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Abstract. The ozone mixing ratio spatio-temporal variability in the pristine southern Pacific Ocean is studied, for the first
time, using 21-year long ozone (O3) records from the entire southern tropical and subtropical Pacific, between 1994 and
2014. The analysis considered regional Os vertical observations from ozonesondes, surface carbon monoxide (CO)
observations from flasks and three-dimensional chemistry-transport model simulations of the global troposphere. Two 21-
year long numerical simulations, with and without biomass burning emissions, were performed to disentangle the importance
of biomass burning relative to stratospheric intrusions for ambient ozone levels in the region. Tagged tracers of Oz from the
stratosphere and CO from various biomass burning regions have been used to track the impact of these different regions on
the southern tropical Pacific O3 and CO levels. Patterns have been analyzed based on atmospheric dynamics variability.

Considering the interannual variability in the observations, the model can capture the observed ozone gradients in the
troposphere with a positive bias of 7.5% in the upper troposphere/low stratosphere (UTLS), as well as near the surface.
Remarkably, even the most pristine region of the global ocean is affected by distant biomass burning emissions by
convective outflow through the mid and high troposphere and subsequent subsidence over the pristine oceanic region.
Therefore, the biomass burning contribution to tropospheric CO levels maximizes in the UTLS. The Southeast Asian open
fires have been identified as the major contributing source to CO from biomass burning in the tropical southern Pacific,
contributing on average for the study period about 8.5 and 13 ppbv of CO at Rapa Nui and Samoa, respectively, at an
altitude of around 12 km during the burning season in the spring of the Southern Hemisphere. South America is the second
most important biomass burning source region that influences the study area. Its impact maximizes in the lower troposphere

(6.5 ppbv for Rapa Nui and 3.8 ppbv for Samoa). All biomass burning sources contribute about 15-23 ppbv of CO at Rapa
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Nui and Samoa and account for about 25% of the total CO in the entire troposphere of the tropical and subtropical South
Pacific. This impact is also seen on tropospheric O3, to which biomass burning O3 precursor emissions contribute only a few
ppbv during the burning period, while the stratosphere-troposphere exchange is the most important source of O3 for the mid-

troposphere of the South Pacific Ocean, contributing about 15-20 ppbv in the subtropics.

1 Introduction

Ozone (03) is one of the major and most abundant oxidants in the Earth’s atmosphere and a driver of tropospheric chemistry
(Monks et al., 2015). Due to its oxidative power, O3 is also toxic for ecosystems and affects human health (Fleming et al.,
2018; Jerrett et al., 2009; Mills et al., 2018; Pdschl and Shiraiwa, 2015). Tropospheric O3 is itself a greenhouse gas,
capturing part of the Earth’s outgoing longwave radiation, thus warming the atmosphere (Bowman et al., 2013; Lacis et al.,
1990); and contributing by about 25% to the greenhouse gas forcing due to human activities (Monks et al., 2009; Myhre et
al., 2013). The radiative forcing (RF) of O3 has been calculated based on the Climate Model Intercomparison Project phase 6
(CMIP6) simulations to be 0.28+0.17 W m™ for the period 1850—2000 (Checa-Garcia et al., 2018). This value is
considerably higher (about 80%) than the previous Climate Model Intercomparison Project (CMIP5) estimates (Stevenson et
al., 2013). Moreover, it was found that the RF of tropospheric O3 maximizes near the tropopause (Lacis et al., 1990; Monks
et al., 2015; Stevenson et al., 2013). Both the outgoing longwave radiation and the contribution of O3 to this emission of
radiation maximize over the tropics, which, due to their location, are also receiving most of the solar radiation (Charlson,
2000; Stevenson et al., 2013). Therefore, to improve climate change projections, it is important to understand and simulate
the tropospheric O3 behavior and sources over the tropical oceans, including the tropical South Pacific Ocean, which is
considered the most pristine remaining marine environment.

Ozone is a secondary pollutant with no primary sources in the atmosphere. Tropospheric O3 trends and variability have been
mainly attributed to changes in O3 precursor emissions and atmospheric dynamics, including stratosphere-troposphere
exchanges (STE) (Stevenson et al., 2013; Sudo and Akimoto, 2007). The contribution of precursor emissions to the
calculated O; forcing has been evaluated at 44+12 % for methane (CH4), 31+£9 % for nitrogen oxides (NOx = NO + NO»),
15£3 % for carbon monoxide (CO) and 942 % for non-methane volatile organic compounds (NMVOCs) emissions
(Stevenson et al., 2013).

Sudo and Akimoto (2007) used tagged tracers for O3 to conclude that the STE of O3 contributes about 23% to the global net
source of tropospheric Os; the remaining 77% is controlled by photochemistry in the troposphere with the remote and the
polluted regions contributing 29% and 48% of the global net source of tropospheric Os, respectively. Reanalysis data from
the European Centre for Medium-Range Weather Forecasts (ECMWF) for the period 1979-2011, i.e., ERA-interim, have
shown that the downward flux from the stratosphere to the troposphere has increased in the past three decades (Skerlak et al.,
2014). They also show that the downward O3 flux maximizes in summer of each hemisphere, and STE reaching the boundary

layer is maximum in spring. Projections for 2100 estimate a 53% increase of the influx of stratospheric O3 into the
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troposphere since 2000 under the Representative Concentration Pathway of 8.5 W/m? forcing (RCP 8.5) scenario, and a
smaller change (about 42%) under the moderate RCP6.0 emission scenario (Meul et al., 2018). However, the relative
contribution of the STE to the tropospheric O3 levels is similar for both emission scenarios due to the resulting changes in O3
production, which was estimated to increase by 15% in the RCP8.5 scenario, and decrease by 17% in the RCP6.0 (Kawase et
al., 2011). The projected increasing trend in STE O3 flux has been attributed to two factors. First, the decreasing levels in O3
depleting substances (ODS) that affect stratospheric O3 levels. Second, the increasing greenhouse gas concentrations that
intensify stratospheric circulation and affect chemistry through changes in temperature and water vapor levels (Meul et al.,
2018). The change in STE O3 flux due to the ODS impact is stronger in the South Hemisphere (SH) than in the North
Hemisphere (NH), while that due to greenhouse gas (GHG) effect is higher in the NH than in the SH. For the period 2000-
2100, the STE contribution to Os3 level changes in the SH has been estimated to be less than 40% during austral summer
(Meul et al., 2018). During austral winter, climate change and the increase in stratospheric O; and its influx to the
troposphere contribute almost equally to the surface O3 increase (Zeng et al., 2010).

Large-scale irregular-period variabilities in the atmospheric circulation and sea-surface temperatures and precipitation
patterns like the El Nifio—Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO) have been shown to affect
tropospheric Oz amounts and variability (Lee et al., 2010; Logan et al., 2008; Randel and Thompson, 2011; Thompson et al.,
2011). QBO additionally influences the Madden-Julian Oscillation (MJO), which induces changes in altitude of the
subtropical tropopause affecting STE and deep convection areas (Nishimoto and Yoden, 2017; Sun et al., 2014; Young et al.,
2018).

