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Abstract Lightning is the most important source of nitric oxide (NO) in the tropical upper troposphere and
controls the formation of tropospheric ozone (O3). It is associated with deep convection and occurs mostly over
continents. The Chemistry of the Atmosphere Field Experiment in the Pacific (CAFE Pacific) was conducted in
early 2024 from Cairns, Australia, taking airborne measurements across the Australian continent and the

surrounding maritime regions. Based on cloud top properties, lightning data and in situ observations of NO, O;
and carbon monoxide, we show that deep convection occurs over Northern Australia and the Indo-Pacific Warm
Pool. While we identify strong lightning activity over Australia, we observe deep convection in the Warm Pool
that is not electrified. Our observations of low O3 in the Warm Pool can be attributed to O5-poor air from the
marine boundary layer, which is not replenished by photochemical production from NO at high altitudes.

Plain Language Summary Nitrogen oxides (NO,) represent the sum of nitric oxide (NO) and
nitrogen dioxide (NO,) and are catalytic in tropospheric ozone formation. At elevated altitudes in the tropics,
NO, is predominantly produced by lightning due to high temperatures in the flash (>30,000°C). Therefore,
lightning strongly affects photochemistry in the tropics, particularly the formation of ozone (O3). This is
important because Ojs is a greenhouse gas and hazardous to human health. We performed measurements of trace
gases with a research aircraft over Australia and the Indo-Pacific Warm Pool between January and March 2024.
The Warm Pool is a region of elevated sea surface temperatures northeast of Australia. The measured trace gases
indicate lightning and the upward transport of air from the surface to high altitudes by deep convection. We find
that deep convection and strong lightning occur over terrestrial Northern Australia. In contrast, deep convection
occurs without lightning over the marine Warm Pool. This explains the low O3 over the Warm Pool: O5-poor air
from the surface is transported to high altitudes, where it is not chemically replenished due to the absence of NO
from lightning.

1. Introduction

Lightning is the dominant source of nitrogen oxides (NO, = NO + NO,) in the upper tropical troposphere and
accounts for around 10% of the global budget (Nussbaumer et al., 2023; Pusede et al., 2015; Schumann &
Huntrieser, 2007). In tropical latitudes, lightning NO, drives photochemical processes and regulates the formation
of tropospheric O3, a greenhouse gas and hazardous pollutant. It also regulates the abundance of OH radicals,
which determine the lifetime of many gases, for example, methane (CH,) and carbon monoxide (CO) (Crut-
zen, 1988; Lelieveld et al., 2016).

Lightning occurs in cumulonimbus systems through convective up- and downdrafts that carry ice and supercooled
water at low temperatures, causing charge separation and the generation of a strong electric field. This process
goes hand in hand with the upward transport of air from low altitudes and promotes reaction pathways for trace
gases from the boundary layer under upper tropospheric conditions. It is well established that lightning over
continents is substantially more frequent than over maritime regions (Avila et al., 2010; Christian et al., 2003; Lal
et al., 2014; Rudlosky & Virts, 2021). While the relatively rapid heating of land masses and the presence of
aerosol particles are important factors, the reason behind this uneven distribution of lightning has not been fully
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resolved. The North of Australia is known for its intense lightning activity along with deep convective updrafts
(Heyes et al., 2009; Huntrieser et al., 2009; Vaughan et al., 2008).

The Indo-Pacific or tropical Western Pacific Warm Pool (in the following referred to as Warm Pool) is an oceanic
region to the northeast of Australia. It is characterized by high sea surface temperatures above 28°C throughout
the entire year which promote deep convection and a high tropopause (Bhat et al., 1996; Liu & Zipser, 2015; De
Deckker, 2016; L. L. Pan et al., 2017). It is therefore not only relevant to local processes but of high importance to
the global climate (De Deckker, 2016; Fasullo & Webster, 1999; Hu et al., 2020). The meteorological conditions
give rise to unique photochemistry. Multiple studies over a range of several decades have presented in situ ob-
servations of Oz in the Warm Pool or the surrounding areas, including (but not limited to) the PEM Tropics
missions (1996), the BIBLE campaign (1998/99), the CAST and CONTRAST campaign (2014), and O3 sonde
measurements at several sites in the remote Pacific (Anderson et al., 2016; Gao et al., 2014; Harris et al., 2017,
Hoell et al., 1999; Kondo et al., 2002; Labrador et al., 2005; Miiller et al., 2024; Nicely et al., 2016; Oltmans
etal.,2001; L. L. Pan et al., 2015, 2017). All agree on exceptionally low mixing ratios of O3 at the surface (as low
as 5 ppbv) and in the upper troposphere (around 20-30 ppbv). In contrast, observations of NO, are sparse and
range between 10 and 50 pptv. Gao et al. (2014) hypothesized that NO- and O5-free air from the marine boundary
layer is transported upwards through non-electrified deep convection, leading to low NO and O; at high altitudes.
L. L. Pan et al. (2015) identified deep convection as the reason for low upper tropospheric O5. Rex et al. (2014)
further suggested a minimum of OH radicals concurrent with the low NO and Oj; levels and, consequently,
enhanced lifetimes of greenhouse gases that are removed by OH in this region.

Trace gases with characteristic boundary layer concentrations can identify deep convective updraft when they are
transported upwards and measured in the upper troposphere. Various studies have reported deep convection based
on in situ observations including Cohan et al. (1999), Colomb et al. (2006), L. L. Pan et al. (2017). In Nussbaumer,
Tadic, et al. (2021), Nussbaumer, Parchatka, et al. (2021) we have shown that deep convection occurs in a
developing tropical cyclone with and without lightning dependent on the strength of the system. This conclusion
was based on in situ observations during the Chemistry of the Atmosphere Field Experiment in Africa (CAFE
Africa) in August and September 2018.

In this study, we present evidence of the occurrence of deep convective processes in the absence of lightning over
the Warm Pool. Our analyses are based on in situ observations during the aircraft campaign CAFE Pacific
(Chemistry of the Atmosphere Field Experiment in the Pacific), cloud top properties from the geostationary
meteorological satellite Himawari and lightning strokes detected by the World Wide Lightning Location Network
(WWLLN). In contrast, we report deep convection in the presence of strong lightning over the Australian
continent. While previous studies reported indications for low NO and O; and the link to convection and
lightning, this study is the first to demonstrate that deep convective updraft in the absence of lightning causes
persistently low levels of O3 (and NO) in the upper troposphere over the Warm Pool. With the help of a global
atmospheric chemistry-climate model we evaluate the atmospheric implications of our findings and show that
these conditions result in low OH levels, which in turn impact the lifetime of greenhouse gases such as methane.

