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Abstract. We analyze tropical ozone (Os) and carbon monoxide (CO) distributions in the upper
troposphere (UT) and their temporal changes for 2005-2020 using Aura Microwave Limb Sounder
(MLS) observations and chemistry climate model simulations. The simulations are from the Whole
Atmosphere Community Climate Model (WACCMG6) and two variants of the Community
Atmosphere Model with Chemistry (CAM-chem), each variant using different anthropogenic
emissions for CO. Upper tropospheric trends and variability diagnostics are obtained from multiple
linear regression analyses.

We compare the model and MLS annual climatologies, focusing on 147 and 215 hPa pressure
levels; the model abundances are typically ~5-15% smaller than MLS Os at 215 hPa, but larger
than the MLS values at 147 hPa by ~20%. MLS Os has an averaged UT zonal mean trend at 20°S—
20°N of +0.39 + 0.28 %yr!; the WACCM simulation (WACCM-CEDS) and both CAM-chem
simulations have similar trends, although the WACCM-CEDS result is somewhat smaller. Our
analyses for specific latitude/longitude bins yield positive Oz trends up to 1.4 %yr* over Indonesia
and East of that region, as well as over tropical Africa and the tropical Atlantic. Positive tropical
UT mapped Os trends are generally captured by the model simulations, although in a more muted
way. We find broad similarities (and some differences) between the mapped MLS-derived UT O3
trends and corresponding mapped trends of tropospheric column ozone.

Regarding UT CO, the model climatologies generally show an underestimate versus the MLS
climatology, with model average biases usually about -10% to -20%. Also, in the northern
hemisphere tropics, we find significantly poorer model fits to the observed phasing of CO seasonal

changes at 215 hPa than at 147 hPa. This discrepancy is much smaller for the comparison of
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modeled and Measurements of Pollution in the Troposphere (MOPITT) V9J CO columns. We also
find that the sensitivity of UT CO to El Nifio / Southern Oscillation (ENSO) is positive at all
tropical longitudes, in contrast to the dipolar longitudinal structure that exists for UT Oz ENSO
sensitivity. The MLS zonal mean CO UT trend is -0.25 + 0.30 %yr?, whereas the corresponding
model CO trends are close to zero (0.0 + 0.14 %yr') when the anthropogenic emissions used in
CAM-chem and WACCM are taken from Community Emissions Data System (CEDS) version 2.
The non-CEDS version of CAM-chem (the CAM-chem-CAMS simulation) yields averaged CO
UT trends of 0.22 + 0.19 %yr, in contrast to the negative tendencies prevalent in the MLS CO
trends throughout the tropics. The negative MLS tropical UT CO trends for 2005-2020 agree with
(but tend to be smaller in magnitude than) previously published total column CO trends.

The MLS-derived upper tropospheric tropical trends in Oz and CO arise from a well-sampled
multi-year data set, with the results showing a first-order correlation to large-scale changes in
lower tropospheric composition (Os increases and CO decreases). We find that there are
similarities (and a few differences) between the measured UT trends and corresponding results
from model simulations, which incorporate state-of-the-art representations of the complex
interplay between emissions, photochemistry, convection, and transport in the upper troposphere
and lower stratosphere. These results will contribute to the continuing assessments of tropospheric

evolution, in particular the large community efforts regarding TOAR-I1 and CMIP-7.

1 Introduction

Tropospheric ozone (Os) can be influenced by downward transport from the stratospheric ozone
layer, but the main Os source in the troposphere is in situ photochemical formation through the
oxidation of carbon compounds in the presence of (catalyzing) nitrogen oxides (NOx = NO + NO3)
(Crutzen, 1973; Logan, 1985); tropospheric ozone loss is dominated by in situ photochemistry and
by deposition at the Earth’s surface (Monks et al., 2015). Past studies have also shown that the
main sources of tropospheric NOx are fossil fuel combustion, biomass burning, soil microbial
activity, and lightning. Global anthropogenic emissions dominate the natural NOx sources and
biomass burning plays quite a significant role in the tropics. There is evidence from in situ
measurements from ozonesondes and commercial aircraft for slow increases in tropospheric and
upper tropospheric Os abundances (e.g., Cooper et al., 2014; Gaudel et al., 2020; Thompson et al.,

2021; Wang et al., 2022). At the surface, regional differences have been noted, for example, a
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leveling off in ozone increases over western Europe and parts of the United States after the 1990s,
including some decreases, depending on the season. Changes in tropospheric ozone precursor
emissions (e.g., from NOx, carbon monoxide — CO, and volatile organic compounds) have been
implicated as causes for global tropospheric ozone change over the past few decades (Zhang et al.,
2016; Zheng et al., 2018; Liu et al., 2022; Wang et al., 2022). Souri et al. (2017) and Zhang et al.
(2016), for example, discussed the existence of decreases in NOx emissions over developed
countries following emission regulations after the turn of the century. In the North Atlantic region,
both surface O3 and CO have decreased; Kumar et al. (2013) showed this for 2001-2011. Such
decreases have been attributed to a decline in anthropogenic emissions from North America that
more than compensate for emission increases over parts of Asia. Furthermore, after the dramatic
reduction in global economic activity following the COronaVIrus Disease 2019 pandemic,
significant reductions in northern hemisphere (NH) tropospheric ozone values were observed in
2020 and 2021, although the tropical decreases are much smaller (Ziemke et al., 2022; Steinbrecht
etal., 2021; Bouarar et al., 2021; Miyazaki et al., 2021).

Carbon monoxide is another important pollutant in the troposphere. Its primary tropospheric
sources are incomplete combustion (biomass burning emissions and pollution from industrial and
traffic-related emissions), and the oxidation of methane and other hydrocarbons (Logan et al.,
1981; Crutzen and Andreae, 1990; Khalil and Rasmussen, 1990); its main tropospheric loss
pathway is oxidation by the hydroxyl radical (OH). Lower tropospheric CO anomalies are
propagated upward by convection and general ascent to produce a tropical “CO tape recorder”
(Schoeberl et al., 2006), primarily as a result of biomass burning episodes near the equinoxes
(Duncan et al., 2003, 2007; Logan et al., 2008; Nassar et al., 2009; Livesey et al., 2013; Huang et
al., 2016). Further insights into the transport of CO pollution into the upper troposphere and lower
stratosphere (UTLS) have been provided by Park et al. (2013), who examined CO and other species
from the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) and
MLS. In the tropics, the clear signature of semiannual maxima centered around April and October
were observed, primarily over Africa, Indonesia, and South America, with connections to biomass
burning and convection patterns. Park et al. (2021) examined CO pollution transport to the UTLS
during and long after the highly enhanced 2015 Indonesian fire season, using a combination of CO
satellite data and model simulations (with the CAM-chem model), which generally showed

underestimates of satellite-derived tropospheric and stratospheric CO. In terms of tropospheric CO



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

trends, Worden et al. (2013a) found significant CO column decreases for the 2000—2011 period at
a rate of -1.5 %yr* over Europe, East Asia, and the United States; this work was based mainly on
data from the Measurements of Pollution in the Troposphere (MOPITT) and the Atmospheric
Infrared Sounder (AIRS) (see also Warner et al., 2013). Using MOPITT data, Laken and Sahbaz
(2014) obtained a significant global CO trend of -0.6 %yr* from 2000-2012; they also pointed to
significant increasing trends over parts of Asia, South America, and Africa. Buchholz et al. (2021)
found a similar result using 2002—-2018 gridded time series from MOPITT CO, AIRS, and other
satellite instruments; the global trend for this period was found to be -0.5 + 0.3 %yr?, with a slower
decreasing trend during 2010-2018. Hedelius et al. (2021) also discussed MOPITT-inferred
decreasing trends in column CO for 2002—-2017 and pointed out that decreases in CO emissions,
obtained from the Emissions Database for Global Atmospheric Research (EDGAR) version 4.3.2,
do not always match column CO trends. Analyses of ground-based in situ surface CO data also
point to a slowdown in the rate of decrease of CO after 2010, in comparison to the 2001-2010
decade (Patel et al., 2024). There is also a north-south interhemispheric difference in the CO
abundances (and total columns), along with faster rates of decrease in the northern hemisphere.
Decreasing CO emissions from anthropogenic and biomass burning sources appear to be the main
cause of global tropospheric CO decreases (Jiang et al., 2017, Andela et al., 2017), while secondary
CO resulting from methane oxidation is increasing (Gaubert et al., 2017). Some steeper CO
decreases have been observed in local extra-tropical near-surface data (Li and Liu, 2011; He et al.,
2013; Yoon and Pozzer, 2014; Gratz et al., 2015), apparently because of tighter air quality
standards and reduced pollution from industrial and traffic-related emissions.

The upper troposphere is a complex region where production of NOx by lightning (Schumann
and Huntrieser, 2007; Murray et al., 2014), aircraft NOx emissions (Hoor et al., 2009; Brasseur et
al., 2016; Leeetal., 2021; Wang et al., 2022), and stratosphere-troposphere exchange (STE) (Sudo
et al., 2003; Collins et al., 2003; Hegglin and Shepherd, 2009; Hess and Zbinden, 2013; Neu et al.,
2014) can significantly impact ozone concentrations; STE plays a larger role in the extra-tropics
than in the tropics (Hsu and Prather, 2014). Upper tropospheric trend analyses of in situ CO data
from commercial aircraft participating in the In-service Aircraft for a Global Observing System
(IAGOS, see Petzold et al., 2015) measurements have indicated decreasing trends from 1995 to
2013 in northern midlatitude UT CO, with some larger (and statistically robust) trends as high as
-2t0 -3 % yr over eastern Asia (Cohen et al., 2018). The UT ozone trends from the latter analyses
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were found to range between 0.25 to 0.45 ppbv yr?; this reflects changes of order 0.4-0.8% yr.
In terms of variability, there are interannual composition changes in the troposphere and in the
UTLS associated with ENSO (Chandra et al., 1998; Ziemke and Chandra, 2003; Nassar et al.,
2009; Oman et al., 2011, 2013) and related sea surface temperature and pressure changes. It has
long been known that this important mode of climate variability that originates in the Pacific
Ocean, with alternating warm (EI Nifio) and cold (La Nifia) phases, leads to disruptions in global
circulation patterns, and has impacts on fire and wetland emissions that affect tropospheric
composition (Feely etal., 1987; Jones et al., 2001; Sudo and Takahashi, 2001; Duncan et al., 2003;
Doherty et al., 2006; Calvo et al., 2010; Voulgarakis et al., 2015; Rowlinson et al., 2019).

