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Abstract. The subtropics are influenced by stratosphere-troposphere exchange processes through the subtrop-
ical jet streams and tropopause folding events, which are commonly identified by the opposing gradients of
ozone (03) and carbon monoxide (CO) and thus their ratio. Here, we used airborne observations of CO and O3,
as well as the global three-dimensional ECHAMS/MESSy Atmospheric Chemistry (EMAC) model, to investi-
gate whether there is another important mechanism that conditions the subtropics. We show that high O3-CO
ratios extend deeply into the troposphere in the subtropics, which is evident in both in situ observations and
model results. Tropospheric photochemistry leads to similar O3—CO ratios as those for stratospheric air diluted
into the troposphere. In the upper tropical troposphere, frequent deep convective events produce lightning that
leads to high concentrations of nitrogen oxides (NO, = NO + NO;), which drive O3 production and which fur-
ther catalyze the recycling of hydroxyl (OH) radicals, which reduces CO. These lightning-affected air masses can
be transported from the tropics into the subtropics via the Hadley circulation. We have excluded NO production
through lightning in a sensitivity run of the EMAC model and see an annual relative reduction of the O3—-CO
ratio of up to almost 50 % in the tropics and up to 40 % in the northern subtropics, with even larger seasonal
variability and major effects on the vertical profiles of O3 and CO. We therefore show that photochemistry is an
additional key factor alongside stratosphere-troposphere mixing in determining O3-rich and CO-poor air masses
in the troposphere.
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1 Introduction

Transport processes in the subtropical troposphere are domi-
nated by the Hadley circulation and stratosphere—troposphere
exchange processes (STE). These processes shape the chem-
istry of the subtropics. Moist tropical air masses are lifted
through deep convection within the intertropical convergence
zone (ITCZ), distributed polewards in the upper troposphere.
During the poleward transport the air cools and sinks at ap-
proximately 30°N and S, in the subtropical high-pressure
belts. This thermally driven circulation which connects the
tropics and the subtropics is known as the Hadley circulation
(Seinfeld and Pandis, 2016).

Rapid chemical mixing in the upper troposphere and lower
stratosphere (UTLS) occurs mainly through tropopause fold-
ing (Danielsen, 1968; Holton et al., 1995; Hoor et al., 2002),
adiabatic mixing along isentropes, and up- and downdrafts of
convective overshoots (Frey et al., 2015). Tropopause faults
mostly occur in association with Rossby wave breaking or
by the zonal shift of the subtropical jet streams at 30° N and
S, resulting in bending of the tropopause (Postel and Hitch-
man, 2001). The transport of tropical air masses into the
subtropics along the Hadley circulations is thought to take
around 10 to 50d (Seinfeld and Pandis, 2016), while mix-
ing within the tropospheric hemispheres takes 1-2 months
(Singh, 1995), and between the troposphere and stratosphere
up to 0.8-2 years. Overall, the subtropical troposphere plays
a critical role in the Earth’s climate and atmospheric chem-
istry due to its unique position as a transition zone between
the tropics and mid-latitudes as well as between the strato-
sphere and troposphere.

Ozone (03) and carbon monoxide (CO) are key trace gases
in the troposphere and lower stratosphere. Ozone influences
air quality, climate, and UV protection, while CO is an im-
portant combustion pollutant and regulates the atmosphere’s
oxidative capacity. The interactions and distributions of these
two trace gases are critical for understanding air quality, at-
mospheric chemistry, and climate dynamics. Tropospheric
O3 originates naturally from the stratosphere (Danielsen,
1968) or through photodissociation of nitrogen oxides NO,
(NO, =NO 4 NOy) in the presence of UV and visible light:

NO; + hv — NO + O, (RT)
O0+0,+M— O3+ M, (R2)

where M indicates a third molecule which stabilizes the O3
formed as it absorbs the excess vibrational energy from the
reaction (Seinfeld and Pandis, 2016). NO, is produced by
anthropogenic burning processes such as pollution emissions
through aircraft, and industry, but also from natural sources,
like biomass burning, soil emissions, and through light-
ning. Lightning NO, (LNO,) has been found to dominate
O3 chemistry in the upper troposphere (Nussbaumer et al.,
2023a), particularly in the tropics, where 77 % of the world’s
lightning occurs. LNO, in the upper troposphere has an
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approximated lifetime of 4-7d (Schumann and Huntrieser,
2007).

In the presence of H>O, and therefore mostly in the lower
troposphere, ozone can be destroyed by photodissociation to
form O('D) and reaction with H,O to form hydroxyl (OH)
radicals through Reactions (R3) and (R4):

03 + hv — O('D) + 03, (R3)
O('D) + H,O — 20H. (R4)

These reactions are the primary source of highly reactive OH
radicals, which play a crucial role in removing most natu-
ral and anthropogenic gases from the atmosphere (Lelieveld
et al., 2016). They can react within 1-2s with CH4, non-
methane volatile organic compounds (VOCs), and CO to
form peroxy radicals (HO; + RO,). In the free troposphere,
the most important sink of OH radicals is through the reac-
tion with CO (Lelieveld et al., 2016; Seinfeld and Pandis,
2016):

CO +OH 2% HO, + CO,. (R5)

HO; radicals can further combine to form peroxides. Fur-
ther propagation of the formed peroxides leads to higher-
generation products, and reaction with NO for OH recycling,
a secondary source of OH radicals. Different OH recycling
mechanisms exist (e.g., O, recycling, OVOC recycling, NO,
recycling), with NO, recycling (Reaction R6) being the most
prominent in highly NO,-polluted regions and in the upper
troposphere (Lelieveld et al., 2018):

HO, + NO — NO, + OH. (R6)

In the tropics, CO emissions are mostly derived from
biomass burning and anthropogenic emissions (Crutzen and
Andreae, 1990). In the free and upper troposphere, CO can
further be produced through oxidation of CH4 or other hy-
drocarbons (Strode et al., 2018). At the same time, high con-
centrations of OH through primary production on the surface,
and secondary production in the upper troposphere, provide
a strong sink for CO in the tropics. Overall, this shortens the
lifetime of CO in the tropics to about one month, while its
global lifetime is approximately three months in the tropo-
sphere (Lelieveld et al., 2016).

The subtropical troposphere is known to be mainly influ-
enced by STE. The purpose of this study is to investigate
the effect of transport and distribution of photochemistry via
the Hadley circulation in the upper troposphere of the tropics
into the subtropics. To study the relevance of that mecha-
nism, we first present the zonal distribution of CO, O3, and
the O3—CO ratio derived from airborne observations and fur-
ther simulated by the dynamic EMAC chemistry model. Fur-
thermore, we show with a sensitivity study of the model that
internal tropospheric mixing processes along with chemical
reactions make a higher-than-expected contribution to the
tropospheric subtropical air masses.
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2 Observations and model simulations

This study uses airborne in situ measurements of CO and
O3 from 12 different aircraft research campaigns as well as
numerical results of the ECHAMS/MESSy EMAC model.

2.1 Airborne observations

The observations used in this work are from a combined data
set of 12 different aircraft research missions, carried out from
2012 to 2024, covering all seasons (Table 1). Each campaign
focused on investigations of dynamic and/or chemical pro-
cesses of the troposphere and lower stratosphere based each
in a different location around the world. The flight tracks of
each campaign are shown in Fig. 1 and provide zonal and
meridional coverage of the Earth, except for large parts of
Asia. However, due to the long lifetimes of CO and O3 in
the troposphere, the Asian emissions are covered by long-
distance transport processes, which also have been among
the research goals of some of the campaigns (e.g., the Asian
Summer Monsoon by OMO, WISE, PHILEAS). Specific re-
search goals, and accordingly the flight planning, have been
selected with consideration of specific weather or extreme
events (e.g., deep convection, biomass burning events) and
therefore can be biased to some extent. To minimize these
biases, the medians of the averaged distributions are used in
this study. Furthermore, the statistical representativeness of
the selected observations has been tested with a model com-
parison of a full climatology and data just along the flight
tracks. This comparison can be found in the Supplement. In
particular, the modeled O3—CO ratios along the flight tracks
in the northern hemisphere and tropics have been found to
agree well with the model climatology.

