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Abstract. The subtropics are influenced by stratosphere-troposphere exchange processes through the subtropical jet streams

and tropopause folding events, which are commonly identified by the opposing gradients of ozone (O3) and carbon monox-

ide (CO) and thus their ratio. Here, we used airborne observations of CO and O3, as well as the global three-dimensional

ECHAM5/MESSy Atmospheric Chemistry (EMAC) model, to investigate 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 ev-5

ident 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 light-

ning that leads to high concentrations of nitrogen oxides (NOx ≡NO+NO2), which drive O3 production and which further

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 sensi-10

tivity 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 Introduction15

Transport processes in the subtropical troposphere are dominated by the Hadley circulation and stratosphere–troposphere ex-

change processes (STE). These processes shape the chemistry 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 approximately 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,20

2016).

Rapid chemical mixing in the upper troposphere and lower stratosphere (UTLS) occurs mainly through tropopause folding

(Danielsen, 1968; Holton et al., 1995; Hoor et al., 2002), adiabatic mixing along isentropes, and up- and downdrafts of con-

vective 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 Hitchman, 2001).25

The transport of tropical air masses into the subtropics along the Hadley circulations is thought to take around 10 to 50 days

(Seinfeld and Pandis, 2016), while mixing 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 chemistry due to its unique position as a transition zone between the tropics and mid-latitudes as well

as between the stratosphere and troposphere.30

Ozone (O3) 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 important combustion pollutant and regulates the atmosphere’s oxida-

tive capacity. The interactions and distributions of these two trace gases are critical for understanding air quality, atmospheric

chemistry, and climate dynamics. Tropospheric O3 originates naturally from the stratosphere (Danielsen, 1968) or through

photodissociation of nitrogen oxides NOx (NOx ≡NO+NO2) in the presence of UV and visible light:35

NO2 +hv −→NO+O; (R1)

O+O2 +M −→O3 +M; (R2)

whereM indicates a third molecule which stabilizes the O3 formed as it absorbs the excess vibrational energy from the reaction

(Seinfeld and Pandis, 2016). NOx is produced by anthropogenic burning processes such as pollution emissions through aircraft,40

and industry, but also from natural sources, like biomass burning, soil emissions, and through lightning. Lightning NOx (LNOx)

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. LNOx in the upper troposphere has an approximated lifetime of 4 – 7 days (Schumann

and Huntrieser, 2007).

In the presence of H2O, and therefore mostly in the lower troposphere, ozone can be destroyed by photodissociation to form45

O(1D) and reaction with H2O to form hydroxyl (OH) radicals through Reactions R3 and R4:

O3 +hv −→O(1D)+O2; (R3)
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O(1D)+H2O −→ 2OH: (R4)

These reactions are the primary source of highly reactive OH radicals, which play a crucial role in removing most natural and50

anthropogenic gases from the atmosphere (Lelieveld et al., 2016). They can react within 1 – 2 s with CH4, non-methane volatile

organic compounds (VOCs), and CO to form peroxy radicals (HO2 + RO2). In the free troposphere, the most important sink

of OH radicals is through the reaction with CO (Lelieveld et al., 2016; Seinfeld and Pandis, 2016):

CO+OH
O2−→HO2 +CO2: (R5)

HO2 radicals can further combine to form peroxides. Further propagation of the formed peroxides leads to higher-generation55

products, and reaction with NO for OH recycling, a secondary source of OH radicals. Different OH recycling mechanisms exist

(e.g., Ox recycling, OVOC recycling, NOx recycling), with NOx recycling (Reaction R6) being the most prominent in highly

NOx-polluted regions and in the upper troposphere (Lelieveld et al., 2018):

HO2 +NO→NO2 +OH: (R6)

In the tropics, CO emissions are mostly derived from biomass burning and anthropogenic emissions (Crutzen and Andreae,60

1990). In the free and upper troposphere, CO can further be produced through oxidation of CH4 or other hydrocarbons (Strode

et al., 2018). At the same time, high concentrations 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 troposphere (Lelieveld et al., 2016).