How do changes in the upper troposphere relate to changes in the lower troposphere, such as
changes in emissions? There have not been many such studies in the past, in large part because of
the lack of well-sampled long-term data in the upper reaches of the troposphere, where ozone is of
radiative significance. While this region is not directly connected to surface pollution, fast
convection episodes in the tropics imply that there might well be some correlations between lower
tropospheric and upper tropospheric abundances, and even for long-term trends. Long-range
transport of pollution can, however, extend into the UT, and also back downward with cross-
continental impacts on surface pollution levels. Constraints on chemistry climate models are one
important goal for studies of long-term measurements of upper tropospheric composition. Such
studies are also expected to contribute to continuing assessments of pollutant trends in the
troposphere, such as the Tropospheric Ozone Assessment Report Phase Il (TOAR-II), while
related model simulations are of interest to continuing assessments of chemistry climate models
(e.g., CMIP-7).

Tropical upper tropospheric profiles of Oz and CO have been measured on a continuous daily
basis by the Microwave Limb Sounder on the Aura satellite, from a near-polar sun synchronous
orbit since late 2004. Here, we present results of trends and variability analyses of these data sets
(from 2005-2020), along with a similar treatment of UT Oz and CO time series from two chemistry
climate models, “specified dynamics” versions of the Whole Atmosphere Community Climate
Model version 6 (WACCMG6) and the Community Atmosphere Model with chemistry (CAM-
chem), both of which are configurations of the Community Earth System Model version 2.2
(CESM2.2). When using regression fits, as done here, to analyze broad-scale atmospheric time

series, one should pay attention to likely drivers (e.g., ENSO) of variability in that region, since a
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better fitting of such variability can reduce the resulting trend uncertainties. Altogether, we use
one WACCM simulation as well as two separate CAM-chem simulations (the latter two having
different anthropogenic emission inputs for CO), as described in Sect. 2, where we provide more
details about the MLS data and these model simulations. Section 3 focuses on the trend analysis
methodology. In Sect. 4, we discuss the analysis results for Os, and then for CO; we review the
UT climatologies for these species and some differences versus model simulations, and discuss
results from zonal mean and mapped trend analyses. We also place our results in the context of

past analyses. We then finish with some brief conclusions in Section 5.

2 Observations, model simulations, and trend analysis methods

For both MLS and the chemistry climate models, we analyze monthly averaged zonal mean
time series as well as monthly-averaged longitude/latitude binned time series. The models have
been designed to capture key dynamical and chemical processes well enough to be usefully
compared to the observations. We focus on a region that is somewhat below the tropopause, to
minimize potential effects from stratosphere-troposphere exchange and to avoid results that might

depend more on lower stratospheric rather than tropospheric change.

2.1 Observations

The Aura MLS observational dataset considered here is taken from sixteen full years (2005
through 2020) of global composition measurements, with about 3500 vertical profiles per day per
measured species. The MLS antenna performs scans of the atmospheric limb ahead of the Aura
satellite in its near-polar sun-synchronous orbit. MLS measures daytime and nighttime thermal
emission using microwave radiometers operating at frequencies near 118, 190, 240, and 640 GHz;
a 2.5 THz module measured OH during the early part of the mission. The 240 GHz radiometer
provides the standard Os and CO measurements. For an overview of the MLS measurement
technique, the reader is referred to Waters at al. (2006). Read et al. (2006) gave a description of
the simulated MLS forward model and related spectra. The MLS retrievals (Livesey et al., 2006)
use the optimal estimation approach (Rodgers, 2000); there is no assumption of atmospheric
homogeneity along the line of sight (see Livesey and Read, 2000), and the retrievals make use of

the MLS antenna’s views along overlapping tangent rays during consecutive scans of the Earth’s
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limb. The specifics of MLS data characterization and data quality, along with estimated errors and
related information can be found in the documentation by Livesey et al. (2022).

Here, we have used the latest data version from MLS, labeled version 5.0 or v5. More
specifically, we use the binned MLS Level 3 data sets, with a latitude grid that includes the
equatorial bin (-2° to +2°) and the 44 other adjacent 4°-wide bins. In this work, we use monthly
mean time series based on zonal averages as well as latitude bands divided into 12 longitude bins.
The typical number of MLS profiles in a monthly zonal mean 4° bin is of order 2400, and about
200 for each of the 12 mapped (monthly) longitude/latitude bins. Prior to averaging the MLS data,
the standard MLS data quality screening criteria (Livesey et al., 2022) have been applied to all the
Os and CO Level 2 profiles; this screening removes only a very small fraction (typically 1-3%) of
the retrieved profiles. In the troposphere and stratosphere, the MLS Os retrieval grid is defined by
a subset of the pressure levels given by p(n) =1000 x 1012 hPa, where n is the pressure level index
number; for CO, the grid is twice as coarse, meaning that n/6 is used as an exponent in the above
equation, rather than n/12. The bottom recommended levels for the O3z and CO retrievals are at 261
and 215 hPa, respectively. Our tropical analyses will focus on results between 215 and 147 hPa,
in order to largely obtain upper tropospheric results, as more influence from the stratosphere occurs
as one gets closer to 100 hPa in the tropics. In the upper troposphere, the vertical resolution of the
Os and CO products is about 3 km and 5 km respectively (Livesey et al., 2022). In this region, the
single-profile precision (1o random uncertainty) is 20-30 ppbv (meaning ~35-50%) for O3z and
15-20 ppbv (~20-30%) for CO. For our analyses of monthly MLS averages, the relevant precision
for Oz and CO reduces to ~0.5 ppbv (~1%) for 4° zonal means and ~2 ppbv (~4%) for the gridded
data using 30° longitude by 4° latitude bins. In addition, the methodology used by the MLS team
to assess the aggregate effects of estimated errors in various input parameters, coupled with
validation results (see Livesey et al., 2022), leads to systematic uncertainty estimates (1c) of 5-12
ppbv (~10-20%) and 15-25 ppbv (~20-35%) for tropical upper tropospheric O3z and CO,
respectively.

Following validation work on UT MLS Os and CO in the early few years since the Aura launch
(Livesey et al., 2008), studies of UT MLS Os by Livesey et al. (2013) focused on seasonal and
interannual variability and comparisons versus ozonesonde data. Despite sampling differences
between these measurement systems, the temporal patterns evident in the MLS UT Os data were

found to be generally well correlated with the in-situ data over different low latitude regions.
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Distinct seasonality was evident in Oz and CO (as well as MLS-derived ice water content) over
South America and South Africa. Other patterns such as the “wave-one” pattern in tropical Os (see
Thompson et al., 2000, 2003, Wang et al., 2006) and double peaks in O3 variability over eastern
equatorial Africa (with enhancements around May/June and September to November) were
discussed; for MLS UT CO, distinct seasonal behavior was found, for example, in the northern
hemisphere tropics, over Eastern Asia and across the Pacific (see also Huang et al., 2012). Livesey
et al. (2013) and Huang et al. (2014) discussed the connection between emissions from intense
fires over Indonesia in 2006 (following the El Nifio-related drought) and dramatic concomitant
enhancements in UT CO (from MLS data) over this region. This work has been expanded upon in
analyses by Park et al. (2013, 2021) of the significant and long-lasting impacts of more recent El
Nifo-related droughts and wildfires on tropospheric and lower stratospheric CO abundances.

Regarding MLS ozone, previous work has shown vertical oscillations in zonal mean MLS
UTLS Os profiles (e.g., see Livesey et al., 2022). There are also some biases in MLS tropical UT
ozone values, which tend to be on the high side (by 10—-20%) with respect to ozonesonde data (see
Hubert et al., 2016, Fig. 6), but the above issues are systematic in nature. While we think that
neither these biases nor the small vertical oscillations (a few % in magnitude in the region of
interest here) would play a major role in changing our MLS UT trend results, given the trend
uncertainties (discussed later), any time-dependent effect, if it exists, would be quite difficult to
characterize, or provide a fix for.

We also compare the CO simulations to CO data from Terra/MOPITT, obtained from
multispectral retrievals (V9J) Level 3 dry air total column data, or Xco in ppbv (Deeter et al.,
2022). The simulated CO values are smoothed by using the MOPITT a priori columns as well as
the 10 layers a priori and averaging kernel profiles, as recommended for a quantitative comparison
of modelled and MOPITT Xco.

2.2 Model simulations

We use the Whole Atmosphere Community Climate Model version 6 (WACCMS6) and the
Community Atmosphere Model with Chemistry (CAM-chem), both of which are components of
the CESM2.2 (Danabasoglu et al., 2020). WACCMG6 uses the “high-top” set of 70 model levels
between the surface and the lower thermosphere (~140 km), while CAM-chem uses 32 layers

(“low-top™) that stop in the middle of the stratosphere (~40 km). Both configurations run on a
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horizontal resolution that is 0.95° latitude x 1.25° longitude and share the same vertical grid in the
troposphere, with a vertical resolution in the upper troposphere of about 1.2 km. Both CAM-chem
and WACCMG include the same representations of boundary layer processes, shallow convection,
liquid cloud macrophysics, and cloud microphysics (Gettelman et al., 2019). Each model employs
the same chemical mechanism processes (labeled TS1). The chemical scheme includes the Ox,
NOx, HOx, ClOx, and BrOx families, along with CH4 and its degradation products, as well as
primary non-methane hydrocarbons and related oxygenated organic compounds (Emmons et al.,
2020). Reaction rates follow the JPL Publication 19-5 recommendation (Burkholder et al., 2019).
TS1 includes a total of 231 species and 583 chemical reactions broken down into 150 photolysis
reactions, 403 gas-phase reactions, 13 tropospheric, and 17 stratospheric heterogeneous reactions.
The photolytic reactions are based on both inline chemical modules and a lookup table approach
(Kinnison et al., 2007). Secondary organic aerosols are represented through the Volatility Basis
Set approach (Tilmes et al., 2019). Comparisons of oxidants during the Korea—United States Air
Quality (KORUS-AQ) experiment in South Korea led to a revision of the heterogeneous aerosol
uptake of hydroperoxyl radicals (HO2) to produce H20 instead of H202 and a reduction of the
coefficient (y) from 0.2 to 0.1 (Gaubert et al., 2020).

