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Abstract The relationship between the electric field of storms and surface ozone (O5) levels in the Amazon
Tall Tower Observatory (ATTO) region was investigated. Our findings reveal that surface ozone concentrations
increase with the rise in the absolute electric field (IE,]) of clouds. This phenomenon is linked to the
amplification of downdraft magnitudes, which are similarly associated with the |E,|. Detailed analysis also
indicated that stronger downdrafts correlate with higher surface ozone levels. Consequently, the |E,I-
downdrafts-O; interaction forms a coupled system, influenced by the strength of convective clouds. Notably, a
more significant effect is observed when the IE,| surpasses the threshold of lightning activity, leading to an
increment of up to 5 ppb, in surface O5. This increment was shown to be independent of downdraft intensity or
cloud height, relating solely to the impact of electrical activity. Based on the observational data, a novel
parameterization was developed to predict surface ozone concentrations during storms, effectively
incorporating the proportional impact of cloud electrification and downdrafts. This phenomenological model
provides a robust tool for understanding and forecasting ozone dynamics in storm events in the Amazon
rainforest, highlighting the intricate interplay between cloud electricity, downdrafts, and air chemistry in
tropical convective storms.

Plain Language Summary Cloud electrification is associated with complex processes that can
produce ozone in the atmosphere. During storms, the combination of this electrification with air motion can
modulate ozone concentrations near the surface. Therefore, we tested our hypothesis that surface ozone changes
are correlated with clouds' electric field. The electric field of a storm measures how electrically charged the
cloud is. We studied this relationship in a remote area of central Amazonia, at the Amazon Tall Tower
Observatory (ATTO). The results confirm our hypothesis in the sense that surface ozone levels rise with
increasing electrification of clouds. We disentangled the causes and effects: surface ozone increases due to the
increased downward transport of tropospheric air which, in turn, is driven by the invigoration of thunderstorms,
typically associated with an enhanced electric field. Beyond the circulation-driven ozone enhancement, we also
found an additional ozone increment for strong electric fields that were associated with the presence of lightning
activity. We also developed a model to predict surface ozone levels during storms, which successfully includes
the balanced impact of cloud electrification and downdrafts. Overall, our study shows how thunderstorms,
downdrafts, and electrical activity can work in different ways to affect surface ozone in the Amazon.

1. Introduction

Although vital in the stratosphere for filtering ultraviolet radiation, ozone (O5) acts as a greenhouse gas in the
troposphere and as a harmful air pollutant at surface levels. Conversely, O; in the presence of water vapor is a
precursor of hydroxyl radical (OH) (McGrath & Norrish, 1958), a key tropospheric oxidant that controls the
concentration of toxic pollutants (Lelieveld et al., 2004; Logan et al., 1981; Patra et al., 2014). Ozone then plays
an ambivalent role at the surface, being an injurious pollutant when at high levels while also helping clean the
atmosphere. Nitrogen oxides (NO,) are an important precursor of Oz, coming from anthropogenic or natural
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sources (Grewe et al., 2012). Global biomass burning, for instance, is estimated to produce 14.65 = 1.60 Tg NO,
year™' (Bray et al., 2021), while global lightning-NO, (LNO, ) is estimated to produce about 5 + 3 Tg of N year™
(Schumann & Huntrieser, 2007), a considerable amount. In the middle and upper tropical troposphere, LNO, is
the major precursor of Oz (Bucsela et al., 2010; Finney et al., 2016; Martin et al., 2000). Meteorological pa-
rameters, such as temperature, humidity, and wind speed/direction can influence surface O; concentrations
(Nguyen et al., 2022). However, O5 levels are also affected by anthropogenic emissions and changes in green-
house gas concentrations, which leads to unclear future O5 trends in global warming scenarios (Karagodin-
Doyennel et al., 2023), although the frequency of thunderstorms can be boosted, leading to more LNO, and
further O5 (Lu et al., 2019; Sinha & Toumi, 1997; Toumi et al., 1996; Zeng et al., 2008). Romps et al. (2014)
estimate an increase of 12% = 5% per °C in lightning strikes in the United States, while Pinto Junior and
Pinto (2020) show an increase of 35% per °C in lightning flashes in Rio de Janeiro. Other studies, though,
demonstrated that the parameterizations chosen can vary the future trends of lightning, also showing a decrease in
its activity (Clark et al., 2017; Finney et al., 2018). Thus, understanding ozone concentration variability is
particularly important.

The chemistry of the atmosphere can be highly affected by lightning discharges due to their large, although
quantitatively uncertain, production of nitrogen oxides (NO, = NO + NO,) (Pickering et al., 2016; Schumann &
Huntrieser, 2007; Verma et al., 2021). Being a natural source of NO,, the extreme temperature from a lightning
flash can split N, and O, and convert them into NO. Then, NO through reaction with peroxyradicals is converted
rapidly into NO, where, after photolysis to NO and O, the reaction with O, leads to a net production of Os.
Lightning NO is also an important source of OH by the reaction with HO, (Brune et al., 2021; Labrador
et al., 2004), which acts as a catalyst in the oxidation of hydrocarbons and CO leading to the formation of per-
oxyradicals and HO,. From 3-D cloud-scale model simulations, Ott et al. (2010) suggest that following con-
vection, a large percentage of LNO, remains at the altitude where it originated, in the middle and upper
troposphere, favorable to O3 production. Kang et al. (2020) used a model to examine the impact of summertime
lightning activity across the U.S. Mountain West States on surface-level O;. They showed an increase by up to
17 ppb, in the daily maximum 8-hr O3, and up to 21 ppb, in hourly values. Nevertheless, when considering the
ozone production by LNO, in the lifetime of a storm, DeCaria et al. (2005) found very small O; production
(~2 ppb,) and Ott et al. (2007) even found a small loss of O5. Since there is insufficient sunlight inside a storm for
the photochemical reactions needed for O; production, LNO, does not seem to be the major source of Oz during
the lifetime of a storm.