The subtropical troposphere is known to be mainly influenced by STE. The purpose of this study is to investigate the effect65

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 mechanism, we first present the zonal distribution of CO, O3, and the O3 – CO ratio

derived from airborne observations and further simulated by the dynamic EMAC chemistry model. Furthermore, 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.70

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 ECHAM5/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 from75

2012 to 2024, covering all seasons (Table 1). Each campaign focused on investigations of dynamic and/or chemical processes
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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 ) 10-09-2012 23-09-2012 HALO

OMO (Oxidation Mechanism Observations) 16-07-2015 25-08-2015 HALO

ATom 1 (Atmospheric Tomography Mission) 29-07-2016 23-08-2016 NASA DC-8

ATom 2 (Atmospheric Tomography Mission) 26-01-2017 21-02-2017 NASA DC-8

WISE (Wave-driven ISentropic Exchange) 31-08-2017 21-10-2017 HALO

ATom 3 (Atmospheric Tomography Mission) 28-09-2017 28-10-2017 NASA DC-8

ATom 4 (Atmospheric Tomography Mission) 24-04-2018 21-05-2018 NASA DC-8

CAFE Africa (The Chemistry of the Atmosphere Field Experiment in Africa) 07-08-2018 08-09-2018 HALO

SouthTRAC (Transport and Composition of the Southern Hemisphere UTLS) 19-08-2019 16-11-2019 HALO

CAFE Brazil (The Chemistry of the Atmosphere Field Experiment in Brazil) 30-11-2022 29-01-2023 HALO

PHILEAS (Probing High Latitude Export of air from the Asian Summer Monsoon) 06-08-2023 27-09-2023 HALO

CAFE Pacific (The Chemistry of the Atmosphere Field Experiment in the Pacific) 09-01-2024 01-03-2024 HALO

of the troposphere and lower stratosphere based each in a different location around the world. The flight tracks of each cam-

paign are shown in Figure 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 pro-

cesses, which also have been among the research goals of some of the campaigns (e.g., the Asian Summer Monsoon by OMO,80

WISE, PHILEAS). Specific research goals, and accordingly the flight planning, have been selected with consideration of spe-

cific 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 represen-

tativeness of the selected observations has been tested with a model comparison of a full climatology and data just along the

flight tracks. This comparison can be found in the Supplementary Material. In particular, the modeled O3 – CO ratios along the85

flight tracks in the northern hemisphere and tropics have been found to agree well with the model climatology.

Two aircraft’s
::::::
aircrafts

:
were used throughout these campaigns: the High Altitude LOng-range (HALO) Gulfstream G550

research aircraft, run by the German Aerospace Center (DLR) and the NASA DC-8 aircraft, owned by the NASA Armstrong

(Dryden) Flight Research Center. For CO measurements, four different instruments (UMAQS, QCLS, TRISTAR, ATTILA)90

and for O3, two different instruments (FAIRO (Obersteiner, 2024b), NOyO3) collected the data sets used in the scope of this

work. The total measurement uncertainties 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 uncertainties and equipment used during the campaigns can be found in Table 2 and in the Supplementary
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Figure 1. Overview of the �ight tracks of the aircraft campaigns used in this study.