To accurately represent weather conditions as well as the Quasi-Biennial Oscillation (QBO)
and to reproduce various modes of middle atmospheric variability, both simulations are run in the
‘specified dynamics’ (SD) mode. The model dynamical constraints are taken from meteorological
fields provided by the Modern-Era Retrospective Analysis for Research and Applications version
2 or MERRA-2 (Gelaro et al., 2017). Contrary to the previous SD approach, the MERRA-2 fields,
here the zonal and meridional winds and temperature, are first regridded to the model horizontal
and vertical grids. The model nudging (Davis et al., 2022) is updated at every (30 min) time step
using the closest 3-hourly MERRA-2 fields; nudging timescales are set at 6 hours for the CAM-
chem simulations and at 12 hours for WACCMBG6. The 11-year solar cycle variability is taken from
the Naval Research Laboratory’s (NRL) solar model, namely the NRL Solar Spectral Irradiance
version 2 (NRLSSI2; Coddington et al., 2016). Volcanic SO2 emissions (used in sulfate aerosol
density calculations) are derived for significant volcanic eruptions using the Neely and Schmidt
(2016) database updated through the year 2020. The model scenario used here is based on historical
forcings (and recent updates) from the Climate Model Intercomparison Project — Phase 6

(Meinshausen et al., 2017). The forcings include greenhouse gases (CH4, N20O, and CO2) and
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organic halogens. After 2014, the greenhouse gas and organic halogen inputs follow the CMIP6
SSP5-8.5 scenario that projects inputs beyond 2014 (O’Neill et al., 2016; Riahi et al., 2017;
Meinshausen et al., 2020).

The emissions from CMIP6 were updated to CAMS-GLOB-ANT_v5.1 in the simulation we
refer to as CAM-chem-CAMS (CAMS is the Copernicus Atmosphere Monitoring Service) and
CAMS-GLOB-ANT _v5.3 in the WACCM simulation (labeled WACCM-CEDS) for all surface
anthropogenic emissions (Soulié et al., 2024). CO anthropogenic emissions were found to be too
low in South Asia and China (Gaubert et al., 2023), so these emissions were replaced by the
Community Emissions Data System (CEDS) v2, presented in McDuffie et al. (2020), for the CAM-
chem-CEDS simulation also analyzed here, and for the only WACCM simulation used here. We
can thus exclude a change in CO secondary formation or sink between these two simulations.
Daily biomass burning emissions are obtained from the Quick-Fire Emissions Dataset (QFED) 2.5
(Darmenov and da Silva, 2014) in all three simulations.

The lightning NOx production and its role in ozone formation is reviewed by Verma et al.
(2021). This study showed that most lightning activity occurs within deep convective clouds in the
tropical and subtropical region. In our study, the emission of NO from lightning is based on the
Price parametrization (Price and Rind, 1992; Price et al., 1997). This parameterization
is dependent on cloud height, which includes a stronger dependence over land versus ocean
(Emmons et al., 2010). The CAM-Chem and WACCM models used here derive tropical (and
global) lightning NOx values of 2.34 (3.23) and 2.78 (4.11) Tg (N) yr?, respectively (Table 1),
with no significant trends over the course of these simulations. These global values are within the
generally accepted global range of 3-8 TgN yr! for lightning NO emission (Schumann
and Huntrieser, 2007).

Aircraft emissions from CMIP6 were employed in WACCM6. Both CAM-chem simulations
use the version 2.1 of CAMS-GLOB-AIR for aircraft emissions described by Soulié et al. (2024).
Gaubert et al. (2020, 2023) found that this version of CAM-chem tends to overestimate
tropospheric oxidants, such as ozone, hydrogen peroxide, nitric acid, and hydroxyl radical,
resulting in a shorter lifetime of tropospheric methane and CO, mainly in the northern hemisphere
extra-tropics. Some of the main model characteristics (with a focus on the differences) are

summarized in Table 1.
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In terms of the model run analyses, we follow the same basic approach as for the MLS data.
The daily model profiles are first interpolated (as a function of log(pressure)) onto the MLS
pressure grid and then binned and averaged to produce the monthly zonal means (on a 4° latitude
grid) and gridded data on the same latitude/longitude grid as is described in Sect. 2.1 for MLS. We
note also that we do not find much impact on the MLS versus model comparisons if we use a
vertically smoothed version of the model profiles, which more properly takes into account the
vertical resolution of the MLS observations, as the differences between smoothed and unsmoothed
zonal mean values are much smaller than the model biases. For general simplicity, and for the
above reasons, we use unsmoothed model values in this work. A more detailed example of
smoothed model profile analyses is provided further below, in connection with observed seasonal

CO differences between the models and the MLS measurements.

2.3 Trend analysis methods

For both MLS and model time series trend analyses in the upper troposphere, we use the
multivariate linear regression (MLR) method discussed as part of similar studies performed by
Froidevaux et al. (2019) for the stratosphere. We refer the reader to Appendix (A3) of the above
reference for more details on the regression fit model, which includes commonly used functional
terms, namely a linear trend, and cosine and sine functions with annual and semi-annual
periodicities, to account for these known variabilities in atmospheric composition, with 3- and 4-
month periodic components to better fit shorter-term (intra-seasonal) variations, which also helps
to reduce the trend error bars. In addition, we include functions describing multi-year variations
caused by the QBO (which mostly affects the stratosphere) and by ENSO, which has been tied, for
example, to regional droughts and biomass burning events, with related increases in convection
and transport of surface pollution into the upper troposphere. The QBO-related equatorial wind
dataset is obtained from the publicly available datasets at the Free University of Berlin. ENSO-
related data are in the form of a multivariate index, following the initial work of Wolter and Timlin
(2011), as updated by Zhang et al. (2019). We have also included a fitted component that follows
variations in solar radio flux (at 10.7 cm), based on Canadian solar measurements (Tapping, 2013);
this component typically plays a negligible role in our results. For trend uncertainty estimates, as
discussed also by Froidevaux et al. (2019, 2022), we use the block bootstrap resampling method

(Efron and Tibshirani, 1993), as done by Bourassa et al. (2014) and others in such atmospheric
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composition analyses. For every fitted time series, we analyze thousands of re-samplings of the fit
residuals, with year-long blocks of residual values replaced by residual series from randomly
chosen years; twice the standard deviations in these random distributions’ trends provide the (2c)

trend uncertainty values that we use as trend error bars throughout this work.

3 Results
3.1 Tropical UT O3
3.1.1 Os climatologies

Although this work focuses on variability and underlying trends, we start in Fig. 1 by showing
annually-averaged climatological ozone comparisons between MLS, the WACCM-CEDS
simulation, and the CAM-chem-CEDS simulation for 2005-2020 at 147 and 215 hPa for low
latitudes (4-degree bin centers between 24°S and 24°N); mapped fields and zonal mean line plots
are compared in this Figure. At 215 hPa near 20°N and 20°S, the zonal mean Oz values from both
models are ~5-15% lower than the MLS fields; differences of this order are also observed in the
mapped fields. The differences reach about -20% in the deep tropics, as the MLS latitudinal
gradients are flat in this region, in contrast to the models’ more curved behavior, with a minimum
at the equator (see panel (k)). The differences observed here are within the MLS systematic
uncertainties mentioned in Sect. 2.1 (up to 24 ppbv, 2c). These two models agree quite well in the
UT region as a whole (typically within about 5 ppbv); such a good level of agreement is not too
surprising, given that these models are based on a very similar framework, with nearly identical
inputs (see Sect. 2.2). At smaller pressures (147 hPa and also for 100 hPa, which is not shown
here), the models follow the MLS latitudinal gradients better (see panel (d) for the comparison at
147 hPa), as well as the longitudinal features (including the well-known wave-one ozone pattern
discussed by Thompson et al., 2000, 2003, Wang et al., 2006, and others). However, the models
exhibit a positive average bias versus MLS at these two pressure levels (see panel (e), where the
model bias for 147 hPa is about +20%). However, MLS UT Ogs profiles have been found to be
biased positively (by about 10-20%) versus averaged tropical ozonesonde profiles (Sect. 2.1).
Thus, positive model biases versus MLS ozone in the tropical UT are not likely caused by a

significant underestimate by MLS. We note that the positive model biases (at 147 and 100 hPa)
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occur for all months of the year (not shown here), so this is not caused by a very large bias in some
months, that could be partially compensated for by negative model biases in other months.

As mentioned previously, we focus on the upper tropospheric region, somewhat removed from
the tropopause, with 147 to 215 hPa being the main levels of interest in the analyses below; while
the UT average differences between model and MLS are worth noting, this is not a primary concern

in terms of the trend comparisons that we focus on here.

3.1.2 O3 zonal mean trends

Figure S1 gives some time series examples for ozone at 12°N and 12°S at 147 and 215 hPa,
with the MLS and modeled (WACCM-CEDS) series and their respective regression fits, along
with the fitted trend lines. The linear correlation coefficients listed above each panel provide a
measure of how well the chemistry climate model can fit the MLS series variability. The UT O3
WACCM-CEDS trends roughly follow the trends that are obtained from the MLS regression fits.