Two aircrafts were used throughout these campaigns: the
High Altitude LOng-range (HALO) Gulfstream G550 re-
search aircraft, run by the German Aerospace Center (DLR)
and the NASA DC-8 aircraft, owned by the NASA Arm-
strong (Dryden) Flight Research Center. For CO measure-
ments, four different instruments (UMAQS, QCLS, TRIS-
TAR, ATTILA) and for Os, two different instruments
(FAIRO (Obersteiner, 2024), NO, O3) collected the data sets
used in the scope of this work. The total measurement un-
certainties for CO vary in a range of 0.94—1.8 ppbv and for
O3 from 2 % to 2.5 %. More detailed information on the un-
certainties and equipment used during the campaigns can be
found in Table 2 and in the Supplement. The measurement
techniques for each tracer were similar. CO was measured by
infrared absorption spectroscopy (Fried and Richter, 2006)
with quantum cascade lasers (QCLS) (Faist et al., 1994; Pal
and Pradhan, 2021) and multipass circulations of the types
of White and Herriott (White, 1957; Herriott and Schulte,
1965; McManus et al., 1995; Wienhold et al., 1998) through-
out all campaigns. The O3 measurements were taken us-
ing UV absorption and chemiluminescence (CL) techniques
(e.g., Toby, 1984; Ridley et al., 1992; Zahn et al., 2012).
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Frequent calibrations against primary and secondary stan-
dards during the research flights ensured comparability of the
CO observations. For O3, simultaneous UV absorption mea-
surements alongside CL detection provide high accuracy and
continuous in-flight calibrations.

From 2012 to 2024 there was no significant trend in the
global average atmospheric mixing ratios of CO and O3 in
remote regions according to the measurements from the Car-
bon Cycle Cooperative Air Sampling Network (Laborato-
ries, 1988) and the TOAR network data sets (Tarasick et al.,
2019). Nevertheless, studies have shown annual variations,
especially in more polluted and more densely populated re-
gions. Field et al. (2016) has shown that in 2015 strong open
biomass burning events caused by the global climate phe-
nomenon El Nifio resulted in the peaking of CO emissions in
Indonesia which then spread into the upper troposphere over
East Africa to the western Pacific Ocean. Furthermore, con-
tinuous control measures targeting industrial and transporta-
tion emissions in developed countries are leading to a moder-
ate reduction of pollutants. For example, in China, from 2010
to 2017, a 16 % decrease in CO emissions could be achieved
by replacing pollutant fuels (e.g., biofuel, coal) with cleaner
fuels (e.g., natural gas, electricity) (Li et al., 2024).

Besides annual trends, there are seasonal and local varia-
tions in source regions (Hoor et al., 2002; Li et al., 2024).
Emission rates in general depend on the amount of biomass
burning and anthropocentric activity (e.g., heating, com-
bustion), which are strongly season-dependent. In the trop-
ics, the strongest seasonal differences are due to shifts of
the zonal positioning of the ITCZ (Waliser and Somerville,
1994), in particular above land surface. The CAFE Brazil
and CAFE Pacific campaigns collected a larger data set for
continental areas in the tropics; these were run from Decem-
ber 2022 to January 2023 above the Amazon rainforest, and
January to February 2024 above Australia, respectively. Dur-
ing CAFE Brazil, the seasonal shift of the ITCZ influences
the contribution of air masses from the southern or north-
ern hemispheres, affecting the Amazon basin. In January, the
ITCZ is slightly south of the Amazon region, which leads to
a stronger influence of air masses originating from the north-
ern hemisphere in this region. The seasonal variation slightly
shifts the deep convection activity zonally, and hence results
in a broadening strong uptake of surface emissions in the ver-
tical profile of the tropics. Note that meridional variations
will also be averaged for this study.

However, zonal and annual averages, and the long life-
times of O3 and CO which ensure globally well transported
and mixed distributions, tend to weaken the effects of those
local and temporal emission variations. Nevertheless, these
will be taken into account and further discussed in Sect. 3.

Overall, the twelve campaigns listed in Table 2 provide
a good global coverage of in situ measurements from the
boundary layer up to the lower stratosphere. In particular,
good coverage can be found in the northern hemisphere, es-
pecially in the northern subtropical region. As the data sets
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Table 1. Overview of aircraft campaigns used for this study. Most of the campaigns have been carried out with the HALO aircraft of the
DLR (German Aerospace Center, Oberpfaffenhofen, Germany). The ATom campaigns have been carried out with the NASA DC-8 aircraft

(Wofsy et al., 2018).

CAMPAIGN START END AIRCRAFT
ESMVal (Earth System Model Validation ) 10 Sep 2012 23 Sep 2012  HALO
OMO (Oxidation Mechanism Observations) 16 Jul 2015 25 Aug 2015 HALO
ATom 1 (Atmospheric Tomography Mission) 29 Jul 2016 23 Aug 2016 NASA DC-8
ATom 2 (Atmospheric Tomography Mission) 26 Jan 2017 21 Feb 2017  NASA DC-8
WISE (Wave-driven ISentropic Exchange) 31 Aug 2017 21 0ct2017 HALO
ATom 3 (Atmospheric Tomography Mission) 28 Sep 2017 28 Oct 2017  NASA DC-8
ATom 4 (Atmospheric Tomography Mission) 24 Apr2018 21 May 2018 NASA DC-8
CAFE Africa (The Chemistry of the Atmosphere Field Experiment in Africa) 7 Aug 2018 8 Sep 2018 HALO
SouthTRAC (Transport and Composition of the Southern Hemisphere UTLS) 19 Aug 2019 16 Nov 2019 HALO
CAFE Brazil (The Chemistry of the Atmosphere Field Experiment in Brazil) 30 Nov 2022 29 Jan 2023 HALO
PHILEAS (Probing High Latitude Export of air from the Asian Summer Monsoon) 6 Aug 2023 27 Sep 2023  HALO
CAFE Pacific (The Chemistry of the Atmosphere Field Experiment in the Pacific) 9 Jan 2024 1 Mar 2024 HALO
180° 60°E 120°E 180°
ESMVal e Alom 4
E ’ e OMO CAFE Africa 4
soon [ : xdﬂ@ ATom 1 SouthTRAC ] 60°N
WISE e CAFE Brazil
ATom 2 PHILEAS

CAFE Pacific | 30°N

30°S

180° 120°W 60°W

60°E 120°E 180°

Figure 1. Overview of the flight tracks of the aircraft campaigns used in this study.

have been measured using various time resolutions, all sets
were averaged to 60 s before they were combined. Further-
more, the measurements were transferred into the same grid
resolution as the modeled data. More statistical information
can be found in the Supplement.

2.2 EMAC model

The numerical results used for this study were simu-
lated with the ECHAMS/MESSy Atmospheric Chemistry
(EMAC) model (Jockel et al., 2006, 2016 and publications
therein). EMAC is a three-dimensional numerical chemistry
and climate model which includes several sub-models de-
scribing lower and middle atmospheric processes and their
interactions with the ocean, land, biosphere, human fac-
tors, and many other parameters. The simulation of atmo-
spheric dynamics and transport processes is based on the
fifth-generation of the European Centre Hamburg general cir-
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culation model (version 2.54.0; ECHAMS; Roeckner et al.,
2006). Fully coupled chemistry and miscellaneous processes
are provided by a set of submodels controlled by the second-
generation Modular Earth Submodel System (version 2.54.0;
MESSy; Jockel et al., 2005, 2010).