2. Observations and Methods
2.1. Aircraft Campaign CAFE Pacific

CAFE Pacific took place from January to March 2024 over Australia, Papua New Guinea and the Indo-Pacific
Warm Pool. Twenty-two local measurement flights were carried out with the HALO (High Altitude LOng
range) research aircraft from the campaign airport in Cairns, Australia (16.88°S, 145.75°E). Figure 1 shows an
overview of the flight tracks. We focus our analysis on data obtained over the Warm Pool and Australia, as
denoted by the dark blue and dark red boxes, respectively. Each box comprises four major research flights (RF),
which are RF10 (01/27-01/28), RF18 (separated into RF18a (02/16-02/17) and RF18b (02/17)) and RF21 (02/23-
02/24) for the Warm Pool and RF11 (01/31-02/01), RF15 (separated into RF15a (02/09-02/10) and RF15b (02/
10)) and RF19 (02/19) for Australia. We chose the boxes in order to compare the maritime influence on the edge
of the Warm Pool with the continental conditions over Australia. We discuss the results in these areas in com-
parison with the continental (RF18 and RF21) and maritime background (mostly RF08: 01/23-01/24 and RF09:
01/26), shown by the light red and light blue boxes, respectively. We refer to the background as regions char-
acterized by the absence of both lightning and convection. The research aircraft carried multiple scientific in-
struments for measurements of atmospheric trace gases, particles and meteorological data. In this study, we use
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Figure 1. Overview of the CAFE Pacific flight tracks. Red colors show the continental and blue colors the maritime flight
tracks. The dark boxes show the areas of interest (Warm Pool and Northern Australia) and the light boxes the continental and
maritime background.

measurements of NO, O3, CO, CsHg and the local meteorology. Details on the instruments and uncertainties can
be found in Text S1 of the Supporting Information S1.

2.2. Himawari Geostationary Meteorological Satellite

Data on cloud properties were obtained from the Japanese geostationary meteorological satellite Himawari 8/9
and processed by the Australian Government Bureau of Meteorology (2022). We investigated the cloud top
heights, cloud top temperatures and cloud types for each flight day of interest. Details can be found in Text S2 of
the Supporting Information S1.

2.3. World Wide Lightning Location Network (WWLLN)

Lightning data were obtained via the WWLLN. Details on the WWLLN and further references can be found at the
WWLLN website (Holzworth, 2024). The WWLLN provides the geographic coordinates of lightning strokes,
which were detected by at least five stations. This means that remote locations could be less well represented
compared to locations in proximity to WWLLN stations. We included lightning data from the flight days over the
areas of interest.

2.4. EMAC Model

The model simulations of trace gases and meteorological parameters were performed using the ECHAMS/
MESSy2 Atmospheric Chemistry (EMAC) model, which is described in detail in Roeckner et al. (2006) and
Jockel et al. (2016). We carried out two simulations including (2.3 Tg N year™!) and excluding lightning NO,
emissions. Further details can be found in Text S3 of the Supporting Information S1. While the main findings of
this study are entirely based on in situ observations, we use the model to investigate the atmospheric implications
of our results.
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Figure 2. Meteorological conditions in the studied regions on the flight days of interest: (a) Average cloud top heights based
on data obtained from the Himawari satellite, (b) Lightning activity over Australia and the Warm Pool. Each grid box
represents an 0.5 X 0.5° (in latitude and longitude) area, color-coded according to the lightning flash frequency.

3. Results and Discussion
3.1. Cloud Top Properties

Figure 2a shows the cloud top heights in the studied areas, as an average of the satellite images for each flight day.
Gray colors represent areas without cloud measurements on >70% of the days. Further cloud top properties,
including the cloud top temperatures and detailed information on the cloud types for each flight can be found in
Figures S1-S9 of the Supporting Information S1.

High cloud top altitudes mostly ranging between 11 and 16 km in altitude were observed over the Warm Pool
during RF10 and RF18. The satellite information on cloud types (as shown in Figures S3c and S7c¢ in Supporting
Information S1) demonstrates the dominance of (very) high opaque clouds (cloud type (CT) 8/9) and high
semitransparent thick clouds (CT 13) along the flight track. The cloud top heights during RF21 were slightly
lower (mostly 7-13 km), corresponding to a higher share of low clouds (CT 6) and high semitransparent
moderately thick clouds (CT 12). Taken together, the available cloud top properties are a strong indicator for the
presence of deep convective systems over the Warm Pool, which were most pronounced during RF10 and RF18.
We observed a higher diversity of cloud top heights and cloud types over Northern Australia throughout the flight
days, including both high cloud tops and cloud-free days, resulting in the appearance of mid-level clouds in
Figure 2. Similarly, a cloud mix was observed over the Ocean to the East of Australia, which we refer to as the
maritime background. We observed mostly cloud-free conditions over Central Australia, referred to as the
continental background.

3.2. Lightning

Figure 2 provides an overview of the lightning activity in the studied area as the flash frequency detected by the
WWLLN on the days of interest. The continental and maritime backgrounds were mostly lightning-free. This
agrees well with the cloud top properties, indicating cloud-free conditions for the continental and a cloud mix for
the maritime background. In contrast, lightning activity over Northern Australia was strongly enhanced with
values up to 10 flashes per hour. Apart from an area of enhanced lightning between Papua New Guinea and the
North of the Solomon islands, lightning over the Warm Pool was scarcer compared to Northern Australia but
more abundant compared to the maritime and continental background regions. Of note, the data provided by the
WWLLN contain information about the location (latitude and longitude) of the strokes but neither about the
altitude nor about the strength of the lightning flash. The temperature and therefore, the amount of NO produced
from a lightning flash is highly variable.
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Figure 3. Vertical profiles of trace gases over continental (red) and maritime regions (blue): (a, ) NO, (b, f) O3, (¢, g) CO and (d, h) O3/CO. Lines and shades represent
median values and the 25th/75th percentiles, respectively, at each altitude bin of 1 km. Solid lines show the continental and maritime background and dashed lines
present regions with deep convective processes over Australia and the Warm Pool. Circles and triangles show the mean values for the areas of interest and the
background, respectively.

