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Abstract. We analyze tropical ozone §0and carbon monoxide (CO) distributions in the upper
troposphere (UT) and their temporal changes for PRO20usingAura Microwave Limb Sounder
(MLS) observationandchemistry climate modsimulations Thesimulationsarefromthe Whole
Atmosphere Community Climate Model (WACQMand two variants of the Community
Atmosphere Model with Chemistry (CAl¢ghem), each variant using different anthropogenic
emissiongor CO. Upper tropospheric trends and variability diagnostics are obtained from multiple
linear regression analyses.

We compare the model and MLS annual climatolod@sjsingon 147 and 215 hPpressure
levels the model abundancese typically~5i 15% smallerthan MLSOs at 215 hPa, but larger
than the MLS valueat 147 hPa by20%.MLS Oz has an averaged Wbnal mean trendt 20 Si
20N of +0.39 + 0.28 %yt; the WACCM simulationand both CAMchem simulationshave
similar trends although the WACCMresultis somewhatsmaller Our analyses fospecific
latitude/longitude bins yield positiv®s trends up tal.4 %yr! over Indonesia and East of that
region, as well as over tropical Africa and thepical Atlantic. Positive tropical UT mappedsO
trends are generally captured by the maielulations although in a more muted wayie find
broad similaritiegand some differencefetween the mapped Mrderived UT Q trends and
corresponding mapped trends of tropospheric column ozone.

Regarding UT CO, the model climatologgsnerallyshowanunderestimaversus the MLS

climatology, with model averagebiases usuallyabout-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 discrepsumaych smaller for the comparison of
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modeled and Measurements of Pollution in the Troposphere (MOPITT) V9J CO colimalkso
find that thesensitivity of UT CO to El Nifio / Southern Oscillation (ENSO) is positive at all
tropical longitudes, in contrast to the dipolar longitudinal structure that exists forsUENSO
sensitivity. The MLS zonal mean COT trend is-0.25 + 0.30 %yt, whereaghe corresponding
model CO trends arelose tozero 0.0 + 0.14 %yt) when theanthropogenic emissionssedin
CAM-chem and WACCMaretaken from Community Emissions Data System (CEDS) version 2
The CAM-chemsimulation driven by CAMS5SLOB-ANTV5 emissiongyields averagd CO UT
trends 0f0.22 + 0.19 %y#t, in contrast to the negatitendencieprevalentn theMLS CO trends
throughout the tropics'he negativeMLS tropical UT CO trends for 2002020 agree with (but
tend to be smaller in magnitude than) previously published total column CO trends.

The MLS-derivedupper tropospheritropical trendsn Oz and COarise from a welsampled
multi-year data setWe find that there aresimilarities (and a few differencg@sbetween the
measured UT trends and corresponding results fmadel simulationswhich incorporate state
of-the-art representations othe complex interplay betweeemissions, photochemistry,
convection, and transpom the upper troposphere and lower stratosphd@teeseresultswill

contribute to theontinuingassessments of tropospheric evolution.

1 Introduction

Tropospheric ozone @Pcan be influenceby downward transport from the stratospheric ozone
layer, but the main ©source in the troposphere is in situ photochemical formation through the
oxidation of carbon compounds in the presence of (catalyzing) nitrogen oxides (NO+ NO&)
(Crutzen, 1973; Logan, 1985); tropospheric ozone loss is dominated by in situ photochemistry and
by deposition at the Earthés surface (Monks
main sources of tropospheric N@re fossil fuel combustion, biomass burning, soil microbial
activity, and lightning. Global anthropogenic emissions dominate the natusas®@es and
biomass burning plays quite a significant role in the trofibsre is evidence from in situ
measurements from ozonesondes and commercial aircraft for slow indreasg®spheric and
upper tropospheric £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
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
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emissions (e.g., from NQcarbon monoxidé 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., 2@8)ri et al. (2017) and Zhang et al.
(2016), for example, discussed the existence of decreases xirefNi@sions over developed
countries following emission regulatioater the turn of the centurin the North Atlantic region,

both surface ®@and COhave decreased; Kumar et al. (2013) sbathis for 20012011. Such
decreases have been attributed to a decline in anthropogenic emissions from North America that
more than compensate for emission increases over parts ofFAsiaermore, 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
et al., 2021; Bouarar et al., 2021; Miyazaki et al., 2021).

CO is another important pollutant in the troposphere. Its primary tropospheric sources are
incompletecombustion (biomass burning emissions and pollution from industrial and -raffic
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
primarily as a result of biomass burning episodes near the equifiaxesan et al., 2003, 2007;

Logan et al., 2008; Nassar et al., 2009; Livesey et al., 2013; Huang et a)., A@1ieerinsights

into the transport of CO pollution into the upper troposphere and lower stratosphere (UTLS) have
been provided by Park et al. (2013), who exami@&dand other specidsom the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (AJB) and MLS. In the tropics, the
clear signature of semiannual maxima centered around April and Owateressbserved, primarily

over Africa, Indonesia, and South America, with connections to biomass burning and convection
patterns. Park et al. (202&yaminedCO pollution transport to the UTLS during and long after the
highly enhanced 2015 Indonesian fire season, using a combinations#Ht€llde data and model
simulations (with the CAMchem model) This model produced underestimate in CO
comparisonssersustropical upper troposphericO from MOPITT, as well agersusMLS and
ACE-FTS CO datain this regionthoseretrievak compared welwith MOPITT CO. In terms of
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tropospheric CO trends, Worden et al. (2013a) found significant CO column decreases for the
20002011 period at a rate ef.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 trei@d6®oyr 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 2@WA8 gridded time series from MOPITT
CO, AIRS, and other satellite instruments; the global trend for this period was founedt be
0.3 %yr?, with a slower decreasing trend during 202@18. Hedelius et al. (2021) also discussed
MOPITT-inferred decreasing trends in column CO for 2&IA7 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 grased in situ
surface CO data also point to a slowdown in the rate of decrease of CO after 2010, in comparison
to the 20012010 decade (Patel et al., 2024). There is also a-otith 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 locdftapitral nearsurface 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 traféited emissions.

The upper troposphere is a complex region where production pbM@yhtning (Schumann
and Huntrieser, 2007; Murray et al., 2014), aircraftkd@issions (Hoor et al., 2009; Brasseur et
al., 2016; Lee et al., 2021; Wang et al., 2022), and stratospbpesphere 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@ita
than in the tropics (Hsu and Prather, 2014). Upper tropospheric trend analyses of in situ CO data
from commercial aircraft participating in the-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

-2 t0-3 % 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 ppbl this reflects changes of order 0048% yr2.

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 (El 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 et al., 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 wellsampled longerm data in the upper reaches of the troposphere, where ozone is of
radiative significance. While this region is not directdgnneced to surface pollution, fast
convection episodes in the tropics imply that threrght well besome correlations between lower
tropospheric and upper tropospheric abundances, andferdongterm trends. Longange
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 lorigrm 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 [HKTOvhite
related model simulations are of interest to continuing assessments of chemistry climate models
(e.g., CMIRY).

Tropical upper tropospheric profiles ok@d CO have been measured on a continuous daily
basis by the Microwave Limb Sounder on the Aura satellite, from apuar 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 UB&nhd CO time series from two chemistry
climate model s, Aspecified dynamicso versions
Model version 6 (WACCM®6) 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 analyzedwaladatmospheric 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 Galem 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 refaulSs, and then for CO; we review the

UT climatologiesfor these specieand some differences versus model simulationd,chscuss

results from zonal mean and mapped trend analy¥g8eslsoplace our results in the context of

past analysedVe then finish wittrsome brief conclusions in Section 5.