Numerous experimental evaluations of the EMAC model
have revealed it to be reliable (e.g., Jockel et al., 2016;
Tomsche et al., 2019; Lelieveld et al., 2018; Tadic et al.,
2021; Nussbaumer et al., 2023b, 2024). In Lelieveld et al.
(2018) a variety of atmospheric gases measured during the
OMO aircraft campaign have been compared to the EMAC
model, revealing a slight overestimation of tropospheric col-
umn O3, and CO. O3 overestimation by the model is at-
tributed to an overestimation of transport from the strato-
sphere, related to the limited horizontal grid resolution of the
model (1.875° x 1.875°) (Lelieveld et al., 2018). However,
by reducing LNO, emissions associated with deep convec-
tion, photochemical O3 production declines in the upper tro-

https://doi.org/10.5194/acp-25-14987-2025
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Table 2. Information on the instrumentation, total measurement uncertainties (TMU), precision, data accuracy, time resolutions, and refer-

ences for each campaign used in the scope of this work.

CAMPAIGN INSTRUMEN-  SPECIES UNCERTAINTIES REFERENCES
TATION T™MU precision  accuracy  time resolution
TRISTAR CO 1.8 ppbv 8s Schiller et al. (2008)
Miiller et al. (2016)
ESMVal Zahn et al. (2012)
FAIRO O3 2.5% 12.5Hz Rolf et al. (2015)
Miiller et al. (2016)
TRISTAR CO 1.46 ppbv 8s Tadic et al. (2017)
OMO Tomsche et al. (2019)
FAIRO O3 10 % 12.5Hz Zahn et al. (2012)
QCLS CO 0.15ppbv  3.5ppbv 1Hz Santoni et al. (2014)
ATom 1%,2,3,4 Strode et al. (2018)
NO,03 CL O3 2% 15 pptv 1Hz Bourgeois et al. (2020, 2021)
UMAQS CO 0.94 ppbv 1Hz Kunkel et al. (2019)
WISEP FAIRO O3 2.5% 12.5Hz Zahn et al. (2012)
NO,03 CL 03 2% 15 pptv 1Hz Bourgeois et al. (2020, 2021)
CAFE Africa TRISTAR CO 4.3 % 1Hz Tadic et al. (2017)
FAIRO O3 2.5% 12.5Hz Obersteiner (2024)
SouthTRAC UMAQS CcO 1.4 ppbv 0.68ppbv  1.22ppbv  1Hz Miiller et al. (2015)
FAIRO O3 2.5% 12.5Hz Obersteiner (2024)
Schiller et al. (2008)
CAFE Brazil TRISTAR CcO 35% 0.3% 0.3% 1Hz Ort et al. (2024)
Roder et al. (2024)
FAIRO O3 2.5% 12.5Hz Obersteiner (2024)
PHILEAS UMAQS CO 0.32 ppbv 0.64ppbv  1Hz Riese et al. (2025)
FAIRO O3 2.5% 12.5Hz Obersteiner (2024)
TRISTAR + CcO 53 % 0.3% 0.3 % 1Hz Ort et al. (2024)
CAFE Pacific ATTILA Nussbaumer et al. (2025)
FAIRO O3 2.5% 12.5Hz Obersteiner (2024)

4 Thompson et al. (2022), b Riese and Hoor (2017).

posphere. Difficulties in representing the intermittent nature
of convection and lightning has been shown in the study of
Lelieveld et al. (2018) and are generally known to be a chal-
lenge for climate models. Comparisons of the CAFE Africa
campaign measurements with the EMAC model show a weak
correlation between measured and modeled NO in the up-
per troposphere (Nussbaumer et al., 2024). Nevertheless, this
seems to be a regional issue, as, in general, measured NO,,
O3, and HO; values are found to correlate well with the
EMAC model (correlation coefficients of 0.5 and larger) in
the OMO, CAFE Africa, CAFE Brazil, and ATom campaigns
(Nussbaumer et al., 2024). More details on the EMAC model
and its evaluation with measurements can be found in Righi
et al. (2015) and Jockel et al. (2016) and citations within.

https://doi.org/10.5194/acp-25-14987-2025

The model resolution is T63L47MA, i.e., with a quadratic
Gaussian grid resolution of 1.875° x 1.875° and a vertical
resolution up to 0.1Pa, so as to include the stratosphere.
The model has been weakly nudged by Jeuken et al. (1996)
towards the European Center for Medium-Range Weather
Forecasts (ECMWEF) ERAS5-interim data (Hersbach et al.,
2020). The simulations cover a period of 20 years (i.e., 2000—
2019). In this work, the hybrid pressure coordinates of the
numerical simulations have been interpolated to an altitude
of 1 km vertically; additionally, only monthly climatology of
the data set has been used. In addition to the reference numer-
ical simulation, a sensitivity numerical integration has been
performed, binary identical to the reference simulation but
with the lightning emissions of NO, deactivated. In the fol-
lowing, we will refer to those two simulations as “REF” to

Atmos. Chem. Phys., 25, 14987—15007, 2025
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the standard simulation and “without LNO,” to the sensitiv-
ity run excluding LNO, emissions globally. Other sources
of NO, in the troposphere, such as surface and aviation
emissions and mixing from the stratosphere, are included in
both simulations. These simulations have been used before in
Nussbaumer et al. (2023a) to investigate O3 production from
LNO, in the upper tropical troposphere. In that study, the
authors concluded that the only source of NO, in the upper
tropical troposphere is lightning, which is hence crucial for
ozone production in that region.

A comparison along the flight tracks with the observations
has shown good agreement of the climatology with the single
point data (Supplement). Therefore, the full model is used for
the investigation of the importance of LNO, for the northern
subtropics.

3 Results and discussion

3.1 Trace gas distributions based on observations

Figure 2a and b show the annual median zonal distributions
of CO and O3 mixing ratios, respectively, derived from all
airborne in situ observations listed in Table 1. The data points
are averaged over 1km of altitude, 1.875° of latitude and
over all longitudes. Their scales have been adjusted to em-
phasize tropospheric values. The black lines represent the
lines of constant potential temperatures (®), which are cal-
culated via Eq. (1), including the measured air temperature
T and static pressure p, the surface pressure pg = 1000 hPa,
and k =0.286.

@=T<@> (1)
p

The grid cell has been hatched with white “xxx” if two
conditions are met: (1) at least ten counts per grid cell
(counts > 10) and (2) good to moderate precision of the mean
(standard error of the mean relative to the mean in percent:
RSEM < 15 %). Note that each point is already an average
to 60 s depending on each time resolution of the individual
measurements, and that the precision includes seasonal and
atmospheric variability. More details and the zonal distribu-
tions of the grid cell counts and the RSEM for each tracer
individually can be found in the Supplement.

Both zonal distributions show a good coverage of the
troposphere, despite some data gaps in the polar high lati-
tudes, especially in the southern hemisphere. The observa-
tions made in the northern hemisphere are, with a few excep-
tions, contained within the confidence intervals previously
defined (i.e., counts > 10; RSEM < 15 %). Conversely, the
southern hemisphere exhibits lower coverage within these
conditions, particularly in the subtropics and polar latitudes.