Multiple studies have addressed the impact of dynamical variability modes, mainly ENSO, on ozone and other atmospheric
tracers in the tropical Pacific (Ebojie et al., 2016; Huang et al., 2014; Inness et al., 2015; Logan et al., 2008; Nath et al., 2017,
Oman et al., 2011; Thompson et al., 2011; Zeng and Pyle, 2005; Ziemke et al., 2010; Ziemke and Chandra, 2003). ENSO
induces both changes in atmospheric dynamics, i.e., STE and transport patterns, and changes in emissions, particularly
biomass burning, that affect photochemical production of O3. Atmospheric circulation changes during El Nifio and La Nifia
years result in strong changes in STE; anomalously large STE O3 fluxes are found to follow an El Nifio year (with about six
months’ time lag), while La Nifia events result in a decrease of STE (Zeng and Pyle, 2005). During intense El Nifio events,
emission changes dominate O3 variability, whereas, in less intense El Nifio events, dynamical changes dominate (Inness et al.,
2015). During the El Niflo years, the large-scale dipole area of low and high pressure over the tropical Pacific, which drives
the Walker circulation, weakens. In addition, the low-pressure convective area over the maritime continent moves towards
the central Pacific, resulting in large scale changes over the whole Pacific Ocean such as those intensifying wildfires over
Indonesia (Logan et al., 2008; Thompson et al., 2001). Because these large patterns of climate variability are systematically
repeated over the years, Ziemke and Chandra (2003) suggested that the decadal variability of the tropospheric column of O3
in the tropics is driven by the combined effect of La Nifia and El Nifio. More specifically, Os is increasing over the western
Pacific and decreasing over the central and eastern Pacific after an El Nifio (Logan et al., 2008; Oman et al., 2011; Zeng and

Pyle, 2005; Ziemke and Chandra, 2003). Zeng and Pyle (2005) simulated a mid-troposphere O3 increase by more than 10
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ppbv in the western Pacific and a decrease in the eastern Pacific after the 1997 El Nifio, in agreement with observations;
clearly showing differences in the response of the western and the eastern Pacific to environmental changes. Similarly,
Oman et al. (2011) evaluated the sensitivity of O3 from the surface to the upper troposphere to ENSO anomalies over a
period of 25 years. They found a positive response to positive anomalies in El Nifio in the western Pacific and the Indian
Ocean at all altitudes and a negative response in the eastern and central Pacific.

However, the interannual change in tropospheric O3 due to ENSO is smaller than the combined impact of intra-seasonal
MJO and shorter timescale variability that drives the non-ENSO variability (Ziemke et al., 2015). Satellite data, sometimes
in combination with model simulations, have provided a fruitful ground to study this intraseasonal variability that follows
from the eastward propagation of the MJO —i.e., anomalous tropical deep convection, winds, and surface pressure from the
equatorial Indian Ocean to the Pacific Ocean — (Tweedy et al., 2020; Ziemke et al., 2015). Also, data collected in near
surface platforms highlight the pervasive impact of MJO in air composition of the tropics and subtropics (Barrett et al., 2012;
Barrett and Raga, 2016; Langley DeWitt et al., 2013).

Available surface observations and ozonesondes in the tropical Pacific show a significant increase in surface O3 at Mauna
Loa Observatory of 0.16 ppbv y! since 1974; while in American Samoa, the observed trend of 0.01 ppbv y! (from 1976 to
2010) is statistically insignificant (Oltmans et al., 2013). The increase observed in the early part of the Oz record (1981-2010)
has leveled off from 1991 to 2010 (Oltmans et al., 2013). The most recent evaluation of free tropospheric ozone over Samoa,
from 1998-2019, shows no significant change (Thompson et al., 2021). Gallardo et al. (2016) report a significant trend of
0.15 ppbv y! (1994-2014) for near-surface ozone at Rapa Nui in the eastern Pacific. Analysis of 6-years (1997-2003) of data
from ozonesondes at four locations in the South Pacific has shown that, for the West Pacific, the seasonal displacement of
the South Pacific Convergence Zone (SPCZ) is affecting transport patterns. Both photochemistry and transport patterns
control the variability and seasonality in surface O3 levels (Chandra et al., 2014). On the other hand, O3 observations at high
altitude (2.2. km) station of El Tololo in Chile have shown a clear increasing trend from 1995 to 2010 that is strongly related
with stratospheric O3 influx to the troposphere, with maxima in spring that are shifted during recent years to earlier times
than before (Anet et al., 2017). At the South Pole, the decreasing surface O3 trend over the first part of the 1991-2010 period
has been reversed in the last years, and O3 levels have recovered. The northern Hemisphere mid-latitudes Oz changes are
most likely attributed to the O3 precursor emission controls (Oltmans et al., 2013).

Because all tropospheric O3 precursors have significant anthropogenic and biomass burning emissions, the baseline levels of
the tropospheric ozone have increased since the preindustrial era. Jaffe and Wigder (2012) used estimates of the CO
emissions from wildfires and a molar AO3/ACO ratio of 0.4 for the tropics and 0.2 for the other regions to estimate that the
global tropospheric Oz production by wildfires is about 170 Tg Oz y!' (i.e., about 3.5% of all global tropospheric O3
production). They also estimated that about 30% of this amount is produced south of 10° S. Global simulations have also
shown that wildfires increase the tropospheric loads of O3 by 3%, CO by 13%, particulate organic carbon by 30% and black
carbon by 35% (Daskalakis et al., 2015).
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While O3 is of secondary origin and, thus, its variability is impacted by changes in precursors’ emissions and dynamical
effects (long-range transport and troposphere stratosphere exchanges), CO concentrations are strongly affected by its
emissions (Daskalakis et al., 2015; Inness et al., 2015). The dispersion and transport patterns of biomass burning emissions
vary with the location of the sources (Oltmans et al., 2001; Thompson et al., 2003). Tropical emissions are affected by the
Hadley circulation with strong upward convective flow at the intertropical convergence zones (Tosca et al., 2013). This
transport mechanism brings pollution to the mid and high troposphere, which is further advected northward or southward,
affecting even remote marine locations in the tropical Pacific (Anderson et al., 2016). Distant biomass burning emissions
emanating from southern Africa, Southeast Asia and South America have been shown to be the main contributors to the
tropospheric pollution of CO and O3 in the West Pacific. This conclusion was based on tropospheric column measurements
by Fourier transform infrared (FTIR) and daily ozonesondes during a ship cruise in a north-south transit in the western
Pacific, and further analysis of these data with the help of global modeling of tagged CO and O3 from 6 continental regions
(Ridder et al., 2012).

Despite the above-mentioned progress made in our understanding of tropospheric ozone abundances and precursors in the
tropical South Pacific Ocean, no systematic long-term study exists in the literature that integrates the O3 variability over the
entire tropical and subtropical South Pacific from west to east. This is important because the west tropical, the east tropical
and the subtropical pristine Pacific areas are affected by air masses originating from multiple distant sources and
atmospheric dynamics.

Hence, the present study takes into consideration the entire south tropical and subtropical Pacific Ocean to a) understand
tropospheric O3 variability in this region, b) understand the drivers of O3 changes due to dynamics (STE and transport), and
sources (emissions) and their relative importance, and c) attribute and quantify the CO enhancement by biomass burning to
specific source regions. To pursue the above, ozone observations from ozonesondes and in situ ground-based observations
for CO (Figure 1), alongside satellite observations for both trace gases and a global 3-dimensional chemistry-transport model
(CTM), were used. The CTM was driven by year-specific assimilated meteorology (ECMWF ERA interim for the years
1980-2014) and accounted for tagged CO tracers from biomass burning from the 13 different regions defined by the
Hemispheric Transport of Air Pollution (HTAP) task force (HTAP, 2010).

2 Data and methods
2.1 Modelling
2.1.1 Model description

The model used here is the well-documented, global 3-dimensional, off-line chemistry and transport model TM4-ECPL. The
version of the model used for the present study has been described in detail by Daskalakis et al. (2015, 2016). Thus, hereafter
we provide only information that is directly relevant to the present study. The model is driven by the ECMWEF ERA-Interim
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meteorology (Dee et al., 2011), updated every 3 hours, and runs in a horizontal resolution of 3° x 2° (longitude x latitude),
with 34 hybrid vertical layers up to 10 hPa (approximately 65 km).

Most of the model’s vertical layers (between 20 and 25, depending on surface pressure) lie in the troposphere, allowing for
comprehensive tropospheric calculations. In the stratosphere, the model uses an oversimplified chemical scheme. To account
for proper upper boundary conditions, the O3 concentrations above 50 hPa altitude are nudged to monthly mean observations
from the Microwave Scanning Radiometer (MSR) satellite instrument for the years 1980-2008, and the Global Ozone
Monitoring Experiment (GOME2) for the years 2009 onwards, interpolated to the model levels by the Royal Netherlands
Meteorological Institute (KNMI) (Van Der A et al., 2010). Using the stratospheric ozone concentration, the model calculates
nitric acid in the troposphere by applying a ratio derived by the Upper Atmosphere Research Satellite (UARS). The methane
(CH4) concentration in the stratosphere is forced to the Halogen Occultation Experiment (HALOE) CH4 climatology
(Huijnen et al., 2010). In addition, tagging of stratospheric ozone is performed using a stratospheric O3 tracer that is
transported from the stratosphere to the troposphere; within the troposphere the tracer is destroyed by the same
photochemical reactions with tropospheric O3 and is also subject to dry deposition (Roelofs et al., 1997).

