and total photochemical oxidants.

6. Conclusions and Future Directions

The relationship between aircraft in situ derived QHCHO and surface ozone identified by Schroeder et al. (2016)
suggested the potential for QHCHO to improve ozone air quality monitoring strategies from space. We built on
this work using remote sensing and in situ derived observations of QHCHO available from the 2018 LISTOS
campaign in the vicinity of Long Island Sound and the 2016 KORUS-AQ campaign in Seoul, South Korea.
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Figure 4. Pandora QHCHO versus surface (a) O,, (b) NO,, and (c) O, at Olympic Park colored by date. Binned data show average O,, NO,, and O, sorted by decile of
QHCHO for all data (black circles), data in May (blue squares, n = 3,321), and data in June (red triangles, n = 1,616). QHCHO from DC-8 missed approaches versus
surface (d) O, (e) NO,, and (f) O, colored by date.

During the LISTOS campaign, we identified both spatial and temporal relationships between QHCHO and
surface ozone across nine consistently sampled sites. During KORUS-AQ, a strong temporal relationship with
surface ozone was observed from QHCHO derived from the DC-8 aircraft and Pandora observations but not
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from the airborne spectrometer. There was a similarly poor relationship for the subset of Pandora data limited
to airborne spectrometer overpass times. This emphasizes the value of the large sampling density provided by
Pandora for developing robust statistics of QHCHO-ozone for future studies of this relationship.

Titration of ozone by NO can impact the QHCHO-o0zone relationship, which was evident in the observations
made in Seoul. Aircraft in situ derived and Pandora QHCHO showed a stronger relationship with O, than ozone.
Observed NO, was approximately 27 ppb (29% of O,) during KORUS-AQ compared to only 6 ppb (9% of O,)
during LISTOS. Pandora observations revealed that the slope of QHCHO-O, decreased from May to June during
KORUS-AQ. This was not due to decreased ozone production but likely a result of increased NO, oxidation to
reservoir species such as PAN with rising temperatures and biogenic VOC emissions.

Different VOC precursors could result in a range in the QHCHO-o0zone relationship. Schroeder et al. (2016)
found a difference in the relationship between the QHCHO-ozone relationship in Maryland where biogenic emis-
sions (i.e., isoprene) dominated the VOC budget compared to Houston where anthropogenic emissions were more
important. In New York City, formaldehyde production has been shown to be driven by isoprene and alkenes
(Lin et al., 2012). During KORUS-AQ, ozone production (and associated HCHO production) was dominated by
aromatic VOCs, (~50%), but with an important contribution from isoprene and alkenes (~20% each; Schroeder
et al., 2020). While the VOC mix was different for each campaign, the QHCHO-O, relationship was robust
during both the biogenically dominated (LISTOS) and anthropogenically dominated (KORUS-AQ) campaigns.
In contrast to Schroeder et al. (2016), campaign differences do not appear to preclude or affect a robust QHCHO—-
ozone relationship but shifts in QHCHO-O, due to seasonality or different VOC mixtures motivate future inves-
tigations with longer-term data sets.

The EPA ozone NAAQS is in fact defined as a standard for both ozone and related photochemical oxidants (prod-
ucts of VOC oxidation in the presence of NO including NO,, HCHO, PAN, and HNO;; U.S. EPA, 1978, 2020).
The greater sensitivity of QHCHO to O, implies that this relationship could inform the spatial distribution of
overall photochemical oxidants, not only ozone. As NO, emissions are reduced due to policy measures, ozone
will initially increase in VOC-limited conditions such as in Seoul, South Korea. In this case, ozone will become
an increasing fraction of O, and total photochemical oxidants.

The analysis of QHCHO-ozone from airborne and ground-based spectrometers during LISTOS and KORUS-AQ
indicated that both averaged spatially and on a day-to-day basis, QHCHO corresponds to surface ozone and
O,. These relationships are not sufficiently robust to derive quantitative values for surface concentrations using
QHCHO but instead show promise for future use to inform air quality monitoring strategies for ozone and related
photochemical oxidants. The spatial relationship could be used as an indicator of potential ozone events and
their regional extent that could be confirmed by surface monitors. In parts of the world where monitors may not
be routinely operated, the temporal variability of QHCHO could be valuable for determining the frequency of
extreme ozone events.

Future mapping of a region for this purpose requires sufficient temporal averaging to span the range of photo-
chemical and meteorological conditions that impact air quality. The use of QHCHO from future geostationary
satellites for this application is dependent on retrieval quality. The spatial range of QHCHO observed during
LISTOS was 0.12 DU which was much smaller than the range observed from day to day (~1 DU), challenging
the ability to observe spatial gradients in QHCHO without high precision retrievals. The upcoming geostation-
ary missions are evolving toward higher spatial/temporal resolution but with baseline precision requirements of
1 x 10'® molec cm~2 or 0.37 DU (Zoogman et al., 2017). The expected precision may be better with sufficient
temporal averaging. With sufficient precision, the strong QHCHO-o0zone relationship could be added to efforts
combining satellite retrievals of multiple species with other ancillary measurements to infer to surface ozone
concentrations (Requia et al., 2020; Zhang et al., 2018).

Pandora QHCHO data are just now becoming readily available. These data provide the best opportunity for
further exploring the QHCHO-ozone (or O,) relationship in more detail across the rapidly growing Pandonia
Global Network (https://www.pandonia-global-network.org/; Szykman et al., 2019). Further uses include inter-
pretation of QHCHO-ozone temporal variability and aircraft or satellite-based remote sensing of QHCHO. This
could include investigating whether the QHCHO-ozone relationship shifts on days that exceed local ozone stand-
ards compared to average conditions (i.e., Koplitz et al., 2022). This unprecedented volume of QHCHO data
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