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i
Abstract

Ozone is one of important atmospheric constituents for atmospheric environment and cli-
mate. Changes in ozone are caused by a combination of complex atmospheric transport and chem-
ical processes. A number of previous studies investigated the individual contributions of transport
and chemistry to the diurnal and seasonal cycles of ozone quantitatively, and examined the con-
tributions to the interannual variation in stratospheric ozone. However, the contributions to the
long-term changes in stratospheric and tropospheric ozone were hardly examined. This disser-
tation investigates the respective impacts of transport and chemical processes on (1) interannual
variation in tropospheric ozone associated with meteorological variability during 1970-2008, (2)
long-term changes in global ozone during the 2000s and 2100s.

We investigate interannual variations in global tropospheric ozone associated with five types
of meteorological variability: El Nio Southern Oscillation (ENSO), Indian Ocean Dipole (IOD)
variability, interannual variation in Hadley circulation, interannual variation in Asian monsoon cir-
culation, and Arctic Oscillation (AO). We also examine respective impacts of transport and chem-
ical processes on them. In this chapter, we performed the simulation for 39 years from 1970 to
2008 using CHASER global chemical transport model (CTM), in which meteorology was nudged
to NCEP/NCAR re-analysis data.

The Empirical Orthogonal Function (EOF) analysis suggests that ENSO is a dominant mode
of the variation in global TCO distribution (the contribution rate:%33n October—November—
December (OND). On regional scale, the other meteorological variability also has non-negligible
impacts. AO explains 72 of the variance of TCO in the high northern latitudes in December—
January—February (DJF). IOD variability explaing/36f the variance in the equatorial Africa and
the western Indian Ocean in OND. The interannual variations of TCO are significantly controlled
by transport process in the subtropics and the high northern latitudes. However, both transport and
chemical processes contribute to the TCO interannual variation in the eastern Pacific and the west-
ern Indian Ocean over the tropics. TCO variation because of chemical process could be caused by
variations in temperature, water vapor, cloud, and lightning associated with meteorological vari-
ability.

Before investigating the future change in global ozone during the 2000s and 2100s, we evaluate
the ENSO-related ozone variation and the ozone change for the 1980s and 2000s in the MIROC-
ESM-CHEM global chemistry—climate model (CCM). Because CCM calculates meteorological
and chemical fields, we focus on the ENSO-related variation to validate the ozone response to

CCM-driven meteorological variability. The model generally reproduces the observed ENSO-



related variation of ozone distribution derived from satellite instruments. Additionally, we focus on

the change during the 1980s and 2000s to evaluate the ozone response to a change in the emissions
of tropospheric ozone precursors and ozone-depleting substances (ODSs). The model simulates a
decrease in global and annual mean of total column ozone (alfod?-0.16%/decade) during the

1980s and 2000s, although the model underestimates the observed deele2%e(.60//decade).

We investigate the individual impacts of transport and chemical processes on the future long-
term change in global ozone during the 2000s and 2100s which mean ????. We assumed one of
the medium stabilization emission scenarios for IPCC fifth assessment report (RCP6) in 2100 as
the boundary conditions for the 2100s. Global simulation of ozone concentration for the 2100s
predicts an increase in global stratospheric ozone burdend0.24%/decade), and a decrease in
global tropospheric ozone burdenr.82+0.04%/decade). Chemical process contributes largely
to the long-term change in stratospheric ozone. The change in ozone due to chemical process is
probably attributed by the temperature decrease and the reduced emission of ODSs. In the tropo-
sphere, chemical process largely reduces the global tropospheric ozone butden{decade).
Transport process (i.e. stratosphere—troposphere exchange (STE) and tropospheric circulation),
however, causes an increase in the burden {o/@&cade). The decrease in tropospheric ozone due
to chemical process could be influenced by the changes in temperature, water vapor, cloud, and
lightning as well as the reduced emission of tropospheric ozone precursors. Transport of ozone of
both stratospheric and tropospheric origin comparably contributes the increase because of transport,
suggesting that not only STE but also tropospheric circulation is important.

This dissertation examines roles of transport and chemical processes in interannual variation
and long-term change in global ozone using a global chemistry model. As for interannual variation
in tropospheric ozone, we show that ENSO is the most dominant mode of interannual variation
in global tropospheric ozone. On regional scale, AO and IOD variability have non-negligible im-
pacts. The model also shows that transport process have a significant impact on the variations in
the subtropics and the high northern latitude. Both of transport and chemical processes are impor-
tant in the tropical eastern Pacific and western Indian Ocean. The future change in tropospheric
and stratospheric ozone during the 2000s and 2100s is influenced by chemical process rather than
transport process. However, transport process has a non-negligible impact on the future change in

tropospheric ozone.
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Chapter 1

Introduction

1.1 Impact of ozone on atmospheric environment and climate

Ozone (O3) is one of important atmospheric constituents for atmospheric environment and cli-
mate. Stratospheric ozone protects living things by absorbing harmful ultraviolet radiation (UV).
UV-B (280-315 nm wave length) radiation, which ozone absorbs efficiently, increases the risks of
skin cancer, cataract, and suppressed immune sysévi(, 201]]. Results from ground-based
reconstruction and satellite retrieval data suggests that UV-B radiation has increased since the late
1970s WMO, 201]]. Ozone near the surface is harmful for human health and plant. Ozone dam-
ages pulmonary and cardiovascular system of huriddd®, 200€¢]. Surface ozone levels in the
2000s could result in substantial crop production losses femery et al, 2011].