3.3. In Situ Observations of Convection

Figure 3 shows the vertical profiles of in situ observations in the areas of interest. We present a joint profile for the
continental regions (red, panels (a—d)) and the maritime regions (blue, panels (e-h)) up to an altitude of 10 km,
indicated by the solid lines in red and blue, respectively, as we do not expect any differences in the lower and
middle troposphere. Above, we show the background with solid lines and the areas of interest over Northern
Australia and the Warm Pool with dashed lines. The number of data points in each bin can be found in Tables S1—
S3 of the Supporting Information S1.

Figures 3a and 3e show the vertical profiles of NO over the continental and the maritime regions, respectively. For
the continental regions, median NO was enhanced at the surface below 2 km. Data points at these altitudes are
sparse and the enhancement mostly arises from measurements during RF15. In contrast, NO was close to the
detection limit at the surface in the maritime regions, where vessels represent the only source of NO. Particularly
in the Warm Pool, a remote maritime area, ship traffic is sparse. In the middle troposphere between 2 and 10 km
altitude, median NO was low for both maritime and continental areas, with values up to 15 pptv. At higher al-
titudes, NO remained low for the maritime and continental background with median values up to 17 and 28 pptv,
respectively. For the Warm Pool, NO was mostly below the detection limit between 10 and 15 km altitude. In
contrast, NO was strongly enhanced over Northern Australia with median values of 160 pptv between 13 and
14 km and 930 pptv above. These measurements are a clear indicator for the presence of lightning over Northern
Australia and the absence of lightning in all other areas, including the background regions and the Warm Pool,
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despite the presence of deep convective clouds in the latter as shown in Figure 2. Previous studies have shown that
lightning is the only relevant source of NO in the upper tropical troposphere (Nussbaumer et al., 2023; Schumann
& Huntrieser, 2007). Enhanced NO was mostly arising from flight RF11 with peak values above 2 ppbv.
Lightning strokes detected by the WWLLN together with back trajectories, which we show in Figure S10 of the
Supporting Information S1 (Nussbaumer et al., 2024b), indicate that NO was not produced locally but transported
from a thunderstorm system that occurred several hours before take-off from Cairns.

Figures 3b and 3f show the vertical profiles of O3. For maritime regions, median values were below 10 ppbv at the
surface and increased with rising altitude. For the background, median O3 increased almost continuously up to
around 40 ppbv in the upper troposphere, whereas the profile has an inverse C-shape for the Warm Pool, with
maximum values around 40 ppbv between 7 and 8 km and 20-25 ppbv above 10 km. Over Australia, median O3
was around 40 ppbv at the surface and on average 16 ppbv larger in the lower and middle troposphere compared to
the maritime regions - likely due to the higher availability of precursors. In the upper troposphere, median O3 over
Australia was similar to the maritime background around 40 ppbv. Northern Australia showed an enhancement of
60 ppbv median O; between 14 and 15 km altitude, indicating O5 production from lightning NO, at high altitudes.
In contrast, O; over the Warm Pool was lower by 40%—-50% between 10 and 15 km altitude. O5 in the upper
troposphere can be impacted by various processes. Usually, Oz increases with altitude due to the decreasing
distance to the Os-rich stratosphere. Additionally, regions with strong lightning activity supply abundant NO as a
precursor to photochemical O; formation. The lifetime of ozone further increases with altitude, mostly due to the
decreasing availability of water vapor. Convective updraft from the boundary layer can provide the opposite
effect, transporting O3-poor air to high altitudes. Long-range transport of air can additionally influence O; levels
in the upper troposphere in either direction, as Os has a lifetime of several weeks. In combination with the cloud
top altitudes in Figure 2a indicating convective systems and the vertical profiles of NO providing insights into
lightning activity, we suggest that the Warm Pool is characterized by non-electrified, strong convection. Updraft
from the O3-poor maritime boundary layer leads to low mixing ratios of O; in the upper troposphere, which is not
replenished by photochemical production as NO is absent. In contrast, Northern Australia is characterized by
strong lightning activity that provides large amounts of upper tropospheric NO, which in turn affect photo-
chemical O; production. The oceanic and continental background regions neither show lightning nor convective
activity and upper tropospheric O; levels are enhanced due to the proximity to the stratosphere or long-range
tropospheric transport.

Figures 3c and 3g show the vertical profiles of CO. The continental profile shows a C-shape with median values of
65 ppbv at the surface, 55-60 ppbv at mid-tropospheric altitudes and 65-70 ppbv in the upper troposphere. No
significant differences can be observed between Northern Australia and the continental background at high al-
titudes. The C-shape indicates convective transport but does not provide insights into the time scale as CO has a
lifetime of several weeks to months in the troposphere. At the surface over the ocean, CO was lower with 50 ppbv
and peaked between 2 and 5 km with median values around 65 ppbv. For the maritime background, CO was
roughly constant with around 60 ppbv at higher altitudes. In contrast, CO was enhanced over the Warm Pool
between 10 and 11 km and between 14 and 15 km with 67 and 72 ppbv, respectively. This enhancement indicates
upward transport from lower altitudes.

The ratio of O3 and CO can additionally provide insights into convective processes, which we show in Figures 3d
and 3h. Close to the surface, O3/CO is usually lowest due to low O3 and high CO and increases with altitude and
decreasing distance to the stratosphere, where O; peaks and CO reaches a minimum. The shapes are similar to the
vertical profiles of O3, but with more pronounced differences between the Warm Pool/Northern Australia and the
respective backgrounds in the upper troposphere. Strong convective updraft over the Warm Pool and Northern
Australia is indicated by an inverted C-shape profile with similar O3/CO values at high altitudes compared to the
surface. In contrast, enhanced values over the background regions show the absence of convection. Large values
at altitudes of 14 km over Northern Australia (S-shape) additionally indicate the impact of strong lightning on
photochemically produced Oj.

An additional indicator for continental convection is the short-lived VOC isoprene, which we show in Figure S11
of the Supporting Information S1. Isoprene mixing ratios were enhanced in the continental boundary layer as well
as in the upper troposphere over Northern Australia, indicating recent deep convection. Observations were mostly
below the detection limit throughout the maritime tropospheric column due to the absence of strong sources.
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Figure 4. Averaged, modeled NO, Os, P(O3) and OH using EMAC in the areas of interest at 180 hPa for daytime values between 01/16 and 02/29 including (a—d) and

excluding lightning NO, (e-h).