2 Observationg model simulations, andrend analyss methods

For both MLS andhe chemistry climatenodek, we analyze monthlgveraged zonal mean
time series as well as montkdyeraged longitude/latitude binned time serigse models have
beendesignedto capture key dynamical and chemical processes well enough to be usefully
compared to the observatiotwe focus on a region that somewhat below thedpopause, to
minimize potential effects from stratosphareposphere exchange atadavoidresults that might

depend more olower stratospheric rather than tropospheric change.

2.1 Observations

The Aura MLS observationallataset considered heres takenfrom sixteenfull years(2005
through 2020pf globalcompositionrmeasurementsvith about3500 vertical profiles per day per
measured specie$he MLS antenngerformsscansof the atmospheric limhead othe Aura
satellitein its nearpolar sursynchronous orhitMLS measureslaytime and nighttiméhermal
emissionusingmicrowave radiometers operating at frequencies near 118, 190, 240, and 640 GHz
a 2.5 THz module measwt®©H during the eayl part of the missionThe 240 GHz radiometer
providesthe standardOs and COmeasurements=or an overview of the MLS measurement
technique, theeader is referred to Waters at al. (200%ad et al. (2006Javea description of
the simulated MLS forward model and related spedin@ MLS retrievalgLivesey 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 ant en avardmpingtangemtsaysalr omg@ consecutive sca



182 limb. The specifics of MLS data characterization and data quality, along with estimated errors and
183 related information can be found in the documentation by Livesey et aR)(202

184 Here, we have usal the latest data version from ML%abeledversion 50 or v5. More

185 specifically, we use théinned MLS Level 3 data sets, with a latitude ghdat includes the

186 equatorial bin{2° to +2°) andhe 44 othemadjacent 4%wide bins.In this work,we use monthly

187 mean time series based on zonal averages as well as latitude bands divided into 12 longitude bins.
188 The typical number of MLS profiles in a monthly zonal mean 4° birf @raer 2400, and about

189 200 for each of the 12 mapped (monthly) longitude/latitude Binst to averaging the MLS data,

190 the standard MLS data quality screening criteria (Livesey et al., 2022) have been applied to all the
191 Osand CO Level 2 profiles; this screening removes only a very small fraction (tydica#y) of

192 the retrieved profiledn the troposphere and stratosphene,MLS Q retrieval grid is defined by

193 asubset dhepressure levels given Ipfn)=1000x 10™"12hPa, whera is the pressure level index

194 number for CO, the grid is twice as coarse, meaning ti#ais used as an exponent in the above
195 equation, rather tham'12 The bottom recommended les&r the Oz and CO retrievalareat 261

196 and 215 hPa, respectivel@ur tropical analysewill focus on results between 215 and 147 hPa
197 inorder to largely obtain upper tropospheric resaksmorenfluence from the stratosphere ocgur

198 as one gets clost 100 hPa in the tropicdn the upper troposphere, the vertical resoludibiine

199 Osand CO products about kmand 5 km respectivelfLivesey et al., 202). In this region, lhe

200 singleprofile precision (% random uncertainty) i20i 30 ppbv (meaning ~35%0%) for Oz and

201 15 20 ppbv(~20i 30%)for CO. For our analyses of monthMLS averagesthe relevant precision

202 for Osand COreducesgo ~0.5 ppbv(~1%)for 4 zonal means and? ppbv (~4%)for the gridded

203 datausing30° longitudeby 4° latitudebins In addition, the methodology used by the MLS team
204 to assess the aggregate effectsestimaed errors in various input parametecsupled with

205 validation resultgsee Livesey et al., 2@}, leadsto systematic uncertayestimategls) of 51 12

206 ppbv (~10'20%) and 15/ 25 ppbv (=20 35%) for tropical upper tropospheri®ds and CO,

207 respectively.

208 Following validation work orlJT MLS Oz and COin the early few years since the Aura launch
209 (Livesey et al., 2008)studies ofUT MLS Os by Livesey et al. (203) focused orseasonaénd

210 interannualvariability andcomparisons versuszoneonde dataDespite sampling differences

211 between these measurement systahetemporalpatterns evident in the MLBT Oz datawere

212 found to be generally weltorrelatel with the in-situ dataover different low latitude regions.
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Distinct seasonality was evident irs@d CO (as well as ML-8erived ice water content) over

South America and South Africt her patt er n so rs@aitemintaopicaiOd(see i wa v e
Thompson et al., 2000, 2003, Wang et al., 2@06) double peakis Os variability over eastern
equatorial Africa(with enhancements around May/June and September to Novembe)
discussepfor MLS UT CO,distinct seasonal behaviaras found for examplejn the northern
hemisphere tropi¢c®verEastern Asia and across the Padsiee also Huang et al., 201Rivesey

et al. (2013) and Huang et al. (2014) discussed the connection between emissions from intense
fires over Indonesia in 2006 (following the El N#ielated drought) and dramatic concomitant
enhancements in UT C@om MLS data)ver thisregion Thiswork has been expanded upon in
analyses by Park et al. (2013, 2021 }hesignificantand longlastingimpacts ofmore recengl
Nifio-relateddroughs andwildfires on tropospheric and lower stratospheric CO abundances

Regarding MLS ozone, previous work has shown vertical oscillations in zonal mean MLS
UTLS Gz profiles (e.g., see Livesey et al., 20ZP)ere are also some biases in MLS tropidal
ozone values, which tend to be on the high side (bQ%) with respect to ozonesonde data (see
Hubert et al., 2016, Fig. 6), but the abassues are systematic in nature. While we think that
neitherthesebiases 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 regiten the trend
uncertaintiegdiscussed later), any timtependent effecif it exists,would be quite difficult to
characterize, or provide a fix for.

We also compare the CO simulatiotss CO data from Terra/MOPITT, obtained from
multispectral retrievals (V9J) Level 3 dry air total column data, es M ppbv (Deeter et al.,
2022).The smulated COvaluesare 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 %o.

2.2 Model simulations

We use the Whole Atmosphere Community Climate Model version 6 (WACCM6) and the
Community Atmosphere Model with Chemistry (CAdlhem), bothof which arecomponents of
the CESM22 (Danabasoglu et al., 2020). WACCMBes thahigh-topo set of 70 model levels
between the surface and the lower thermospfetd0 km) while CAM-chemuses32 layers
( A lI-toompthat) stop in the middle of the stratosphérd0 km) Both configurations run on a
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horizontal resolutiothatis 0.95° latitude x 1.25° longitude and share the same vertical grid in the

troposphergwith a vertical resolution in the upper troposphere of about 1.2 km. Both-Clh#gvh

and WACCMG6 include the same representations of boundary layer processes, shallow convection,

liquid cloud macrophysics, and cloud microphysics (Gettelman et al., 2019). Each modelkemploy

the same chemical mechanism procegkdmled TSL The chemical scheme includes thg O

NOx, HOk, CIO«, and BrQ families, along with ChHl and its degradation products, as well as

primary noamethane hydrocarbons and related oxygenated organic comp&mads(s et al.,

2020) Reaction rates follow the JPL Publication3 8ecommendation (Burkholder et al., 2019).