Ozone in the stratosphere and troposphere is also important for the Earth’s radiation budget be-
cause ozone absorbs ultraviolet and infrared radiation. Radiative forcing (RF) due to stratospheric
ozone change from the pre-industrial era to the present (i.e. radiative forcing) is estimated to be
—0.05+ 0.10 Wn12, and RF due to tropospheric ozone change is estimated to bet03R0
Wm~2 [Myhre et al, 2014. Their contribution to global warming during the period is regarded as
the third most important, following those of carbon dioxide (F@nd methane (CH (Figurel.1).

Additionally, ozone partly affects changes in tropospheric circulation. Stratospheric ozone

changes in the lower stratosphere over the Antarctic plays a crucial role in change of tropospheric
jet and associated climate change in the southern hemispherSgameet al,. 200§ Kang et al,
2017 Thompson et g} 201Z). Spatially heterogeneous heating attributable to tropospheric ozone
and black carbon caused an expansion of the tropics in the northern hemisphere during the last
three decade®llen et al, 2017).

Stratospheric and tropospheric ozone also have an impact on oxidizing capacity of the atmo-

1



Radiative forcing of climate between 1750 and 2011
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Figure 1.1.Bar chart for Radiative Forcing (RF) and Effective Radiative Forcing (ERF) for the
period 1750-2011 taken froMyhre et al.[2014]. Hatched and Solid bars are respectively RF and
ERF. Uncertainties (5-95 confidence range) are given for RF (dotted lines) and ERF (solid lines).

sphere, which is represented by hydroxyl radical (OH). Modeling studiesNeudt.et al, 2013
Voulgarakis et al.201 suggested that OH concentration is influenced by stratospheric ozone,
NO, emission, and ClHemission. Change in OH affects the oxidation processes of sulfur diox-

ide (SQ) to sulfate (S& ). OH also controls the chemical lifetime of pollutants (N@O, and

Radiative Forcing [W m?]

NMVOCs) and greenhouse gases (Githd HFCs) other than ozone.

1.2 Chemistry and transport processes related to ozone

As described in section 1.1, ozone has impacts on atmospheric environment and climate. Ozone
concentrations are controlled by a combination of complex transport and chemical processes. Near
the surface, dry deposition is also important. In this section, we provide an overview of these

processes in the stratosphere (1.2.1) and the troposphere (1.2.2).
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1.2.1 Stratosphere

Stratospheric ozone is produced by the photo dissociation of oxygen molegllen@®subse-

guent chemical reaction,

Oy +hvr —0+0 (1.1)
Oy 4+ 0 — 04 (1.2)

and ozone is lost by the reaction with oxygen atom (O),

O3+ hv — 0Oy + 0O (13)
O3+ 0 — 20,. (1.4)

These chemical reactions are called “Chapman mechanism”. Stratospheric ozone is also lost by
cycles with HQ, NO,, CIO,, and BrQ radicals. For example, a catalytic loss mechanism of ozone
involving CIO is

Cl+ O3 — CIO + O, (1.5)
ClO + O — Cl + 0. (1.6)

Large loss of ozone over the Antarctic in austral spring was discoverEdroyan et al[198%.
The loss is essentially caused by heterogeneous reactions on ice-like polar stratospheric clouds
(PSCs), transforming chlorine and bromine reservoir (HGl andCIONO,) to reactive chlorine
and bromine (e.gCly, HOCI, etc.). Additionally, catalytic cycles of ozone withiO dimer and
CIO-BrO play an important role in ozone destruction over the Antarctic. For example, the cycle
with C10 dimer is

ClO + CIO + M — CL,O, + M (1.7)
CLOs + hv — Cl+ Cl+ O, (1.8)
2[Cl+ O3 — CIO + 02]. (1.9)

The greatest production of ozone occurs in the tropical stratosphere because of the most intense
sunlight. However, the highest amount of ozone is found in the mid and high latitudes. This results
from mean poleward transport of ozone due to the stratospheric meridional circulation (so-called

“Brewer—Dobson circulation™). Moreover, eddy transport of ozone is also caused by planetary



wave breaking in the winter hemisphehMiyazaki and lwasalg 2005.

1.2.2 Troposphere

In the troposphere, ozone is produced by cycling.N®olving the reaction of NO with peroxy
radicals (e.g. H9and CHO) and the subsequent photo dissociation o, NO

HO, + NO — NO, + OH (1.10)
NO, + hv — NO + O (1.11)
O+OQ+M—>03+M. (112)

The peroxy radicals are produced by the oxidations of carbon monaXidegnd volatile organic
carbons YOCs) with OH. A major sink of tropospheric ozone is chemical loss. One of its pathway

is photo dissociation db; to O(*D) followed by the reaction o®(*D) with water vapor:

O3 + hv — O, + O ('D) (1.13)
O ('D) + H,0O — 20H. (1.14)

Ozone loss reactions withH andHO,, are also important in clean condition.