3.4. Atmospheric Implications

Figure 4 shows modeled NO, O3 and OH radicals as well as calculated O; production rates (P(O53)) as an average
over daytime values (j(NO,) >0) between 01/16 and 02/29 at 180 hPa, which corresponds to the altitudes at which
convection and lightning are observed. Detailed numbers can be found in Tables S4—S8 of the Supporting In-
formation S1. We calculate P(O3) via the reaction of NO with HO, and CH;0O,. Details are provided in Text S4 of
the Supporting Information S1.

Panels (a, e) show NO mixing ratios with (baseline scenario) and without lightning (no LNO, scenario),
respectively. The baseline scenario shows the lowest mixing ratios of 45 pptv (median) over the Warm Pool,
followed by 109 pptv over the maritime background and 124 and 137 pptv over Northern and Central Australia,
respectively. The modeled values over the Warm Pool and the maritime and continental backgrounds are by
around one order of magnitude larger than the in situ observations. In contrast, the measured and modeled mixing
ratios over Northern Australia show a much closer agreement, with 266 and 124 pptv, respectively. Comparing
the observations with the no-LNO, scenario, we find a significantly improved agreement over the Warm Pool and
the background areas, whereby NO over Northern Australia is underestimated by a factor of 15. These findings
indicate that while the model in its actual configuration is able to represent continental lightning over Northern
Australia well, it overestimates maritime lightning in this region. As the model predicts much higher NO from
lightning over the tropical Pacific, other remote maritime regions could also be overestimated. Central Australia is
a desert and cloud top properties, the WWLLN and our in situ observations are strongly suggestive of lightning-
free conditions. We hypothesize that the enhanced mixing ratios of NO predicted by the model over the conti-
nental background could be the result of transported (overestimated) NO from maritime regions. In contrast,
regions like Northern Australia with strong convection and lightning are represented well.

These deviations in NO impact photochemical processes in remote maritime regions and areas to which these air
masses are transported. Panels (b, f) show modeled O5 over the areas of interest. In the baseline scenario, O3 is
overestimated by 25%-50% over the Warm Pool and the background regions compared to the observations, but
the values show close agreement in the no-LNO, scenario. Over Northern Australia, the agreement of O in the
baseline scenario is much higher compared to the maritime regions. The model overestimates median O; by 18%
and underestimates it by 13% in the no-LNO, scenario. This indicates the impact of both local photochemical
production and transport from adjacent areas.
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These findings suggest that the baseline scenario represents the actual photochemical state over Northern
Australia and the no-LNO, scenario captures the photochemical state over the Warm Pool and the background
regions. Consequently, O; production is likely overestimated by the model by a factor of 3—4 and OH radicals by a
factor of 2-3 over these remote regions, where our understanding currently still relies on models due to the
scarcity of observations. Oxidation by OH radicals represents a major pathway of removing pollutants and
greenhouse gases from the troposphere. Significant impacts for estimating the radiative forcing from CH, and O3
could result if our observations are not limited to the studied region, but also apply to other remote maritime areas.
The underestimation of OH can further lead to underestimated amounts of halogen species reaching the strato-
sphere with major impacts on stratospheric O; loss (Rex et al., 2014). Further research is required to quantify
these impacts.

4. Conclusions

In this study, we presented in situ observations of NO, O; and CO from the aircraft campaign CAFE Pacific. In
combination with satellite-inferred cloud top properties and lightning observations, we identified deep convection
over Northern Australia and the Indo-Pacific Warm Pool. We found that this strong updraft is accompanied by
lightning over the continent but is non-electrified over the ocean.

To our knowledge, this is the first study to present evidence of the occurrence of deep convection without
lightning over the Warm Pool, an area which impacts chemistry and climate around the entire globe. These
observations provide an explanation for the persistently low O3 values observed in this region up to high altitudes.
Deep convection can lift Os-poor air from the boundary layer to the upper troposphere and the absence of NO
prevents the photochemical formation of O locally. By the help of model simulations we show that these
conditions lead to very low ozone production rates and OH availability. This OH minimum over the Warm Pool
was previously reported by Rex et al. (2014) and we now show that it can be induced by non-electrified, deep
convection over maritime regions. Consequently, the OH minimum is not only a result of low primary production
from O3 but also due to minimal secondary production in the absence of NO,. Further research is necessary to
investigate if these observations can be extrapolated to other remote maritime regions.

We provide evidence in support of the previously advanced hypothesis on the origin of low O3 in the Warm Pool.
While various studies have investigated the differences between continental and maritime lightning including the
convective available potential energy, precipitation, updraft velocities and the impact of aerosols (Lal et al., 2014;
Lucas et al., 1994; Z. Pan et al., 2022; Petersen et al., 2005; Romps et al., 2018; Shi et al., 2015; Wang et al., 2018;
Wilbourn et al., 2024; Williams & Stanfill, 2002), we still do not fully understand the reason for this imbalance.
Future studies should investigate this open question and the implications for chemistry and climate in a changing
world.
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The supporting data for this study can be found at Nussbaumer et al. (2024a).

References

Anderson, D. C., Nicely, J. M., Salawitch, R. J., Canty, T. P., Dickerson, R. R., Hanisco, T. F., et al. (2016). A pervasive role for biomass burning
in tropical high ozone/low water structures. Nature Communications, 7(1), 10267. https://doi.org/10.1038/ncomms 10267

Australian Government Bureau of Meteorology. (2022). Bureau of meteorology satellite derived products. NCI (National Computational
Infrastructure) Australia. https://doi.org/10.25914/5QRS-QB54

Avila, E. E., Biirgesser, R. E., Castellano, N. E., Collier, A. B., Compagnucci, R. H., & Hughes, A. R. (2010). Correlations between deep
convection and lightning activity on a global scale. Journal of Atmospheric and Solar-Terrestrial Physics, 72(14-15), 1114-1121. https://doi.
org/10.1016/j.jastp.2010.07.019