The observations show the highest CO mixing ratios near
the surface in the tropics and northern mid- to high latitudes,
peaking with median mixing ratios of 120-140 ppbv, due to
the close proximity to combustion sources (anthropogenic or
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natural). In the tropics, large amounts of CO can be released
from biomass burning events mainly during the dry seasons
(Galanter et al., 2000), and in the northern mid- to high lati-
tudes, industrial combustion and other anthropogenic emis-
sions are the main sources of CO (Tomsche et al., 2019).
Highest CO is found at approx. 7.5°S and 2.5 km, a biomass
burning plume originating from Africa captured along a
single latitude transect during the CAFE Africa campaign
(Crowley et al., 2025). The tropospheric background value
of CO is approximately 60 ppbv in the southern hemisphere
and 70-100 ppbv in the northern hemisphere, generally de-
creasing with increasing altitude. In the vicinity of deep con-
vection or warm conveyor belts, close to a source region, CO
shows instead a C-shaped vertical profile, which can be ob-
served especially in the tropics in the ITCZ and the north-
ern extra tropics. In the ITCZ, the level of main convective
outflow is 10-12km (potential temperature of 350-360 K),
where the CO mixing ratio nearly achieves boundary layer
mixing ratios. In the northern hemisphere, a local minimum
of tropospheric CO mixing ratios can be identified in the sub-
tropics. This minimum has been already observed during pre-
vious aircraft measurements, e.g., in 1997 and 1998, where
surface CO mixing ratios in the northern subtropics varied
from 60 to 140 ppbv and from 80 to 200 ppbv in the north-
ern extra tropics (Hoor et al., 2002). With the increasing dis-
tance from the source regions towards higher altitudes, CO
decreases to values below 40 ppbv. In the polar UTLS region,
we record CO values of below 20 ppbv, which is due to the
downward transport of stratospheric low-CO air. Close to the
isentropic surfaces of 360 K, the tropopause can be expected
in the tropics (Holton et al., 1995), while towards higher lat-
itudes cross-tropopause exchange can happen at lower isen-
tropic lines of 300-330 K (Sprenger and Wernli, 2003).

The O3 zonal distribution in Fig. 2b, shows similar but in-
verted behavior compared to the CO zonal distribution. Low
O3 mixing ratios in the boundary layer are linked to dry
deposition (Wesely and Hicks, 2000; Sumner et al., 2001),
photodissociation (Reactions R3 and R4), and NO titration.
These losses outweigh O3z production through NO, photol-
ysis (Reactions R1 and R2) especially in areas of low com-
bustion NO, emissions, e.g., remote places, forests, oceans.
In the vicinity of strong NO, combustion sources (biomass
burning or industrial emissions), O3 can be produced also
at the surface. Nevertheless, low ozone values are promi-
nent close to the surface, with minimum values in the trop-
ics, where the median surface mixing ratios are lower than
20 ppbv. In the free troposphere, O3 gradually increases with
slightly higher values in the northern compared to south-
ern hemisphere up to the Osz-rich stratosphere. In the ITCZ,
through deep convection, low surface O3 can be vertically
mixed towards higher altitudes. Together with strong uptake,
convective activity is a source of lightning, which produces
O3 via LNOy, particularly in the convective outflow region
in the ITCZ (Nussbaumer et al., 2023a). In contrast to the
O3 values in the tropics, a slight increase in O3 mixing ratios

https://doi.org/10.5194/acp-25-14987-2025
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Figure 2. Zonal median distribution of CO (a) and O3 (b) from the campaigns listed in Table 1. All airborne measurements have been
averaged over 1km of altitude, and 1.875° of latitude. The scale has been adjusted for O3 to focus on tropospheric values. Black lines
indicate layers of constant potential temperature, calculated using Eq. (1), and averaged over 5° and 1 km. Grid boxes, which represent
averages with good to moderate standard error relative to the mean (< 15 %), and at least ten points per grid cell, are hatched with white
“xxx”. Note that each count represents an average of 60 s, depending on the time resolution of the measurements.
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Figure 3. Same as Fig. 2, for the O3—CO ratio, but without hatching
and ® shown as white lines.

can be noted in the vertical column of the northern subtrop-
ics around 30° N. While O3 mixing ratios range from a few
ppbv up to ~ 100 ppbv (Prather et al., 2011) in the tropo-
sphere, in the stratosphere, O3 increases dramatically up to
several thousands of ppmv due to photochemical production
through higher energetic UV radiation and oxygen photoly-
sis with a typical residence time of 1-2 years. In the strato-
spheric mid-latitudes and polar regions, the downward mo-
tion of the Brewer—Dobson circulation (Brewer, 1949; Dob-
son, 1956) transports stratospheric O3-rich air closer to the
tropopause. Here, ppbv values in the low hundreds have al-
ready been observed.

The ratio of O3 to CO is shown in Fig. 3. In the absence
of strong vertical transport, O3 shows an increasing gradi-
ent towards higher altitudes, while CO decreases with alti-
tude. This would result in low O3—CO ratios near the surface
and increasing ratios with altitude. This behavior is partic-
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ularly observed in the southern extra tropics. Low O3—-CO
ratios (< 0.6 ppbv ppbv~!) up to 12.5km in the ITCZ and
up to 7.5 km in the northern mid-latitudes indicate transport
of surface air masses with high CO and low O3 mixing ra-
tios. Higher O3—CO ratios (> 0.6 ppbv ppbv~!) represent air
masses with lower CO and higher O3, which can be ob-
served closer to the stratosphere but also in the subtropics,
which we will further define from 23.3-40°. This O3—-CO
ratio enhancement is more pronounced in the northern com-
pared to southern hemispheric subtropics in the observations.
Although values are similar in the southern subtropics, the
zonal gradient to higher latitudes is less pronounced than in
the northern hemisphere, probably due to less data coverage,
flight tracks that mostly traverse the ocean, and in general a
lower CO background (no significant CO source in the south-
ern high latitudes). In the following, we will focus on the
northern subtropical region.

3.1.1  Observed northern hemispheric gradient

In the zonal distribution in Fig. 3, an increase in the O3—CO
ratio was observed in the northern subtropics around 23.3—
40°N. For further analysis, we have calculated the zonal
10°, 2 km altitude-binned medians of the airborne measure-
ments for CO, O3z, and their ratio for the northern hemisphere
and shown in Fig. 4a, b, and c, respectively. The global gra-
dients for the zonal medians, including the southern hemi-
sphere, can be found in the Supplement. Only tropospheric
values have been used based on O3 mixing ratios lower than
100 ppbv, according to Prather et al. (2011).

The subtropics are dominated by relatively low CO and
high O3 mixing ratios, resulting in a median O3—CO ratio of
0.7 ppbv ppbv—! in the upper troposphere. Towards the trop-
ics and the mid- to high latitudes, the O3—CO ratios decrease

Atmos. Chem. Phys., 25, 14987-15007, 2025



14994

to 0.4-0.45 and 0.55-0.6 ppbv ppbv !, respectively, in the
upper troposphere. This tendency is evident throughout all
altitudes from O to 12 km. From the boundary layer to the up-
per troposphere, in the northern subtropics, CO mixing ratios
range from 120 to 80 ppbv, and O3 mixing ratios range from
35 to 65 ppbv, resulting in ratios of 0.35-0.7 ppbv ppbv .
Closer to the pole, we observe an enhancement of O3 at
higher altitudes (above 6km), which could be due to the
proximity of the tropopause and exchange processes with
stratospheric O3-rich air (Hoor et al., 2002, 2004).

Assuming that cross-tropopause exchange takes place
mostly in the vicinity of the subtropical and polar jet streams
and along isentropic layers, as has been shown in numer-
ous studies (e.g., Lelieveld et al., 1997; Fischer et al., 2000;
Krasauskas et al., 2021), enhanced O3—CO ratios are ex-
pected in the subtropics and at the poles. Finding a negative
correlation between O3 and CO, several studies have iden-
tified air masses to originate from either the stratosphere or
troposphere (Fischer et al., 2000; Hoor et al., 2002, 2004;
Joppe et al., 2024). Here, we observe enhanced O3—CO ratios
covering the whole tropospheric column down to the bound-
ary layer in the subtropics. This deep intrusion raises the
question of whether cross-tropopause exchange, which trans-
ports high O3 and low CO downward from the stratosphere
into the troposphere, is the predominant mechanism affecting
the troposphere subtropical column. To address this question,
we investigated another possible mechanism that can lead to
similar changes in the O3—CO ratios in the subtropics. In the
upper tropical troposphere, LNO, emissions can lead to sig-
nificant O3 production, and simultaneously, catalyze OH re-
cycling, which decreases CO in the atmosphere. Those emis-
sions can be distributed via the Hadley circulation from the
tropics into the subtropics. In the following, this hypothe-
sis will be investigated using sensitivity simulations with the
EMAC model (Sect. 2.2).