Regarding the ozone trends, we now switch to results from our analyses of the monthly zonal
mean MLS and model time series. Figure 2 displays ozone trend results for MLS and the three
simulations for 147, 178, and 215 hPa, based on a multiple linear regression analysis of the
respective time series from 2005 through 2020. Figure 2 shows that the tropical upper tropospheric
MLS ozone trends are generally positive and significant (meaning that a zero trend lies outside the
2c estimate of trend uncertainty). The observed average ozone trends at all three pressure levels
lie within about 0.3 to 0.5 % yr'; the peak average trends occur at 178 hPa. There are fairly small
latitudinal differences at 178 and 215 hPa. At 147 hPa, the MLS results indicate ~50% larger trends
in the NH tropics than in the SH tropics, although this difference is not very significant. The zonal
mean MLS ozone trend (averaging the three pressure levels at 147, 178, and 215 hPa) for 2005—
2020 in the 20°5-20°N UT region is 0.39 + 0.28 %yr. The error bars here indicate the 2c trend
uncertainty (calculated here as the root mean square of the 2o trend uncertainties at all three
pressure levels in Fig. 2). This tropical UT Os trend is equivalent to 0.21 + 0.15 ppbv yr* (based
on the annual average tropical UT values of 56 ppbv measured by MLS). The corresponding model
O3 zonal mean trend results obtained here for 2005-2020 have a positive trend, with excellent
agreement with MLS from CAM-chem-CEDS (0.38 + 0.28 %yr?). This agreement is also apparent
in the latitudinal pattern, with larger trends in the NH than in the SH, even if the error bars are

large enough that there is no “statistically significant difference” between the hemispheres. There
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is also good statistical agreement between the MLS zonal mean ozone trends and the slightly
smaller WACCM-CEDS trends (0.21 + 0.23 %yr!). We note that statisticians have been working
to guide or adjust “common practices” regarding statements of “significance”, and one should be
sensitive to some of the broad differences that occur even within the so-called formal criteria (such
as 2o or a p-level of 0.05), which could sometimes be interpreted in too stringent a way
(Wasserstein et al., 2019), and as pointed out by Y. Cohen (private communication, 2024). We
keep this in mind in some of our discussions here, but we also wish to comment specifically on
the use of broader latitude bins. Indeed, if broader latitude regions were analyzed for trends, the
corresponding trend uncertainties would be reduced, which could make some of the compared
trends differ by more than their 26 error bar variability. However, the trend error reduction in our
testing with a 20°-wide latitude bin instead of a 4° bin is only 5-10%, meaning that the
uncertainties get divided by much less than the square root of the number of small latitude bins
used (an error reduction result corresponding to zero correlation in the temporal variability
between bins, e.g., if random noise alone was present). Thus, we do not readily obtain more
significant differences in these comparisons by just averaging over broader regions. In Figure 3,
the MLS and CAM-chem-CEDS UT Os trend sensitivity analysis is repeated for 2005-2018,
2005-2019, 2006-2020, and 2007-2020, showing the relative insensitivity of the MLS results to
the choice of time period. This is also true for the CAM-chem-CEDS trends in the NH tropics,
although there is more ozone trend sensitivity to the time period choice in this model’s results over
the SH tropics. The WACCM-CEDS tropical UT ozone trend results versus time period (not shown
here) lead to a spread in the SH tropical trends that is about halfway between the small MLS trend
spread and the larger CAM-chem-CEDS trend sensitivity shown in Fig. 3.

3.1.3 O3 mapped trends and variability

We now turn to the mapped tropical UT trends by analyzing subsets of the Oz and CO fields
from MLS and the models, based on monthly mean time series for 2005-2020 in latitude/longitude
bins, rather than on zonal means. As mentioned previously, these bins are also 4° wide in latitude,
and the longitude bins are 30° wide. The same regression methodology as described previously
here is used for each of the binned time series; we focus on the WACCM-CEDS and CAM-chem-
CEDS ozone trends, as we have found that the CAM-chem-CAMS and CAM-chem-CEDS results
are quite similar, in the case of ozone at least. Figure 4 shows the resulting mapped Os trends from
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MLS and the two models for 147 and 215 hPa (top and bottom rows, respectively), with the maps
spanning 26°S to 26°N. Hatched bins indicate trends for which the 2o uncertainty range
encompasses the zero trend value which is often interpreted as a low level of “statistical
significance”, although one should be cautious (see the previous Section) regarding the strict
application of such a criterion or wording. The largest MLS trends are observed over the
Indonesian region and (mostly) to the East of that region, as well as over the northern Atlantic.
The mapped trends confirm the overall zonal mean result of slightly larger Os trends in MLS than
in WACCM-CEDS. Broad regions with positive tendencies are observed in both model trend
results; these regions include SouthEast Asia, Indonesia, northern Australia, the Atlantic, and
northern Africa, with some, but not exact agreement with the regions mentioned above for the
larger MLS trends. At 215 hPa, the slightly larger positive trends in CAM-chem-CEDS than in
WACCM-CEDS over the Australian region (bottom right quadrant, south of the equator)
contribute to the better correspondence between the zonal mean Oz trend results (Fig. 2c) between
CAM-chem-CEDS and MLS over the southern tropics. The mapped trend discrepancies between
the simulations and MLS are rarely outside the 2c error bar ranges. Nevertheless, some of the
discrepancies are worth noting, especially when they cover multiple adjacent bins; in particular,
the easternmost longitude band shows MLS trends with (significant) positive values, in contrast to
the simulation results, with binned trends that are often small and/or negative.

We have compared these mapped ozone trend results to those for tropospheric column ozone
(TCO) obtained by Ziemke et al. (2019), using a combination of total Oz columns from the Aura
Ozone Monitoring Instrument (OMI) and MLS-based stratospheric Os columns. In Fig. 5, we show
in the top two rows the trends from MLS ozone at 178 hPa (top map) versus the bottom map which
provides the mapped TCO trends for the same time period, obtained from an appropriate horizontal
smoothing of the results obtained following the above reference, to make the MLS and TCO
resolutions comparable; this smoothing comes from an interpolation versus latitude and a weighted
averaging in longitude, since the TCO results have finer longitudinal resolution (5°-wide bins) than
the MLS longitudinal grid used here (30°-wide bins). Similarities are observed in the longitudinal
pattern of UT Oz and TCO trends, as shown also for 3 different latitude bins in panel (c) of Fig. 5;
variations of a factor of two to three are observed, mostly in the northern half, between the western
and eastern hemispheres for both sets of trends, which tend to lie between roughly 0.3 and

1.2 % yrt. However, the agreement between MLS UT Oz and TCO trends is often worse for other
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MLS pressure level choices; this can be deduced from panel (d), where R (correlation coefficient)
values relating to the longitudinal variations obtained from MLS at different pressures versus the
longitudinal variations in TCO are displayed as a function of latitude (y-axis). In fact, one might
not expect the MLS ozone UT trends to track the TCO trends very well, given that TCO measures
the entire column whereas MLS measures trends in a vertical region about 5 km wide in the upper
troposphere, but this was worth looking into. Regional variability and horizontal sampling
differences between MLS and OMI will also play a role (see Thompson et al., 2021, for variability
aspects of sonde-derived tropospheric trends). Our comparisons imply that the correlation between
lower and upper tropospheric ozone trends is not a strict “one-to-one mapping”, but there are
nevertheless some similarities between these regions.

We have also analyzed the level of explained variance in the regression fits for these binned
trend results. Figure 6 shows the square of the correlation coefficient values (R?) as a function of
latitude and longitude for different explanatory variables used in the binned Os fits at 147 hPa,
based on fit comparisons to the MLS series (top 6 panels), and for the regression fit versus the
WACCM-CEDS series (bottom 6 panels). We have ignored the solar component in these plots as
it was found to be of negligible importance; we display the remaining contributions, namely the
annual, semi-annual, short-term (sum of the 3-month and 4-month terms), QBO, and ENSO terms,
as well as the contribution from the full regression fit, which shows that most (but certainly not
all) of the time series variance can be explained by such a regression model. The annual term and
semi-annual terms can generally explain a large part of the variance, usually followed in
importance by the ENSO term, over most of the Pacific. The QBO component is very small in the
upper troposphere, even though it is a well-known and large contributor to stratospheric trace gas
variability in the lowermost stratosphere. There is also a significant annual cycle in the tropical
lowermost stratosphere related to variations in vertical velocities and in the Brewer-Dobson
circulation (Randel et al., 2007; Witte et al., 2008). The R? patterns observed in the MLS panels
are reproduced in a broad sense by the fits to the CCM, as shown in the bottom 6 panels; this is
also a result of the close match between the CCM and the MLS Os time series, shown earlier in
this work. The ENSO model pattern for Oz does not match the MLS-derived pattern that well over
Indonesia, but this comparison is generally better in the Pacific region between -90° and -180°. A
somewhat weaker R? value in the model simulation also exists in parts of the Eastern hemisphere

for the semi-annual term. The combination of these differences helps to explain the somewhat
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poorer overall fits (and variance contributions) for the model than for MLS. For the most part, it
does not matter much which model run is used for these analyses, or even which pressure level is
used; indeed, the results at 215 hPa (see Fig. S5) are generally similar to those in Fig. 6.

To pursue the ENSO-related patterns further, one can obtain a (mapped) sensitivity coefficient
to ENSO from the regression fits regarding this component’s importance in ppbv/K (where “K”
relates to tropical sea surface temperatures changes). The Oz ENSO sensitivity is shown in Fig. 7
for the 2005-2020 MLS and WACCM-CEDS results at 147 and 215 hPa. This provides more
information about the sign of the sensitivity over different regions, and we observe generally
positive (negative) sensitivity in the Eastern (Western) hemisphere, for both MLS and WACCM-
CEDS cases; moreover, at least at 147 hPa, there are two strong negative minima on each side of
the Equator in the central Pacific region. The model results are quite consistent with those from
MLS in terms of the ENSO-related sensitivity coefficient patterns and magnitudes, although the
model response is often slightly smaller than seen in the MLS result. As we discuss further below,
such ozone sensitivity patterns have been described and interpreted before. Figure 16 provides the
same analysis, but for the CO sensitivity to ENSO. These maps show a positive CO ENSO
sensitivity coefficient throughout the tropics, with local maxima in both the Eastern and Western
hemispheres, rather than the Os dipole (positive/negative) structure shown in Fig. 7. The model
CO ENSO sensitivity broadly matches the MLS results, although it is not as strong; the different
patterns in the western hemisphere, compared to the Os sensitivity to ENSO, might be caused by
differences in Oz and CO vertical profile gradients in these regions, but this would require further
detailed investigations. We also note that, especially in the MLS case, the peak magnitudes of the
CO ENSO sensitivity coefficients in Fig. 16 match the peak magnitudes of the positive O3 ENSO
sensitivity in Fig. 7.