The model accounts for year-specific emissions of gases and aerosols from anthropogenic and biomass burning sources from
the Atmospheric Chemistry and Climate Intercomparison Project (ACCMIP) emission database (Lamarque et al., 2013) up
to the year 2000, and from the Representative Concentrations Pathways RCP6.0 (Fujino et al., 2006; van Vuuren et al., 2011)
from 2001 onwards. In particular, biomass burning emissions vary monthly, and their injection height follows the Aerosol

Comparison between Observations and Models (AEROCOM) recommendations (Dentener et al., 2006).-

2.1.2 Simulations

To assess the atmospheric composition of the tropical and subtropical Pacific Ocean and its drivers, three simulations were
performed. For the first one, the base case simulation, the model runs continuously from 1980-2014, saving gridded monthly
averaged concentrations of 120 trace gases and aerosol components, and hourly gridded 3D fields for selected pollutants (O3,
NO;, CO). A spin-up time of 14 years is used to bring the model into dynamic equilibrium between sources and atmospheric
concentrations for all species. Therefore, the model output analysis is limited to 21 years, from 1994 to 2014. To assess the
impact of large-scale wildfires, a second simulation with omitted biomass burning emissions was performed, that was
identical to the base simulation in every other aspect.

A third simulation, identical to the base simulation but with the addition of tagged species for biomass burning CO, was used
to determine the impact of open fires from different regions on CO levels in the study area. For this, we split the globe into
13 source regions based on the source regions of the Task Force on Hemispheric Transport of Air Pollution (TF HTAP,
Galmarini et al., 2017; HTAP, 2010). The regions are Europe, North Africa, southern Africa, Russia, Central Asia, Saudi
Arabia, India, China, Southeast Asia, Oceania, North America, and South America. For each of the regions, a tracer was

added in the model with the same regional biomass burning emissions and the same removal processes as CO through wet
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and dry deposition and oxidation by hydroxyl radical (OH), but without impacting the concentrations of OH and other

chemicals in the model.

2.2 Observations

For the validation of the model results, a set of observations was used to compare the simulated concentrations against. /n
situ measurements for O3 were obtained from the European Monitoring and Evaluation Programme (EMEP) network for
Europe and from the National Oceanic and Atmospheric Administration (NOAA) and the World Data Center for Greenhouse
Gases (WDCGG) for the rest of the world. Ozonesonde data were obtained from the Southern Hemisphere ADditional
OZonesondes (SHADOZ) database, extended with data for Rapa Nui (sec. 2.2.1). Carbon monoxide surface measurements
were also obtained from NOAA and WDCGG (sec. 2.2.2). Since the model version used in the present study has been
validated against the surface O3 (R=0.48, NMB=17% with a sample of 2417 measurements globally) and CO (R=0.41,
NMB=-1% with a sample of 229 measurements globally) observations around the globe (Daskalakis et al., 2016), the focus

here is on the South Pacific regions.

2.2.1 In situ data

We use the SHADOZ database, which is extensively described in the literature (Stauffer et al., 2018; Thompson et al., 2017,
Witte et al., 2017, 2018). The focus area is the tropical and subtropical southern Pacific, and the measurement sites are
shown in Figure 1. For the present study, 20 years of ozone soundings collected by the Chilean Weather Office at Rapa Nui
(Gallardo et al., 2016) have also been taken into account. The location of the stations (also shown in Figure 1), together with
the number of soundings considered in this study, are summarized in Table 1. For optimal comparison of the modeled data to
ozonesonde measurements between 1994 and 2014, hourly model values were sampled for a 3-hour period covering each
ozonesonde flight, while the measurements were averaged over height to fit the model’s vertical resolution for the specific
time and date of each ozonesonde flight.

Carbon monoxide (CO) has been measured in flasks collected weekly at several sites around the world over the last two
decades by NOAA (Novelli, 2014; Petron et al., 2018). These data were recently revised and calibrated, providing a
consistent database including weekly and monthly averaged values. Out of this collection, we focus on the analysis of data
from Samoa and Rapa Nui in the western and eastern Pacific, respectively. These two sites have long timeseries for both O3

and CO, and are representative for the East southern Pacific (Samoa) and West southern Pacific (Rapa Nui).

2.2.2 Satellite data

The model results are compared with the Tropospheric Ozone Column (TOC) derived from the Ozone Monitoring
Instrument (OMI), and the Microwave Limb Sounder (MLS) ozone measurements described by Ziemke et al. (2011). Both

OMI and MLS instruments are onboard the Aura satellite with an overpass at 13:30 local time and typical spatial resolutions
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of 13 km x 25 km and 5 km x 500 km (x 3 km vertically), respectively. These data are available at https://acd-

ext.gsfc.nasa.gov/Data_services/cloud_slice/new_data.html, since October 2004.

The Measurements of Pollution In The Troposphere (MOPITT) satellite instrument onboard the Terra satellite has been
providing data (with a typical spatial resolution of 22 km x 22 km at 10:30 and 22:30 local time), including tropospheric CO
columns, for nearly 20 years (Decter et al., 2017). The data product used here is the V7 (Deeter et al., 2019). It contains
monthly averaged CO columns for the period April 2000 until present. These data were obtained from the National
Aecronautics and Space Administration (NASA) Langley Research Center Atmospheric Science Data Center (NASA-
Langley, 2018).

2.2.3 Assessing trends and variability modes

We assessed the ENSO-driven variability by exploring the linear correlation of deseasonalized and detrended time series of
CO and ozone with the bi-monthly Multivariate El Nifio/Southern Oscillation (ENSO) Index (MEIL.v2) (Wolter and Timlin,
2011). This index considers the combined expression of ENSO on sea level pressure (SLP), sea surface temperature (SST),
surface zonal winds (U), surface meridional winds (V), and Outgoing Longwave Radiation (OLR) for ENSO conditions

from 1979 to present (https://www.psl.noaa.gov/enso/mei/). We chose this multivariate index to account for the multiple

processes affecting the whole Pacific Ocean rather than one single aspect during diverse ENSO events. Also, MEI filters out
shorter period variability, such as MJO, which is precluded by the weekly sampling of CO and ozone observations. It is also
worth noting that ENSO patterns and teleconnections (impacts) have been subject to changes over the last few decades,
which makes the choice of more robust ENSO indices particularly difficult (Capotondi et al., 2014; Hu et al., 2020).

To assess trends, we used the Lamsal et al. (2015) method. This method uses a regression model to split the signal into three
components: the seasonal component (harmonic functions), the linear trend component, and the residual component. The
method also accounts for an error that considers auto-correlation and length of the monthly time series, as reported by Tiao
(1990). To avoid the variability due to the MJO, we consider a bimonthly running average of O3 and CO mixing ratios when

estimating trends.

3 Results and discussion
3.1 Climatology for the period 1994-2014

The overall performance of the TM4-ECPL model in its current configuration has been previously thoroughly evaluated (e.g.,
Daskalakis et al., 2015, 2016; Kanakidou et al., 2012; Quennehen et al., 2016). Here we show and assess the model
performance over the study region, namely the remote South Pacific. To this end, we first describe relevant large-scale
circulation patterns, i.e., those capable of transporting the biomass burning outflow to the remote Pacific. Secondly, we
characterize how the model reproduces ozone profiles collected over this area of the world for the period 1994-2014. Model

calculated tropospheric columns of ozone and carbon monoxide are then compared with satellite observations.
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3.1.1 Circulation patterns affecting the remote Pacific Ocean