Bhat, G. S., Srinivasan, J., & Gadgil, S. (1996). Tropical deep convection, convective available potential energy and sea surface temperature.
Journal of the Meteorological Society of Japan. Series II, 74(2), 155-166. https://doi.org/10.2151/jmsj1965.74.2_155

Christian, H. J., Blakeslee, R. J., Boccippio, D. J., Boeck, W. L., Buechler, D. E., Driscoll, K. T., et al. (2003). Global frequency and distribution of
lightning as observed from space by the optical transient detector. Journal of Geophysical Research, 108(D1), ACL—4. https://doi.org/10.1029/
2002JD002347

Cohan, D. S., Schultz, M. G., Jacob, D. J., Heikes, B. G., & Blake, D. R. (1999). Convective injection and photochemical decay of peroxides in the
tropical upper troposphere: Methyl iodide as a tracer of marine convection. Journal of Geophysical Research, 104(D5), 5717-5724. https://doi.
org/10.1029/981D01963

Colomb, A., Williams, J., Crowley, J., Gros, V., Hofmann, R., Salisbury, G., et al. (2006). Airborne measurements of trace organic species in the
upper troposphere over europe: The impact of deep convection. Environmental Chemistry, 3(4), 244-259. https://doi.org/10.1071/EN06020

Crutzen, P. J. (1988). Tropospheric ozone: An overview. Springer. https://doi.org/10.1007/978-94-009-2913-5_1

NUSSBAUMER ET AL.

8 of 10

8518017 SUOWILIOD BATe81D 3|l dde aup Aq peusenob afe 9o lfe YO 8SN JO Ss|ni o} Akeiq 1T 8UIIUO AB]1/M UO (SUORIPLOD-PUe-SWSH 00" A3 1M AeIq 1 puljuo//SdNY) SUORIPUOD pue SWe L 841 835 *[S20z/70/62] Uo AriqiT auluo A8|1m ‘8ifojouyos L ind InHsul Jeynssiey Aq 88/2TT 19v202/620T OT/10p/wiod A3 |1m Ariqipujuosqndnbe;/sdny woiy pepeojumod ‘G ‘SZ0z ‘Z008rY6T


https://doi.org/10.1038/ncomms10267
https://doi.org/10.25914/5QRS-QB54
https://doi.org/10.1016/j.jastp.2010.07.019
https://doi.org/10.1016/j.jastp.2010.07.019
https://doi.org/10.2151/jmsj1965.74.2_155
https://doi.org/10.1029/2002JD002347
https://doi.org/10.1029/2002JD002347
https://doi.org/10.1029/98JD01963
https://doi.org/10.1029/98JD01963
https://doi.org/10.1071/EN06020
https://doi.org/10.1007/978-94-009-2913-5_1
http://wwlln.net
http://wwlln.net

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112788

De Deckker, P. (2016). The Indo-Pacific warm pool: Critical to world oceanography and world climate. Geoscience Letters, 3(1), 20. https://doi.
org/10.1186/s40562-016-0054-3

Fasullo, J., & Webster, P. J. (1999). Warm pool sst variability in relation to the surface energy balance. Journal of Climate, 12(5), 1292-1305.
https://doi.org/10.1175/1520-0442(1999)012(1292: WPSVIR)2.0.CO;2

Gao, R.-S., Rosenlof, K., Fahey, D., Wennberg, P., Hintsa, E., & Hanisco, T. (2014). Oh in the tropical upper troposphere and its relationships to
solar radiation and reactive nitrogen. Journal of Atmospheric Chemistry, 71(1), 55-64. https://doi.org/10.1007/s10874-014-9280-2

Harris, N. R. P., Carpenter, L. J., Lee, J. D., Vaughan, G., Filus, M. T., Jones, R. L., et al. (2017). Coordinated airborne studies in the tropics (cast).
Bulletin of the American Meteorological Society, 98(1), 145-162. https://doi.org/10.1175/BAMS-D-14-00290.1

Heyes, W., Vaughan, G., Allen, G., Volz-Thomas, A., Pitz, H.-W., & Busen, R. (2009). Composition of the ttl over Darwin: Local mixing or long-
range transport? Atmospheric Chemistry and Physics, 920), 7725-7736. https://doi.org/10.5194/acp-9-7725-2009

Hoell, J., Davis, D., Jacob, D. J., Rodgers, M., Newell, R., Fuelberg, H., et al. (1999). Pacific exploratory mission in the tropical Pacific: Pem-
tropics a, august-september 1996. Journal of Geophysical Research, 104(D5), 5567-5583. https://doi.org/10.1029/19981D 100074

Holzworth, R. (2024). World wide lightning location network. Retrieved from https://wwlln.net/

Hu, D., Wang, F., Sprintall, J., Wu, L., Riser, S., Cravatte, S., et al. (2020). Review on observational studies of western tropical Pacific Ocean
circulation and climate. Journal of oceanology and limnology, 38(4), 906-929. https://doi.org/10.1007/s00343-020-0240-1

Huntrieser, H., Schlager, H., Lichtenstern, M., Roiger, A., Stock, P., Minikin, A., et al. (2009). No x production by lightning in hector: First
airborne measurements during scout-o3/active. Atmospheric Chemistry and Physics, 9(21), 8377-8412. https://doi.org/10.5194/acp-9-8377-
2009

Jockel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmeijer, C. A., et al. (2016). Earth system chemistry integrated modelling (escimo)
with the modular earth submodel system (messy) version 2.51. Geoscientific Model Development, 9(3), 1153—1200. https://doi.org/10.5194/
gmd-9-1153-2016

Kondo, Y., Koike, M., Kita, K., Ikeda, H., Takegawa, N., Kawakami, S., et al. (2002). Effects of biomass burning, lightning, and convection on 03,
co, and noy over the tropical Pacific and Australia in august—october 1998 and 1999. Journal of Geophysical Research, 107(D3), BIB-6.
https://doi.org/10.1029/2001JD000820

Labrador, L., Von Kuhlmann, R., & Lawrence, M. (2005). The effects of lightning-produced NOx and its vertical distribution on atmospheric
chemistry: Sensitivity simulations with MATCH-MPIC. Atmospheric Chemistry and Physics, 5(7), 1815-1834. https://doi.org/10.5194/acp-5-
1815-2005

Lal, D. M., Ghude, S. D., Singh, J., & Tiwari, S. (2014). Relationship between size of cloud ice and lightning in the tropics. Advances in
Meteorology, 2014, 1-7. https://doi.org/10.1155/2014/471864