3.1.4 O3 discussion

We have found some climatological differences between the MLS observations of O3 and CO
in the tropical upper troposphere and the WACCM-CEDS simulation, as well as both CAM-chem
simulations considered here. For Os, the models underestimate the mean MLS values at 215 hPa;
at 147 hPa, the models are biased high by about 15-25%, and we have no reason to believe that

such positive biases result from an average negative bias in the corresponding MLS values.
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The averaged zonal mean tropical UT Oz trend from MLS for 2005-2020 is 0.39 + 0.28 %yr!
(or about 0.22 + 0.16 ppbv yrt), where the error bars indicate 2c uncertainties. We should note
that the MLS ozone profile trend detection capability lies within the most stable among ozone
sounders, based on the satellite and ground-based ozone intercomparison work by Hubert et al.
(2016). In addition, differences between stratospheric ozone columns from MLS and the Aura
Ozone Monitoring Instrument (OMI) exhibit no significant drift (Ziemke et al., 2019), thus
providing added confidence in the temporal stability of both measurement systems; also, we expect
a similar level of confidence in the stability of the MLS CO measurements, since CO is retrieved
using the same radiometer as the MLS standard ozone product. We obtain excellent agreement
with the MLS tropical UT zonal mean trends from the (averaged) CAM-chem-CEDS Os zonal
mean trends (0.38 + 0.28 %yr!) and somewhat poorer agreement from the smaller WACCM-
CEDS trends (0.21 + 0.23 %yr1t). We also show that the zonal mean MLS Os tropical UT trend
results for different time period choices, with start and end years adjusted by one or two years, do
not significantly depart from the 2005-2020 results; there is more sensitivity to the choice of time
period in the CAM-chem-CEDS trend results over the southern tropics.

In terms of mapped ozone trends, the largest MLS-derived tropical trends (up to +1.4%yr?) are
observed over Indonesia and East of that region, as well as over the northern Atlantic region. The
mapped model O3z UT trends broadly match the MLS trends, albeit with somewhat smaller
variations. The significant model maxima over Southeast Asia and the North Atlantic are similar
to the significant MLS patterns in those regions. More qualitatively, the Indonesian region displays
smaller model Os trends than those derived from MLS data; parts of the western Pacific region
exhibit some negative trends in the MLS and model trends, but not with good spatial correlation.
The mapped MLS-based UT Os trends and TCO trends for the same period (see Fig. 5), based on
the analyses of Ziemke et al. (2019), provide good correlations in parts of the tropics, with similar
values and longitudinal patterns; however, the MLS UT Oz trend maxima over the western Pacific
are symmetric about the equator, whereas the TCO maxima in that region are found in the northern
part only. Since the TCO measurement weighting does not favor the UT region, we would not
necessarily expect a really high correlation versus the MLS UT trends. A recent study (Gaudel et
al., 2024) of tropical tropospheric ozone trends from several satellite-based and in situ datasets
between 1994 and 2019 yields “maximum mid- and upper tropospheric increases above India,

Southeast Asia and Malaysia, with values from 3.4 + 0.8 to 6.8 + 1.8 ppbv decade™.” The tropical
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UT Os trend results obtained here from MLS data, translated to the same units, are 2.2 £ 1.6 ppbv
decade, which is consistent with the above results, considering also that the maximum mapped
UT trend values obtained here (about 1.4 %yr?) translate to about 8 ppbv decade?. The MLS-
derived results for zonal mean tropical UT trends versus latitude are tabulated in Table S1 in both
sets of units. The OMI/MLS tropical trends (2004-2021) from the above reference are listed as 2
+ 5 % decade™ for 0 to 20°S and 3 + 2 % decade™* for 0 to 20°N; these numbers are consistent with
the slightly larger UT averages from MLS, which show an increase from ~3 % decade™ near 20°S
to ~4 % decade™ near 20°N (see Table S1 for more details).

Regarding other past results, the analyses by Wang et al. (2022) of the IAGOS commercial
aircraft database for several regions of the globe indicate that upper tropospheric Os values have
increased from 1995-2017, with some of the larger trends residing in the tropics. IAGOS-derived
trends were previously discussed by Cohen et al. (2018) for the 1994-2013 period, but with an
emphasis on the extra-tropics. The IAGOS trend analysis by Gaudel et al. (2020) for 5 tropical
regions over 19942016 gave positive UT trends in the range 0.3-1.3 % yr!, with an average of
0.5 % yr, and largest values over Southeast Asia and Malaysia/Indonesia. As mentioned above,
the MLS results also show peak ozone trends over this general region. The above average trend
agrees quite well with the average tropical UT Os trends (0.39 + 0.28 %yr!) we obtain from MLS,
which provides more uniform (and daily) tropical coverage. This seems to be unexpectedly good
agreement, since there are different sampling characteristics, regions, and time periods for IAGOS
versus MLS; given the time period differences, in particular, we should only consider this to be a
loose comparison. More detailed comparisons between MLS and IAGOS are difficult and beyond
the scope of this work, given the differences in coverage (and in the vertical and horizontal
footprints) between these measurement systems.

There have been large differences between past satellite-based tropospheric Os trends (Gaudel
et al., 2018). Leventidou et al. (2018) pointed out that tropical tropospheric ozone column trends
derived from a combination of European satellite measurements from 1996 to 2015 showed
regional increases as large as 1-2%yr!, with some negative trends over the oceans, but with
significant uncertainties as well (see also Heue et al., 2016, and Ebojie et al., 2016). The TCO
analyses by Ziemke et al. (2019) using combined OMI and MLS ozone columns showed that the
TCO trends are larger in the 2005-2016 time period than in the two decades before 2005; for the
2005-2016 period, the derived TCO trends in the tropics are about 0.4-0.7 % yr (see also Gaudel
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et al., 2020). These two investigations found regional differences in the TCO trends, with maxima
over India, Southeast Asia, the eastern Pacific region, and the tropical Atlantic, while they obtained
near zero or slightly negative TCO trends over the Western Pacific. Similar TCO trends (based on
combined OMI and MLS data) were also given by Liu et al. (2022) for the 20052018 period.

Wang et al. (2022) showed that derived ozone trends from ozonesonde profiles agree broadly
with the IAGOS results, although the sonde spatio-temporal coverage is naturally more limited,
and there can be a fair amount of scatter in the trends between different sonde sites. Thompson et
al. (2021) observed significant seasonal variations in derived tropical ozonesonde trends (based on
data over the 1998-2019 period from the Southern Hemisphere Additional Ozonesondes, or
SHADOZ network); these authors noted that dynamical influences (besides emissions changes)
likely play arole in these tropical tropospheric trends, which average 0.1-0.4 %yr?, but with trends
in certain regions/seasons (February to May in particular) as large as 1-2.5 %yr.

Zhang et al. (2016) and Wang et al. (2022) have ascribed the positive sign of post-2000 tropical
ozone trends to an equatorward redistribution of surface emissions over the years. Moreover, Wang
et al. (2022) discussed how increases in aircraft emissions of nitrogen oxides should also have
contributed to enhancements in UT ozone. The UT zonal mean model Os trends shown in our work
are typically larger (by ~30-50%) in the NH tropics than in the SH tropics. This is also true for the
model simulation (also from CESM2) provided by Wang et al. (2022); these authors also point out
that uncertainties in estimates of ozone precursor emission inventories (including those for volatile
organic carbons species, or VOCs) may well contribute to differences between modeled and
observational ozone trends. While VOC source strengths might be difficult to invoke as a major
source of uncertainty for the tropical regions, other potential model issues (e.g., larger than
currently expected uncertainties in lightning-generated ozone in the tropical upper troposphere)
may be worth further consideration. We note that there are large differences (a range of a factor of
two or more) between the tropospheric ozone burden changes predicted by various global models
in the work by Wang et al. (2022). Also, Liu et al. (2022) show that significant regional differences
in ozone column trends exist in their model results (using the NASA Goddard Earth Observing
System Chemistry Climate Model, GEOSCCM), with near zero trends over the tropical western
Pacific; their modeled TCO trend results underestimate the observed positive TCO trends.

Regarding ozone UT variability, we found that the annual, semi-annual, and ENSO terms

dominate the variability in the tropical upper troposphere. The TCO interannual variability has
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been known to be heavily influenced by ENSO (Ziemke and Chandra, 2003; Ziemke et al., 2010).
Oman et al. (2013) found that the ENSO relationship for ozone could be simulated by a chemical
climate model driven by observed SSTs. The observed and matching simulated sensitivity
coefficients imply increased downwelling from the stratosphere and suppressed convection during
El Nifio periods for regions of positive sensitivity (Chandra et al., 1998; Sudo and Takahashi,
2001; Oman et al., 2013). The MLS UT ozone variations and their relation to ENSO were
discussed by Oman et al. (2013), who showed patterns of ozone sensitivity to ENSO at 147 hPa
(their Figure 6) that resemble the ones we produced here (in Fig. 7) from analyses of MLS data

over almost twice as long a period.

3.2 Tropical UT CO
3.2.1 CO climatologies

For CO, a similar set of annual mean climatological plots as those from Fig. 1 is provided in
Fig. 8. We observe that the model CO values follow the patterns of the MLS UT CO fields fairly
well, and the zonal mean model biases are usually around -10% to -20%; the model biases are
most often negative, and more so in the northern tropics at 215 hPa. The model mean CO biases
shown in Fig. 8 are well within the MLS CO systematic uncertainties mentioned in Sect. 2.1; the
CAM-chem-CEDS climatological UT CO is slightly closer to the MLS UT CO climatology than
is the WACCM-CEDS CO climatology. As in the case of ozone, the aforementioned model versus
data CO biases are found to exist not only for annual averages, but also on a month-to-month basis.
The SPARC Data Initiative report (SPARC, 2017) and the more recent update by Hegglin et al.
(2021) showed that MLS CO values in the tropical UT are within about 10-15% of the mean values
that include other data from ACE-FTS and the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS). However, the MLS mean values are larger than the multi-instrument mean at
100 hPa by about 10-20%, which can account for more than half of the MLS/model bias at this
level (not shown here). Also, just considering the theoretical systematic uncertainty estimates
provided in Sect. 2.1, it is possible that most (or even all) of the bias between models and MLS at
100 hPa is caused by a positive bias in the MLS CO data. However, an earlier WACCM-CEDS
version (WACCM4) underestimated CO and other hydrocarbon data in the southern tropical UT,
as described by Park et al. (2013); those authors noted that model deficiencies in emission source

strengths or in the upward rate of transport could potentially explain these model underestimates.
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3.2.2 CO zonal mean trends

For CO, the zonal mean time series provided in Fig. S2 show that there are some slight
differences in the trends between observed and modeled (WACCM-CEDS) CO, with more
negative trends in the MLS series than in the model series. The large variability seen in the MLS
CO series shows correlation with WACCM-CEDS (see the large correlation coefficient values, R,
in the 12°S series for 147 and 215 hPa). We know that the largest CO peaks in these time series
are tied to surface emissions, convection, and subsequent transport into the upper troposphere and
lower stratosphere (UTLS), with a strong connection to El Nifio-related droughts and intense fire
(biomass burning) events (see, e.g., Schoeberl et al., 2006, Jiang et al., 2007, Liu et al., 2013, Park
et al., 2021, Duncan et al., 2003, 2007). At 12°N, however, the observed CO variability is
somewhat smaller than at 12°S, and the model variability is much more muted, while the model
versus MLS phasing agreement is quite poor, especially at 215 hPa (where R is very small and the
MLS time series annual phase is very poorly matched by the model). We have checked that this
poor correlation is not tied to an issue involving the smoothing of model profiles to account for
the MLS averaging kernels; indeed, Fig. S3 shows the small relative impact resulting from a
smoothed (versus vertically interpolated) model series on the average CO profile at 215 hPa and
12°N, as well as regarding the smoothed time series and its phasing.