The main feature of the tropical atmosphere is the Inter Tropical Convergence Zone (ITCZ), which for most of the South
Pacific is climatologically located in the Northern Hemisphere (Wodzicki and Rapp, 2016). Therefore, near surface tropical
circulation in the southeastern Pacific is characterized by cross-equatorial northeasterly trade winds. However, since the
ITCZ remains mostly over the Northern Hemisphere in the Pacific, the near-surface atmospheric circulation in the tropical
and subtropical South Pacific is dominated by the South Pacific Convergence Zone (SPCZ), which consists of a mainly
zonal tropical convergence zone and a diagonal subtropical branch that extends from Indonesia down to the mid-latitudes of
the southeastern Pacific (Brown et al., 2020). The SPCZ is a reverse-oriented monsoon trough that marks the preferential
path of energy export from the warm Pacific pool in the tropics to mid-latitudes. The SPCZ axis also marks the maxima of
the 500 hPa upward vertical motion and the minimum in outgoing longwave radiation (OLR) (Figure 2, a and b). The SPCZ
is located at the maximum of low-level convergence and separates the wet warm pool region from the dry subtropical
southeastern Pacific, which features the largest values of OLR over the Pacific (Figure 2b). The SPCZ axis location varies
intraseasonally following the Madden—Julian Oscillation (MJO), interannualy due to ENSO, as well as on interdecadal and
longer-time scales (e.g., Lintner and Boos, 2019; Vincent, 1994; Vincent et al., 2011). The SPCZ shifts equatorward and
becomes more zonal during strong ENSO events (e.g., Brown et al., 2020). In addition, winds blow towards the SPCZ from
the northeast in the East tropical Pacific and weakly from the west in the West tropical Pacific (Figure 2b). The upper-level
circulation is rather weak in the tropical band and features upper-level divergence which establishes an anticyclone
associated with the main tropical convection in the warm pool. South of about 15° S, climatological upper-level circulation is
mostly zonal with a strong maximum south of the warm pool region where the meridional temperature gradient is at a
maximum (Figure 2a). On a shorter timescale, SPCZ variability is affected by mid-latitude Rossby waves and by tropical
waves, in particular by the Madden-Julian Oscillation (MJO). MJO phase and intensity have a significant effect on the
tropical and extratropical South Pacific weather (through teleconnections) and are responsible for short-term (weekly)
changes in weather patterns. Both ENSO and MJO weather patterns affect atmospheric circulation in the southern Pacific

and thus the transport of pollution into the region.

3.1.2 Climatology of vertical ozone profiles

Figure 1 shows 20-year ozone-sounding climatologies from six sites in the Pacific derived from observations and model
outputs. Overall, there is a good agreement between observed and simulated ozone profiles when accounting for the
temporal variability, while small positive biases are found in the boundary layer (BL) and the upper troposphere (UT), above
8 km when comparing the average values over the entire 20-year period (up to 50% and 25%, respectively). Note that the
atmosphere above remote oceans is relatively well mixed (due to lack of anthropogenic activity or any natural source
presenting large variability, which justifies the comparison of point measurements with the results in the coarse model grid.

The lack of halogen chemistry in the current model version may explain the BL bias, in line with modeling studies that show
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the importance of halogens for O3 depletion in the marine boundary layer (Pechtl and von Glasow, 2007; Sherwen et al.,
2016). The UT bias may be attributed to the treatment of the upper boundary conditions for ozone. In general, the model
reproduces the variability of the measurements well (expressed as the standard deviation normalized by the mean), except at
Watukosek (Java), where the model variability is much smaller than the one observed (average of 9 ppbv across all altitudes
and times for the model against 16 ppb for the measurements). We attribute this mismatch to the vicinity of large and
variable sources in Southeast Asia and Australia that result in ozone formation events, the variability of which cannot be
captured by the climatological (monthly mean) emissions of ozone precursors used in the model. Another factor contributing
to this bias could be the relatively coarse model resolution (3° x 2°) that limits the accuracy in the representation of the
synoptically driven ozone intrusions. However, the use of reanalysis meteorological data by the model is minimizing this

potential bias, and the model is a powerful tool to understand O3 climatology in the study region.

3.1.3 Tropospheric columns of O3 and CO

To further evaluate the model’s ability to simulate the long-term variability in tropospheric Oz and CO amounts, we compare
the model results with the retrieved tropospheric columns from OMI for ozone for the period 2004 — 2014 and total column
of CO from MOPITT for the period 2000 — 2014. To optimize this comparison, we sampled the model at the satellites’
overpass times, i.e., at 13:30 local time for Oz and at 10:30 and 22:30 local times for CO. The OMI/MLS product for O3 is
publicly available and provided as monthly mean gridded values on a 1° x 1.25° lat/lon grid, while for the MOPITT CO
product, daily overpasses are available on a 22 km x 22 km resolution (at most two per day).

For Os, the model is sampled at the time and location of the satellite overpass and then averaged over the month. For a
proper comparison to the OMI product, the tropospheric data are extracted from the model results by calculating the
tropopause height based on a lapse-rate threshold as described in Reichler et al. (2003). This way a proper validation of the
model against Os satellite observations (Figure 3) is achieved. Unfortunately, no information is available on the quality
control applied to the OMI/MLS O3 product or for potential missing values. Therefore, the full model dataset at the satellite
overpass times (13:30 local time) is extracted, sampled, and used to calculate monthly means for comparison with the
satellite observations. Figure 3 shows good agreement between the simulated tropospheric O3 columns and the satellite
product which corresponds to a Pearson correlation of 0.66 and a slope of 1.09 for the SH and a Pearson correlation of 0.76
and slope of 1.46 for NH (Figure 4). The main discrepancies are found in highly polluted areas (Beijing region, northern
India, eastern U.S.A.), where the model calculates higher tropospheric O3 columns by up to 20 DU. These can be attributed
to the model’s vertical resolution that might not always accurately resolve the tropopause level, but also to the fact that the
model seems to generally slightly overestimate surface Oz (by about 17% globally, Daskalakis et al. (2016)). Nonetheless,
the model seems to capture the climatology of the global tropospheric ozone column, simulating high ozone in the vicinity of
polluted areas as well as in the pollution outflows (e.g., southern Africa) that are of interest for the present study. Focusing

on the area of interest (5°N-40°S and 165°E-85°W), the model seems to perform even better when compared to OMI/MLS,
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with a Pearson correlation of 0.94, a slope of 1.7 and a normalized mean bias of -3.9%, showing an underestimation by the
model over this region.

For the comparison with the CO MOPITT data, after sampling the model at the time and place of the observation, the results
are weighted by the averaging kernel used for the MOPITT CO retrievals. This method leads to a model-derived product
directly comparable to the satellite product and is shown in Figure 5. Thus, the model is validated against daily CO data. CO
data from MOPITT are compared against the modelled tropospheric CO column (Figure 5). The calculated tropospheric CO
columns derived using the averaging kernel of the observed data on the simulated data correspond to what the satellite would
have observed if the model was an accurate representation of the reality. The model results are collocated to the observations,
applying a quality control filter on both the modelled and observed data so that the comparison is accurate (i.e., we disregard
values where the model surface pressure has a difference of more than ShPa compared to the retrieved data, and we disregard
all the retrieved data that are flagged as anomalous, meaning that these data should either be ignored or used cautiously). The
comparison gives a very good agreement between model and satellite observations on 2°x3° spatial resolution, with a
Pearson correlation of 0.93 and a slope of 0.8 for the period between 2000 and 2014 (15 years of daily collocated data)
globally. Over the area of interest (5°N-40°S and 165°E-85°W), the model performs well with a Pearson correlation of 0.91
and a slope of 1.0. Further investigation of the differences between the observed and simulated CO concentrations reveals
that the model overestimates CO over large wildfire regions of the South Hemisphere (southern Africa, South America,
Indonesia), where differences between satellite and model tropospheric columns can reach up to 30%. Over the subtropical
Pacific Ocean, these differences are below 10%. However, CO long-term variability is captured by the model, as shown by

Daskalakis et al. (2016) for continental sites and as discussed further for the South Pacific region (Sect. 3.2.2).

3.2 Variability and trends

In the previous section, we analyzed the climatology (long-term averages) of ozone and carbon monoxide. Here, we address
seasonal and interannual variability patterns and to what extent the simulations capture them. The main drivers of variability
are the temporal variations of emissions and photochemistry, and atmospheric dynamics that affect long-range transport and
downward flux from the stratosphere. In the case of ozonesondes, the comparison is made for daily data, whereas in the case

of CO, we use monthly averaged data.