TS1 includes a total of 231 species and 583 chemical reactions broken down into 150 photolysis

reactions, 403 gashase 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 dheipred United States Air

Quality (KORUSAQ) experiment in South Korea led &arevision of the heterogeneous aerosol

uptake of hydroperoxyl radicals (HPto produce HO instead of HO2 and a reduction of the

coefficient (2) from 0.2 to 0.1 (Gaubert et
To accurately represent weather conditiasswell asthe QuasBiennial Oscillation (QBO)

andto reproduce various modes middle atmospherigariability, both simulations are run in the

0specified dy naemodelddynaniicdl Bonstramése takeriroinmeteorological

fields provided by the Moderara Retrospective Analysis for Research and Applications version

2 or MERRA2 (Gelaro et al., 2017). Contrary to the previous SD approach, the MERIRAIS,

here the zonal and meridional winds and temperature, are first regridded to the model horizontal

and vertical grid. The modelnudging(Davis et al., 2022js updated at ever{B0 min)time step

using the closest-Bourly MERRA2 fields nudgingtimescales are set at 6 hours tloe CAM-

chem simulatiosandat12 hourdor WACCMS6. The 1tyear solar cycle variability is taken from

t he Naval Research Laboratoryés (NRL) sol ar

version 2 (NRLSSI2; Coddington et al., 2018@hlcanic SQ emissions (used in sulfate aerosol

density calculations) are derived faignificantvolcanic eruptios usingthe Neely and Schmidt

(2016) database updated through the year Z0#model scenario used here is based on historical

forcings (and recent updates) from the Climate Model Intercomparison Projetiase 6

(Meinshausen et al., 2017). The forcings include greenhouse gasgsN£LH and CQ) and

a

m
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organic halogens. After 2014, the greenhouse gas and organic halogen inputs follow the CMIP6

SSP585 scenario that projects i npRiehietabeedlqgnd
Meinshausen et al., 2020).

The emissioaused here are taken froBAMS-GLOB-ANT_v5.1 inthe simulation we refer
to asCAM-chemCAMS (CAMS is the Copernicus AtmospheMonitoring Servicepnd CAMS
GLOB-ANT_v5.3 in the WACCM simulation (labeled WACCMCEDS) for all surface
anthropogenic emissions (Soulié et al.,0Z0 anthropogenic emissions wéoend to betoo
low in South Asia and China (Gaubert et al., 2023), seetheissionswere replacedy the
Community Emissions Data System (CER3) presented in McDuffie et al. (202®r the CAM
chemCEDS simulation also analyzed here, and for the only WACCM simulation usedhere
CO anthropogenic emissions from the aforementiaregdions 5.3 and 5.1 are almost identical;
version5.3 only includes updates to shipping emissions for years after 281there are no
differences in the NOor volatile organic compoursVOC) emissions in all three simulations,
we can exclude a change in @®@nds between these simulati@ssa result of differences in CO
chemicalformation or sink Daily biomass burning emissions are obtained from the QRiiek
Emissions Datas€¢QFED) 2.5 (Darmenov and da Sily2014) inall threesimulations.

The lightning NQ production and itsole in ozone formation is reviewed by Verma et al.
(2021).This study showed that most lightning activity occurs within deep convective diotas
tropical and subtropical region. In our study, émaission of NOfrom lightningis based on the
Price parametrization (Price and Rind, 1992; Price et al., 1997). pHn&meterization
is dependent on cloud heighthich includes a stronger dependepwgerland versus ocean
(Emmons et al., 2010). The CAhem and WACCM modelssedherederivetropical @nd
global) lightning NOx values of 2.34(3.23 and2.78 (4.11) Tg (N) yr?, respectivelyTable 1)
with no significant trends over the course of theiseulations.Theseglobal valuesarewithin the
generally accepteglobalrange of 3i8 TgN yrfor lightning NO emission (Schumanand
Huntrieser, 200)/

Aircraft emissions from CMIP6 were employedWACCMG6 (see Hoesly et al., 2018 oth
CAM-chemsimulationsuse the version 2.1 of CAMGLOB-AIR for aircraft emissions described
by Soulié et al. (202). Gaubert et al. (2020, 2023) found that this version of GZm tends to
overestimataroposphericmxidants, such as ozone, hydrogen peroxide, nitric acid, and hydroxyl

radical, resulting in a shorter lifetime tbpospherionethane and CO, mainly in the northern

10
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hemisphere extrropics.Some of he main model characteristiagith a focus on thdifferences)
are summarized in Table 1.

In terms ofthe modelrun analyseswe follow the same basic approach as for the MLS data.
The daily model profiles are first interpolated (as a functiomog{pressure) onto the MLS
pressure griénd therbinnedand averagdto producghe monthly zonal means (on aldtitude
grid) and gridded data on the salagtude/longitude grid ais described in Sect. 2.1 for ML®/e
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 arauch smalkr thanthe 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.

2.3Trend analysis methods

For both MLS and model time serid®nd analysesin the upper tropospherave usethe
multivariate linear regression (MLR) methddscussedas part ofsimilar studiesperformedby
Froidevaux et al. (2019br the stratospheré&Ve refer the reader to Appendix (A3) of the above
reference for more detaits1 the regressiofit model, which includes commonly used functional
terms, namely a linear trenénd cosine and sine functions witannual and semrannual
periodicities, to account for these known variabilities in atmospheric composition,-veitid 3
month periodic components to better fit shotegm (intraseasonal) variations, which also helps
to reduce the trend error bars. In addition, we include functions describingysaitvariations
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. Ther@Btedequatorial wind
dataset is olainedfrom the publicly availablelataset at theFree University of BerlinENSG
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. (202 havealso includd a fitted component that follows
variations in solar radio flux (at 10.7 cm), based on Canadian solar measur@rappisg 2013);

this componentypically plays a negligible role in our resul&or trend uncertainty estimates, as

11



335
336
337
338
339
340

341
342
343

344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

discussed alsby Froidevaux et al. (2012022, we usethe block bootstrap resampling method
(Efron and Tibshirani, 1993Rs done by Bourassa et al. (20&4)l othersn such atmospheric
compositionanalysesFor every fitted time series, we analyze thousands-s&neplingsof the fit
residuals, with yealong blocks ofresidualvalues replaced byesidual seriefrom randomly
chosen years; twice the standard deviations in these random distributianspmwiddtise (2s)

trenduncertainty valuethat we use as trend error bars throughout this work

3 Results
3.1 Tropical UT O3
3.11 Oz climatologies

Although this work focuses on variability and underlying trends, weist&ig. 1 by showng
annuallyaveraged climatologicabzone comparisons between ML.She WACCM-CEDS
simulation andthe CAM-chemCEDS simulationfor 2005 2020 at 147 and215 hPafor low
latitudes(4-degreebin centes betweer24 S and24 N); mapped fieldsand zonal mean line plots
arecompaed in thisFigure.At 215 hPanear 20N and 20S, the zonal mean £valuesfrom both
models are ~515% lower thanthe MLS fields; differences of this order alsoobservedn the
mapped fields The differences reach abot#0% in the deep tropics, as the MLS latitudinal
gradients are flat in this region, in contras
at the equato(see panel (k))The differences observed here are within the MLS systematic
uncertainties mentioned in Sect. 2.1 (up to 24 ppby, Phese 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 moslare based on ery similarframework with nearly identical
inputs (see Sect. 2.2At smallerpressure147 hPaandalso for100 hPawhich isnot shown
herg, the moded follow the MLS latitudinal gradientsetter (see panel (d) for the comparison at
147 hPa)as well as the longitudinal features (including the watbwn waveone ozonepattern
discussed byrhompson et al2000,2003, Wang et al., 2006, and othgrslowever,the modet
exhibit a positiveaveragebias versus ML&it these two pressure levels (see panel (e), where the
model bias for 147 hPa is about +20%dpwever,MLS UT Os profiles have been found to be
biased positively (byabout1Gi 20%) versusaveraged tropical ozonesonde profi(&ect. 2.1)

Thus, positive model biases versus MLS ozone in the tropical UT are not likely caused by a
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significant underestimate by MLS. We note that the positive model biases (at 147 and 100 hPa)
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 regiorewhat removed from
the tropopause, with 148 215 hPa being the main levels of interest in the analyses belule;
theUT averagalifferencedetween model and ML&e worth notingthis is not a primargoncern

in terms ofthetrend comparisonthat we focus on here

3.1.203 zonal mean trends

Figure S1 gives some time series examples for ozone Htdrii12 S at 147 and 215 hPa,
with the MLS and modeled (WACCMEDS) 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 O
WACCM-CEDS trends roughly follow the trends that are obtained from the MLS regression fits.