3.2 EMAC model simulations

To investigate whether a chemical mechanism contributes to
the O3 enhancement and CO decline in the subtropical tro-
posphere, we use the three-dimensional chemistry and dy-
namic EMAC model. The model results cover 20 years of
simulation (2000-2019) with monthly values and a spacial
resolution of 1.875° x 1.875° x 1 km. This climatology has
proven to be comparable to empirical observations (see Sup-
plement). In the following, we test, whether the model repro-
duces the same subtropical O3—CO ratio enhancement in its
standard simulation (REF) which could be identified in the
observations. As for the empirical observations, an annual
zonal distribution of the modeled O3—CO ratio has been cal-
culated from this data set, shown in Fig. 5. An overview of
the monthly zonal distributions can be found in the Supple-
ment.

The ratio plotted in Fig. 5 shows similar features as iden-
tified in the zonal distribution of the airborne observations
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(Figs. 2 and 3). Low O3—CO ratios are generally found in
the lower troposphere and extend into higher altitudes in
the mid- and high latitudes and in the tropics. Closer to the
tropopause, O3—CO ratios increase. Here, the model shows
a slight overestimation of O3 and CO, and hence of the O3—
CO ratio in the upper troposphere. A further difference can
be noted in the tropical troposphere. The tropical “belt” of
low O3—CO ratio representing the ITCZ with strong uptake
of surface mixing ratios through frequent convection seems
to be less pronounced in the model than in the observations.
This difference remains when looking at the model data ex-
tracted from the flight track (not shown here), which means
that the representation of convection in the model is likely
to cause this difference (Lelieveld et al., 2018; Nussbaumer
et al., 2024).

The model shows a strong enhancement in both hemi-
spheres, while the observations could not capture such ra-
tios in the southern hemisphere, most likely due to the lack
of observational data, especially towards the southern high-
latitudes. In the model, relatively high O3 and low CO val-
ues, indicated by high O3—CO ratios, are found immediately
above the boundary layer in both subtropical regions, com-
pared to the values towards the tropics and mid-latitudes.
However, background O3 and CO ratios differ strongly be-
tween both hemispheres, mostly caused by the difference in
land cover (natural) and anthropogenic emissions. This re-
sults in slightly lower O3—CO ratios in the northern com-
pared to the southern hemisphere, ranging from 0.4—1.1 and
0.45-1.4 ppbv ppbv~!, respectively. Focusing on the north-
ern hemisphere, the model captures well the features of ob-
served zonal O3—CO ratios.

3.2.1 Modeled northern hemispheric gradient

For a better comparison with the observations, we will fo-
cus on the northern hemispheric gradients in the following;
however, we present the global zonal gradients, including
the southern hemisphere, in the Supplement. In Fig. 6 the
northern hemispheric gradients of the modeled CO, O3, and
the O3—CO ratio for different altitude ranges are shown in
(a), (b), and (c), respectively. Similar to the observations, the
modeled data was averaged over 2km and 10° of latitude
over all longitudes for tropospheric values only, excluding
data points with O3 values higher than 100 ppbv, according
to Prather et al. (2011).

In comparison to the observations, the modeled gradients
for CO and O3 mixing ratios are slightly higher except for the
CO mixing ratios in the tropics, where the observations show
higher CO mixing ratios throughout all altitudes. Further-
more, the decrease of CO in the northern subtropics is much
more pronounced in the observations than in the model. Nev-
ertheless, the difference between the model and the observa-
tions lies mostly within the range of the 25th and 75th per-
centiles and the gradients show a similar pattern: a higher
03—CO ratio in the subtropics compared to the northern extra
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Figure 5. The median annual zonal distribution of the O3—CO ra-
tio calculated from the EMAC model data (REF). All data points
are averaged over 1 km of altitude and 1.875° of latitude. The scale
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lines indicate the tropopause layer height with its standard deviation
shaded in white.

tropics and tropics, particularly at lower altitudes. The under-
estimation of CO in the tropics results from applying global
climatology, which results in the smoothing of emission re-
gions with more remote regions. The flight track extraction
tends to overestimate surface CO mixing ratios in the trop-
ics, due to the complexity of modeling occasional biomass
burning events and their exact emission rates.

Overall, the gradients of the O3—CO ratio in Fig. 6¢ show
a similar enhancement in the subtropics as has been ob-
served (Fig. 4¢), with modeled O3—CO ratios ranging from
0.45 to 0.8 ppbv ppbv~! in the northern subtropics with high-
est values close to the tropopause. The slight overestimation
of the modeled median mixing ratios of CO and O3 leads
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to ~ 0.1 ppbv ppbv~! higher O3—CO ratios than in the ob-
servations. Nevertheless, the decreasing gradients towards
the tropics and mid- to high latitudes are reproduced by
the model.

3.3 Modeled sensitivity study: without LNOy

The measured and modeled zonal distributions of the O3—
CO ratio, shown in Figs. 3 and 5, as well as the northern
hemispheric gradients in Figs. 4 and 6, all indicate a strong
enhancement in the O3—CO ratio in the northern subtropics.
It is to be expected that STE at the subtropical jet has a pro-
nounced effect on the composition of the subtropical tropo-
sphere. This results in high O3 and low CO mixing ratios in
the troposphere of the subtropics. This process might be re-
sponsible for the O3—CO ratio enhancement identified in the
in situ observations and the model results. However, chemi-
cal processes in the upper troposphere driven by LNO,, emis-
sions lead in principle to similar conditions, according to Re-
actions (R1), (R2), (RS), and (R6). Tropical convection as-
sociated with the ITCZ transports surface emissions into the
upper troposphere. Lightning associated with deep convec-
tion produces significant amounts of NO, which catalyze a
series of chemical reactions that yield O3. In addition, NO is
an important secondary OH source via recycling of peroxy
radicals, leading to higher OH concentrations in the convec-
tive outflow (Lelieveld et al., 2018). This potentially shortens
the lifetime of CO and other hydrocarbons (Lelieveld et al.,
2016). The secondary production of highly reactive OH radi-
cals results in reduced CO levels in the tropics. Overall, light-
ning is expected to yield enhanced O3 and low CO mixing ra-
tios. These air masses are transported within the troposphere
following the Hadley circulation that transports tropical air
masses into the subtropics. Thus, we hypothesise that high
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03—CO ratios in the subtropical troposphere are not only
due to exchange processes with the stratosphere but result
also through photochemistry within the troposphere. To test
this hypothesis, we used a model sensitivity study without
lightning NO, production. By excluding LNO,, the effect
of high O3 production and, indirectly, the loss of CO in the
upper troposphere is excluded from the simulations, while all
other mechanisms are kept as usual. Note that other reactions
linked to NO, chemistry, like the depletion of CH4 and other
hydrocarbons through OH, are also affected by the absence
of LNO,.. However, dynamic processes, like STE, transport
through tropospheric mesoscale circulations, surface emis-
sions, and other chemical reactions which are not effected
by LNO, are unchanged. The difference between the “REF”
and the “without LNO,” simulations of the EMAC model
can thus be interpreted as the effect of LNO, on tropospheric
chemistry (including, e.g., Reactions R1, R2, RS, R6). This
effect we study on the basis of the absolute and relative dif-
ferences of the zonal distribution, the change of the northern
hemispheric gradients, and the vertical profile of the northern
subtropics in the following sections. A zonal distribution of
the annual average O3—CO ratio from the sensitivity simula-
tion can be found in the Supplement.