3.2.1 Ozone variability as shown by ozonesondes

For this analysis, we choose one representative station on each side of the Pacific Ocean, where there is an abundance of
measurements to assess the observed and simulated ozone variability in the region. Figure 6 shows the comparison between
model and ozone soundings over the eastern and western Pacific, represented by stations Rapa Nui and Samoa, respectively.
We show the time series at 1.3 km (Figure 6(¢) and (f)), 6.5 km (Figure 6 (c) and (d)) and 13.1 km (Figure 6 (a) and (b))
altitude as representative of the boundary layer, mid-troposphere, and upper troposphere-lower stratosphere (UTLS) regions,

respectively. The positive model bias near the surface and in the UTLS shown in Figure 1 is also evident here. However, the
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overall variability of the time series is well captured by the model, particularly in the mid and lower troposphere, with
Pearson correlations between 0.69 and 0.91 (Table 2). Only over Rapa Nui, the upper boundary condition translates into a
poorer model performance with a normalized mean bias of 67%. Both stations show a marked seasonal cycle, with maxima
(minima) in spring (fall) at all levels, as well as interannual variability.

Using the Lamsal et al. (2015) approach, we estimated trends for observed and simulated ozone soundings on a bimonthly
basis (See Table 3). Over Rapa Nui, one finds a clear positive trend (0.5+0.1 ppbv/decade) in the boundary layer
observations, which is consistent with previous results (Gallardo et al., 2016). The model, on the other hand, indicates either
a clear negative trend (-0.8+0.1 ppbv/decade) when considering all data points or a negligible or statistically insignificant
trend when considering only months with concurrent observations. This finding suggests that local pollution —not
represented in the model- may in fact be affecting near-surface ozone as proposed by Gallardo et al. (2016). But other
factors cannot be ruled out. In the mid-troposphere, the observations indicate a marginally negative trend, where the model
shows decreasing ozone values (-0.8+0.1 ppbv/decade). A negative trend is expected in connection with the widening and
weakening of the Hadley circulation in a warming climate (Hu et al., 2018; Lu et al., 2019). However, the magnitude of the
decline is obscured by the possibly overestimated role of STE in the upper troposphere in the model simulations.
Interestingly, the model results concurrent to observations at 13.1 km are quite similar, although an improvement in the
performance of the model is found towards lower altitudes (see Tables 2 and 3). Furthermore, the intermittence of ozone
soundings over the Southeast Pacific in this period hampers a definite assessment.

Observations over Samoa show marginally declining trends in near-surface (-0.3£0.1 ppbv/decade) and a declining non-
significant trend in mid-tropospheric ozone (-0.1+0.2 ppbv/decade). These changes are in line with the recent findings by
Thompson et al. (2021) for the period 1998-2019. TM4-ECPL reproduces the sign of the trend in the mid-troposphere but
overestimates the magnitude when considering all data points as well as for the data points with concurrent observations (See
Table 3). It performs well at 1.3 km when compared with concurrent observations (see Tables 2 and 3). In the upper
troposphere, the observations show a strong increasing trend (2.6+£0.3 ppbv/decade), larger than the trend computed by
Thompson et al. (2021). There, depending on the number of data points considered, the TM4-ECPL calculates either a
marginally positive trend (all model data), or a negative trend (concurrent data only), the reason probably being the different
number of ENSO occurrences covered by the two model datasets. An explicit representation of stratospheric chemistry in
the chemistry-transport model as well as longer observed and simulated time series of O3 would enable a more accurate
estimate of the trends in UTLS Oj as well as of the influence of ENSO.

With respect to the ENSO driven variability as expressed by the correlation with MEIv2 index, observations of mid-
atmospheric ozone over Rapa Nui show a positive correlation during La Nifia years (+0.36); however, the correlation is not
statistically significant at a 90% confidence level. This positive correlation is nevertheless consistent with a strengthened
South Pacific high and increased subsidence. There are very few observations at 6 km during El Nifio years, which hampers
our analysis. The model, on the other hand, shows a negative but significant correlation (-0.30) during La Nifia and a positive

and significant but weak correlation during El Nifio (0.22) (at a 90% confidence level). The latter is expected as the South
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Pacific high, and thus subsidence weakens in El Nifio years. The former may be due to too strong influence of
photochemistry compared with that of dynamics in the model despite the model’s positive bias in the UTLS.

Over Samoa, where O; levels are dominated by photochemistry, the observations show a positive correlation (0.33) during
El Nifio years linked to increased precursor emissions from biomass burning originating mostly from Southeast Asia, and a
small negative correlation (-0.13) during La Nifia years in connection with lesser emissions of ozone precursors in the
Southern Hemisphere. However, this is not statistically significant (at a 90% confidence level), stressing the need to consider
long time series to assess ENSO variability robustly. The model evidences a weaker but still positive and significant

correlation during El Nifio (0.23) and a clear negative correlation during La Nifia.

3.2.2 CO variability as shown by flask measurements

The comparison between CO in situ observations and model results (Figure 7) evidences a general overestimate of CO
mixing ratios from the model in the South Pacific Ocean, and a general underestimate of CO observations in the northern
Pacific Ocean. The corresponding mean bias is 7.6 ppbv (8 %) and -6.4 ppbv (-11 %) for the South Pacific and the northern
Pacific Ocean stations, respectively. Both observations and model results show lower mixing ratios in the SH than in the NH.
These features are illustrated in a scatter plot in Figure 7, where model versus observations at 14 stations (See Figure 1) are
summarized. Further error statistics are shown in Table 4. Except for the root mean square error, the model performance is
better for stations in the Northern Hemisphere than in the Southern Hemisphere of the remote Pacific.

Figure 8 shows the monthly mean time series of CO at Samoa (western South Pacific) and Rapa Nui (eastern South Pacific).
The model reproduces the seasonality and the interannual variability of the CO observations, albeit with a positive bias of
6 % for Samoa and 9 % for Rapa Nui, particularly in the low values of the austral spring. Pearson correlation is better at
Rapa Nui than in Samoa (0.85 and 0.64 respectively), whereas the root mean square errors are somewhat smaller for Samoa
than for Rapa Nui (6.3 for Samoa and 7.5 for Rapa Nui). This might be linked to inaccuracies in the biomass burning
emissions, as revealed from the comparison with satellite observations (see Sect. 3.1.3).

The variability of observed surface mixing ratios of CO over the Pacific is not strongly modulated by ENSO over the period
19942014 (See Table 5). An exception is Guam (13.4N,144.7E), which is closest to the outflow of biomass burning from
Indonesia. In Guam, ENSO explains ca. 60 % of the observations’ and model’s variability in the period 1994-2014. There,
during El Nifio years, positive CO anomalies are found due to increased emissions from fires in Indonesia. The opposite
happens during La Nifia years. All other stations show a weak correlation with ENSO in the observations. This behavior is
coherent with the findings of previous studies, according to which CO variability is mainly driven by emission changes and
with relatively localized impacts (Inness et al., 2015).

On the other hand, the simulated CO shows higher ENSO modulation than the observations as shown by the Pearson
correlations in Table 5. The Pearson correlation between observed CO and MEIV.2 is generally weaker than that found
between simulated CO and the ENSO index. We hypothesized that this might be due to under/over representing the number

of ENSO occurrences in the observations over the period 1994-2014. However, the simulated CO still shows a stronger
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Pearson correlation than the observations when considering the same months when there are observations. Except in the mid-
Pacific stations — 15° N, 145° W; 10° N, 149° W; 5°N, 151° W; ON/S, 155° W, where considering fewer data points brings
relatively large changes in Pearson correlation, Thus, the relatively weaker Pearson correlation calculated over the
observations than over simulated CO indicates other reasons at play. Since we are using reanalysis meteorology, we attribute
this mismatch to an ENSO driven variability in emissions that is not fully captured by the model or to shortcomings in the
transport of those emissions.

The observations show statistically significant decreasing trends in surface CO for all stations over the period 1994-2014
(See Table 6), except for Samoa where the trend is marginally significant. The simulated CO also shows decreasing trends
but with weaker rates, typically half of those observed. In the northwest Pacific, model trends are small and marginally
significant. The overall decreasing trends are expected in light of the reduction of anthropogenic emissions of CO due to
applied legislation for clean air as well as the associated changes in hydroxyl radical concentrations and CO production by

methane oxidation (Daskalakis et al., 2016; Gaubert et al., 2017).