Regarding th@zonetrends, ve now switch taesults from our analyses of theonthly zonal
mean MLS and model time seridsgure 2 displays ozone trend resufitsr MLS and thethree
simulationsfor 147, 178, and 215 hPhased on anultiple linear regression analysis of the
respective time series from 2005 through 2020uffeig showsthat the tropical upper tropospheric
MLS ozone trends amgenerallypositive and significanimeaning that aero trend lies outside the
2s estimate of trend uncertaintyThe observedverageozone trends at all three pressure levels
lie within about 0.3 to 0.5 % Y the peak average trends occur at 178 MRare ardairly small
latitudinal differences @78 and215 hPaAt 147 hPathe MLSresults ndicate~50%larger trends
in the NH tropics than in the SH tropjedthoughthis difference is natignificant Thezonal mean
MLS ozone trendaveraginghethree pressure levedd 147, 178, and 215 hPfar 2005 2020 in
the20 Si 20 N UT regionis 0.39 + 0.28 %yt. The error barkereindicatethe2s trend uncertainty
(calculatedhere aghe 0ot mean squaref the2s trend uncertainties at dhliree pressure levels in
Fig. 2). This tropical UT Oz trendis equivalent to 02+ 0.15 ppbv yr! (based on the annual
average tropical UT values of 56 ppbv measured by MILBg.correspondingnodel Os zonal
mean trendesultsobtained here for 2002020have a positive trenavith excellentagreement
with MLS from CAM-chemCEDS (0.38 + 028 %yr?') andnearlyidentical resuk from CAM
chemCAMS (0.38 + 0.8 %yrY). This agreement is also apparent in the latitudinal pattern, with
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394 larger trends in the NH than in the SH, even if the error bars are large enough that there is no
395 fistatistically significant differencebetween the hemisphere$here is also good statistical

396 agreemenbetween the MLSonal mean ozonegends andhe slightly smaller WACCMCEDS

397 trends (0.21 + @3 %yr?).

398 We note that statisticians have been wor ki
399 statements of Asigni fi canwomeoftheabroadiffevemees tlsah o u |l d
400 occur even withirfiformal criteriad (such a®2s or a p-level of 0.05, which could sometimes be

401 interpreted toostrictly (Wasserstein et al., 20)9as pointed outlso by Y. Cohen(private

402 communication, 2024 We keep this in mind here, but we ailsish to commenton the use of

403 Dbroader latitude bins. Indeedf broader latitude regions were analyzed for trends, the

404 corresponding trend uncertainties would be redueddch could make some of the compared

405 trencsdifferby mor e t han \ariaklityrHovever, the tnerol errofreduction in our

406 testing with a 20%wide latitude bin instead of 4° l8ns only 5 10% so the uncertainties get

407 divided by much less than the square root of the number of bins used. This hatereadily

408 obtain more significant differences aur comparisons by just averaging over broader regions.

409 In Figure3, the MLS and CAM-chemCEDSUT Os trend sensitivity analysis repeated for

410 20052018, 20052019, 20062020, and 2007202Q showing therelative insensitivity of the

411 MLS results to the choice of time periothis is also true for the CAMhemCEDS trends in the

412 NH tropics, although there is mapeonetrend sensitivityto thetimeperiod choice n t hi s mod e
413 results over the SH tropic¥he WACCM-CEDS tropical UT ozone trend results versus time

414 period(not shown herelead toa spread in th&H tropicaltrends that isabouthalfway between

415 thesmallMLS trendspreadand the larger CAMchemCEDStrend nsitivity shown in Fig.3.

416 3.1.3 Os mapped trendsand variability

417 We nowturn tothemapped tropical UT trends lanalyzng subses of the Oz fields from MLS
418 and the mods] based on monthly mean time serfes 2005 2020in latitude/longitude bins,
419 rather tharon zonalmeansAs mentioned previously, these bins are dlswide in latitude, and
420 the longitude bins are 3Wide. The same regressionethodology as described previously here is
421 used foreach of the binned time serjege focus on the WACCMEDSand CAM-chemCEDS
422 ozone trends, as we have found that the CAMmCAMS and CAM-chemCEDS results are
423 quite similar, in the case of ozone at leaSigure4 shows the resultinghappedOs trendsfrom
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MLS and the two models for 147 and 215 hPa (top and bottom rows, respectively), with the maps
spanning26 S to 26 N. Hatched bins indicate trends for which the BAncertainty range
encompasseshe zero trend valuewhich is often interpreteds a | ow | evel of
si gni f, altbhcaghane should beautiaus (see the previous Section) regarding the strict
application of such a criterioor wording The largest MLS trends are observed over the
Indonesian region and (mostly) to the East of that region, as well as ovesrthernAtlantic.
The mapped trends confirm the overall zonal mean result of slightly laggeer@ds 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 €A&MCEDS than in
WACCM-CEDS over the Australian region (bottom right quadrant, south of the equator)
contribute to the better correspondence between the zonal mé&am®results (Fig2c) between
CAM-chemCEDS and MLS over the southern tropics. The mapped trend discrepancies between
the simulations and MLS are rarely outside
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 thaspésphericcolumn ozone
(TCO) obtained by Ziemke et al. (201Qjsing a combination of totalsZ@olumns from the Aura
Ozone Monitoring Instrument (OMI) and MESased stratospheric@olumns 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 mappebCO trends forthe same time perigdrrived atfrom appropriate horizontal
smoothingof the resultsobtained following the above referende, makethe MLS and TCO
horizontalresolutions comparahléhis smoothingomes from aimterpolation versus latitude and
a weighted averaging in longitude, since the TCO results have finer longitudinal resolution (5°
wide bing than the MLS longitudinal gridsed her¢302wide bins).Similarities are observed in
the longitudinal pattern d#T MLS Os and TCOtrends, as shown also for 3 different latitude bins
in panel €) of Fig. 5; variations of a factor of twto three ar@bserved mostly in the northern
half, between the western and eastern hemispheres fosdistbtrends, which tend to lie between

roughly0.3 and 12 % yr1. However the agreement between MLS Ut &dTCO trendss often
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worse for other MLS pressure level choicélsis can be deducedrom panel ), whereR
(correlation coefficient)values relating tahe longitudinal variations obtained from MLS at
different pressuregersughe longitudinal variationshn TCOare displayed as a function of latitude
(y-axis). Infact,onemightnot expecthe MLSozoneUT trends to trackhe 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 troposphdyet this was worth looking intdregional variability
and horizontal sampling differences between MLS and OMI will also gtale (see Thompson
et al., 2021, for variability aspects of sorairivedtropospheric trendsOur comparisongnply
that the correlation between | ower ardonaupper
mappi ngo, nevetheleshspa siniladtiessbetween these regions