Unlike the hot lightning flash channel and its photochemically driven production of ozone via LNOX, ozone can
be directly produced in cooler channels and independent of photochemistry, as quantified by Peyrous and
Lapeyre (1982). Corona discharges are a type of cold discharge that occurs when energetic electrons and atoms
collide (Cooray et al., 2008). From a case study of the inflow and outflow regions of a convective cloud during an
aircraft campaign, Bozem et al. (2014) found an imbalance in the ozone budget in the outflow region. They
suggested that corona discharges are the most probable source of the O5 since the entrainment of ozone-rich air
and the photochemical production were not enough to close the budget. Similarly, Kotsakis et al. (2017) measured
an anomalously large amount of ozone near an electrically convective cloud, and subsequent model simulations
confirmed that this ozone was likely produced by corona discharges. Minschwaner et al. (2008) also supported
this conclusion, estimating that corona discharges contribute approximately 21% of the ozone production from
LNO, on a global scale, with a significant impact on local ozone budgets. Thus, corona discharges are a potential
direct and prompt source of O; during storm events.

The fair-weather electric field (E) of the atmosphere is ruled by the Global Electrical Circuit (GEC), which is
characterized by a downward current, with the surface being negatively charged and, to be neutral overall, the
atmosphere is positive (Haldoupis et al., 2017; Harrison et al., 2020). When layer clouds are present, they act as
passive accumulators of charges, while deep convective clouds are considered generators of current. Therefore, to
a certain degree, all clouds are electrified (Twomey, 1956). Some studies have explored the relationship between
the atmospheric E and its influence on troposphere variables (Israelsson & Oluwafemi, 1975; Latha, 2007;
Rycroft et al., 2012). In this study, we assessed how surface ozone concentration varies with the E of storms
because the electric field is both a promising source of information and closely related to lightning.

Ozone concentration varies within the atmosphere, both horizontally and vertically. An aircraft campaign (The
Regional Carbon Balance in Amazonia—BARCA) conducted over the Amazon Basin revealed that to the west and
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north of Manaus, O5 background values are lower than 20 ppb,, considered extremely low, during dry-to-wet
(November and December 2008) and wet-to-dry (May 2009) seasons (Bela et al., 2015). On the other hand,
because of the effect of emissions from biomass burning, leading to O precursors, elevated ozone levels to the
east and south of Manaus were seen during the dry-to-wet transition, reaching 40-60 ppb,. The ozone vertical
profile, in turn, increases with height (Logan, 1999) and is strongly affected by downward transport to the surface.
Convective downdrafts and ozone enhancements have been reported by several authors, including over the
Amazon (e.g., Garstang et al., 1988; Garstang et al., 1990; Scala et al., 1990). Betts et al. (2002) studied four
nocturnal events in the Amazon and saw peaks of surface ozone of up to 30 ppb,, while background values were
3-5 ppb,, simultaneous with lower values of the equivalent potential temperature (6,). The same O5-6, behavior
was perceived over the Bay of Bengal. Sahu and Lal (2006) showed an increase (decrease) in ozone (6,) of around
13 ppb, associated with the presence of a convective system, while an increase of around 26 ppb, was associated
with a relatively large-scale convective downdraft event. Not only related to ozone deposition, the downward
transport of ozone is also associated with enhancing the oxidation processes of rainforest-emitted volatile organic
compounds, the VOCs (Gerken et al., 2016), that can lead to the generation of secondary organic compounds (Ehn
et al., 2014), affecting aerosol formation (Wennberg et al., 2018). These studies show that surface ozone con-
centration is strongly connected to the downward transport of air and it can have an important role in the oxidation
reactions near the surface.

The main goal of this study is to demonstrate how surface ozone concentrations respond to variations in the
electric field of storms. To this end, we define a research strategy that interrelates it with the evaluation of how
downdrafts affect ozone concentration, the incremental ozone production during lightning events, and the
development of a parameterization that models ozone concentration during the passage of storms.

2. Data and Methods

The data used are from the central Amazon, collected at the Amazon Tall Tower Observatory (ATTO) site
(Andreae et al., 2015). The time series ranges from October 2021 to April 2022. It covers the late dry season and
the following wet season, a period of major electrical activity (Albrecht et al., 2011, 2016; Oda et al., 2022;
Williams et al., 2002) and near pristine condition (Pohlker et al., 2016). A combination of ozone concentration,
atmospheric electric field, vertical velocity, and cloud top height was used in this study, in addition to satellite
lightning data.

Both electric field and vertical velocity/cloud top height instruments are located at the ATTO-Campina site
(Machado et al., 2021), located about 4 km from the ATTO site, where ozone data are monitored. Given that
thunderstorms in Central Amazonia typically span ~25 km in diameter (Seeley & Romps, 2015), the proximity of
these measurement locations ensure they are within the same atmospheric conditions. Regarding time resolution,
ozone data are retrieved every 30 min, and for consistency, the maximum values of both the electric field and
downdrafts were selected within the same 30-min intervals. This time frame is consistent with the response time
for downdrafts in the upper levels to reach the surface.