3.2.3 Stratospheric intrusions, biomass burning impact and transport pathways

Figure 9 shows the cross-section (longitude over height) at 14° S (Samoa, tropics, (a), (b) and (c)) and 27° S (Rapa Nui,
subtropics, (d), (e) and (f)) for the 21 year mean O3 concentrations ((a) and (d)), stratospheric O3 contribution ((b) and (e))
and the biomass burning contribution to O3 ((c) and (f)) for the burning period of the SH (September, October, November;
SON), highlighting the region of interest with the blue rectangle. The stratospheric O3 is a tagged species in the model
tracing the ozone that originates from the stratosphere. The biomass burning contribution is derived as the difference
between the base simulation and the simulation without biomass burning emissions (deltaO3). In Figure 9a (14° S) the
chemical tropopause (O3 about 100 ppbv for the SH, Prather et al. (2011)) is not evident, while in Figure 9d (27° S), the
tropopause is seen at around 13 km. This difference in tropopause altitude between the two locations is expected since 14° S
(Figure 9a) is in the tropics closer to the ITCZ, the region where the tropopause is the highest (i.e., around 16km that is out
of the scale of the figure). In addition, in Figure 9d, a difference in the tropopause height is observed between the western
(around 150°-170° E) and eastern (around 110°W-80° W) Pacific (about 2 km lower in the west). The tropopause height also
impacts the quantities of ozone penetrating from the stratosphere to the troposphere (Figure 9b,e), which are almost double at
27°8S compared to 14°S. The 27° S is affected by the downward branch of the Hadley cell resulting in an enrichment of the
mid-troposphere by about 15-20 ppbv of stratospheric Os. On the contrary, in the tropical South Pacific, this enrichment of
the mid-troposphere is about 7-10 ppbv. During the high burning season (SON), the O3 produced by the chemical aging of
biomass burning emissions is higher in the tropics than in the subtropics. However, focusing on the Pacific Ocean region
(longitudes between 150°E and 80°W), we can see that there is a higher contribution of biomass burning to O3 levels (about 3
ppbv more) in the subtropics (Figure 9f) than in the tropics (Figure 9c). This enhancement is most evident over the entire
sub-tropical southern Pacific except for the BL of the eastern South Pacific. This is caused by the transport patterns of the

region that are driven by the tropical Hadley cell circulation with an upward convective flow at the intertropical convergence
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zone and downward fluxes at the subtropics. Southern westerlies dominate air flow at these latitudes. Figure 10 is the same
as Figure 9, but for the low-burning period of the southern Pacific Region (March, April, May; MAM), showing the
importance of STE for O3 concentrations, which is larger at Rapa Nui than in Samoa as for SON.

Overall, STE is more important than the biomass burning contribution to O3 levels in the free troposphere over the tropical
and subtropical Pacific Ocean. However, during SON biomass burning is almost as important as STE in the subtropical
boundary layer. During the low burning period, the influence of biomass burning is seen in the high troposphere due to
atmospheric transport patterns, as further discussed.

The use of tagged CO tracers enables the identification of biomass burning source areas that contribute to the CO levels in
the South Pacific during the intensive burning period (SON) in the region. Figure 11 depicts the simulated vertical profiles of
CO at the Samoa and Rapa Nui islands from the surface to 15 km altitude for the high burning period (SON) over the 21 year
period studied here. It also shows the contribution to the atmosphere above the islands from all biomass burning sources, and
the major individual biomass burning source regions to the CO levels at these remote regions in the Southern Pacific. From
this analysis, it is evident that open fires from Southeast Asia are the major contributors to CO from biomass burning at
around 12 km both over Samoa and over Rapa Nui. At lower altitudes, open fires from South America and Southern Africa
are also directly influencing the local CO levels. Notably, South America and southern Africa have a larger influence on CO
at Rapa Nui than at Samoa. This influence maximizes in the lower troposphere (i.c., at about 3-4 km). Overall, the biomass
burning sources contribute 13 % to 27 % to CO concentrations at Rapa Nui and 13 % to 30 % at Samoa, depending on
altitude. More specifically, according to the simulations, biomass burning is responsible for a median contribution of 16 % of
surface CO over Rapa Nui and Samoa. Interestingly, over both sites, the largest contribution (ca. 40 % of total biomass
burning CO) emanates from southern Africa due to circulation patterns connecting the African outflow with the subtropical
westerly flow over the Pacific. The second-largest contributing biomass burning source area is Southeast Asia, which is
responsible for 33 % of biomass burning CO in Samoa and 21 % in Rapa Nui. Transport from this source region to the South
Pacific occurs in connection with the equator crossing flow and uplifting associated with the SPCZ. South American biomass
burning affect both Rapa Nui (17 %) and Samoa (12 %). Over Rapa Nui, the contribution occurs mainly in connection with
the tropical high-altitude easterly flow after convective uplifting over tropical South America. Over Samoa, this contribution
emerges from the Atlantic outflow of the South American continent, followed by its confluence with westerly flow in higher

latitudes.

Figures 12-15 demonstrate the global impact of biomass burning sources. They depict the contribution of biomass burning
from the main source regions affecting the southern tropical Pacific Ocean free troposphere and UTLS region (5 km height-
12 km) for June, July, August (JJA) and September, October, November (SON), when the impact of the fires maximizes.
They also show that wildfires close to ITCZ have a dual outflow. South American fires are transported westward and affect
the tropical eastern Pacific (Figure 12). Eastward, through transport over the Atlantic and then the southern Indian Ocean,

they reach the western subtropical Pacific (Samoa) and, finally, the eastern Pacific (Rapa Nui), thus affecting the entire
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southern hemispheric ocean. Similarly, the fires in southern Africa present a dual (northwest and southeast) outflow,
affecting 1) the tropical eastern Pacific, after crossing the Atlantic Ocean and ii) the southern Pacific after traveling over the
Indian ocean and the Pacific (Figure 13). Fires over Southeast Asia will affect both westward the Indian Ocean and eastward
the southern Pacific (Figure 14). Lastly, the outflow of fires over Oceania also splits northwestward to the Indian Ocean and
southeastward to the Pacific Ocean (Figure 15). The two different airflow corridors (northward and southward) from these
regions are due to the location of the ITCZ and the SPCZ. Figure 14 Figure 13 demonstrates that biomass burning CO is
reaching the South Pacific through mid-tropospheric transport.

CO from Africa is lifted by convection, getting into the westerlies flow that enables the CO transport from Africa to the
remote Pacific. Similarly, CO from open fires in Southeast Asia (Indonesia) is lifted by convection in the warm pool and
then splits into an eastward and a westward flow. The eastward convective outflow influences the entire southern Pacific
Ocean, driven by the counter trade winds in the upper troposphere. As the flow moves to the east, it starts subsiding over the
eastern Pacific. CO from Oceania is lifted to lower altitudes than that from Southeast Asia, leaving the bulk of the emissions
subject to transport by the winds in the lower troposphere (Figure 15). The fraction that is uplifted above 5 km is drawn into
the Walker circulation, leading to trans-Pacific transport and affecting the mid-troposphere over the eastern Pacific. CO from
South American open fires in the lower troposphere is separated into two branches, seen clearly in Figure 12f. One small part,
blowing towards the Pacific from South America by convective uplifting over the Andes and following easterly winds, and
another drawn into the southward low-level jet, which brings biomass burning CO to the westerly, with a characteristic
outflow over the South Atlantic (Freitas et al., 2005). The fraction uplifted over the tropical South Atlantic is also separated

into two branches. The larger one is transported eastward by the counter trade winds (Figure 12).

4 Conclusions

By combining in situ and satellite observations of Oz and CO with a global 3-dimensional model of tropospheric chemistry
for a 21-year period (1994 to 2014), we have been able to show the importance of stratospheric influx for Oz levels in the
pristine marine environment of the tropical and subtropical south Pacific. This contribution of about 15-20 ppbv of O3 in the
mid-troposphere is larger at Rapa Nui (close to the subtropical East Pacific) than in Samoa (tropical west Pacific). To
increase the accuracy of ozone simulations requires an explicit representation of stratospheric chemistry as well as halogen
chemistry and higher spatial resolution than used in the present study

We have also shown that biomass burning emissions by convective updraft over emission regions, followed by transport
through the mid and high troposphere, subside over the East subtropical Pacific, affecting O3 and CO levels. Biomass
burning contribution to Os levels is estimated to maximize in the subtropical South Pacific (about 3 ppbv) over the entire free
troposphere during the high burning period.