We have also analyzed the level of explained variance in the regression fits for these binned
trend resultsFigure6 shows the square of the correlation coefficient valuésg&a function of
latitude and longitude for different explanatory variables used ititireed Os fits at 147 hPa
based orfit comparisondo the MLS series (top 6 panels), afar the regressiofit versus the
WACCM-CEDSseries (bottom 6 panels). We have ignored the solar component in these plots as
it was found to be of negligible importanage displaythe remaining cetributions namelythe
annual, semannual, shorterm um of the8-monthand 4month terms)QBO, andENSO terms,
as well aghe contribution from the full regression fit, which shows that nffmst certainly not
all) of the time series variance can be explaimgduch a regression modéhe annual term and
semiannual terms can generally explain a large part of the variance, usually followed in
importance by the ENSO term, over most of the Padiie QBO component is very small in the
upper tropospher@ven thougtit is a welkknown and large contributor giratospheri¢race gas
variability in thelowermoststratosphereThere is als@ significant annual cycle in thieopical
lowermoststratosphere related teariations invertical velocities and ithe BrewerDobson
circulation(Randel et al., 20QAVitte et al., 2008)The R patternsobserved in the MLS panels
are reprodoed in a broad sense by the fitsite CCM, as shown in the bottom 6 panels; this is
also a result ofhe closematch between the Q€ andthe MLS Os time seriesshown earlier in
this work The ENSOmodelpatternfor Os does not match the ML-8erived pattern that well over
Indonesiaputthis comparisoris generally better in the Pacific regibatween90 and-180. A
somewhatveakerR? valuein the model simulation also exists in parts of the Eastemisphere

for the semiannual termThe combination of these differences helps to explain the somewhat
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poorer overall fits (and variance contributions) for the model than for Mb6the most part, it
does not matter much which model run is used for these analyses, or even which pressure level is
used;indeedthe results at 215 hPsde FigS5) aregenerallysimilar to those in Fig.

To pursue the ENS@elated patterns furtheone can obtain @fmapped)sensitivity coefficient
to ENSO fromthe regressiofi i t s regarding thiisppavKthrpbeaeeat a&oi
relates to tropical sea surface temperatahesigels The O3 ENSO sensitivity is showim Fig. 7
for the 20052020 MLS andWACCM-CEDSresults at 147 and 215 hPEhis provides more
information about the sign of the sensitivity over different regions, andhserve generally
positive (negative) sensitivityn the Eastern (Westerhgmisphergefor both MLS andVACCM-
CEDS cases moreover,at 147 hPathere are twastrong negative minima on each side of the
Equator in the central Pacific regio.positive change (or a negative change) in tropical Pacific
sea surface temperatures during\iflo (La Nifia) conditions will correlate with ozone increases
(decreases) in the regions with positive (negatbegisitivity coefficients.The model results are
quite consistent with those from MLS in terms of the EN$fated sensitivity coefficient patterns
and magnitudes, although the model response is often slightly smaller than seen in the MLS result.
As we discuss further belowuchozonesensitivity patterns have been described and interpreted
before.Figure 16 provides the same analysis, but for the CO sensitivitfNSQ These maps
show a positiv€€O ENSO sensitivity coefficient throughout the tropics, with local maxima in both
the Eastern and Western hemispheres, rather thars thpdle positive/negativestructure shown
in Fig. 7. The modelCO ENSO sensitivityproadlymatchesthe MLS resultsalthough it is not as
strong the different patterns in the western hemisphere, compared ta femstivity to ENSO,
might becaused bydifferences in @ and COvertical profile gradients theseregions, but this
would require further detailed investigationd/e also note thaespecially in the MLS casthe
peak magnitudes of tHeéO ENSO sensitivitycoefficientsin Fig. 16 match thepeakmagnitude
of the positiveOs ENSO sensitivityn Fig. 7.

3.1.403 discussion

We have found some climatological differences between the MLS observationsroth@
tropical upper troposphere and the WACEMDS simulation, as well as both CAshem
simulations.The models underestimate the mean MD&values at 215 hPa; at 147 hPa, the
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models are biased high by about 25%, and we have no reason to believe that such positive
biases result from an average negative bias in the corresponding MLS values.

Theaveragedonal mean tropical UT Qrend from MLS for 20062020is 0.39 + 0.28 %yt
(or about @2 + 0.16 ppbv yt), where the error bars indica?e uncertaintiesWe note that the
MLS ozone profile trend detection capability lies within the most stable among ozone sounders,
based on the satellite and grodmased 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 MLS CO, since CO is retrieved using the same radiometer
as the MLS standard ozone produste get excellent agreement withILS tropical UT zonal
mean trendfrom the CAMchemCEDS Q zonal mean trends (0.38 + 0.28 %)yand somewhat
poorer agreement from the smaller WACEMEDS trends (0.21 + 0.23 %Yt We also show that
the zonal mean MLS €tropical UT trend results for different time periods, with start and end
years adjusted bii 2 years, do not significantly depart from the 202620 results; there is more
sensitivity to the choice gferiod in the CAMchemCEDS trend results over the southern tropics.

In terms of mapped ozone trendw targest MLSderivedtropicaltrends (up to +1.4%¥) are
observed over Indonesia and East of that region, as well as over the northern AtlanticTregion.
mapped model ©UT trendsbroadly match the MLS trends, albeit with somewhat smaller
variations. The significant model maxima over Southeast Asia and the North Atlantic are similar
to thesignificant MLS patterns in those regions. More qualitatively, the Indonesian region displays
smaller model ®@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$hased UT ®@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 WTréhd 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.

There have been large differences between past sabelftd tropospher®s trends (Gaudel

et al., 2018). Leventidou et al. (2018) pointed out that tropical tropospheric ozone column trends
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derived from a combination of European satellite measurements from 1996 to 2015 showed
regional increases as large d2%yr?!, with some negative trends over the oceans, but with
significant uncertainties (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 TCO trends are
larger for 20052016 than in the two decades before 2005; for PRPOB6, the derived TCO
tropicaltrends are-0.4i 0.7 % yr! (seealso Gaudel et al., 2020). These two investigations found
regional differences in TCO trends, with maxima over India, Southeast Asia, the eastern Pacific
regionand tropical Atlantic, wh 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 2002018 period.

A recent study (Gaudel et al., 2024) of tropical tropospheric ozone trendsdvenakatellite
basedand in situ datasets between 1994 and 3@dllsi ma x i mu amd wpped tropospheric
increases above India, Southeast Asia and Malaysia, with values from 3.4 + 0.8 to 6.8 + 1.8 ppbv
decadé.o The tropical UT Qtrend results obtained heirem MLS datg convered to the same
units,are2.2 + 1.6 ppbv decadewhichis consistent with thabove results, considering also that
the maximum mapped UT trends obtained here (about 1.4)%anslate to-8 ppbv decadé
The MLSderived results for zonal mean tropical UT trends versus latitude are tabulated in Table
S1 in both sets of unit$he OMI/MLS tropical trend$2004 2021)from the above referencae
listed as 2t 5 % decadé for 0 to 20S and 3+ 2 % decadéfor 0 to 20N; these numberare
consistent with thelightly largerUT averages from MLS, which shoan increase from3 %
decadé near 20Sto ~4 % decadé near 20N (see Table S1 for more details).