2.1. Ozone

Ozone data are from an inlet placed above the canopy at a height of 79 m on an 80-m height tower, the INSTANT
tower. Concentrations are computed by an Ozone Analyzer (Thermo Environmental Instruments 49i) located in a
climatized container at the foot of the tower, that works by pumping air from the sample inlet, measuring O
concentration by a direct relationship with the absorption of UV light. The data are given at a time resolution of
30 min, in ppb,,.

2.2. Vertical Velocity and Cloud Top Height

The negative vertical velocity, herein called downdrafts, and the cloud top height were obtained from a radar wind
profiler, a Scintec LAP3000 (White et al., 2015). The radar operates at 1,290 MHz, with a 7.1° beam width. The
velocity obtained is based on the Doppler spectra, which capture oscillations of the refractive index of the air and
the relative motion of droplets. The vertical velocity used is characterized by the so-called “Precipitation Mode”,
which consists of changing the LAP3000 pulses in a similar fashion as in Tridon et al. (2013) to optimize for
precipitation measurements. This converts the radar wind profiler to an S-band-like radar and provides the
reference mean Doppler velocities, combining air and droplet velocities. These velocities are then a combination
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of both the vertical air motion and the terminal velocities of raindrops. Therefore, the downdrafts, as defined in
this study, are not merely the vertical air velocities but rather the combined effect of the downward movement of
the air and the speed at which drops fall. This approach has been used in the past during the ARM (Atmospheric
Radiation Measurement) deployment during GoAmazon 2014/5 (Giangrande et al., 2017; Martin et al., 2016).
The height resolution is 420 m, with vertical velocities averaged every 5 min.

In this study, we used data corresponding to the mean velocity in the height range of 1.7—4.5 km, considered the
warm layer of the atmosphere in this region, and from 11 to 15 km, considered the glaciated layer. These layers
were based on the temperature ranges from Mattos et al. (2017) and the heights were obtained after analyzing
multiple radiosondes. The cloud top height was extracted from the highest record of the radar echo.

2.3. Electric Field

The Electric Field Mill (EFM) sensor measures the local atmospheric vertical electric field that corresponds to the
negative gradient of the electric potential, E,. It works by alternately exposing the sensing element, a conductive
metallic plate, to the atmospheric electrostatic field and an unloaded reference. The external E charges the sensor
board and is subsequently discharged when exposed to the uncharged reference. The charge induced on the sensor
board is converted to a voltage through charge amplifiers, this voltage is proportional to the external electric field.
The process of exposing (charging) and shielding (discharging) the sensor plate to the electric field is performed
by means of a rotating shutter consisting of a mechanically coupled pair of rotors and a motorized stator. As the
motor rotates, the shutter alternately opens to allow the external electric field to charge the sensor plate and then
closes to protect the sensor plate to discharge it in preparation for the next measurement (Carvalho Magina
et al., 2016). The EFM sensor installed at the site is the CS110 model, serial number 1233, manufactured by
Campbell Scientific, Inc. coupled to a data logger model CR1000 also manufactured by Campbell Scientific, Inc.
Unlike a traditional rotating shutter, the CS110 uses a reciprocating shutter. A stepper motor opens and then closes
the reciprocating shutter by 45° during measurements (Campbell Scientific, INC, 2012). The CS110 sensor was
calibrated at the factory using the “parallel plate method”, where a uniform electric field is developed by applying
a known voltage between the parallel plates, resulting in 89.98 m V™' (Volts per meter per millivolt) for the
parallel plate multiplier. The site correction factor, which takes into account the height at which the sensor is
installed face down, is 0.1031, with the sensor installed at 2 m from the ground, facing downwards, and at a place
that minimizes external interference, since the site has multiple instruments and is surrounded by vegetation.

The atmospheric E, in the presence of clouds can be either negative or positive, depending on the storm charge
distribution and its distance from the instrument (MacGorman & Rust, 1998). As the charge within a cloud
accumulates, it eventually discharges as lightning, which causes the electric field to drop back to zero. To ease the
interpretation, we used the vertical Absolute Electric Field value, herein called |E,|. During clear sky days, the
fair-weather |E,| was between 100 and 200 V m™". Therefore, our analyses were focused on values higher than
200 V m~". Ozone concentration during fair-weather occasions was computed and an average of 7.5 ppb, was
found and used as a background value.

2.4. Satellite Lightning

The Geostationary Lightning Mapper (GLM) is an instrument onboard the GOES-16, a Geostationary Opera-
tional Satellite. The GLM produces geolocations of lightning flashes in the form of points, with a hierarchy of
Flash, Groups, and Events that maps lightning flash extent with spatiotemporal coherency, at an 8 km resolution
(Bruning et al., 2019). The satellite's location along the equator and longitude of —75° makes it suitable for
continuous monitoring of the lightning activity in the ATTO area due to its proximity to the site (—1.4°, —=59°). To
obtain a better representation of the lightning activity around ATTO, a very localized place, we used GLM Events,
which can approximate the spatial extension of the lightning, instead of GLM Group and Flash, which provide
more generalized data about the lightning occurrence. We computed the maximum number of GLM Events in an
area of around 50 X 50 km?, accumulated in 5 min, and used these data for all the analysis. The typical size of
thunderstorms is ~25 km in diameter (Seeley & Romps, 2015), being capable of lasting for a couple of hours
(Machado et al., 2018). The EFM has a detection limit of around 20 km in radius (Bloemink, 2013), thus an area of
50 x 50 km? has a good representation of thunderstorms around the sensor. To extract the relationship between the
number of GLM Events and the values of the |E,|, we computed the maximum value of both variables in a time
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interval of 3 hr. Since these storms are usually embedded in cloud clusters with a lifespan of 1.5 hr (Machado
et al., 2018), the time interval of 3 hr can capture the whole evolution of such storms.