Over Rapa Nui, ca. 24 % of CO in the free troposphere originates from biomass burning. Distant biomass burning areas

contribute 80 % of the total CO from biomass burning. These are Southeast Asia, mainly contributing to CO in the UTLS
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region and South America, South Africa and Oceania, affecting the entire tropospheric column. Over Samoa, we find a
similar result, i.e., 26 % of total CO and 80 % of total biomass burning; however, the apportionment of sources is different.
The dominant source throughout the tropospheric column is Southeast Asia, with its influence maximizing in the UTLS
region (at about 13 ppbv). Therefore, biomass burning emissions affect even the most pristine region of the world, that is, the

tropical and subtropical south Pacific.
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825

Table 1. Ozone sounding stations in the Pacific Ocean considered in this study. Data were obtained from Southern Hemisphere
ADditional OZonesondes (SHADOZ, https://tropo.gsfc.gov/shadoz/) and from Rapa Nui from http://www.cr2.cl/datos-ozonsonda/.

Name Location Period Number of

. - . - . Covered by soundings

Latitude (°) | Longitude (°) | Altitude | gpcervations | included in this
(ma.s.l.)* | considered study for the
period 1994-2014

Watukosek 7.57S 112.65E 50 1998-2013 311
Samoa 14.25 S 170.56 W 42 1998-2018 594
Suva 18.15S 178.45E 10 1998-2018 355
Rapa Nui 27.16 S 109.44 W 40 1994-2014 234
San Cristobal 090 S 89.6 W 8 1998-2016 428
Papeete 18.0S 149.0 W 2 1998-1999 76

*m a.s.] = meters above sea level
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830
Table 2. Error statistics for model simulation versus observations of monthly averaged O3 for Rapa Nui and Samoa in the remote
Pacific at three altitude levels. We show Pearson correlation (R), root mean square (RMS in ppbv), normalized mean bias (NMB
in %), and index of agreements (IA). The number of data points considered is also indicated. Calculations were made according to
Brasseur and Jacob (2017).

Location Altitude R RMS NMB IA Data
(km) (ppbv) (%) Points

Rapa Nui 13.1 0.42 81.6 67 0.44 109

(27.16S, 109.4W) 6.0 0.71 5.7 -4 0.82 109

1.3 0.81 6.7 19 0.66 109

Samoa 13.1 0.55 17.9 36 0.50 179

(14.258, 170.6W) 6.0 0.69 7.3 -14 0.70 179

1.3 0.91 5.5 26 0.76 179

835

28



Table 3. Estimated decadal ozone trends (ppbv per decade) at different altitudes over Rapa Nui and Samoa in the Pacific Ocean,
according to observations and simulations for the period 1994-2014. Trends based on model values are calculated using all data
points (Model) and only those for which there are concurrent observations (Model*). Trends are calculated following Lamsal et al.

840 (2015) and errors as in Tiao (1990). The number of data points (N) considered is also indicated. Trends and errors are in
ppbv/decade.

Location Observations Model Model*

Trend | Error N Trend | Error N Trend | Error N
Rapa Nui (27.16S,109.4W)
13.1 km -1.6 0.3 109 -10.1 0.9 251 -1.4 0.6 109
6 km -0.2 0.1 109 -0.8 0.1 251 -1.0 0.1 109
1.3 km 0.5 0.1 109 -0.8 0.1 251 -0.1 0.1 109
Samoa (14.258S, 170.6W)
13.1 km 2.6 0.3 179 0.6 0.5 251 -1.7 0.3 179
6 km -0.1 0.2 179 -0.5 0.2 251 -0.8 0.1 179
1.3 km -0.3 0.1 179 0.2 0.1 251 -0.3 0.1 179
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Table 4. Error statistics for model simulation versus observations of CO for 14 stations in the remote Pacific. Per definition, these
845 indexes are calculated for data points where both observations and simulations are available over the period 1994-2014. Symbols
are as in Table 2.

Location R RMS NMB IA Data
(ppbv) (%) Points
Christmas Island (1.70N, 157.1W) 0.42 8.0 1 0.59 177
Guam (13.39N, 144.65E) 0.85 12.9 -10 0.86 239
Rapa Nui (27.16S,109.4W) 0.85 7.5 9 0.78 222
Samoa (14.25S, 170.6W) 0.64 6.3 6 0.72 252
Pacif. Ocean (15N,145W) 0.86 16.0 -14 0.8 190
Pacif. Ocean (10N,149W) 0.86 13.1 -11 0.8 194
Pacif. Ocean (5N,151W) 0.59 10.1 0 0.66 195
Pacif. Ocean (ON/S,155W) 0.36 9.1 6 0.59 191
Pacif. Ocean (5S,159W) 0.45 6.9 5 0.63 186
Pacif. Ocean (10S,161W) 0.59 6.0 6 0.66 189
Pacif. Ocean (15S,164W) 0.72 7.4 9 0.69 195
Pacif. Ocean (20S,167W) 0.86 10.6 15 0.68 184
Pacif. Ocean (25S,171W) 0.86 13.5 20 0.59 193
Pacif. Ocean (30S,176W) 0.85 15.3 23 0.52 193
Northern Hemisphere Stations 0.83 12.4 -8 0.84 995
Southern Hemisphere Stations 0.63 9.6 11 0.65 1805
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Table 5. Pearson correlation (R) and number data points (N) for bimonthly averaged CO values vs. MEIV.2 index. In the column
Observations, we show the calculation for observed CO vs MEIV.2 Under Model, we show the corresponding calculation

850 considering the continuous series of CO values simulated with the model. Under Model*, we consider model outputs only for those
cases when there are CO observations.

Location Observations Model Model *
R N R N R N

Christmas Island (1.70N, 157.1W) -0.19 172 -0.18 251 -0.15 172
Guam (13.39N, 144.65E) 0.60 234 0.58 251 0.58 234
Rapa Nui (27.16S,109.4W) -0.04 217 0.23 251 0.24 217
Samoa (14.25S, 170.6W) 0.10 251 0.24 251 0.24 251
Pacif. Ocean (15N,145W) 0.16 185 0.37 251 0.30 185
Pacif. Ocean (10N,149W) 0.05 190 0.35 251 0.22 190
Pacif. Ocean (SN,151W) 0.04 191 0.01 251 -0.24 191
Pacif. Ocean (ON/S,155W) 0.07 186 -0.18 251 -0.33 186
Pacif. Ocean (5S,159W) 0.16 182 -0.25 251 -0.26 182
Pacif. Ocean (10S,161W) 0.09 185 0.16 251 -0.14 185
Pacif. Ocean (15S,164W) 0.27 191 0.20 251 0.23 191
Pacif. Ocean (20S,167W) 0.17 179 0.36 251 0.39 179
Pacif. Ocean (25S,171W) -0.10 184 0.33 251 0.31 184
Pacif. Ocean (30S,176W) -0.01 189 0.32 251 0.32 189

31



Table 6. Estimated trends of surface CO in the Pacific Ocean according to observations and model outputs for the period 1994-
855 2014. Trends are calculated following Lamsal et al. (2015) and errors as in Tiao. (1990). The number of data points (N) considered
is also indicated. Trends and errors are in ppbv/decade.