Regarding other pasts@end results for the upper tropospheérsOS-derived trends were
previously discussed by Cohen et al. (2018) for the 12@®43 period, but with an emphasis on
the extratropics. The IAGOS trend analysis bgaudel et al. (2020pr 5 tropical regions over
1994 2016gavepositive UT trends averagy ~0.6 % yr?, with largest values over Southeast Asia.
As mentioned above, the MLS results also show peak ozone trends over this generaMaggpn.
et al. (2022) showed that ozone trends from ozonesonde ptofil@svery similar time period
agree broadly with IAGOS results, although the sonde sgatiporal coverage is limited, and
there can bsignificantscatter in trendfom varioussonde sites. Theiron-satellite UTdata sets
andderived trendsire similar to those from Gaudel et al. (2020)ompson et al. (202Dbbserved

significant seasonal variations in tropical ozonesonde trends (based dardci842019 from
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the Southern Hemisphere Additional Ozonesondes, or SHADOZ network); these aatieors
that dynamical influences (besides emissions changes) likely play a role in these tropical
tropospheric trends, which average 0.8 %yr* (for annual trends)ut with trends in certain
regions/seasons (February to May in particular) as large2as %yr'. While model studies in a
recent paper by Ma et al. (2024) also confirm that lower stratospgbeaad related dynamical
transport effects can significantly impact letegm UT G trends, their results suggest that, for the
tropics, the largest influence (of orderi@0% or more) comes from the troposphericsOurce
Table 2provides trend averages atrdndranges fom MLS, along withthosefrom two of the
above referencesregardingUT Os trends, not including column results referenceswith
redundancy opoorer matches to the MLS peridebr tropical tropospheric £columntrends a
comprehensive review givenby Gaudel et al. (2024The trends in Table 2 are consistent with
MLS tropicalUT trends which arebased ommoredenseanddaily coverage. Given the different
periods and tropical sampling patterns between IAGOS and swadris MLS, theseT trend
comparisongjive asreasonable an agreement as one might expeetalso the significant impacts
on Oz trendsfrom in situ samplinglimitationsmentioned by Gaudel et §2024).

Zhang et al. (2016) ar\/ang et al. (2022) have ascribed the positive sign of2@30 tropical
ozone trends to an equatorward redistribution of surface emissions over thégeaoser, 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 meuleh@s shown in our work
are typically larger (by ~3®0%) 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 trend&/hile 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 lightniggnerated ozone in the tropical upper troposphere)
may be worth further consideratioie note that there are large differences (a range of a factor of
two or more) between theopospheric ozone burden changes predicted by various global models
in the work by Wang et al. (202Also, Liu et al. (2022) show that significant regional differences

in ozone column trends exist in their model resultsing the NASA Goddard Earth Observing
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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, avfound that the annual, seamnual, and ENSO terms
dominate the variability in the tropical upper troposph&ree TCO interannual variabilitias
been known to bkeeavily influenced by ENSO (Ziemke and Chandra, 2003; Ziemke et al., 2010).
Oman et al. (2013pund 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.,, 2013Yhe MLS UT ozone variations and their relation to ENf&€re
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 ardi@®d 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-chemCEDS climatological UT CO is slightly closer to the MLS UT CO climatology than
is the WACCMCEDS 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-tormooitith 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 abdat5E6 of the mean values

that include other data from AGETS andheMichelson Interferometer for Passive Atmospheric
Sounding MIPAS). However, the MLS mean values are larger than the nmsiiiument mean at

100 hPa by about 1@0%, 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
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100 hPa is caused by a positive bias in the MLS CO data. However, an earlier WEEDS!
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.
In summarywhile we cannot pin down the exact causes for the mean biases between the UT CO
climatologies fom MLS and thenodelsshown here, a combination of MLS and model systematic
errorslikely providesa reasonablexplanation.
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 (WACEDS) 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 WACCWEDS (see thiarge correlation coefficient values, R,
in the 12S 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 M#lated 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, 200Me largest CO peaks in the MLS upper tropospheric
tropicalrecordhave beeworrelated wittel Nifilo eventdn late 2006in 2009 201Q ard especially
fromlate2015into 2016 (see Park et aR021,and rderences therejror further information. At
12 N, the observed CO variability is somewhat smaller than &,12nhd 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\l,zas well as regarding the smoothed time series and its
phasing.

For the UT CQzonal mearrends, Figur® provides results in a similar wayFig. 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 MLSderived tropical UT CO values have typically decreased from 2005 to 2
CO trends display negligible latitude dependehtseng the same approach as for ozone, but based
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on the Fig.9 results, we obtain an average MbSsed UT CO trend 0f0.25 + 0.30 %yt
(equivalent t0-0.20 + 0.23 ppbv y¥). The trends at 215 hPaD(16 %yr') are a factor of two

smaller than those at 147 hP@.84 %yr'), although both of these numbers agree within teg (2

trend uncertainties of 0.3 %¥rbased 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-chemCAMS UT CO trend at these levels is 0.22 + 0.19 %, with little difference
between 147 and 215 hPa. The two simulations that use CEDS emissions (WBEG®and
CAM-chemCEDS) yield smaller trends for CO, namely 0.0 + 0.14%with slightly negative
average trends at 147 hPa and slightly positive average trends at 215 hPa. This difference in trends
can be explained by significant decreases in Chinese anthropogenic emissions in CEDSv2, despite
the increasing anthropogenic tropical CO emissions in both GAUSB-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 frbdnviAmch is
analogous to the ozone trend sensitivity study provided iBFRegarding 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 El 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)(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, WACCMEDS, and CAMchemCEDS climatological mean
CO changes over the annual cycle at 215 hPa fdt 48d 12S, along with the range of variability
(twice the standard deviations about the means). Theditsthe 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
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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 (2028°N) tropics is well matched by MIPAS CO zonal means (see
SPARC DI, 2017, chapter 4). At 12, however, the lack of correlation between the model
variations and those deduced from MLS in Bifyappears 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 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 Fif) 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-chemCEDS and WACCMCEDS in Fig.12; all CO columns are averaged over

the same latitudes (10PHI4°N and 10°614°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 hPain Figll 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°3 i Fig.
(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 Fify3, 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 Hi§, 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
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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 indepth 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 foN7@nother potential issue might be poorly
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 trendsand variability

In Fig. 14, we show the mapped CO trend results for MLS and all three simulations (WACCM
CEDS, CAMchemCAMS, and CAMchemCEDS) 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 CAMemCAMS 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 +0.24yr' obtained from CAMchemCAMS. Of note, these values
lie well outside twice the standard errors in the means (oft&yt?), 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 WACCI@EDS and CAMchemCEDS, 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 CAMhemCEDS is 0.0% yr?, with twice the standard error in the mean also

about 0.0yr!. While the use of the model CEDS emissions does lead to a better model agreement
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with the gridded MLS UT CO trends, the Midgrived trends are still, on the whole, more negative
than these simulated CO trends.

For CO, we repeat in Fighthe explained variance analysis provided in Bifipr Os. Overall,
the full fits explain less of the variability in the CO case, in part because of the large el 8
peaks that occur throughout the MLS and WACCHEDS 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-samial 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
et al., 2013, 2021). As for the ozone case, the @8&@ed UT variability in the tropics is very
small (as seen from the QBC Rontributions). For both MLS and model representations, the
ENSOvrelated 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. Astii@réare
somewhat smaller variance contributions in the Eastern hemisphere from ENSO and the semi
annual term than in the MLS case. At 215 hPa (see Figil@ENSO variance contribution is
slightly larger than at 147 hPa only in a small number of bins, but the overall {EN&€d
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 AEES (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
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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),
stratospheréroposphere exchanger 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 treneDi&5 + 0.30 %yt, whereasthe
corresponding trends from CAlghemCEDS and WACCMCEDS are close to zero (0.0 + 0.14
%yr?Y) 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 resaéshowever, thathe
MLS-derivedCO UT trendsfor 2005 2023 arecloser to zerogbout-0.1%yr 1), as wementionin
the Conclusion sectignbut we have no model simulatiof@ modeltrends) for that extended
period The (2005 2020) CAM-chemCAMS simulations (which use CAMS anthropogenic CO
emissions, see sect. 2.2), yield statistically significant positive average tropical Ufei@i3
(+0.22 + 0.19 %yt). More specifically, these simulated latitudependent trends are significantly
different from the MLS CO trends in the 1224°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 decaoleg 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 example0.5 to-2 %yr?, based on IAGOS UT data at northern midlatitudes
(Cohen et al., 2018). Column CO in the free troposphere has generally shown decreasing trends
since the turn of the century, typically betwe8rb 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) however, these trends are not necessarily expected toveigiddT CO trendssince
they represent two different altitude regiméss et al. (2022) presented a recent analysis of
MOPITT CO data from 20022018, along witltropospheric model comparisons to observed CO
and Qtime series. These authors found (as shown here and described for MLS afd 8C&ta
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 El Nifio events in 2006 and
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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., 2016ju 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 trendiang et al. (2017) provide some arguments (and other references)
pointing to flat biomass burning emission trends over Africa for the first3 @ears 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. 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, timelependent emission biases could (e.g., Gaubert et al., Z@2f¥)st order, the
decreasing UT CO tropical trends derived from MLS for 2@0&20 agree with (but tend to be
smaller in magnitude than) total column CO trends discussed previously in the litefeture.
discussed by others, some temporal-hoearity in CO trends may be responsible for some of the
differences between past tropospheric CO trend results over different periods.