Material. 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 multipass95

circulations of the types of White and Herriott (White, 1957; Herriott and Schulte, 1965; McManus et al., 1995; Wienhold

et al., 1998) throughout all campaigns. The O3 measurements were taken using UV absorption and chemiluminescence (CL)

techniques (e.g., Toby (1984); Ridley et al. (1992); Zahn et al. (2012)). Frequent calibrations against primary and secondary

standards during the research �ights ensured comparability of the CO observations. For O3, simultaneous UV absorption mea-

surements alongside CL detectionareprovidefor
::::::
provide

:
high accuracy and continuous in-�ight calibrations.100

From 2012 to 2024 there was no signi�cant trend in the global average atmospheric mixing ratios of CO and O3 in remote

regions according to the measurements from the Carbon Cycle Cooperative Air Sampling Network (Laboratories, 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 regions. Field et al. (2016) has shown that in 2015 strong open biomass burning events

caused by the global climate phenomenon El Niño resulted in the peaking of CO emissions in Indonesia which then spread105

into the upper troposphere over East Africa to the western Paci�c Ocean. Furthermore, continuous control measures targeting

industrial and transportation emissions in developed countries are leading to a moderate 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 variations in source regions (Hoor et al., 2002; Li et al., 2024). Emission110
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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 INSTRUMENTATION SPECIES
UNCERTAINTIES

REFERENCES
TMU precision accuracy time resolution

ESMVal TRISTAR
CO 1.8 ppbv 8 s Schiller et al. (2008)

Müller et al. (2016)

FAIRO O3 2.5 % 12.5 Hz

Zahn et al. (2012)

Rolf et al. (2015)

Müller et al. (2016)

OMO
TRISTAR CO 1.46 ppbv 8 s

Tadic et al. (2017)

Tomsche et al. (2019)

FAIRO O3 10 % 12.5 Hz Zahn et al. (2012)

ATom 11, 2, 3, 4
QCLS CO 0.15 ppbv 3.5 ppbv 1 Hz

Santoni et al. (2014)

Strode et al. (2018)

NOy O3 CL O3 2 % 15 pptv 1 Hz Bourgeois et al. (2020, 2021)

WISE2
UMAQS CO 0.94 ppbv 1 Hz Kunkel et al. (2019)

FAIRO O3 2.5 % 12.5 Hz Zahn et al. (2012)

NOy O3 CL O3 2 % 15 pptv 1 Hz Bourgeois et al. (2020, 2021)

CAFE Africa
TRISTAR CO 4.3 % 1 Hz Tadic et al. (2017)

FAIRO O3 2.5 % 12.5 Hz Obersteiner (2024a)

SouthTRAC
UMAQS CO 1.4 ppbv 0.68 ppbv 1.22 ppbv 1 Hz Müller et al. (2015)

FAIRO O3 2.5 % 12.5 Hz Obersteiner (2024a)

CAFE Brazil TRISTAR CO 3.5 % 0.3 % 0.3 % 1 Hz

Schiller et al. (2008)

Ort et al. (2024)

Röder et al. (2024)

FAIRO O3 2.5 % 12.5 Hz Obersteiner (2024a)

PHILEAS
UMAQS CO 0.32 ppbv 0.64 ppbv 1 Hz DLR (2023b)

FAIRO O3 2.5 % 12.5 Hz Obersteiner (2024a)

CAFE Paci�c
TRISTAR + ATTILA CO 5.3 % 0.3 % 0.3 % 1 Hz

Ort et al. (2024)

Nussbaumer et al. (2025)

FAIRO O3 2.5 % 12.5 Hz Obersteiner (2024a)

1Thompson et al. (2022),2Riese and Hoor (2017)

rates in general depend on the amount of biomass burning and anthropocentric activity (e.g., heating, combustion), which are

strongly season-dependent. In the tropics, 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 Paci�c campaigns col-
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lected a larger data set for continental areas in the tropics; these were run from December 2022 to January 2023 above the

Amazon rainforest, and January to February 2024 above Australia, respectively. During CAFE Brazil, the seasonal shift of115

the ITCZ in�uences the contribution of air masses from the southern or northern hemispheres, affecting the Amazon basin. In

January, the ITCZ is slightly south of the Amazon region, which leads to a stronger in�uence of air masses originating from

the northern 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 vertical pro�le of the tropics. Note that meridional variations

will also be averaged for this study.120

However, zonal and annual averages, and the long lifetimes 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 Section 3.