Location Observations Model

Trend Error N Trend Error N
Christmas Island (1.70N, 157.1W) -4.6 0.3 198 2.5 0.2 251
Guam (13.39N, 144.65E) -5.2 0.5 196 0.3 0.4 251
Samoa (14.25S, 170.6W) -0.5 0.2 200 -1.7 0.1 251
Rapa Nui (27.16S,109.4W) -3.7 0.2 209 -2.0 0.1 251
Pacif. Ocean (30S,176W) -2.7 0.3 238 -1.8 0.2 251
Pacif. Ocean (25S,171W) -2.8 0.3 199 -2.0 0.2 251
Pacif. Ocean (20S,167W) -3.9 0.3 201 -2.0 0.1 251
Pacif. Ocean (15S,164W) 34 0.3 176 -1.6 0.1 251
Pacif. Ocean (10S,161W) 2.4 0.2 197 -1.7 0.1 251
Pacif. Ocean (5S,159W) -4.3 0.3 187 -2.5 0.2 251
Pacif. Ocean (ON/S,155W) -3.9 0.5 195 -2.6 0.2 251
Pacif. Ocean (SN,151W) -3.9 0.5 251 -1.8 0.2 251
Pacif. Ocean (10N,149W) -3.9 0.5 201 -0.6 0.2 251
Pacif. Ocean (15N,145W) -6.1 0.7 190 -0.5 0.2 251
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Figure 1. Area of study and ozone profile climatologies (1994-2014) as derived from the observations and simulations for six sites
in the remote Pacific (red dots). The location of the stations is shown on the map. Also shown are the stations where surface CO
measurements were considered (red + symbol). Ozone measurements are shown in green, and simulations in blue. The error bars
correspond to one standard deviation of the mean. The vertical grey line represents the chemical tropopause (100 ppb for the
southern hemisphere, Prather et al., (2011)). Rapa Nui and Samoa stations, where both O3 and CO observations are available, are
marked with a dot and circle. Ozone data were obtained from https://tropo.gsfc.nasa.gov/shadoz/, except for Rapa Nui that was
accessed at http://www.cr2.cl/datos-ozonosonda/. CO data come from https://www.esrl.noaa.gov/gmd/dv/data/
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Figure 2. a) Climatological mean of omega vertical velocity (colors in Pa/s) and 200 hPa winds (vectors) from ERA-Interim

870 reanalysis for the period between 1990 to 2009. b) NOAA interpolated Outgoing Longwave Radiation from 1981 to 2010 in W/m2
(colors) and 850 hPa winds (vectors) from ERA-Interim (https:/www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-
interim).
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TM4-ECPL vs OMI/MLS mean 10/2004-12/2014

(a) Model (b) OMI/MLS
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d) rel. diff. model-satellite
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Figure 3. Model — Satellite comparison between TM4-ECPL and OMI/MLS mean tropospheric ozone column between October
2004 and December 2014. The top left panel shows the average modelled tropospheric ozone column for the period, the top right
the average observed tropospheric ozone column, the bottom left is the absolute difference between model and satellite (DU) and
the bottom right the relative difference (%) between model and satellite in the 10x1.250 grid of OMI. The black dots show the
location of Samoa (left) and Rapa Nui (right)
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OMI vs TM4-ECPL, 10/2004-12/2014 mean

y=1.46 x-13.12
60 - - 1:1
. . '
50 - 2
b y=1.09 x -0.15
S 40 3
2 ° fom
__| [+]
o %
Lt 30 1 by 4
g (=] 00 UOO »
= N i °
20 i i1 QS % g
s i — 1:1lline
f T —— NH linear fit
10 - —— SH linear fit
o NH Ozone
- SH Ozone
0 T T T T T T
0 10 20 30 40 50 60

OMI/MLS (DU)

Figure 4. Mean tropospheric ozone column of model results versus observations (in DU) for the period between October 2004 and
December 2014 for all grids cells of 10x1.250 shown in Figure 3. Blue points are NH locations, red points are SH locations. The

885  black line is the 1:1 line. The red line is the linear fit of all the SH data with the fit equation in red text, where the blue line is the
linear fit of the NH data with the fit equation in blue text.
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TM4-ECPL vs MOPITT mean 2000-2014
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Figure 5. Model — Satellite comparison between TM4-ECPL and MOPITT for CO total columns averaged from 2000 to 2014 (in
1018 molec/cm2). (a) modelled data sampled following the satellite track and the overpass times and averaged over the period, (b)
satellite data averaged over the period, (c) absolute difference (in 1018 molec/cm2) and (d) relative difference (in %) between the
mean values of model results and satellite in the 22km x 22km grids of MOPITT. The black dots show the location of Samoa (left)
and Rapa Nui (right)
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Timeseries of O; for different altitudes at Samoa (left) and Rapa Nui (right)
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Figure 6. Time series of ozone in the boundary layer (1.3 km, (e) and (f)), mid-troposphere (6.5 km, (¢) and (d)), and upper
troposphere and lowers stratosphere (13.1 km, (a) and (b)) as derived from the model (black lines) and ozonesonde measurements
(red dots). Data correspond to the period between 1994 and 2014 at Samoa ((a,c,e)) and Rapa Nui (b,d,f).
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Figure 7. Comparison between monthly averages of simulated and observed surface CO at 14 stations in the Pacific (see Table 4).
We show in red stations in the Southern Hemisphere (SH), and in blue stations in the Northern Hemisphere (NH). Also shown, are
the model bias over the SH and the NH, and the number of data points considered. For reference, we draw the line 1:1.
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Figure 8. Timeseries (top row) of observed (red line) and simulated (blue line) CO volume mixing ratios for Samoa (left) and Rapa
Nui (right). The seasonal variability is depictied in box plots as shown by observations (middle row) and the simulation (bottom
row) for CO for the same stations. Boxes show the 25 to 75 percentiles of the data. Whiskers show the 0™ and 100™ percentile,
excluding outliers. Circles show outliers, the green triangle is the average, and the blue line is the median of each monthly

distribution.
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Figure 9. Cross-section of the 1994-2014 average atmospheric concentration of Oz at the latitude of Samoa (top) and Rapa Nui
(bottom) for south hemispheric spring (September-October-November) as calculated by the TM4-ECPL. The left column shows
the O3 mixing ratio, the middle column shows the percentage of O; originating from the stratosphere and the right column the
percentage contribution of biomass burning to the O3 concentrations (note that the third column scale is up to 50%). The black
vertical lines indicate the location of Samoa in the upper panels, and Rapa Nui in the lower panels, and the blue rectangle encloses
the region of interest.
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Figure 10. As in Figure 10, but for southern hemisphere autumn (March-April-May). Note that the third collunm scales up to 15%.
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Figure 11. Vertical distribution of CO from different source regions (see legend) in Samoa (left) and Rapa Nui (right) for the high
burning period (September-October-November). Tot CO represents the contribution of all sources of CO, whereas BB CO
represents the sum of all biomass burning sources. The line in red (sum) indicates the sum of all individual BB contributions
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Figure 12. Impact of S. American fires to CO concentrations. a) JJA and b) SON 20 year mean impact at the cross-section of
Samoa, c¢) JJA and d) SON at the cross-section of Rapa Nui. e) JJA. and f) SON horizontal distribution of the contribution at 6.5

km altitude
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Impact of S. African fires to CO
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Figure 13. Impact of S. African fires to CO concentrations. a) JJA and b) SON 20 year mean impact at the cross-section of Samoa,
¢) JJA and d) SON at the cross-section of Rapa Nui. e) JJA. and f) SON horizontal distribution of the contribution at 6.5 km
altitude
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Figure 14. Impact of S. E. Asian fires to CO concentrations. a) JJA and b) SON 20 year mean impact at the cross-section of Samoa,
975 ¢) JJA and d) SON at the cross-section of Rapa Nui. e¢) JJA. and f) SON horizontal distribution of the contribution at 6.5 km
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Impact of Oceanian fires to CO

14.25S (Samoa) JJA

(a)
15

60E 120E 180 120W 60W 0
longitude

27.16S (Rapa Nui) JJA

0 - : ; ; -
0 60E 120E 180 120w 60W O
longitude
JJA CO concentration @ 6.5km

(e)

14.25S (Samoa) SON

(b)
15

10t 10t

10°

107t

10t

60E 120E 180 120W 60W O
longitude

27.16S (Rapa Nui) SON
10t ‘ 10t

10° 100

107t

60E 120E 180 120W 60W O
longitude

(f) SON CO concentration @ 6.5km

10t

Figure 15. Impact of Oceanian fires to CO concentrations. a) JJA and b) SON 20 year mean impact at the cross-section of Samoa,
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altitude

¢) JJA and d) SON at the cross-section of Rapa Nui. e) JJA. and f) SON horizontal distribution of the contribution at 6.5 km
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