For CO in particularthe temporal variabilitthat MLS hasobserved in the upper troposphere
is difficult to fit completely using standard linear regression, given the existence otestnort
variability in the troposphere (e.g., Dunkerton and Crum, 1995; Ziemke et al., 2015), as well as
large episodic and somewhat random enhancemethis Wi CO abundances. Regarding this CO
variability, we note that ACEETS 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 thansthe O
sensitivity; UT Q generally increases toward the tropopause whiledé@eases, leading to
opposite sensitivities toncreased 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;
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moreover, the model 6s UT CO sensitivity coef

observational sensitivity from MLS, as it shows positive values throughout the tropics. These
different behaviors between tropical Ut &hd 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 ozones{@nd carbon monoxide (CO) distributions in the upper
troposphere (UT) and their temporal changes for PRO20 using Aura Microwave Limb Sounder
(MLS) observations and chemistry climate model simulations. Upper tropospheric trends and

variability diagnostics were obtained from multiple linear regression analyses.

Tropical UT Gs:

We have compared the model and MLS annual ozone climatologies, focusing on the 147 hPa
and 215 hPa pressure levdle model abundances are typicalli 15% smaller than MLS §at
215 hPa, but larger than the MLS values at 147 hPa by ~20%. Mb&stn averaged UT zonal
mean trencat 20Si 20 N of +0.39 + 0.28 %yt. We obtain excellent agreement with the above
result from the (averaged) CARhemCEDS Q zonal mean trends (0.38 + 0.28 %yrand
somewhat poorer agreement from the smaN&CCM-CEDS trends (0.21 + 0.23 %) We
note thathieMLS tropical UT zonal mea@s trends for 20062023are0.34° 0.22 %yr?, so thee
trendshave only chaged by a small amoumnersus the2005 2020results it is useful thathe
trenderror barsarereduced by about 23%6r theanalysisusing3 more yeargthe sameholdsfor
the CO 20052023 trends mentioned belowjowever, ve cannoteadilyupdateany of themodel
simulatiors (and relatettendcomparisonswith moreanalysisyearsat the time of this writing

Our analyses fovariouslatitude/longitude bingroducepositive mapped ©trendsof 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 mappeds@ends are generally captured by the model simulations,
although in a more muted way. We find broad similari{eesd some differencedetweenthe
mapped MLS UT ®@trends and corresponding mapped trends of tropospheric column ozone for

the same time period.
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Tropical UT CO:

The model climatologies generally sh@am underestimateersusthe MLS CO climatology
with model average biases usually abdit% 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 is0.25 * 0.30 %yt, while the corresponding model CO trends are close to zero
(0.0 £ 0.14 %yt) when the anthropogenic emissions used in Cé&tddm and WACCM are taken
from Community Emissions Data System (CEDS) version 2. TheQiDS version of CAM
chem (the CAMchemCAMS simulation) yields averaged CO UT trend9@?2 + 0.19 %yt, in
contrast to the negative tendencies prevalent in the MLS CO trends throughout the Trmses
threeaverage CO trend results agree within the limits of ttsg €ror bars provided above,
although the model versus MLS agreement is more marginal whe@BDS COemissions are
used We note that the MLS tropical UT CO trends for 200@23are-0.09° 0.23 %yr*, so these
trends have changed spmewhamore than the ozone tremesultsand are closer to zetban
the 20052020 MLS CO UT trenddJnfortunately, the coming end of the MLS data record will
soon make such MLS updates impossibls.we noted for @ we cannoteadily update any of
the model simulations (and related trexminparisonswith moreanalysisyears.

The negative MLS tropical UT CO trends for 202820 agree with (but tend to be smaller in
magnitude than) previously published total column CO treatfsoughone does not expect
complete agreement betwedil and column trenddVe also find that the sensitivigf 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 WLBIERISO sensitivity.

The MLS-derived upper tropospheric tropical trend€mand COarise from a welsampled
multi-year data set, with the results showing a -finster correlation to largecale changes in
lower tropospheric composition gdncreases 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 stafehe-art representations of the complex

interplay between emissions, photochemistry, convection, and transport in the upper troposphere
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914 and lower stratosphere. These results will contribute to the continuing assessments of tropospheric
915 evolution, in particular the large community efforts regarding TG@A&d CMIR-7.

916 Changes in @precursor emissions have been implicated previously as a driver for global
917 tropospheric ® changes (e.g., loagrm increases), while decreasing CO emissions from

918 anthropogenic and biomass burning sources have been suggested as the main causes of recent
919 decreases in tropospheric C/e believe that further investigations into how well different

920 models of @and CO in the tropical UT match tleerrespondindiLS UT trends are warranted,

921 to provide better understanding of differences between models. There may still be adjustments to
922 make to the models regarding the assumed CO surface emissions, convection, and/or-transport
923 related issues, even though such studies are beyond the scope of this paper. Indeed, biomass
924  burning from Africa or South America and emissions from Asia, followed by transport, can (and
925 will continue to) influence the tropical upper tropospheric abundances of CO aife.Q

926 Tsivlidou et al., 2023)On alonger timescalethe troposphere is a region where the relative

927 importance of multiple factors might change over the ruddtiadal timescale of climate change;

928 also, longeiterm projections from (free running) models may not be representative of changes
929 from a particular decade or two (see Fiore et al., 2022, regarding model ensemble projections). For
930 example, longerm positive trends in the influx of ozone from the stratosphere to the troposphere
931 may be expected as a result of climate change (Meul et al., 2018), probably with more of an
932 influence on the extrropical upper troposphere. Regarding the tropics, Stevenson et al. (2013)
933 showed that a number of chemistry climate model simulations of climate change scenarios yielded
934 longterm ozone decreases in the lower troposphere as a result of enhancements in water vapor
935 (implying more ozone destruction), but low latitude upper tropospheric ozone could be expected
936 torise, following increased production from lightni@ptaining accurate enough observations of

937 largescale tropospheric composition change over the-teng is expected to represent a

938 continuing, but worthy challenge.

939

940 Data availability.

941 The MLS data files analyzed here come from the MLS Level 3 data sets (zonal mean and gridded
942 quantities), whichare publicly available from theéGoddard EarttSciences Data and Information Services

943 Center (GES DISC) at https://earthdata.nasa.gov/eosdis/daacs/gesdisc

944 The MOPITT Versior® products are available from NASA through the Earthdata portal
945  (https://earthdata.nasa.gphittps://asdc.larc.nasa.gov/project/MOPITT/MOPO03JM_9; or directly from the
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ASDC archive [ittps://asdc.larc.nasa.gov/data/MOPIIT/ We used the following site,

ftp://ftp.seismo.nrcan.gc.ca/spaceweather/solar_flux/monthly averages/solflux_monthly average.txt
obtain monthly means of the Canadian F10.7 solar flux measure(iapiing, 2013); these series (see

http://www.spaceweather.gc)carere included in our regression fifshe QBOrelatedequatorial wind

monthly time series were obtained from the public welsite at https://www.geo.fu
berlin.de/en/met/ag/strat/produkte/gbite multivariatd&ENSOindexdatasetwasobtained fromthe NOAA

Physical Sciences Laboratory websitentips://www.psl.noaa.gov/enso/méWolter and Timlin 2013

Zhang et al., 20)90MI/MLS tropospheric ozone dataeneobtained from th&lASA satellite tropospheric

ozone wepagehttps://acdext.gsfc.nasa.gov/Data_services/cloud_slice/.