Lelieveld, J., Gromov, S., Pozzer, A., & Taraborrelli, D. (2016). Global tropospheric hydroxyl distribution, budget and reactivity. Atmospheric
Chemistry and Physics, 16(19), 12477-12493. https://doi.org/10.5194/acp-16-12477-2016

Liu, C., & Zipser, E. J. (2015). The global distribution of largest, deepest, and most intense precipitation systems. Geophysical Research Letters,
42(9), 3591-3595. https://doi.org/10.1002/2015GL063776

Lucas, C., Zipser, E. J., & LeMone, M. A. (1994). Convective available potential energy in the environment of oceanic and continental clouds:
Correction and comments. Journal of the Atmospheric Sciences, 51(24), 3829-3830. https://doi.org/10.1175/1520-0469(1994)051(3829:
CAPEIT)2.0.CO;2

Miiller, K., von der Gathen, P., & Rex, M. (2024). Air mass transport to the tropical western Pacific troposphere inferred from ozone and relative
humidity balloon observations above Palau. Atmospheric Chemistry and Physics, 24(8), 4693—4716. https://doi.org/10.5194/acp-24-4693-2024

Nicely, J. M., Anderson, D. C., Canty, T. P., Salawitch, R.J., Wolfe, G. M., Apel, E. C., et al. (2016). An observationally constrained evaluation of
the oxidative capacity in the tropical western Pacific troposphere. Journal of Geophysical Research: Atmospheres, 121(12), 7461-7488. https://
doi.org/10.1002/2016JD025067

Nussbaumer, C. M., Fischer, H., Lelieveld, J., & Pozzer, A. (2023). What controls ozone sensitivity in the upper tropical troposphere? Atmo-
spheric Chemistry and Physics, 23(19), 12651-12669. https://doi.org/10.5194/acp-23-12651-2023

Nussbaumer, C. M., Parchatka, U., Tadic, I., Bohn, B., Marno, D., Martinez, M., et al. (2021). Modification of a conventional photolytic converter
for improving aircraft measurements of no 2 via chemiluminescence. Atmospheric Measurement Techniques, 14(10), 6759-6776. https://doi.
org/10.5194/amt-14-6759-2021

Nussbaumer, C. M., Pozzer, A., Hewson, M., Ort, L., Krumm, B., Byron, J., et al. (2024a). Supporting data for “low tropospheric ozone over the
Indo-Pacific warm pool related to non-electrified convection” [Dataset]. Edmond. https://doi.org/10.17617/3. EBCL3D

Nussbaumer, C. M., Pozzer, A., Hewson, M., Ort, L., Krumm, B., Byron, J., et al. (2024b). Supporting information for “low tropospheric ozone
over the Indo-Pacific warm pool related to non-electrified convection”. (Supporting Information).

Nussbaumer, C. M., Tadic, I., Dienhart, D., Wang, N., Edtbauer, A., Ernle, L., et al. (2021). Measurement report: In situ observations of deep
convection without lightning during the tropical cyclone florence 2018. Atmospheric Chemistry and Physics, 21(10), 7933-7945. https://doi.
org/10.5194/acp-21-7933-2021

Oltmans, S. J., Johnson, B. J., Harris, J. M., Vomel, H., Thompson, A. M., Koshy, K., et al. (2001). Ozone in the Pacific tropical troposphere from
ozonesonde observations. Journal of Geophysical Research, 106(D23), 32503-32525. https://doi.org/10.1029/2000JD900834

Pan, L. L., Atlas, E. L., Salawitch, R. J., Honomichl, S. B., Bresch, J. F., Randel, W. J., et al. (2017). The convective transport of active species in
the tropics (contrast) experiment. Bulletin of the American Meteorological Society, 98(1), 106—128. https://doi.org/10.1175/BAMS-D-14-
00272.1

Pan, L. L., Honomichl, S. B., Randel, W.J., Apel, E. C., Atlas, E. L., Beaton, S. P., et al. (2015). Bimodal distribution of free tropospheric ozone
over the tropical western Pacific revealed by airborne observations. Geophysical Research Letters, 42(18), 7844—7851. https://doi.org/10.1002/
2015GL065562

Pan, Z., Mao, F., Rosenfeld, D., Zhu, Y., Zang, L., Lu, X., et al. (2022). Coarse sea spray inhibits lightning. Nature Communications, 13(1), 4289.
https://doi.org/10.1038/s41467-022-31714-

Petersen, W. A., Christian, H. J., & Rutledge, S. A. (2005). Trmm observations of the global relationship between ice water content and lightning.
Geophysical Research Letters, 32(14). https://doi.org/10.1029/2005GL023236

Pusede, S. E., Steiner, A. L., & Cohen, R. C. (2015). Temperature and recent trends in the chemistry of continental surface ozone. Chemical
Reviews, 115(10), 3898-3918. https://doi.org/10.1021/cr5006815

Rex, M., Wohltmann, 1., Ridder, T., Lehmann, R., Rosenlof, K., Wennberg, P., et al. (2014). A tropical West Pacific OH minimum and impli-
cations for stratospheric composition. Atmospheric Chemistry and Physics, 14(9), 4827-4841. https://doi.org/10.5194/acp-14-4827-2014

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kornblueh, L., et al. (2006). Sensitivity of simulated climate to horizontal and
vertical resolution in the echam5 atmosphere model. Journal of Climate, 19(16), 3771-3791. https://doi.org/10.1175/jcli3824.1

NUSSBAUMER ET AL.