Classes of |E,| were determined in a way to encompass similar statistical populations. Starting from 200 V m™",
the classes were set to increase by a fixed factor of 2.5. V. m™'. Therefore, the first class spans from 200 to
500 V m_l, the second from 500 to 1,250 V m™!, and the third from 1,250 to 3,125 V. m™".

2.5. Selection of Cases and Linear Regression

In Sections 3.3 and 3.4, case studies are selected based on the |E,| activity, where one case is defined as
consecutive measurements of 5-min-electric field data that have gaps (values below 200 V m™") not bigger than
15 min. In the analysis, only cases that lasted at least 30 min and were separated by at least 1.5 hr (from beginning
and end) from other cases were considered, giving a total of 70 cases.

A multiple linear regression without an intercept was applied to the data of (a) ozone concentration 1.5 hr before
the beginning of the case, (b) the highest |E,| and (c) the strongest downdraft during the case, and (d) the total
duration of the case, in order to estimate the ozone concentration during storms. The data were split into two
groups with 60% to obtain the regression and 40% to test the model and apply statistical metrics. Different ratios
were tested, but showed less accuracy. It is worth mentioning that a LASSO (Tibshirani, 1996) and a Ridge (Hoerl
& Kennard, 2000; McDonald, 2009) regression were also tested, but they delivered results that were either similar
to or inferior to those from the linear regression model. Therefore, we decided to proceed with the linear
regression method.

With the test data (40%), the Mean Square Error (MSE), the MSE with cross-validation with k = 5, the Root Mean
Squared Error (RMSE), the Mean Squared Logarithmic Error (MSLE), and the R-squared (Rz) were computed.
To evaluate the overall significance of the model, the Pearson correlation and the Analysis of Variance (ANOVA)
with an F-test (Stahle & Wold, 1989) and a p-value were computed considering all the data.

The p-value for the F statistic was obtained by using the cumulative distribution function (CDF) of the F-
distribution, in addition to the F, 1 for the case of p = 0.05. F,

critical is the threshold for rejecting the null
hypothesis. A high F value indicates that the model explains a significant portion of the variance in the dependent

ritical
variable, suggesting that the predictors have a meaningful impact. A low F value indicates that the model's
explanatory power is similar to a random error. If the F statistic exceeds F ., W€ can reject the null hypothesis
and conclude that the predictors have a significant effect on the dependent variable.

All the calculations were performed using the Python language, especially making use of the SciPy.stats and the
Sklearn libraries.

3. Results and Discussions
3.1. Ozone, Atmospheric Electric Field, and Downdrafts

Since LNO, and corona discharges are related to O5 production, it is a reasonable hypothesis that the degree of
storm electrification will be correlated to the ozone concentration. Figure la shows this relationship, where a
positive correlation between the two variables exists, indicating that surface O variation responds in the same
direction to the increase in the IE,l. However, these two variables are interconnected by the occurrence of
convective clouds which, in turn, is also connected to vertical motion. Thus, an investigation of cause and effect is
discussed in the course of the section.

Downdrafts are responsible for the downward advection of atmospheric properties. Tropospheric O5 in pristine
areas and during the rainy season is produced mainly in the upper troposphere and is transported to the boundary
layer by downdrafts (Gerken et al., 2016; Kirchhoff et al., 1990). Ozone concentration increases with height and
downdrafts bring rich-ozone air from the free troposphere to the boundary layer. Therefore, with stronger
downdrafts, O; concentration in the boundary layer is expected to increase.

This transport can be identified in Figure 1b. It is perceived that not only do downdrafts transport O5 but their
magnitudes are also directly related to it. The same behavior found in Figure 1a is also encountered in Figure 1b,
with a positive correlation between O; and downdraft magnitudes. Weak downdrafts, from —2 to —4 m.s~', have
amean O concentration of ~5 ppb,, while strong downdrafts, from —8 to —10 m.s~", are characterized by values
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a) of ~9 ppb,. Thus, the strongest downdrafts are in fact related to higher values

20.09 __. mean of surface O; concentration. The correlation with the mean values is —0.97

E 17.5 4 with a p-value of 0.02, showing a statistically significant relationship between

= the variables. The mean standard deviation of the considered downdraft

_:C:: =i classes is 3 ppb,, a large variation given the low mean values. Since we are

D 12.51 dealing with a long time series, we must consider that diurnal variation as well

g 10.0 L [ - -~ as long-range biomass transport of NO, may affect the variability of O;

€ 754 concentration (Bela et al., 2015; Betts et al., 2002). However, long-range

2 transport likely influenced only the months from October to December, as

§ S0 J_ this period marks the transition from the dry (polluted) to wet (clean) season,