3.3.1 Relative and absolute differences due to LNOy

emissions

In Fig. 7 the absolute and relative differences for CO (a, b),
03 (c, d), and OH (e, f) between the standard model run
and the sensitivity run without lightning emissions are shown
for the annual average, respectively. The absolute difference
(Dabsolute), calculated in Eq. (2), represents the total change
of mixing ratios (MR) caused by LNO,, and the relative dif-
ference (Drelative, Eq. 3) represents changes relative to the lo-
cal mixing ratios provided by the standard simulation (REF)
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in percent.

Dabsolute = MRWithout LNO, — MRREF (2)
MRy — MR

Drelative _ without LNO, REF % 100 (3)

MRREF

As expected, by excluding LNO, from the EMAC model
simulations, generally, OH radicals are decreasing, CO is in-
creasing and O3 is decreasing. The largest impact is found in
the tropics in the upper troposphere where the largest emis-
sions of LNO, are found (Schumann and Huntrieser, 2007;
Nussbaumer et al., 2023b). The absence of NO reduces the
secondary production of OH radicals by a factor of two to
three (Reaction R6), according to Lelieveld et al. (2016),
and are highly reactive with CO in the upper troposphere.
Here, OH is reduced by a factor of 2.4, which increases ab-
solute CO mixing ratios by 15-25 ppbv south and north of
the ITCZ. This is a difference of over 30 % compared to val-
ues measured for CO in the upper tropical troposphere by
excluding LNO,.

Simultaneously, O3 is reduced in the upper tropical tropo-
sphere by up to 40 % by excluding LNO,. Average O3 mix-
ing ratios in the tropical upper troposphere are in the range of
50 ppbv. Inhibiting production through LNO, decreases O3
by 15-20 ppbv in that region. Especially in the upper tropical
troposphere, LNO, is expected to be the predominant driver
of photochemically formed O3, which we confirm with these
results.

Overall, the sensitivity run indicates that without LNO,,
O3 and OH production decreases. This yields lower O3 and
higher CO mixing ratios in the upper tropical troposphere.
Subsequent transport in the Hadley circulation results in sim-
ilar changes for O3 and CO in the subtropics. Note that
switching off LNO, also affects the mixing ratios of CO and
O3 in the lowermost stratosphere, although to a lesser extent,
compared to typical CO and O3 values in the stratosphere.
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Figure 7. Relative and absolute differences of CO (a, b), O3 (¢, d), and OH (e, f) caused by excluding LNO, emissions in the global
3D model EMAC, shown on annual averaged zonal mean distributions. On the left side (a, c, e) the absolute differences (Eq. 2) of the
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concentrations. Note the scales for OH differ from CO and O3. The black dashed lines and shaded area indicate the mean height of the
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Nevertheless, these changes in the lowermost stratosphere
are expected to be mainly caused by upwelling air trans-
ported through the tropical tropopause layer (TTL) into the
stratosphere and distributed in the lowermost stratosphere.
The chemical lifetime of CO can be estimated with OH
concentrations, assuming only its major atmospheric sink
through OH in the upper troposphere and standard pressure
and temperature conditions (200 hPa, 250 K) and a reactiv-
ity rate of k =1.57 x10™'3 cm? molecules~! s~! according
to McCabe et al. (2001). Using this approximation and only
focusing on the absence of NO recycling the OH increases
CO lifetimes in the upper tropical troposphere from approxi-
mately two months (67 d) up to five months (161 d). In com-
parison, Lelieveld et al. (2016) achieved a CO lifetime of
38 d for the upper tropical troposphere. Furthermore, we no-
ticed a relative change in OH radicals also towards higher
latitudes, which suggests OH recycling through transported
NO, which lifetime is at ~ 4-7 d (Schumann and Huntrieser,
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2007). Transport through the Hadley circulation into the sub-
tropics takes 10 to 50d according to Seinfeld and Pandis
(2016). Therefore, the photochemistry that results in higher
O3 and reduced CO is expected to continue during transport
from the tropics to the subtropics. By calculating the change
of chemical lifetimes of CO for the northern subtropics, we
achieve a change from 56 d to approx. 70d, over the whole
tropospheric column. This is an increase of CO lifetimes by a
factor of 1.24. Note that the production of CO by CHy4 oxida-
tion is also altered by the absence of LNO, emissions. While
OH acts as an important sink for CHy as well (Lelieveld et al.,
2016), longer lifetimes and thus higher levels of CHy are also
expected as a consequence of excluding LNO, emissions.
Through the increase in CH4 mixing ratios, more CO can
be produced by its oxidation. However, CHy is quite stable
with a lifetime of approximately 9 years (Szopa et al., 2021)
and with mixing ratios an order of magnitude higher than CO
(approx. 1770-1870 ppbv in the annual global mean at ma-
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rine surfaces in the years from 2000 to 2019 according to the
NOAA background stations network, Lan and Dlugokencky,
2025). Therefore, we expect the contribution to the increase
of CO resulting from enhanced CHy4 to be rather small.
Overall, upper tropical LNO, emissions can exert a pro-
found influence all the way down to the lower troposphere of
the subtropics (approximately 3 km). Therefore, the resulting
changes in the subtropics are linked directly to LNO, pro-
duction in the upper tropical troposphere affecting the chem-
istry there, and along the path ways of the Hadley circulation.

3.3.2 Modeled northern hemispheric gradient without
LNOy

In Fig. 8, the modeled annual zonal northern hemispheric
gradients of the CO (a), O3z (b), and O3—CO ratio (c) are
shown for the “without LNO,.”” simulation. The correspond-
ing gradients for all latitudes can be found in the Supplement.

There are three main differences to the standard simula-
tion, in addition to the above-mentioned generally higher
CO and lower O3 mixing ratios: lower O3—CO ratios over
the whole northern hemisphere; less vertical variation in the
tropics and subtropics; and, a partially smaller meridional
variability indicated by the 25th and 75th percentiles.

First, we focus on the generally lower O3—CO ratios. Ex-
cluding LNO, emissions causes an increase in tropospheric
CO and a reduction in tropospheric O3, as shown before,
resulting in a smaller ratio. This reduction is most pro-
nounced in the upper troposphere and continues into the
free troposphere and lower troposphere with decreasing in-
fluence. Hence, the annual average of the O3—CO ratio is
nearly constant at 0.4 ppbvppbv~! throughout the whole
subtropical troposphere and is even lower in the tropics at
0.3 ppbv ppbv—!. Nevertheless, the local high of the 03—~CO
ratio in the subtropics is still present, albeit weaker.

Secondly, vertical changes of the mixing ratios seem to
be smaller, yielding similar O3—CO ratios from the boundary
to the upper troposphere. Only towards the pole, where the
tropopause is much lower and the influence from the tropics
much weaker, the vertical gradient is still visible.

Finally, the percentiles provide an indication of meridional
variations over the zonal-vertical averages, showing reduced
variability for the sensitivity run without lightning relative to
the base run. This indicates enhanced homogeneity not only
vertically but also meridionally.

The absolute and relative differences between the base run
and the sensitivity run for the northern hemispheric gradients
of the O3—CO ratios are shown in Fig. 9a and b, respectively.
Again, the corresponding gradients for the global distribution
can be found in the Supplement.

Focusing on the absolute differences (Fig. 9a), calculated
in Eq. (2), we find the largest change in the upper tro-
posphere in the subtropics with O3—CO ratios smaller by
—0.4 ppbv ppbv~! than for “REF”. The least impact is found
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at the lowest altitude range (0-2 km) and towards the higher
latitudes.

The relative differences, which are calculated with Eq. (3),
show the normalized influences, which are strongest in the
tropics slightly south of the equator extending into the sub-
tropics. The relative effect is smallest again towards higher
latitudes and lower altitudes but results in a change in the
03—CO ratio of 50 % in the tropical upper troposphere and
over 40 % in the subtropics.

3.3.83 \Vertical distribution of the northern subtropics

The vertical distribution of the mean relative differences be-
tween the base run and the sensitivity run without LNO, of
CO, O3 and the O3—CO ratio for the northern subtropics,
ranging from 23.3—-40° N, are shown in Fig. 10. The main ef-
fect of switching off LNO, is found in the upper troposphere,
mainly around 12 km.