For the UT CO zonal mean trends, Figure 9 provides results in a similar way to Fig. 2 for ozone,
but for just the two MLS CO retrieval levels at 147 and 215 hPa. In contrast to ozone, we can see
that the MLS-derived tropical UT CO values have typically decreased from 2005 to 2020; these
CO trends display negligible latitude dependence. Using the same approach as for ozone, but based
on the Fig. 9 results, we obtain an average MLS-based UT CO trend of -0.25 + 0.30 %yr*
(equivalent to -0.20 + 0.23 ppbv yr?). The trends at 215 hPa (-0.16 %yr?) are a factor of two
smaller than those at 147 hPa (-0.34 %yr), although both of these numbers agree within the (2c)
trend uncertainties of 0.3 %yr; based on the error bars, the CO trend from MLS at 147 hPa is
different from zero, while the corresponding MLS trend at 215 hPa is not. In contrast, the average
CAM-chem-CAMS UT CO trend at these levels is 0.22 + 0.19 % yr?, with little difference
between 147 and 215 hPa. The two simulations that use CEDS emissions (WACCM-CEDS and
CAM-chem-CEDS) yield smaller trends for CO, namely 0.0 + 0.14 %yr-1, with slightly negative
average trends at 147 hPa and slightly positive average trends at 215 hPa. This difference in trends
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can be explained by significant decreases in Chinese anthropogenic emissions in CEDSv2, despite
the increasing anthropogenic tropical CO emissions in both CAMS-GLOB-ANTV5.1 and CEDSv2
(see Fig. S4).

Furthermore, larger MLS CO abundances in 2020 explain why the MLS CO UT trends are
more negative if one stops the analyses in 2018 or 2019, as can be seen from Fig. 10, which is
analogous to the ozone trend sensitivity study provided in Fig. 3. Regarding another aspect of CO
trend sensitivities, we considered the issue of large peaks in the observed MLS CO time series (see
examples in Fig. S2) typically resulting from EI Nifio related biomass burning events, followed by
convective uplift and CO advective transport into the UTLS. If the model has smaller peaks than
the MLS data show, it may be that this could explain some differences, or even a change of sign
in the trends. This would stand out more if the large peaks occurred close to the beginning or end
of the time series. As a sensitivity test, we artificially suppressed the peaks in these series by setting
any CO value larger than 2.5 times the (1c) variability to a value of 1.5 times this variability, and
we found the impact on the linear trends to be negligible (well within the error bars shown here).
Such a sensitivity study gives added confidence in the robustness of these trends.

In Fig. 11, we show the MLS, WACCM-CEDS, and CAM-chem-CEDS climatological mean
CO changes over the annual cycle at 215 hPa for 12°N and 12°S, along with the range of variability
(twice the standard deviations about the means). The fits from the models to the MLS CO behavior
at 12°S are quite good. The MLS CO curves show the two maxima previously observed in seasonal
analyses of biomass burning events, with related upward injections of CO and their subsequent
transport to the UT being implicated. Based on fire counts from satellite data (see e.g., Duncan et
al., 2003, 2007), a March biomass burning maximum has been associated with the northern
hemisphere (mainly from Southeast Asia, but also from northern Africa); outflow from the Asian
monsoon contributes to the August NH maximum. The September/October maximum arises from
the southern hemisphere (Indonesia, Malaysia, Southern Africa, Brazil). We should also note
(more broadly) that the climatological double maximum CO structure measured by MLS near 215
hPa over the broader (20°S—20°N) tropics is well matched by MIPAS CO zonal means (see SPARC
DI, 2017, chapter 4). At 12°N, however, the lack of correlation between the model variations and
those deduced from MLS in Fig. 11 appears to stem from the poorly modeled double maximum
structure; we also find that these poorer fits occur more generally throughout the northern tropics.
The model underestimates the boreal winter buildup of CO (Gaubert et al., 2020; 2023), which
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may explain a poor representation of the northern hemisphere March/April maximum. Also,
biomass burning emission biases can vary regionally and this might explain some of the
model/data differences, with some regions providing somewhat better comparisons than others.
We do not ascribe the larger model/MLS discrepancies at 215 hPa in the northern tropics to an
undue influence of the MLS a priori on the retrievals in this region, as the (averaged) a priori MLS
values (although not shown in Fig. 11) follow the WACCM-CEDS fields quite well, and the MLS
CO retrievals are producing significantly different variations. To explore this hemispherical
asymmetry further, we show CO column comparisons between zonal mean time series from
MOPITT, CAM-chem-CEDS and WACCM-CEDS in Fig. 12; all CO columns are averaged over
the same latitudes (10°N-14°N and 10°S-14°S). We obtain much better agreement in the phasing
of these CO column comparisons for 12°N than we do in the model versus MLS CO comparisons
at 215 hPa in Fig. 11. This is clearly seen in the time series evolution, as well as in the correlation
coefficients shown in both of these Figures, although R is smaller at 12°N than at 12°S in Fig. 12
(but still about 0.75 to 0.8). We also look at this issue for the gridded fields and provide R values
for the 12°N and 12°S bins in Fig. 13, where we superpose the column CO model results versus
MOPITT and the 215 hPa model results versus MLS as a function of longitude. Again, we observe
that R is much higher for the CO total columns than for the 215 hPa level, especially so in the
northern tropics. The patterns versus longitude indicate that poorer correlations exist over the
Atlantic Ocean (just West of the Greenwich meridian) than over land masses. We do not have clear
explanations for the exact patterns in Fig. 13, except for the suggestion that regions with strong
land convection might show better UT correlations between models and data, while outflow
regions (downwind of convection) in the upper troposphere could be more poorly modeled. The
models do not follow the observed UT CO seasonal behavior in a narrow UT region of the northern
tropics, even if the modeled seasonal total columns compare well to MOPITT columns in that
region. More in-depth analysis would be needed to probe whether this might be caused by a poor
representation of emissions and/or transport to this region. Alternatively, it might be that currently
unaccounted for variations of the MLS vertical averaging kernels could affect the (properly
smoothed) model values in the northern hemisphere tropics at 215 hPa, in ways that are somehow
significantly different than what we show in Fig. S3; this is highly unlikely, given that the
smoothed model plots in this Figure hardly change if we replace the tropical MLS averaging kernel

values used in that plot by kernels appropriate for 70°N. Another potential issue might be poorly
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understood cloud impacts on the 215 hPa MLS retrievals, specifically in the northern hemisphere

tropics; although this is speculative, it might be worth exploring in the future.

3.2.3 CO mapped trends and variability

In Fig. 14, we show the mapped CO trend results for MLS and all three simulations (WACCM-
CEDS, CAM-chem-CAMS, and CAM-chem-CEDS) at 147 and 215 hPa. As seen above, MLS
CO trends in the UT are generally negative, with the more statistically significant result occurring
at 147 hPa (where the trends are more negative than at 215 hPa). There is an indication of slightly
positive trends over or near western Africa, mainly at 215 hPa, although this is not statistically
significant. The binned model results from CAM-chem-CAMS confirm the zonal mean view from
this model, with mostly positive trends, in contrast to the generally negative tendencies in the MLS
trend results. The average trends (from both pressure levels) based on all grid cells for MLS is -
0.25 %yr, as opposed to +0.24 %yr* obtained from CAM-chem-CAMS. Of note, these values lie
well outside twice the standard errors in the means (of 0.1 %yr1), although one should understand
that there are limitations in the use of such a small error bar, given the existence of correlations in
atmospheric variability between the various bins. When the CEDS emissions are used, as done for
WACCM-CEDS and CAM-chem-CEDS, there is a general decrease in the UT CO trends, with
some small negative values, although the vast majority of the model CO trends obtained here are
not statistically different from zero within any given bin. The averaged UT mapped trend for CAM-
chem-CEDS is 0.0 % yrt, with twice the standard error in the mean also about 0.1 %yr*. While
the use of the model CEDS emissions does lead to a better model agreement with the gridded MLS
UT CO trends, the MLS-derived trends are still, on the whole, more negative than these simulated
CO trends.

For CO, we repeat in Fig. 15 the explained variance analysis provided in Fig. 6 for Os. Overall,
the full fits explain less of the variability in the CO case, in part because of the large ENSO-related
peaks that occur throughout the MLS and WACCM-CEDS records, which the regression model,
as designed, can only imperfectly match. Also, there are regions in the southern tropics where the
annual cycle in the model is better fit by the regression than in the MLS case, and this translates
to a somewhat better overall full fit. For both MLS and model, the semi-annual cycle component
shows peaks over the South Atlantic region, which is likely linked to biomass burning in Africa

and related CO transport to the UT following convective activity (e.g., Duncan et al., 2007; Park
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et al., 2013, 2021). As for the ozone case, the QBO-related UT variability in the tropics is very
small (as seen from the QBO R? contributions). For both MLS and model representations, the
ENSO-related correlation patterns are broadly similar to the ozone case, in that there is larger
variance in the more extreme longitudes of both western and eastern sides. As for Ogs, there are
somewhat smaller variance contributions in the Eastern hemisphere from ENSO and the semi-
annual term than in the MLS case. At 215 hPa (see Fig. S6), the ENSO variance contribution is
slightly larger than at 147 hPa only in a small number of bins, but the overall ENSO-related
patterns are not stronger, as seen also in the CO sensitivity coefficients to ENSO in Figure 16

below, which shows only slight differences between the two pressure levels.