9 of 10

8518017 SUOWILIOD BATe81D 3|l dde aup Aq peusenob afe 9o lfe YO 8SN JO Ss|ni o} Akeiq 1T 8UIIUO AB]1/M UO (SUORIPLOD-PUe-SWSH 00" A3 1M AeIq 1 puljuo//SdNY) SUORIPUOD pue SWe L 841 835 *[S20z/70/62] Uo AriqiT auluo A8|1m ‘8ifojouyos L ind InHsul Jeynssiey Aq 88/2TT 19v202/620T OT/10p/wiod A3 |1m Ariqipujuosqndnbe;/sdny woiy pepeojumod ‘G ‘SZ0z ‘Z008rY6T


https://doi.org/10.1186/s40562-016-0054-3
https://doi.org/10.1186/s40562-016-0054-3
https://doi.org/10.1175/1520-0442(1999)012%E2%8C%A91292:WPSVIR%E2%8C%AA2.0.CO;2
https://doi.org/10.1007/s10874-014-9280-2
https://doi.org/10.1175/BAMS-D-14-00290.1
https://doi.org/10.5194/acp-9-7725-2009
https://doi.org/10.1029/1998JD100074
https://wwlln.net/
https://doi.org/10.1007/s00343-020-0240-1
https://doi.org/10.5194/acp-9-8377-2009
https://doi.org/10.5194/acp-9-8377-2009
https://doi.org/10.5194/gmd-9-1153-2016
https://doi.org/10.5194/gmd-9-1153-2016
https://doi.org/10.1029/2001JD000820
https://doi.org/10.5194/acp-5-1815-2005
https://doi.org/10.5194/acp-5-1815-2005
https://doi.org/10.1155/2014/471864
https://doi.org/10.5194/acp-16-12477-2016
https://doi.org/10.1002/2015GL063776
https://doi.org/10.1175/1520-0469(1994)051%E2%8C%A93829:CAPEIT%E2%8C%AA2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051%E2%8C%A93829:CAPEIT%E2%8C%AA2.0.CO;2
https://doi.org/10.5194/acp-24-4693-2024
https://doi.org/10.1002/2016JD025067
https://doi.org/10.1002/2016JD025067
https://doi.org/10.5194/acp-23-12651-2023
https://doi.org/10.5194/amt-14-6759-2021
https://doi.org/10.5194/amt-14-6759-2021
https://doi.org/10.17617/3.EBCL3D
https://doi.org/10.5194/acp-21-7933-2021
https://doi.org/10.5194/acp-21-7933-2021
https://doi.org/10.1029/2000JD900834
https://doi.org/10.1175/BAMS-D-14-00272.1
https://doi.org/10.1175/BAMS-D-14-00272.1
https://doi.org/10.1002/2015GL065562
https://doi.org/10.1002/2015GL065562
https://doi.org/10.1038/s41467-022-31714-
https://doi.org/10.1029/2005GL023236
https://doi.org/10.1021/cr5006815
https://doi.org/10.5194/acp-14-4827-2014
https://doi.org/10.1175/jcli3824.1

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112788

Romps, D. M., Charn, A. B., Holzworth, R. H., Lawrence, W. E., Molinari, J., & Vollaro, D. (2018). Cape times p explains lightning over land but
not the land-ocean contrast. Geophysical Research Letters, 45(22), 12-623. https://doi.org/10.1029/2018GL080267

Rudlosky, S. D., & Virts, K. S. (2021). Dual geostationary lightning mapper observations. Monthly Weather Review, 149(4), 979-998. https://doi.
org/10.1175/MWR-D-20-0242.1

Schumann, U., & Huntrieser, H. (2007). The global lightning-induced nitrogen oxides source. Atmospheric Chemistry and Physics, 7(14), 3823—
3907. https://doi.org/10.5194/acp-7-3823-2007

Shi, Z., Tan, Y., Tang, H., Sun, J., Yang, Y., Peng, L., & Guo, X. (2015). Aerosol effect on the land-ocean contrast in thunderstorm electrification
and lightning frequency. Atmospheric Research, 164, 131-141. https://doi.org/10.1016/j.atmosres.2015.05.006

Vaughan, G., Schiller, C., MacKenzie, A., Bower, K., Peter, T., Schlager, H., et al. (2008). Scout-o3/active: High-altitude aircraft measurements
around deep tropical convection. Bulletin of the American Meteorological Society, 89(5), 647-662. https://doi.org/10.1175/BAMS-89-5-647

Wang, Q., Li, Z., Guo, J., Zhao, C., & Cribb, M. (2018). The climate impact of aerosols on the lightning flash rate: Is it detectable from long-term
measurements? Atmospheric Chemistry and Physics, 18(17), 12797-12816. https://doi.org/10.5194/acp-18-12797-2018

Wilbourn, E. K., Lacher, L., Guerrero, C., Vepuri, H. S., Hohler, K., Nadolny, J., et al. (2024). Measurement report: A comparison of ground-level
ice-nucleating-particle abundance and aerosol properties during autumn at contrasting marine and terrestrial locations. Atmospheric Chemistry
and Physics, 24(9), 5433-5456. https://doi.org/10.5194/acp-24-5433-2024

Williams, E., & Stanfill, S. (2002). The physical origin of the land—ocean contrast in lightning activity. Comptes Rendus Physique, 3(10), 1277—
1292. https://doi.org/10.1016/S1631-0705(02)01407-X

References From the Supporting Information

Amnuaylojaroen, T., Barth, M., Emmons, L., Carmichael, G., Kreasuwun, J., Prasitwattanaseree, S., & Chantara, S. (2014). Effect of different
emission inventories on modeled ozone and carbon monoxide in southeast Asia. Atmospheric Chemistry and Physics, 14(23), 12983-13012.
https://doi.org/10.5194/acp-14-12983-2014

Bourtsoukidis, E., Helleis, F., Tomsche, L., Fischer, H., Hofmann, R., Lelieveld, J., & Williams, J. (2017). An aircraft gas chromatograph-mass
spectrometer System for Organic Fast Identification Analysis (SOFIA): Design, performance and a case study of asian monsoon pollution
outflow. Atmospheric Measurement Techniques, 10(12), 5089-5105. https://doi.org/10.5194/amt-10-5089-2017

Granier, C., Darras, S., Denier van der Gon, H., Doubalova, J., Elguindi, N., Galle, B., et al. (2019). The copernicus atmosphere monitoring service
global and regional emissions (April 2019 version). Copernicus Atmosphere Monitoring Service (CAMS) report. https://doi.org/10.24380/
dObn-kx16

Grewe, V., Brunner, D., Dameris, M., Grenfell, J., Hein, R., Shindell, D., & Staehelin, J. (2001). Origin and variability of upper tropospheric
nitrogen oxides and ozone at northern mid-latitudes. Atmospheric Environment, 35(20), 3421-3433. https://doi.org/10.1016/S1352-2310(01)
00134-0

Jockel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede, H., et al. (2010). Development cycle 2 of the modular earth submodel system
(messy2). Geoscientific Model Development, 3(2), 717-752. https://doi.org/10.5194/gmd-3-717-2010