Overall, the twelve campaigns listed in Table 2aboveprovide a good global coverage of in situ measurements from the bound-

ary layer up to the lower stratosphere. In particular,statisticallyrelevantdata
::::
good

::::::::
coverage

:
can be found in the northern125

hemisphere, especially in the northern subtropical region. As the data sets have been measured using various time resolutions,

all sets were averaged to 60 s before they were combined. Furthermore, the measurements were transferred into the same grid

resolution as the modeled data, with a suf�cient numberof datapointsfor eachgrid box. .
:::::
More

::::::::
statistical

::::::::::
information

:::
can

:::
be

:::::
found

::
in

:::
the

::::::::::
Supplement

:::::::
Material.

130

2.2 EMAC model

The numerical results used for this study were simulated with the ECHAM5/MESSy Atmospheric Chemistry (EMAC) model

(Jöckel et al. (2006); Jöckel et al. (2016) and publications therein). EMAC is a three-dimensional numerical chemistry and

climate model which includes several sub-models describing lower and middle atmospheric processes and their interactions

with the ocean, land, biosphere, human factors, and many other parameters. The simulation of atmospheric dynamics and135

transport processes is based on the �fth-generation of the European Centre Hamburg general circulation model (version 2.54.0;

ECHAM5; Roeckner et al. (2006)). Fully coupled chemistry andmiscirculationaneous
::::::::::::
miscellaneous processes are provided

by a set of submodels controlled by the second-generation Modular Earth Submodel System (version 2.54.0; MESSy; Jöckel

et al. (2005); Jöckel et al. (2010)).

Numerous experimental evaluations of the EMAC model have revealed it to be reliable (e.g., Jöckel et al. (2016); Tomsche et al.140

(2019); Lelieveld et al. (2018); Tadic et al. (2021); Nussbaumer et al. (2023b); Nussbaumer et al. (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 column O3, and CO. O3 overestimation by the modelcouldaccountfor the

reduced
:
is

:::::::::
attributed

::
to

::
an

:::::::::::::
overestimation

::
of

::::::::
transport

::::
from

:::
the

:::::::::::
stratosphere,

::::::
related

::
to

:::
the

:::::::
limited

::::::::
horizontal

::::
grid

:::::::::
resolution

::
of

:::
the

:::::
model

:::::::::::::::
(1.875� � 1.875� )

:::::::::::::::::::
(Lelieveld et al., 2018)

:
.

::::::::
However,

::
by

::::::::
reducing LNOx emissionsin SouthAsia

:::::::::
associated

::::
with145

::::
deep

:::::::::
convection,

:::::::::::::
photochemical

:::
O3 :::::::::

production
:::::::
declines

::
in

:::
the

:::::
upper

::::::::::
troposphere. Dif�culties 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
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challenge 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 upper troposphere (Nussbaumer et al., 2024). Nevertheless, this seems

to be a regional issue, as, in general, measured NOx, O3, and HO2 values are found to correlate well with the EMAC model150

(correlation coef�cients 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. (2014) and Jöckel

et al. (2016) and citations within.

The model resolution is T63L47MA, i.e., with a quadratic Gaussian grid resolution of 1.875� � 1.875� and a vertical resolution

up to 0.1 Pa, so as to include the stratosphere. The model has been weakly nudged by Jeuken et al. (1996) towards the European155

Center for Medium-Range Weather Forecasts (ECMWF) ERA5-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 numerical simulation, a sensitivity numerical integration has been performed, binary identical to the reference

simulation but with the lightning emissions of NOx deactivated. In the following, we will refer to those two simulations160

as “REF“ to the standard simulation and “without LNOx“ to the sensitivity run excluding LNOx emissions globally. Other

sources of NOx 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

LNOx in the upper tropical troposphere. In that study, the authors concluded that the only source of NOx in the upper tropical

troposphere is lightning, which is hence crucial for ozone production in that region.165

A comparison along the �ight tracks with the observations has shown good agreement of the climatology with the single

point data (Supplementary Material). Therefore, the full model is used for the investigation of the importance of LNOx for the

northern subtropics.