3.2.4 CO discussion

Regarding the CO climatology, the models underestimate the MLS UT values by up to 20%,
and these differences could be readily caused by systematic biases in either MLS or the models,
or both. Park et al. (2013) also found that model CO values from a (WACCM4) simulation at
147 hPa were smaller than the ACE-FTS (and MLS) CO abundances, especially in the SH sub-
tropics; they attributed this to a possible underestimation of surface emissions or transport via deep
convection. We note that low biases in simulated tropospheric CO have also been found before at
northern latitudes and may arise from various factors, such as underestimated CO emissions, high
biases in modeled tropospheric OH (Strode et al., 2016; Gaubert et al., 2023), or issues with
simulated CO dry deposition rates (Stein et al., 2014). Based on our model/MLS comparisons of
UT CO seasonal changes, we find significantly poorer matches at 215 hPa in the northern tropics
than in the southern tropics. The detailed causes of this discrepancy are currently not clear to us,
given the better matches (correlation coefficients) we obtain between MOPITT total CO columns
and modeled CO columns. Potential causes could include model inaccuracies (possibly related to
convection and/or CO emissions and subsequent transport in this fairly narrow latitude region), or
an alternate explanation having to do with poorly understood limitations of the MLS data in this
same region.

For the CO trends, the average tropical MLS UT trend is -0.25 + 0.30 %yr*, whereas the
corresponding trends from CAM-chem-CEDS and WACCM-CEDS are close to zero (0.0 £ 0.14
%yr-1) for this region; these average trend results are statistically in agreement, even if the MLS

CO trends tend to generally be more negative than the simulation results. However, the CAM-
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chem-CAMS simulations (which use CAMS anthropogenic CO emissions, see sect. 2.2), yield
statistically significant positive average tropical UT CO trends (+0.22 + 0.19 %yr'). More
specifically, these simulated latitude-dependent trends are significantly different from the MLS
CO trends in the 12°N-24°N latitude bins. Larger MLS CO abundances in 2020 explain why the
MLS CO UT trends are more negative if one stops the analyses in 2018 or 2019. The mapped
MLS CO trends in the UT are also negative, with the more statistically significant result (stronger
negative trends) occurring at 147 hPa.

While there have not been any past decades-long trend estimates for CO in the broad tropical
UT region, our results yield somewhat smaller rates of decrease than other trends mentioned in the
Introduction, for example -0.5 to -2 %yr?, based on IAGOS UT data at northern midlatitudes
(Cohen et al., 2018). The mapped model UT CO trends obtained here confirm the zonal mean
model results. Column CO in the free troposphere has generally shown decreasing trends since the
turn of the century, typically between about -0.5 and -1.5 %yr?, as observed in particular by
MOPITT and AIRS (Worden et al., 2013a, Strode et al., 2016; Buchholz et al., 2021; Hedelius et
al., 2021). Liu et al. (2022) presented a recent analysis of MOPITT CO data from 2005-2018,
along with tropospheric model comparisons to observed CO and Os time series. These authors
found (as shown here and described for MLS and ACE-FTS data by Park et al., 2021) that their
modeled and observational time series both exhibit large interannual variability, with some of the
largest interannual changes driven by EI Nifio events in 2006 and 2015 and related biomass burning
and CO enhancements tied to droughts over the Indonesian region (see also Logan et al., 2008;
Zhang et al., 2011; Livesey et al., 2013; Worden et al., 2013b; Park et al., 2013; Field et al., 2016).
Liu et al. (2022) found that modeled CO column trends over various regions of the globe were
generally negative, although a lower latitude region (India) exhibited a positive model trend. Jiang
et al. (2017) provide some arguments (and other references) pointing to flat biomass burning
emission trends over Africa for the first 10-15 years since the turn of the century. Not including
the strong tropical anomaly caused by El Nifio in 2015, they infer a negative trend in global
biomass burning emissions. Uncertainties in the temporal evolution of OH (a major sink for CO)
could also explain model CO trend issues. However, Jiang et al. (2017) implied that changes in
global OH abundances could not readily explain global CO decreases, given constraints from
methyl chloroform surface data (this species also having OH as a major sink, as discussed by

Montzka et al., 2011) and despite large uncertainties in OH, especially during the last decade.
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Rather, these authors conclude that decreasing CO emissions from anthropogenic and biomass
burning sources are the main cause of tropospheric CO decreases, although some regional
increasing emission trends do exist. While a systematic model bias cannot readily lead to a
significant discrepancy in model trend estimates (in percent per year) versus observations, time-
dependent emission biases could (e.g., Gaubert et al., 2023). To first order, the decreasing UT CO
tropical trends derived from MLS for 2005-2020 agree with (but tend to be smaller in magnitude
than) total column CO trends discussed previously in the literature. As discussed by others, some
temporal non-linearity in CO trends may be responsible for some of the differences between past
tropospheric CO trend results over different periods.

For CO in particular, the temporal variability that MLS has observed in the upper troposphere
is difficult to fit completely using standard linear regression, given the existence of short-term
variability in the troposphere (e.g., Dunkerton and Crum, 1995; Ziemke et al., 2015), as well as
large episodic and somewhat random enhancements in the UT CO abundances. Regarding this CO
variability, we note that ACE-FTS UT CO monthly zonal mean time series track those from MLS,
as shown by Park et al. (2021); this helps to validate the UT time series and variability from MLS.
We find that the CO sensitivity to ENSO is much more spatially uniform in sign than the O3
sensitivity; UT Os generally increases toward the tropopause while CO decreases, leading to
opposite sensitivities to increased upwelling phase over the Pacific (Figs. 7 and 16). In some
regions, the CO sensitivity has the same sign as for ozone, and in other regions, it differs;
moreover, the model’s UT CO sensitivity coefficient to ENSO seems to broadly match the
observational sensitivity from MLS, as it shows positive values throughout the tropics. These
different behaviors between tropical UT Oz and CO seem to mainly reflect a stronger (and positive)

sensitivity to biomass burning events in the case of CO.

5 Conclusions

We have analyzed tropical ozone (O3) and carbon monoxide (CO) distributions in the upper
troposphere (UT) and their temporal changes for 20052020 using Aura Microwave Limb Sounder
(MLYS) observations and chemistry climate model simulations. Upper tropospheric trends and

variability diagnostics were obtained from multiple linear regression analyses.
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Tropical UT Os:

We have compared the model and MLS annual ozone climatologies, focusing on the 147 hPa
and 215 hPa pressure levels; the model abundances are typically ~5-15% smaller than MLS Os at
215 hPa, but larger than the MLS values at 147 hPa by ~20%. MLS Os has an averaged UT zonal
mean trend at 20°S-20°N of +0.39 + 0.28 %yr. We obtain excellent agreement with the above
result from the (averaged) CAM-chem-CEDS Os zonal mean trends (0.38 + 0.28 %yr') and
somewhat poorer agreement from the smaller WACCM-CEDS trends (0.21 + 0.23 %yr?). Our
analyses for specific latitude/longitude bins yield positive mapped Oz trends up to 1.4 %yr* over
Indonesia and East of that region, as well as over tropical Africa and the tropical Atlantic. Positive
tropical UT mapped Os trends are generally captured by the model simulations, although in a more
muted way. We find broad similarities (and some differences) between the mapped MLS UT O3

trends and corresponding mapped trends of tropospheric column ozone for the same time period.

Tropical UT CO:

The model climatologies generally show an underestimate versus the MLS CO climatology,
with model average biases usually about -10% to -20%. Also, in the northern hemisphere tropics,
we find significantly poorer model fits to the observed phasing of CO seasonal changes at 215 hPa
than at 147 hPa. This discrepancy is much smaller for the comparison of modeled and
Measurements of Pollution in the Troposphere (MOPITT) V9J CO columns. The MLS zonal mean
CO UT trend is -0.25 + 0.30 %yrt, whereas the corresponding model CO trends are close to zero
(0.0 + 0.14 %yr1) when the anthropogenic emissions used in CAM-chem and WACCM are taken
from Community Emissions Data System (CEDS) version 2. The non-CEDS version of CAM-
chem (the CAM-chem-CAMS simulation) yields averaged CO UT trends of 0.22 + 0.19 %yr?, in
contrast to the negative tendencies prevalent in the MLS CO trends throughout the tropics. The
negative MLS tropical UT CO trends for 2005-2020 agree with (but tend to be smaller in
magnitude than) previously published total column CO trends. We also find that the sensitivity of
UT CO to El Nifio / Southern Oscillation (ENSO) is positive at all tropical longitudes, in contrast
to the (well-known) dipolar longitudinal structure that exists for the UT O3 ENSO sensitivity.

The MLS-derived upper tropospheric tropical trends in Oz and CO arise from a well-sampled

multi-year data set, with the results showing a first-order correlation to large-scale changes in

29



885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914

lower tropospheric composition (Os increases and CO decreases). We find that there are broad
similarities (and a few differences) between the measured UT trends and corresponding results
from model simulations, which incorporate state-of-the-art representations of the complex
interplay between emissions, photochemistry, convection, and transport in the upper troposphere
and lower stratosphere. These results will contribute to the continuing assessments of tropospheric
evolution, in particular the large community efforts regarding TOAR-II and CMIP-7.

Changes in Os precursor emissions have been implicated previously as a driver for global
tropospheric Os changes (e.g., long-term increases), while decreasing CO emissions from
anthropogenic and biomass burning sources have been suggested as the main causes of recent
decreases in tropospheric CO. We believe that further investigations into how well different
models of Oz and CO in the tropical UT match the corresponding MLS UT trends are warranted,
to provide better understanding of differences between models. There may still be adjustments to
make to the models regarding the assumed CO surface emissions, convection, and/or transport-
related issues, even though such studies are beyond the scope of this paper. Indeed, biomass
burning from Africa or South America and emissions from Asia, followed by transport, can (and
will continue to) influence the tropical upper tropospheric abundances of CO and Os (e.g.,
Tsivlidou et al., 2023). On a longer timescale, the troposphere is a region where the relative
importance of multiple factors might change over the multi-decadal timescale of climate change;
also, longer-term projections from (free running) models may not be representative of changes
from a particular decade or two (see Fiore etal., 2022, regarding model ensemble projections). For
example, long-term positive trends in the influx of ozone from the stratosphere to the troposphere
may be expected as a result of climate change (Meul et al., 2018), probably with more of an
influence on the extra-tropical upper troposphere. Regarding the tropics, Stevenson et al. (2013)
showed that a number of chemistry climate model simulations of climate change scenarios yielded
long-term ozone decreases in the lower troposphere as a result of enhancements in water vapor
(implying more ozone destruction), but low latitude upper tropospheric ozone could be expected
to rise, following increased production from lightning. Obtaining accurate enough observations of
large-scale tropospheric composition change over the long-term is expected to represent a

continuing, but worthy challenge.
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Data availability.