NCI Australia. (2024a). Himawari-ahi, cloud top height and temperature (CTTH). Retrieved from https://opus.nci.org.au/pages/viewpage.action?
pageld=206110974

NCI Australia. (2024b). Himawari-ahi, cloud type (CT). Retrieved from https://opus.nci.org.au/pages/viewpage.action?pageld=206110970

NOAA. (2024). Hysplit. Retrieved from https://www.ready.noaa.gov/HYSPLIT.php

Obersteiner, F. (2023). Fairo. https://doi.org/10.5281/zenodo.11104075

Ort, L., Roder, L. L., Parchatka, U., Konigstedt, R., Crowley, D., Kunz, F., et al. (2024). In-flight characterization of a compact airborne quantum
cascade laser absorption spectrometer. Atmospheric Measurement Techniques, 17(11), 3553-3565. https://doi.org/10.5194/amt-17-3553-2024

Roder, L. L., Ort, L., Lelieveld, J., & Fischer, H. (2024). Quantitative analysis of temporal stability and instrument performance during field
experiments of an airborne qclas via allan-werle-plots. Applied Physics B, 130(7), 118. https://doi.org/10.1007/s00340-024-08254-5

Solazzo, E., Crippa, M., Guizzardi, D., Muntean, M., Choulga, M., & Janssens-Maenhout, G. (2021). Uncertainties in the Emissions Database for
Global Atmospheric Research (EDGAR) emission inventory of greenhouse gases. Atmospheric Chemistry and Physics, 21(7), 5655-5683.
https://doi.org/10.5194/acp-21-5655-2021

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J., Cohen, M. D., & Ngan, F. (2015). NOAA's hysplit atmospheric transport and dispersion
modeling system. Bulletin of the American Meteorological Society, 96(12), 2059-2077. https://doi.org/10.1175/bams-d-14-00110.1

Tadic, L., Crowley, J. N., Dienhart, D., Eger, P., Harder, H., Hottmann, B., et al. (2020). Net ozone production and its relationship to nitrogen
oxides and volatile organic compounds in the marine boundary layer around the arabian peninsula. Atmospheric Chemistry and Physics, 20(11),
6769-6787. https://doi.org/10.5194/acp-20-6769-2020

Voigt, C., Lelieveld, J., Schlager, H., Schneider, J., Curtius, J., Meerkotter, R., et al. (2022). Cleaner skies during the Covid-19 lockdown. Bulletin
of the American Meteorological Society, 103(8), E1796-E1827. https://doi.org/10.1175/BAMS-D-21-0012.1

Wienhold, F., Fischer, H., Hoor, P., Wagner, V., Konigstedt, R., Harris, G., et al. (1998). Tristar-a tracer in-situ tdlas for atmospheric research.
Applied Physics B: Lasers and Optics, 67(4), 411-417. https://doi.org/10.1007/s003400050524

Zahn, A., Weppner, J., Widmann, H., Schlote-Holubek, K., Burger, B., Kiihner, T., & Franke, H. (2012). A fast and precise chemiluminescence
ozone detector for eddy flux and airborne application. Atmospheric Measurement Techniques, 5(2), 363-375. https://doi.org/10.5194/amt-5-
363-2012

NUSSBAUMER ET AL.

10 of 10

8518017 SUOWILIOD BATe81D 3|l dde aup Aq peusenob afe 9o lfe YO 8SN JO Ss|ni o} Akeiq 1T 8UIIUO AB]1/M UO (SUORIPLOD-PUe-SWSH 00" A3 1M AeIq 1 puljuo//SdNY) SUORIPUOD pue SWe L 841 835 *[S20z/70/62] Uo AriqiT auluo A8|1m ‘8ifojouyos L ind InHsul Jeynssiey Aq 88/2TT 19v202/620T OT/10p/wiod A3 |1m Ariqipujuosqndnbe;/sdny woiy pepeojumod ‘G ‘SZ0z ‘Z008rY6T


https://doi.org/10.1029/2018GL080267
https://doi.org/10.1175/MWR-D-20-0242.1
https://doi.org/10.1175/MWR-D-20-0242.1
https://doi.org/10.5194/acp-7-3823-2007
https://doi.org/10.1016/j.atmosres.2015.05.006
https://doi.org/10.1175/BAMS-89-5-647
https://doi.org/10.5194/acp-18-12797-2018
https://doi.org/10.5194/acp-24-5433-2024
https://doi.org/10.1016/S1631-0705(02)01407-X
https://doi.org/10.5194/acp-14-12983-2014
https://doi.org/10.5194/amt-10-5089-2017
https://doi.org/10.24380/d0bn-kx16
https://doi.org/10.24380/d0bn-kx16
https://doi.org/10.1016/S1352-2310(01)00134-0
https://doi.org/10.1016/S1352-2310(01)00134-0
https://doi.org/10.5194/gmd-3-717-2010
https://opus.nci.org.au/pages/viewpage.action?pageId=206110974
https://opus.nci.org.au/pages/viewpage.action?pageId=206110974
https://opus.nci.org.au/pages/viewpage.action?pageId=206110970
https://www.ready.noaa.gov/HYSPLIT.php
https://doi.org/10.5281/zenodo.11104075
https://doi.org/10.5194/amt-17-3553-2024
https://doi.org/10.1007/s00340-024-08254-5
https://doi.org/10.5194/acp-21-5655-2021
https://doi.org/10.1175/bams-d-14-00110.1
https://doi.org/10.5194/acp-20-6769-2020
https://doi.org/10.1175/BAMS-D-21-0012.1
https://doi.org/10.1007/s003400050524
https://doi.org/10.5194/amt-5-363-2012
https://doi.org/10.5194/amt-5-363-2012

	description
	Low Tropospheric Ozone Over the Indo‐Pacific Warm Pool Related to Non‐Electrified Convection
	1. Introduction
	2. Observations and Methods
	2.1. Aircraft Campaign CAFE Pacific
	2.2. Himawari Geostationary Meteorological Satellite
	2.3. World Wide Lightning Location Network (WWLLN)
	2.4. EMAC Model

	3. Results and Discussion
	3.1. Cloud Top Properties
	3.2. Lightning
	3.3. In Situ Observations of Convection
	3.4. Atmospheric Implications

	4. Conclusions
	Data Availability Statement