3 Results and discussion

3.1 Trace gas distributions based on observations170

Figure 2 (a) 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 1 km of altitude, 1.875� of latitude and over

all longitudes. Their scales have been adjusted to emphasize tropospheric values. The black lines represent the lines of constant

potential temperatures (� ), which are calculated via Equation 1, including the measured air temperature T and static pressure

p, the surface pressure p0 = 1000 hPa, and� = 0.286.175

� = T
�

p0

p

� �

(1)

:::
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%).
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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

::::
1 km

::
of

:::::::
altitude,

:::
and

:::::
1.875�

::
of

::::::
latitude.

::::
The

::::
scale

:::
has

::::
been

::::::
adjusted

:::
for

:::
O3 :

to
:::::
focus

::
on

::::::::::
tropospheric

:::::
values

::::::::::::
for both tracers.

:::::
White

::::
Black

::::
lines

::::::
indicate

:::::
layers

::
of

::::::
constant

:::::::
potential

:::::::::
temperature,

::::::::
calculated

::::
using

:::::::
Equation

::
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.

::::
Note

:::
that

:::::
each

::::
point

::
is

:::::::
already

::
an

:::::::
average

::
to

:::
60 s

:::::::::
depending

:::
on

::::
each

::::
time

:::::::::
resolution

::
of

:::
the

::::::::
individual

:::::::::::::
measurements,

:::
and

::::
that180

::
the

::::::::
precision

:::::::
includes

::::::::
seasonal

:::
and

::::::::::
atmospheric

:::::::::
variability.

:::::
More

::::::
details

:::
and

:::
the

:::::
zonal

::::::::::
distributions

:::
of

:::
the

:::
grid

::::
cell

:::::
counts

::::
and

::
the

::::::
RSEM

:::
for

::::
each

:::::
tracer

:::::::::::
individually

:::
can

::
be

:::::
found

::
in

:::
the

::::::::::
Supplement

::::::::
Material.

Both zonal distributions show a good coverage of the troposphere, despite some data gaps in the polar high latitudesand

in the uppertroposphereof the southernsubtropicalregion.,
:::::::::
especially

::
in

:::
the

::::::::
southern

::::::::::
hemisphere.

::::
The

:::::::::::
observations

:::::
made

::
in

:::
the

:::::::
northern

::::::::::
hemisphere

::::
are,

::::
with

::
a

::::
few

:::::::::
exceptions,

:::::::::
contained

::::::
within

:::
the

:::::::::
con�dence

::::::::
intervals

:::::::::
previously

:::::::
de�ned

::
(i.

:::
e.,185

::::::::::
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 natural).

In the tropics, large amounts of CO can be released from biomass burning events mainly during the dry seasons (Galanter190

et al., 2000), and in the northern mid- to high latitudes, industrial combustion and other anthropogenic emissions are the main

sources of CO (Tomsche et al., 2019). The tropospheric background value of CO is approximately 60 ppbv in the southern

hemisphere and 70 – 100 ppbv in the northern hemisphere, generally decreasing with increasing altitude. In the vicinity of deep

convection or warm conveyor belts, close to a source region, CO shows instead a C-shaped vertical pro�le, which can be ob-

served especially in the tropics in the ITCZ and the northern extra tropics. In the ITCZ, the level of main convective out�ow is195

10 – 12 km (potential temperature of 350 – 360 K), where the CO mixing ratio nearly achieves boundary layer mixing ratios. In
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Figure 3. Same as Figure 2, for the O3 – CO ratio,
::::::
without

:::
the

::::::
hatching

:::
and

::
�

:::::
shown

::
in

:::::
white

::::
lines.

the northern hemisphere, a local minimum of tropospheric CO mixing ratios can be identi�ed in the subtropics. This minimum

has been already observed during previous 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 northern extra tropics (Hoor et al., 2002).