We can assume that deep convection, and hence local
LNO, emissions, are rare in the subtropical regions due
to a general downward motion via the Hadley circulation.
Nussbaumer et al. (2023a), who used a similar simulation
with EMAC, concluded that lightning occurs and is observed
mainly over land in the upper tropical troposphere.

As has already been seen in the zonal gradients, LNO,
emissions cause a strong impact on the subtropical mixing
ratios of O3 and CO, yielding enhanced O3 and diminished
CO. For zonal and annual averages, excluding LNO, emis-
sions increase CO by ~ 30 % and decrease O3 by ~20 % in
the upper subtropical troposphere (orange and blue bars in
Fig. 10). This results in a change of the subtropical ratio of
these two gases by over 30 % in the mean value of the upper
subtropical troposphere. In general, the effect of LNO, on
03, CO, and the O3—CO ratio decreases towards the surface
in the subtropics. Nevertheless, there are still changes in the
03—CO ratio of over 10 % attributable to the effect of LNO,
in altitudes lower than 1 km. Overall, the LNO, effect on CO
removal by OH recycling is one-third of the northern sub-
tropical CO mixing ratio. Taking into account that seasonal-
ity and spatial differences have been averaged, the impact of
tropical LNOy on the subtropics is not expected to be equally
distributed, and therefore stronger and lesser for each region
and time.

3.3.4 Seasonal variability

The annual zonal distributions, shown and discussed in the
previous sections, provided an average over all seasons.
Therefore, seasonal variability has been smoothed out. To
show the effect of excluding global LNO, emissions on
the seasonality, we first show zonal distributions of the Oz—
CO ratio of both simulations for the two most contrasting
months, January and July, in Fig. 11. Later in this section in
Fig. 12, all monthly medians are shown for CO, O3, and their
ratio separately, as well as the fraction of different mecha-
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Figure 9. Same as Fig. 6, but for the absolute differences (a) and relative differences (b) of the O3—CO ratio between the base run and the

sensitivity run without LNO,.

nisms of O3 generation contributing to the northern subtropi-
cal troposphere. A selection of all monthly means of CO, O3,
and their ratio of the standard and the sensitivity run of the
model can be found in the Supplement.

The strongest seasonal difference can be perceived in the
standard run in the northern subtropics reaching a ratio differ-
ence of 0.5 ppbv ppbv~! (Fig. 11a, c). Generally, the tropo-
spherical O3—CO ratio is strongest in the subtropics in sum-
mer in both hemispheres, and weakest in winter. By exclud-
ing LNO, emissions in (b) and (d), the seasonal difference
becomes even more pronounced, as the O3—CO ratio is nearly
constant throughout the whole troposphere in the northern
subtropics in January (Fig. 11b). In the southern hemisphere
the seasonality is much weaker, but the O3—CO ratio is still
shifted towards lower values by excluding LNO,.. Many stud-
ies have linked this hemispheric difference to tropopause
height changes resulting in net mass transfer between the
stratosphere and troposphere (Staley, 1962; Robinson, 1980;
Murgatroyd et al., 1980; Sprenger and Wernli, 2003), with a
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more pronounced seasonal cycle in the northern than south-
ern hemisphere (Appenzeller et al., 1996), also coupled to
the amount of land cover. However, as the sensitivity run
still shows strong seasonality, LNO, is not expected to be
the mechanism controlling the seasonal variation.

NO, emissions from lightning have distinct spatial and
temporal variations in the extra tropics, being highest in
summer and lowest in winter, and pronounced in the north-
ern hemisphere due to the larger land cover (Collier and
Hughes, 2011b). Yet, 77 % of the world’s lightning activity
occurs in the tropics, between 30°S and 30°N (Schumann
and Huntrieser, 2007), and mainly over land (Ricciardulli
and Sardeshmukh, 2002; Williams and Stanfill, 2002). The
occurrence of lightning in the tropics is to be expected to
show no significant seasonal variation, as it moves along the
ITCZ, even though lightning activity is highly complex and
depends on thunderstorm activity and the properties of the
aerosols, which have stronger spatial variations than tempo-
ral ones (Williams, 1985; Rycroft et al., 2000; Williams et al.,
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meter, with exclusion of stratospheric values selected by O3 val-
ues higher than 100 ppbv. This mean includes an average over all
months. The error bars show the standard deviation and represent
the meridional variability of the relative differences. Calculated us-

ing Eq. (3).

2002; Zipser et al., 2006; Collier and Hughes, 2011b, a).
Tropical LNOy, and its distribution of chemical successors
seem to have a global impact over all seasons, as can be seen
in the comparison of the standard and sensitivity simulation
in Fig. 11. This is consistent with the findings of Mickley
et al. (2001), who modeled an overestimation of 50 % of
preindustrial O3 during winter in the northern mid-latitudes
compared to measurements and linked it to tropical LNO,
emissions.

When excluding LNO, from the model simulations, sea-
sonality is still strong. The remaining effects controlling O3
production and CO loss are therefore expected to depend on
another mechanism, like stratosphere—troposphere exchange,
other NO, sources, and changing background emissions.

In Fig. 12a, the monthly medians of CO, O3, and their ratio
are shown, averaged over the whole troposphere in the north-
ern subtropics, from 23.3-40° N. Anthropogenic emissions
peak during the winter and spring, especially in the northern
hemisphere, with the background CO mixing ratios increas-
ing up to 125 ppbv in the zonal median. Biomass burning also
contributes to the background CO but is more common in the
tropics, and at higher latitudes. O3 is at a maximum in May at
approximately 80 ppbv, with a gradually decreasing gradient
up until winter. In winter, photolysis rates are lowest, hence
the Og lifetime is longer and more O3 accumulates (Mickley
et al., 2001). During the summer, O3 depletion is strongest
due to higher photochemical activity.

For a clearer identification of seasonality in the model sim-
ulation we introduce the O3S tracer, provided by the model,
which identifies all O3 originating from the stratosphere and
propagating into the troposphere. With this tracer and the
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sensitivity run, by excluding the chemical production of O3
by lightning emissions, we can identify different O3 ori-
gins that contribute to the O3—CO ratio. These are shown in
Fig. 12b.

First, the O3S tracer reveals the amount of O3 coming from
the stratosphere, which can be linked directly to STE. O3S
changes marginally between the two model simulations (not
shown here). Therefore, we conclude that O3 produced in
the tropics and distributed from the TTL through the strato-
sphere seems to have a minor influence on O3 transported
into subtropical regions. The contribution of STE to the to-
tal tropospheric column O3 budget in the northern subtropics
comes to about 25 %-50 %, peaking in February and has a
minimum in August. The STE influence is strongest close to
the tropopause and diminishes towards the surface. Previous
analyses showed that storm tracks and mountain chains in
the subtropics are preferred regions for STE (Skerlak et al.,
2014), being strongest in late spring—early summer, partic-
ularly over continents (Sprenger and Wernli, 2003). STE is
strongly affected by the intensity of the jet streams, due to
their role in the formation of tropopause folds, and the height
of the tropopause. The location and strength of jet streams
are strongly influenced by temperature differences between
high and low latitudes. Jing and Banerjee (2018) found that
anticyclonic wave-breaking events become more frequent in
summer, and can be associated with stronger isentropic STE.
Overall, STE seems to have a strong impact on the mix-
ing ratios in the UTLS region; however, averaging over the
whole troposphere, STE is found to have a minor effect on
the seasonality driving the O3—CO ratio in the northern sub-
tropics. Skerlak et al. (2014) showed that STE influence on
O3 can be found all the way down to the planetary bound-
ary layer throughout all seasons with global hot spots along
mountain chains mainly in the subtropical summer. However,
they identified an accumulation of O3z below the tropopause,
rather than originating directly from the stratosphere. Simi-
lar seasonality can be found in the southern hemisphere (not
shown here).