2.5 —— while the diurnal cycle likely had only a small effect, as most storms occur in

[200°500) [500-1250) [1250-3125] the late afternoon. The magnitude of downdrafts is directly linked to the

Absolute Electric Field (V/m)

strength of convective clouds (Knupp & Cotton, 1985). Since electrical dis-

b)

20 A
16

12+

Ozone mixing ratio (ppbv)

charges can produce Oj, the increase in O5 seen in Figure 1a can be coupled to
-—— M . . .
ean the strengths of downdrafts. In Figure 1c, the relationship between downdrafts

—_ and the |E,| is shown. It is seen that, in fact, strongest downdrafts are related to
the storms being more highly charged. Therefore, the strength of convective
clouds is ruling the pattern seen in all three figures. The scatter plots of
Figure 1 can be found in Figure S2 of Supporting Information S1.

3.2. The Effect of Lightning Activity on Surface Ozone

Since from Figure 1b, it is seen that the stronger the downdraft, the higher the
O; concentration, and from Figure 1c, the magnitudes of the downdrafts in-

[-4:-6)

Downdrafts (m/s)

[-6 : -8) [-8:-10] crease with the |E,|, an interrelationship among these three variables exists. To

solve it, an analysis considering O; concentration for different classes of

(g
~—

Downdrafts (m/s)
e | | | I
£ [e¢] [o)] £y N =
1 1 1 1 1

|
fay
N

—— downdrafts as a function of the |E,| was performed (Figure 2a). The result
shows that the positive correlation between O5 and the |E,| seen in Figure lais
present for all downdraft classes, with a slight increase as downdraft

magnitude increases, except for the weaker downdraft class. Since down-

drafts are well correlated to the |E,| of clouds, the more electrified the clouds,

e the higher the vertical motions. Clouds more electrified are clouds with

]

deeper vertical development. Downdrafts from around —2 to —4 m s~ appear
J_ to not significantly affect surface O; concentration. In our study, the down-
draft values represent a combination of vertical airspeed and the terminal

velocity of raindrops. When we account for the typical raindrop size in

Figure 1. The coupling of the atmospheric electric field, downdrafts (air
speed and drop vertical velocity), and ozone. (a) Ozone mixing ratio (ppb,)
distribution for different classes of absolute electric field (V m™). (b) Ozone
mixing ratio distribution for different classes of downdraft magnitudes

(m s7). (c) The distribution of downdrafts for different classes of the

[200-500)

[500-1250) [1250-3125] Central Amazonas (1-2 mm, Machado et al., 2021) using the Atlas
Absolute Electric Field (V/m) et al. (1973) terminal velocity parameterization, the effective airspeed in these

absolute value of the electric field.

downdrafts is actually closer to —1 m s~'. Thus, although we refer to
downdrafts of —4 m s™" in our analysis, this corresponds to an airspeed of
approximately —1 m s~! when adjusted by the raindrop terminal velocity.

The computed mean O; background for cases of a fair-weather atmosphere
was 7.5 ppb,, whereas, with the |E,|l-downdraft-O; modulation, there is a
computed mean increase ranging from 0.15 to 5.27 ppb,. Nevertheless, this
increase is only significant when the |E,| is higher, above 1,250 V. m™". It is clear that, for the same downdraft,
only when the |E,| is higher than 1,250 V m™', is the surface O; concentration significantly and exclusively
modified by the electric field. Hence, the disentangling of the three variables reveals an O; increment at the
surface. This increment is not related to the downdraft magnitudes, even though downdrafts strongly influence the
overall relationship. The scatter plots of Figure 2 can be found in Figure S3 of Supporting Information S1.

In general, the wet season in central Amazon presents approximately one-third of the rain events as thunderstorms
(Machado et al., 2004). On the other hand, all clouds have a degree of electrification, in different orders of
magnitude (Twomey, 1956). The electric field gives the electrification degree of the atmosphere, which, at some
point, can be related to lightning activity in the area of study. This was found by the analysis of Figures 2b and S1

in Supporting Information S1 showing that, at the ATTO-Campina site, the |E,| higher than ~1,250 V m™" is
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directly associated with lightning activity in the area. The median is greater

30 — than 70 lightning GLM Events against a median below 15 for the other |E,|
== = Ozone background Absolute Electric Field (V/m) . . . . . .
= I [200-500) classes. This value will be used as a lightning threshold in the following
-3 2549 B [500-1250) .
[=% B [1250-3125] analysis.
& @ Mean
2 20 In Figure S1 of Supporting Information S1, some outliers are observed, which
a could be explained by the distance of the site from the storm's core. For
; 151 Figure 2a, from a total of 300 occurrences analyzed, the amount accounted in
= the >~1,250 V m™' class represents only 28%. For the other two classes
e 107 accounting for the majority of the cases (IE,| < 1,250 V m™"), the possible
§ g interpretations for some increase in ozone concentration are: (a) lightning
might have happened in a distant area, or (b) the lower |E,| values were
. . . . preceded by lightning discharges, showing a cloud loading, or (c) it could be a
[-2:-4) [-4:-6) [-6:-8) [-8:-10) record of a possible O; formation in lower energized environments, from the
Downdrafts (m/s) so-called cold strikes (Cooray et al., 2008), such as corona discharges (Kot-
b) sakis et al., 2017).
300 4
£ 250 3.3. Case Studies and Composite Analysis
[
L';J 200 1 To explore in detail the coupled system, case studies were performed. The
) cases were selected according to the electric field activity, where an event is
o 150 . . . _
15 characterized by consecutive occurrences of the |E,| magnitude (200 V m™)
é 100 at 5 min. If a magnitude is separated by 15 min or more, it is set as a new case.
2 i In the following analysis, only cases that lasted at least 30 min and that were
I — — i [ 1 isolated from other cases by 1.5 hr, from the beginning and the end, were
0 i ! i taken into account. A total of 70 cases were analyzed.
[200-500) [500-1250) [1250-3125]
Absolute Electric Field (V/m) A crucial understanding was promptly perceived: the position of the site does