With the increasing distance from the source regions towards higher altitudes, CO decreases to values below 40 ppbv. In the200

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 latitudes cross-tropopause exchange can happen at lower isentropic lines of 300 K – 330 K (Sprenger and Wernli, 2003).

The O3 zonal distribution in Figure 2 (b), shows similar but inverted 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), photodis-205

sociation (Reaction R3 and R4), and NO titration. These losses outweigh O3 production through NO2 photolysis (Reactions

R1 and R2) especially in areas of low combustion NOx emissions, e.g., remote places, forests, oceans. In the vicinity of strong

NOx combustion sources (biomass burning or industrial emissions), O3 can be produced also at the surface. Nevertheless, low

ozone values are prominent close to the surface, with minimum values in the tropics, where the median surface mixing ratios

10



are lower than 20 ppbv. In the free troposphere, O3 gradually increases with slightly higher values in the northern compared to210

southern hemisphere up to the O3-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 LNOx, particularly in the convective out�ow region in the ITCZ (Nussbaumer et al., 2023a). In contrast to the O3 values in

the tropics, a slight increase in O3 mixing ratios can be noted in the vertical column of the northern subtropics around 30� N.

While O3 mixing ratios range from a few ppbv up to ~100 ppbv (Prather et al., 2011) in the troposphere, in the stratosphere, O3215

increases dramatically up to several thousands of ppmv due to photochemical production through higher energetic UV radia-

tion and oxygen photolysis with a typical residence time of 1 – 2 years. In the stratospheric mid-latitudes and polar regions, the

downward motion of the Brewer–Dobson circulation (Brewer, 1949; Dobson, 1956) transports stratospheric O3-rich air closer

to the tropopause. Here, ppbv valuesa
::
in the low hundredscouldalreadybe

::::
have

::::::
already

::::
been

:
observed.

The ratio of O3 to CO is shown in Figure 3. In the absence of strong vertical transport, O3 shows an increasing gradient towards220

higher altitudes, while CO decreases with altitude. This would result in low O3 – CO ratios near the surface and increasing ra-

tios with altitude. This behavior is particularly observed in the southern extra tropics. Low O3 – CO ratios (< 0.6 ppbv/ppbv) up

to 12.5 km 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 ratios. Higher O3 – CO ratios (> 0.6 ppbv/ppbv) represent air masses with lower CO and higher O3, which can

be observed closer to the stratosphere but also in the subtropics, which we will further de�ne from 23.3� – 40� . This O3 – CO225

ratio
:::::::::::
enhancement is more pronounced in the northern compared to southern hemispheric subtropics. In thefollowing, wewill

focuson thenorthernsubtropicalregion
::
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, �ight tracks

that mostly traverse the ocean, and in general a lower CO background (no signi�cant CO source in the southern high latitudes).

::
In

:::
the

::::::::
following,

:::
we

::::
will

:::::
focus

::
on

:::
the

:::::::
northern

::::::::::
subtropical

::::::
region.230

3.1.1 Observed northern hemispheric gradient

In the zonal distribution in Figure 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 measurements for

CO, O3, and their ratio for the northern hemisphere and shown in Fig. 4 (a), (b), and (c), respectively. The global gradients for235

the zonal medians, including the southern hemisphere, can be found in the Supplementary Material. 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 tropics and the mid- to high latitudes, the O3 – CO ratios decrease to

0.4 – 0.45 ppbv/ppbv and 0.55 – 0.6 ppbv/ppbv, respectively, in the upper troposphere. This tendency is evident throughout all240

altitudes from 0 to 12 km. From the boundary layer to the upper troposphere, in the northern subtropics, CO mixing ratios

range from 120 ppbv 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 6 km), which could be due to the proximity of
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