Supplement.Supplementary materia included as a separate file
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1476 Table 1.Some baracteristic®f the three chemistry climate mods#nulationsusedin this work.

1477

1478
1479
1480
1481

Model Simulation (6{0) CcoO Nudging Tropical  Aircraft
Designation Name Anthropogenic Biomass timescale Lightning NOXx
Emissions Burning (hours) NOx Dataset

Dataset dataset (TgNyr?)
CAM-chem CAM-chemCAMS CAMS-GLOB- QFED 6 2.34 Soulié
ANT_v5.1 et al.
(2024)
CAM-chem  CAM-chemCEDS CEDSv2 QFED 6 234 Soulié
et al.
(2024)
WACCM WACCM-CEDS CEDSv2 QFED 12 2.78 CMIP6

1For 200% 2014, the aircraft NQemissions for WACCMCEDSandbothCAM-chem modesimulations
are identical. From 2015 onward, the WACEBEDSemissions are kept constant.
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1482 Table 2.Trend resultdrom recenttropicalupper tropospheri®©s dataanalysesSeeSec. 3.14
for othe referencesndcomments

1483
1484

1485

Reference

This work

Based on
Thompson
et al. (2021)

Based on
(Fig. S24 of
Gaudel

et al.(2024)

Data Time
Period

Aura MLS UTdata at 2005 2020
147, 178, and 215 hP:
for20S20 N
~8i 14 kmrange
ozonesondeatafrom = 1998 2019
the freetropospherat
5 SHADOZ stations
~5i 15 kmrange
IAGOS and sond&JT = 2004 2019

datafrom 5 tropical
regions
~200 300 hParange

Trends
ppbvdecadé % decadé
2.0(1.9 3.9(2.8)
-2to7 -4to0 14
~1 (~2) ~2 (~4)
0.5t02 1to4
~3 (~3) ~6 (~6)
-1to7 -2to 14

Comments

trendaveragg2s error)
trend range
(thenegativevalues
arenot significantly
different from 0)
(annual)trendaverage
(annual)}trendrange

trendaverage
trendrange

* Trend range for MLS isakenfrom the minimum and maximurwalues in mappettopical UT trends
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1490 [FiglfEN Annually-averaged climatological comparisons between MLS and model ozone fields fer 2005
1491 2020 at low latitudedll range showrirom 26 S to 26N) at 147 hPa ((a) through (g)) and at 215 hPa ((h)
1492  through (n)). For 147 hPa: (a) climatologicad @aps from MLS, (b) from WACCMCEDS (c) from
1493 CAM-chemCEDS; (d) shows the zonal mean climatology from the MLS data and both siodétions

1494  with (e) giving the differences in zonal means for both ma@aulationsminus MLS (colofcoded as
1495 shown in the (d) legend), while (f) provides a difference map of the climatologies from WACEIMS
1496 minus MLS, and (g) gives the difference map for C&MemCEDS minus MLS. Panels (h) through (n)
1497 provide the same information as (a) through (g), but for 215\Weaptethatin panels (d) an¢k), CAM

1498 isanabbreviation fothe CAM-chemCEDSsimulation andWACCM is an abbreviation for tH&/ ACCM-

1499 CEDSsimulation.
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Figure 2. Ozone zonal mean trends versus latitude inrttyi@cal upper troposphere, for 26@®20, based

on MLR analyses of time series from MLS (black), WAC@MDS(red), CAM-chemCAMS (cyan)and
CAM-chemCEDS (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 uncersgimi¢bg2
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 résusCAM-chemCEDSin 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 represghtitiee(finties

in the estimated linear trends.
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1524 [Eiglifel Maps of upper tropospherics@ends (% yr) in the tropics for 147 hPa (tapw) and 215 hPa
1525 (bottom row); the latitude range is from 36to 26N, with maps all centered on the Greenwich meridian.
1526 MLS trends (left column) are compared to treftdsn WACCM-CEDS(middlecolumn) and CAMchem

1527 CEDS (right column)Black crosses show grid boxes for which the trend estimate is not significantly

1528 different from zero (based on o028 error estimates).
1529
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MLS O, trends at 178 hPa
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FIGUFEIS! (2) The top map shows MLS ozone trends (2@020) at 178 hR4b) the bottom map displays
horizontallysmoothed tropospheric column ozone trends for the same time period, following the analyses

of Ziemke et al. (2019)c) cross sections of the above mapped trend$wide latitude bins centered at

12°N, 0°, and 12°S (see legend) for MLS (black) and TCO (aed)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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1541

1542 Figure 6. Contributiongo the time series variance from the main fitted components of the regression to the

1543 gridded tropical MLS ozone time series at 147 hPa §tppnels) and the same for the WACEGBEDS

1544 time series (bottorb panels). The titles in each panel indicate that the explained variance is from specific

1545 components (annual, sesnnual, shofterm meaning 3and 4months QBO, ENSO, and full fit).

1546
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O;: sensitivity coefficient to ENSO
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1550 [FiGUEeNA Sensitivitycoefficient to ENSO fopzone at 147 hPa (top panels) and 215 hPa (bottom panels):;
1551 MLS results are shown in the left panels and the WAGCEDS results in theaight panels. The black

1552 crosses show the grid boxes for which the sensitivity is not significantly different from zero (based on the

1553 2s error estimatesNote that this color bar is assymetric, witlhger negative values than positive values.
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Figure 9.Same as Fig. 2, but for CO zonal mean trends for (a) 147 hPa, and (b) 215 hPa.
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1578 Figure 10.Same as Fig. 3, but for CO tropical zonal mean trends from MLS and-€¥kitCEDS at
1579 the MLS CO UT retrieval levels of 147 and 215 hPa.
1580



1581
1582
1583
1584
1585
1586

1587
1588

1589
1590
1591
1592

1593
1594
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Figure 11.CO climatology at 215 hPa (using the 208820 period) from MLS, WACCMCEDS and
CAM-chemCEDS for 4%ide latitude bins centered at (a) MBR2and (b) 12S. The thick solid lines
represent the mean values from MLS (black), WACCHDS (red) and CAMchemCEDS (blue), with
corresponding variability estimatetsvice the standard deviations) given by the colored dashed lines about
each mean.
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1599 Figure 12.CO column comparisons between zonal mean time series from MOPITT (pugplEseX text)
1600 andfrom CAMchemCEDS (blue) and WACCMCEDS (red) for 4%wide latitude bins centered at (a) 12°N
1601 and (b) 12°S.
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Figure 13. Correlation coefficient values (R) for the zonal mean time series from the model CO columns
(CAM-chemCEDS in blue, WACCMCEDS in red) versus MOPITT columns (dashed) and from the same
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WACCM-CEDS trends
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1615
1616 FigUfeN& same as Fig. 4, but for CO trends and all three model simulation results.
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MLS CO: Variance Contributions at 147 hPa
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1620 Figure 15.Same as Fig, but for CO
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1625 [FiglifeIl Same as Fig. 7, but for CO; unlike fog,@here is no need here for an asymmetric color bar,
1626 but the positive range is the same as in th€iQure.
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