Figure 2. The exploration of cause and effect of the |E,|-downdraft-O,
coupling. (a) Distribution of ozone mixing ratio (ppb,) as a function of the
absolute electric field (V m™") for different classes of downdrafts (m s™')

not always catch the aforementioned effect since the analysis is done in an
Eulerian way. The passage of thunderstorms can be either done directly over
the site or in the surroundings, which may affect the behavior of the three

and (b) The number of GLM Events for the different classes of absolute variables. Other issues worth mentioning are the aging of the thunderstorms
electric field (V m™").

when approaching the site, which may impact the amount of ozone produced

aloft, the horizontal advection of nearby storms, and the position of the wind
profiler radar, which can measure off-axis downdraft regarding ozone production. All of these aspects can
contribute to the variability of the results that is apparent in Figures 1 and 2. Some examples of such cases are
presented in Figure S4 of Supporting Information S1.

Three cases were selected to represent the three scenarios of the |E, | classes. Figures 3a, 3b and 3c are of cases that
had cloud top heights higher than 12 km, similar ozone background of around 5 ppb,, similar downdraft mag-
nitudes in the warm layer, around —8 m s™", and downdrafts also measured up there in the glaciated layer. The
difference between them is the maximum I|E,| recorded. Case 1 reached 2,234.01 V m™', Case 2 reached
925.93 V m™', and Case 3 reached 417.89 V m™". The effect of the |E,| can be clearly seen in the figures. When
the thunderstorm approached the site, ozone had an abrupt increase in Case 1, which is the case where |E,| exceeds
the threshold for having lightning discharges, while for Case 2, a slight and continuous increase was seen after the
electrical activity, following the unceasing downdrafts. For Case 3, the increase is even lower. The increases in
ozone concentration were 6.8, 3.75, and 0.29 ppb,, respectively. More cases are shown in Figure S5 of Supporting
Information S1.

Performing a composite analysis with all 70 cases, the aforementioned effect is present. For every case, ozone
concentration was recorded 1.5 hr before and after the beginning and end of the cases. In addition, the maximum
ozone concentration, the maximum |E,|, the highest cloud top, and the minimum vertical velocity in the warm
layer were selected.

In Figure 4a, ozone concentration is higher for cases under the influence of storms with lightning activity, while
for the other two, the increase is lower as the IE,| decreases. To address the possibility that cloud height influences
why clouds with IE,| > 1,250 V m™"' result in higher ground-level ozone due to downward transport from upper
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Figure 3. Case studies of storms with atmospheric electric field. All cases had nearly the same conditions of background
ozone, downdrafts, and cloud top height, varying only in the degree of the absolute electric field (IE,|). (a) Case 1: strong |E,|,
(b) Case 2: moderate |E,|, and (c) Case 3: weak |E,|. Only negative vertical velocities were plotted. The black lines refer to the
mean vertical velocity in the warm layer (W, 1.7-4.5 km) and the glaciated layer (W, jyeq; 10-15 km), the blue line is
the cloud top height in meters, the purple bars are the |E,| values, including the dashed line delimiting the threshold for
lightning activity, and the green line is the ozone mixing ratio. The title summarizes each case, showing the ozone increment
(dO3), the highest |E,| and cloud top height, and the strongest downdrafts in the warm and the glaciated layer.

warm?®

levels, analyses including cloud height were conducted. Figures 4b and 4c show that clouds with a top higher than
10 km present indeed the strongest downdrafts and the highest ozone increase when |E,| > 1,250 V. m™'. However,
there are also significant increases in ozone when IE,| < 1,250 V m™', even though downdrafts are weaker or
cloud tops are lower. This means that something else must be influencing the ozone concentration. It may be
dominated by the effect of corona discharges. To conclude the statement, the analysis considering only clouds
with the highest tops (12—15 km) and strongest downdrafts (—10 to —7 m s~ ) assures the increment of ozone due
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Figure 4. Composite analysis of the cases. (a) Mean ozone variation 1.5 hr before, at the maximum activity of the absolute electric field (IE,l), and 1.5 hr after the end of
the events, (b) the distribution of the downdraft in the warm layer regarding cloud top height and |E,|, (c) the distribution of the variation in ozone (delta O3) regarding
cloud top height and IE,|, and (d) boxplot of the variation in ozone for the three classes of |E,| in extreme cases where downdrafts in the warm layer were between —10
and —7 m s~" and cloud top height between 12 and 15 km.

to electrical activity, such an increment that is not an effect of how strong a downdraft is or how high a cloud is
(Figure 4d).