The contribution of O3 produced by LNO, has been cal-
culated by subtracting total O3 from the “without LNO,”
run from total O3 from the “REF” simulation of the model
(tr. LNO,, Fig. 12b). As most LNO, is expected to be in
the tropics (Schumann and Huntrieser, 2007), we conclude
that this O3 is mostly produced by tropical LNO, emissions,
transported via the Hadley circulation into the subtropics.
The median contribution of photochemically produced O3 to
the northern subtropical tropospheric column varies between
5 % and 15 % throughout the year, with slightly higher con-
tributions in summer than in winter. This modest seasonality
indicates a minor contribution of local induced LNO, emis-
sions in summer and autumn.

Strong convective activity transports surface emissions up-
ward, with impacts depending heavily on the inflow region.
In highly polluted regions with strong NO, emissions (e.g.,
anthropogenic, biomass burning), enhanced O3—CO ratios
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than 100 ppbv according to Prather et al. (2011).

can be transported upwards by convection (e.g., Asian Sum-
mer Monsoon, see Mickley et al., 2001). While in remote
areas, especially over the oceans and in the tropics, low O3 is
common at the surface through the strong sink of photodis-
sociation and the reaction of O(!D) with water vapor, which
leads to rather low O3—CO ratios. Therefore, seasonal con-
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vective activity supports higher O3—CO ratios in the tropo-
spheric column, notably in summer (also noticed as a slight
increase of O3 from LNO, during summer in Fig. 12b). Fur-
thermore, deep convection is also linked to stratospheric—
tropospheric mixing through overshoots and corresponding
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downdrafts (Frey et al., 2015), additionally mixing high O3
and low CO air masses into the upper troposphere.

Extracting O3S from the total O3 from the sensitivity run
excluding LNO, results in the background O3 mixing ra-
tio, defining O3 which is neither coming from the strato-
sphere nor from tropical photochemistry including lightning
NO,. This remaining O3 mixing ratio (BG, Fig. 12b) shows
a strong seasonality, peaking in summer and having its min-
imum in winter. It contributes approximately 40 %—60 % to
the total O3 column of the northern subtropics, and mainly
drives its seasonality. The seasonal variation of the back-
ground O3 could be linked to other NO, sources like soil,
anthropogenic emissions, or biomass burning emissions (Sk-
erlak et al., 2014), but these possibilities have not been fur-
ther investigated in this study. Possible transport of PAN via
the Ferrell circulation from the mid-latitudes into the sub-
tropics and its thermal depletion in the downward branch is
another potential source of NOy.

In conclusion, STE seems to have a minor role in control-
ling the seasonality. Tropical LNO, meridionally transported
via the Hadley circulation influences the O3 mixing ratio in
the northern subtropics, and possible also the depletion of
CO, throughout the year. The strongest effects on seasonality
are exerted by the remaining factors defining the background
mixing ratios.

4 Conclusions

Tropospheric chemistry and transport processes, within the
troposphere as well as STE processes are important in con-
ditioning the background mixing ratios of greenhouse gases
and other trace gases in the troposphere. This study used in
situ observations from 12 aircraft campaigns, from 2012—
2024, to investigate the tropospherical zonal distribution of
O3 and CO and their ratio. Particularly in the northern sub-
tropics, a strong enhancement in the O3—CO ratio almost
down to the boundary layer could be identified, which is usu-
ally expected to be caused by STE processes in the vicinity of
the subtropical jet stream, bringing high-O3 and low-CO air
from the stratosphere into the troposphere. In this study, we
have investigated another possible mechanism contributing
to the chemical composition of the tropospherical subtrop-
ics, which had not yet been considered. High O3—CO ratios
can also be produced through photochemistry and transport
within the troposphere. In the upper tropical troposphere,
substantial emissions of LNO,, especially in the ITCZ, are
a major source of O3, and, simultaneously, catalyze the recy-
cling of OH radicals in the upper troposphere. Those highly
reactive radicals are the main sink of CO in the free and up-
per troposphere, shortening the lifetime of CO. Thus, through
the presence of LNO,, high O3—CO ratios can also be photo-
chemically generated and distributed by the Hadley circula-
tion into the subtropics. To test this hypothesis, we have used
the general circulation and chemistry model EMAC and run
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a sensitivity study on the effect of LNO, on the troposphere
03-CO ratio. First, we show that the modeled zonal distribu-
tions give the same enhancement of O3—CO ratio in the sub-
tropics than the observations. Second, we identified a strong
effect of LNO,, which is mainly produced in the tropical tro-
posphere, on the chemical composition of the subtropics out-
side the convective regions in the down-welling branch of
the Hadley circulation. Photochemistry contributes by 40 %
to the O3—CO ratio in the upper troposphere of the north-
ern subtropics. These air masses propagate through the whole
vertical column of the northern subtropics, supported by the
Hadley circulation. The effect of LNO, on O3 and CO in
the southern subtropics, tropics, extra tropics, as well as in
the UTLS region were also noticed, but were not in the fo-
cus of this work. We conclude that tropical LNO, emissions
are crucial for O3 production and subsequently for CO loss
through the secondary production of OH radicals, which can
be distributed in significant amounts throughout the whole
troposphere. Furthermore, we see a strong inter-annual vari-
ability, mainly influenced by a complex interaction of STE
and background concentrations. The highest O3—CO ratios
have been identified in summer in the northern subtropics,
corresponding with low CO and high O3 mixing ratios. Be-
sides contributing to the seasonality of background concen-
trations, STE is weakest in summer, which is in contrast to
the enhancement of the O3—CO ratios in summer. However,
more frequent Rossby wave occurrences in summer are ex-
pected to contribute to stronger mixing throughout the tro-
posphere. Furthermore, other tropospheric sources of NO,
seem to play an important role in conditioning the tropo-
sphere as well, which needs further investigation.

Meridional variations have been briefly discussed in this
study. More detailed investigations could verify the impact
of tropopheric photochemistry on the background concen-
trations of specific regions. Furthermore, LNO, emissions
are dependent on the frequency of deep convective systems
as well as many other factors (e.g., ice-nucleating particles,
emissions, turbulence, cloud top height), which can be hard
to model. There are still major uncertainties in understanding
the varying manifestations of these emissions over continen-
tal and maritime surfaces. However, we showed that light-
ning emissions have a strong effect on tropospheric photo-
chemistry and global distributions of the O3—CO ratio. This
effect along tropospherical transport plays a key role in con-
ditioning the troposphere and needs to be considered in fu-
ture studies.

Code and data availability. The data measured dur-

ing the campaigns ESMVal https://halo-db.pa.op.dlr.de/
mission/14, OMO https://halo-db.pa.op.dlr.de/mission/0,
WISE https://halo-db.pa.op.dlr.de/mission/96, CAFE
Africa https://halo-db.pa.op.dlr.de/mission/98, South-
TRAC https://halo-db.pa.op.dlr.de/mission/116, CAFE
Brazil https://halo-db.pa.op.dlr.de/mission/135, PHILEAS
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https://halo-db.pa.op.dlr.de/mission/138 and CAFE Pacific
https://halo-db.pa.op.dlr.de/mission/140 are available on the HALO
database platform via Deutsches Zentrum fiir Luft- und Raumfahrt
(DLR) (2012); DLRDeutsches Zentrum fiir Luft- und Raumfahrt
(DLR) (2015); Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)
(2017, 2018, 2019, 2023a, b, 2024), respectively. Specifically,
data and code of FAIRO O3 data processing can be accessed via
https://doi.org/10.5281/zenodo.11275355  (Obersteiner, 2024).
The ATom missions data sets can be accessed through the NASA
website (Wofsy et al., 2018). EMAC model simulations can be
accessed at https://doi.org/10.5281/zenodo.17476643 (Ort and
Pozzer, 2025).
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