The MLS data files analyzed here come from the MLS Level 3 data sets (zonal mean and gridded
guantities), which are publicly available from the Goddard Earth Sciences Data and Information Services
Center (GES DISC) at https://earthdata.nasa.gov/eosdis/daacs/gesdisc.
The MOPITT Version9 products are available from NASA through the Earthdata portal
(https://earthdata.nasa.gov/; https://asdc.larc.nasa.gov/project/ MOPITT/MOP03JM_9; or directly from the
ASDC archive (https://asdc.larc.nasa.gov/data/MOPITT/). We used the following site,

ftp://ftp.seismo.nrcan.gc.ca/spaceweather/solar flux/monthly averages/solflux monthly average.txt to

obtain monthly means of the Canadian F10.7 solar flux measurements (Tapping, 2013); these series (see

http://www.spaceweather.gc.ca) were included in our regression fits. The QBO-related equatorial wind

monthly time series were obtained from the public website at https://www.geo.fu-

berlin.de/en/met/ag/strat/produkte/gbo. The multivariate ENSO index dataset was obtained from the NOAA

Physical Sciences Laboratory website at https://www.psl.noaa.gov/enso/mei/ (Wolter and Timlin, 2011,

Zhang etal., 2019). OMI/MLS tropospheric ozone data were obtained from the NASA satellite tropospheric

ozone webpage https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/.

Supplement. Supplementary material is included as a separate file.
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Table 1. Some characteristics of the three chemistry climate model simulations used in this work.

Model
Designation

CAM-chem

CAM-chem

WACCM

Simulation
Name

CAM-chem-CAMS

CAM-chem-CEDS

WACCM-CEDS

CcoO
Anthropogenic
Emissions
Dataset

CAMS-
GLOB-
ANT v5.1

CEDSv2

CEDSv2

co

Biomass
Burning
dataset

QFED

QFED

QFED

Nudging
timescale
(hours)

12

Tropical
Lightning
NOx
(TgNyr)

2.34

2.34

2.78

Aircraft
NOx
Dataset!

Soulié
et al.
(2024)

Soulié
et al.
(2024)

CMIP6

1For 20052014, the aircraft NO, emissions for WACCM-CEDS and both CAM-chem model simulations

are identical. From 2015 onward, the WACCM-CEDS emissions are kept constant.

47



1453
1454

1455
1456

1457
1458
1459
1460
1461
1462
1463
1464
1465

Figures

O, at 147 hPa: MLS WACCM-CEDS CAM-chem-CEDS
120
e
O
80 &
40 O
-180° 90" 0° 90° (a) -180° -90° 0 90° (b) -180° -90° 0 90° (c)
WACCM-CEDS - MLS CAM-chem-CEDS - MLS
% " | 50
gv &l;.SCCM 4O§
g0 CAM 1305
3 .10 K g 202
20}(d) 10A

50 60 70 80 90 0 5 10 15 20 25 -180°
O,/ ppbv Model - MLS / %

O; at 215 hPa: MLS WACCM-CEDS

120

o0
S
O,/ ppbv

i
(e]

-180° -90° 0° 9% (h) -180° -90° 0° 9% (1) -180° -90° 0 9" ()

WACCM-CEDS - MLS CAM-chem-CEDS - MLS
20 '
10 MLS
o WACCM
CAM
-10 \
2[NS

40 50 60 70 80 -20-10 0 10 20 -180° -90° 0° 90° (m)-180" -90° 0° 90° (n)
O,/ ppbv Model - MLS / %

Latitude / deg

Figure 1. Annually-averaged climatological comparisons between MLS and model ozone fields for 2005-
2020 at low latitudes (26°S to 26°N) at 147 hPa ((a) through (g)) and at 215 hPa ((h) through (n)). For 147
hPa: (a) climatological Os maps from MLS, (b) from WACCM-CEDS, (c) from CAM-chem-CEDS; (d)
shows the zonal mean climatology from the MLS data and both model simulations, with (e) giving the
differences in zonal means for both model simulations minus MLS (color-coded as shown in the (d) legend),
while (f) provides a difference map of the climatologies from WACCM-CEDS minus MLS, and (g) gives
the difference map for CAM-chem-CEDS minus MLS. Panels (h) through (n) provide the same information
as (a) through (g), but for 215 hPa. We note that in panels (d) and (k), CAM is an abbreviation for the CAM-
chem-CEDS simulation, and WACCM is an abbreviation for the WACCM-CEDS simulation.
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Figure 2. Ozone zonal mean trends versus latitude in the tropical upper troposphere, for 2005-2020, based
on MLR analyses of time series from MLS (black), WACCM-CEDS (red), CAM-chem-CAMS (cyan) and
CAM-chem-CEDS (blue). Each row corresponds to a different pressure level: (a) for 147 hPa, (b) for 178
hPa, and (c) for 215 hPa, as labeled above each panel. Error bars give the uncertainties (2c) in the estimated
linear trends (see text for more details).
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Figure 3. Ozone zonal mean trends versus latitude in the tropical upper troposphere, with results from MLS
data analyses shown in the left panels, and model results from CAM-chem-CEDS in the right panels. Each
row corresponds to a different pressure level, as labeled. All panels show the trend sensitivity to the time
period used in the regression fits. For example, black is used to show the period from 2005 through 2020;
results from four other time periods are also shown, with the start or end year shifted by one or two years
(see legend for the meaning of the various colors). The error bars given here represent the (2c) uncertainties
in the estimated linear trends.
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Figure 4. Maps of upper tropospheric O3 trends (% yr?) in the tropics for 147 hPa (top row) and 215 hPa
(bottom row); the latitude range is from 26°S to 26°N, with maps all centered on the Greenwich meridian.
MLS trends (left column) are compared to trends from WACCM-CEDS (middle column) and CAM-chem-
CEDS (right column). Black crosses show grid boxes for which the trend estimate is not significantly
different from zero (based on our 2c error estimates).
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Figure 5. () The top map shows MLS ozone trends (2005-2020) at 178 hPa, (b) the bottom map displays
horizontally-smoothed tropospheric column ozone trends for the same time period, following the analyses
of Ziemke et al. (2019), (c) cross sections of the above mapped trends in 4°-wide latitude bins centered at
12°N, 0°, and 12°S (see legend) for MLS (black) and TCO (red), and (d) correlation coefficient values R
(on the x axis) between the MLS ozone trends at different pressures (see legend) and the TCO trends as a
function of longitude, at different tropical latitudes (y axis). This panel provides a broader picture of the
trend correlations, which exhibit a minimum near the Equator and maxima near 12°S and 12°N.
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MLS O,: Variance Contributions at 147 hPa
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Figure 6. Contributions to the time series variance from the main fitted components of the regression to the
gridded tropical MLS ozone time series at 147 hPa (top 6 panels) and the same for the WACCM-CEDS
time series (bottom 6 panels). The titles in each panel indicate that the explained variance is from specific
components (annual, semi-annual, short-term, meaning 3- and 4-months, QBO, ENSO, and full fit).
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Figure 7. Sensitivity coefficient to ENSO for ozone at 147 hPa (top panels) and 215 hPa (bottom panels);
MLS results are shown in the left panels and the WACCM-CEDS results in the right panels. The black
crosses show the grid boxes for which the sensitivity is not significantly different from zero (based on the
2o error estimates). Note that this color bar is assymetric, with much larger negative values than positive
values.

54



1522
1523

1524
1525
1526
1527
1528
1529
1530

1531
1532
1533

CO at 147 hPa: MLS

ACCM CEDS CAM-chem-CEDS

)

Latitude / deg

)

40 50 60 70 80 90

CO/ ppbv

CO at 215 hPa: MLS

20 -180°
Model MLS / %

Latitude / deg

B

(D

40 50 60 70 80 90

CO / ppbv

20 -180°
Model - MLS / %

Figure 8. Same as Fig. 1, but for CO.

90

2
802
0.2
609
50

-10
20 5
304

rence / %

iffer

55



1534

1535
1536

1537
1538
1539
1540
1541
1542

Latitude / deg

Latitude / deg

CO trends at 147 hPa

- p——
20 - —
10+ iy
0 :_ _____ R R
: [ MLS
s - WACCM-CEDS
10+
g CAM-chem-CEDS
20t - (a)
CO trends at 215 hPa
20f N
10+
0 S A A W W
: MLS
: WACCM-CEDS
10+
E CAM-chem-CEDS
'20 - (b)
-1.0 -0.5 0.0 0.5 1.0
Trend / Y%yr’

Figure 9. Same as Fig. 2, but for CO zonal mean trends for (a) 147 hPa, and (b) 215 hPa.
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1545  Figure 10. Same as Fig. 3, but for CO tropical zonal mean trends from MLS and CAM-chem-CEDS at
1546  the MLS CO UT retrieval levels of 147 and 215 hPa.
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Figure 11. CO climatology at 215 hPa (using the 2005-2020 period) from MLS, WACCM-CEDS, and
CAM-chem-CEDS for 4°-wide latitude bins centered at (a) 12°N and (b) 12°S. The thick solid lines
represent the mean values from MLS (black), WACCM-CEDS (red) and CAM-chem-CEDS (blue), with
corresponding variability estimates (twice the standard deviations) given by the colored dashed lines about
each mean.
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Figure 12. CO column comparisons between zonal mean time series from MOPITT (purple) Xco (see text)
and from CAM-chem-CEDS (blue) and WACCM-CEDS (red) for 4°-wide latitude bins centered at (a) 12°N

and (b) 12°S.
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MLS CO: Variance Contributions at 147 hPa
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1587
1588  Figure 15. Same as Fig. 6, but for CO
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Figure 16. Same as Fig. 7, but for CO; unlike for O, there is no need here for an asymmetric color bar,
but the positive range is the same as in the O3 Figure.
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