3.4. A Parameterization for Estimating Ozone During Storms

From the selected 70 cases, a model to estimate the ozone concentration during the occurrence of a storm was
obtained. The data set was split into training and testing sets using a 60—40 split ratio to ensure robust model
evaluation. The model takes the initial ozone concentration 1.5 hr before the event (Oj; ;), the highest |IE,| and the
strongest downdraft of the mean values in the warm layer of the atmosphere (W,,,..,,) during the event, and the
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Table 1
Evaluation of the Model
Test data (40%) MSE 7.99 ppb, >
MSE (k=5) 9.65 ppb, >
RMSE 2.83 ppb,
MSLE 0.0623
R 0.41
All data Pearson 0.66
F-test 11.82
P-value 0.0000
Cases O;; (ppb,) W (M s7h) dt (min) dO; s (PPb,) dO; 11041 (PPD,) IE,| (%) Waarm (%) Ratio IE,l/W o
1 7.25 —8.65 125 6.80 5.88 323 16.0 2:1
2 3.10 —8.57 75 3.75 3.91 25.1 29.6 1:1
3 7.12 —7.18 35 0.29 0.97 9.8 215 12

Note. The first two parts show the statistic metrics when using the testing and all data. MSE stands for Mean Square Error and k is the number of cross-validations, RMSE
stands for the Root Mean Squared Error, MSLE stands for Mean Squared Logarithmic Error, R? is R-squared. The Pearson coefficient and the F-test and P-value were
used for evaluating the model with the full data set. The third part shows the variables for each case, with initial ozone (Oj ;), absolute electric field (IE,|), downdraft in the

warm layer (W,

warm

), and the duration of the event (dt). The observed and modeled increases in ozone are shown as dOj; . and dOj ,,,o4e1- Following, the percentage of

contribution of |E,| and W, to the increase in ozone and the respective ratio.

event duration (dr) as the variables to estimate the ozone concentration at the surface (Equation 1). The duration of
the event is used as a weight to account for the number of lightning discharges, as longer durations mean more
electrical activity. An equation for converting GLM Events (the maximum number of events within 3 hr in the
area of 50 x 50 km?) into |E,| is shown in Equation 2. The equation was extracted by the relationship plotted in
Figure S1 of Supporting Information S1, providing an alternative approach for utilizing the parameterization.

O3 .50m = 0.7180 X O3, + 0.0019 X |E,

—0.2423 X W, + 0.0127 X dt (1)

|E,| =550 x log(GLM _Events X 0.115) )

The testing data were used to obtain the first chain of statistical metrics presented in Table 1. The Mean Square
Error (MSE) presents a value of 7.99 ppb,? which indicates the average squared difference between the observed
and predicted ozone concentrations. When using 5-fold cross-validation, the MSE slightly increases to
9.65 ppb,?, suggesting a minor variance in the model performance across different subsets of the data. The Root
Mean Squared Error (RMSE) indicates that, on average, the model's predictions deviate by approximately
2.83 ppb, from the observed values. The Mean Squared Logarithmic Error (MSLE) of 0.0623 is relatively low,
indicating that the model performs effectively when the target variable's distribution is log-transformed, showing
that it can make predictions that are proportional to the actual values, rather than being heavily influenced by
extreme values. The R-squared (R?) value of 0.41 indicates that there is a moderate level of explanatory power by
the model.

When implementing all observed variables into the model, the Pearson coefficient of 0.66 shows that the model's
result has a moderate positive linear relationship against the observed data. In addition, the analysis of variance
(ANOVA) reveals that the model is highly significant. The F-test of 11.82 substantially exceeds the F ;.. 0f 2.51
at the 0.05 significance level, demonstrating that the variability explained by the regression model is significantly
greater than the unexplained variability, leading us to reject the null hypothesis that all regression coefficients are
equal to zero. Furthermore, the associated p-value is 0.0000, which is extremely low, underscoring the
improbability that these results occurred by chance. Together, these metrics affirm that the model is highly
significant, meaning that the independent variables included in the regression have a substantial and statistically
significant impact on the dependent variable. This suggests that the predictors used in the model effectively
explain the ozone variation, providing strong evidence for the robustness of the model's predictive power. The
scatter plot in Figure 5 reinforces it as most of the modeled ozone follows the best line, although there seems to be
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Figure 5. The scatter plot of the observed and modeled ozone concentration
during storms. The red dashed line is the identity line.

an overestimation in concentrations below 8 ppb, and an underestimation for
values higher than 14 ppb,. However, there are cases where the model pre-
dicted well in these ranges. As previously mentioned, the Eulerian approach
may not fully capture the dynamic and heterogeneous nature of atmospheric
processes that affect the ozone concentration during the passage of storms,
possibly contributing to the scattered data. The applicability of this equation
to non-tropical regions and during the dry season would need to be validated.
However, the equation has an initial ozone concentration, taking into account
the ozone background. At the same time, as mentioned in the text, ozone
production is mainly due to the corona discharge, so we do not expect large
seasonal differences due to NO, variability.

As afirst approach to estimating the ozone concentration and the proportional
contribution of each variable, the presented model is satisfactory. The model
intends to not only model the ozone concentration but also to further account
for the increment due to electrical activity. When applying the three cases of
Figure 3 to the model, it captures reasonably well the increase in ozone
concentration (dO; gy, vs. dO3 ;104e1)-

From Table 1, in Case 1, the |E,| has double the influence on the increase in
ozone when compared with downdrafts, a ratio of 2:1. For Case 2, both the

electrical activity and the downdrafts contribute equally to the increase in ozone concentration (1:1 ratio). While

for Case 3, the effects of downdrafts dominate (1:2 ratio). To understand how the variation of this ratio is and the
influence of each of the two variables on the increase of ozone, we applied to the equation downdrafts varying
from —10 to —4 m s~" and |E, | from 200 to 3,125 V m™", while assuming an initial background ozone of 7.5 ppb,
and a typical storm duration of 60 min.

Figure 6 illustrates the total increase in ozone (blue lines) and the contribution ratio of |E,| to downdrafts (red

lines). The equation aligns well with the observed effects of lightning. It is first seen that it fitted surprisingly well
the effects of lightning discussed in the previous sections, as the contribution of the |E,| starts to dominate from
around 1,250 V. m™" on (1:1), regardless of strong downdrafts, and it doubles when |E, | exceeds 2,500 V m™" even

Downdrafts (m/s)

-10

g0

/

500

03,i=7.5 ppb , dt = 60 min

oV
\4
\5
Q’b
~6
/“1’

1000 1500 2000 2500 3000
Absolute Electric Field (V/m)

Figure 6. Accounting for the effects of the absolute electric field and downdrafts in the ozone increase. Initial ozone and event
duration were fixed at 7.5 ppb, and 60 min, respectively. Blue lines indicate the change in ozone (delta O3), while red lines
represent the ratio of the contribution of the absolute electric field (IE,l) to that of downdrafts.
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<-1.0m/s

surface

Downdrafts

with strong downdrafts (2:1). This shows that the equation is satisfactory in
accounting for the effects of cloud electrification on the increase of ozone.
Lower |E,| values shift the dominance to downdrafts, achieving a ratio of 1:2
or more. The individual areas of influence of both variables can be checked in
Figures S6a and S6b of Supporting Information S1, highlighted in Figure S6c
of Supporting Information S1. The total increase of ozone can reach a min-
imum of 3 ppb, in the case of strong downdrafts and initial lightning activity,
rising to over 6 ppb, as IE,| increases. In the downdraft-dominated range, the
increase can be up to 3 ppb,.

4. Summary and Conclusions

nt

%;eme
5

In this study, we investigated the effects of cloud electrification on surface
ozone concentration in the central Amazon. The two variables were found to
be positively correlated, and the main cause is attributable to downdrafts. The
cloud electric field and the downdrafts are interconnected to convective
clouds, having a positive correlation as a function of the invigoration of these

Figure 7. Diagram of the coupled IE,|-downdrafts-O5 system. The dashed clouds. Due to downdrafts, ozone near the surface increases with the

arrow represents the positive feedback between the variables, which is
caused by their association with the invigoration of convective clouds. Solid
arrows represent the downward transport of ozone. The thicker the line, the

increasing magnitudes of the downward advection, which leads to ozone also
showing a positive response with the increase in the cloud electric field. This

more is ozone at the surface, with an increment due to lightning activity. The finding revealed that surface ozone concentration, cloud electrification, and

electric field is in absolute value.

downdrafts are a coupled system. The disentangling of this coupling has

revealed that downdrafts modulate surface ozone concentration; however,
there is also an increment of ozone that is not related to the downdrafts' magnitudes or cloud top heights, but
instead, to the highly electrified regions aloft to the surface. For an absolute electric field higher than
~1,250 V m~', no matter the downdrafts magnitudes, we found a mean maximum ozone increment of about
5.0 ppb,. This threshold of the absolute electric field was found to be directly linked to lightning activity, which
can exhibit a 2:1 ratio or more in the increase of surface ozone compared to downdrafts. Therefore, the more
electrified the clouds are, the greater the ozone increment at the surface. Our study cannot indicate the specific
contribution of each ozone-production mechanism, but based on the literature, corona discharge is possibly the
main source since we dealt with O5 production during the lifetime of storms. Below 1,250 V m™", not directly
associated with lightning activity, the proportion can change to 1:2 or more, where ozone increment can be less
prominent, being strongly connected to the modulation of downdrafts stronger than —4m s~'. Since this
downdraft is the combination of airspeed and terminal velocity of droplets, its actual value considering the typical
raindrop size in Amazon, is around —1 m s~'. Further investigation must be done since cold strikes, like corona
discharges, could be a source of ozone in less energized environments.

In Figure 7 we present a schematic summary of the processes investigated. The dashed arrow illustrates a positive
correlation between the absolute electric field (IE,]) and downdrafts, mediated by the strength of convective
clouds: as one increases, the other follows suit. Downdrafts stronger than —1 m s~' modulate ozone at the surface
as they increase in magnitude. The solid arrows show the downward advection of ozone, increasing in magnitude
with the arrow thickness. An increment in ozone at the surface is indicated. It happens when the |E,| is around or
higher than 1,250 V m™", directly related to lightning activity. Corona discharges are also represented, along with
its ozone-related production.

We derived a parameterization for ozone concentration during the occurrence of storms by using the ozone
concentration before the event, the maximum absolute electric field and the downdraft in the warm layer of the
atmosphere during the event, and the total duration of the event. The statistically significant equation effec-
tively accounts for the proportional impacts of both electricity and downdrafts on surface ozone levels,
demonstrating a good potential predictive capability and offering a valuable tool for atmospheric models. We
also provide an equation for converting GLM Events into the absolute electric field for a more direct appli-
cation in the models.
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