Global budget of tropospheric ozone is estimated by a number of global chemistry models
[Myhre et al, 2014. Chemical production is a primary source. The global amount is estimated
to be 4877+ 853 Tgl/year. Another source of tropospheric ozone is transport of ozone from the
stratosphere to the troposphere (4796 Tg/year). A major sink of tropospheric ozone is chemical
loss (4260+ 645 Tglyear). Dry deposition is also another sink (169264 Tg/year).

In addition, tropospheric transport plays an important role in determining a spatial distribu-
tion of tropospheric ozone, because the average lifetime of tropospheric ozone:(224lays)
is comparable to the time scale of transport within the troposphere (several weeks to months on
hemispheric scale). For instance, Hadley and Walker circulation can contribute to the formation of
wave-one pattern of tropical tropospheric ozcWahg et a,. 200€]. In the northern midlatitudes,
inter-boundary and inter-continental transport have an impact on surface ozone distribution [e.g.
Sudo and Akimotg2007 Fiore et al, 2009 Nagashima et &l201(].
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1.3 Roles of transport and chemistry in global ozone changes

Ozone changes are caused by a combination of complex transport and chemical processes,
although it is difficult to quantify respective contributions of the processes from only observation.
Therefore, a numerical model is needed to elucidate the contributions to the ozone changes. In
this section, we review previous modeling studies which focused on the contributions to the ozone

changes.

1.3.1 Diurnal and seasonal scale

In regard to diurnal and seasonal cycles of ozone, the individual contributions of transport and
chemical processes were examined using a chemical transport model. For e.:&aknleki et &l.

[201% examined the global pattern of diurnal cycle throughout the stratosphere, and the respective
impacts of photochemistry and dynamics onlt.et al. [200¢] performed a process analysis for
the diurnal behaviors of surface ozone at mountainous sites in Japan and China.

As for the seasonal cycle, transport (Brewer—Dobson circulation and eddy transport) and pho-
tochemistry contribute to the seasonal variation of total ozone coliMnyagaki et al, 200%].
Seasonal cycles of surface ozone at mountainous sites in China are caused by insitu photochemical
production, transport, and dry depositidn &t al., 2007.

Overall results of these studies suggested that the respective impacts of transport and chemical
processes on the diurnal and seasonal cycles of ozone are non-negligible. However, the relative

contributions varied among different regions (e.g. latitude, altitude, polluted/clean condition, etc.).

1.3.2 Interannual scale

In the stratosphere, ozone is known to vary associated with meteorological variability: quasi-
biannual oscillation (QBO) [e.@aldwin et al, 2001], El Nifio Southern Oscillation (ENSO) [e.g.
Randel et al.200¢, and wave activity over the polar region [eRandel et al.2002. QBO and
ENSO have impacts on ozone advection via change in Brewer—Dobson circulatines|et a).

199§ Calvo et al, 201(]. QBO-induced variations in NQO(the total reactive nitrogen reservoir)
affects chemical ozone source and sink in the middle stratospherddegs et 8]199¢ Baldwin

et al, 200]]. The simulation without the variations in NOmplied that ozone transport is an
important forcing term for the QBO-induced ozone variation in the stratospBerteHart et al.

2003]. Stratospheric ozone is also influenced by changes in sulfate aerosol from episodic volcanic

eruptions [e.cRandel et al 199%. The Pinatubo eruptions in 1991 caused a change in stratospheric



ozone through dynamics and heterogeneous chemigtiford et al, 2009 Aquila et al, 201%].

Meteorological variability also plays an essential role in interannual variability of ozone in
the troposphere [e.&urokawa et al.200¢) Pozzoli et a,. 201]]. In particular, ENSO is a dom-
inant mode with respect to the interannual variation in tropospheric ozone (Fidi)réPeters
et al, 2007; Doherty et a, 200¢ Hess and Mahowal®00¢|. Key meteorological factors of the
variation associated with ENSO are upward—downward motion, enhanced—suppressed convection
(transport process), and associated water vapor changes (chemical piSadssand Takahashi
20017]. Arctic Oscillation (AO) also affects tropospheric ozone over North America and Europe in
boreal springlLamarque and Hes&004 Creilson et al.200% Hess and Lamarqg,12007).

Additionally, Natural source of tropospheric ozone precursors (e.g. lightning, wildfire, and soil)
is also important factor affecting the interannual variation in tropospheric ozone through chemical
process [e.cHudman et a].201( Murray et al, 2013. Some of changes in the natural emissions
could be linked to ENSO [e.iNassar et g]2009|.

The previous studies show the individual impacts of transport and chemical processes on the
interannual variation in stratospheric ozone quantitatively. However, the impacts on the interan-
nual variation in tropospheric ozone are unclear. Additionally, an impact of other meteorological

variability on tropospheric 0zone have been examined hardly.

1.3.3 Decadal and centurial scale

On a longer time scale (i.e. decadal and centurial scale), human activity play an important role
in global ozone changes. In the stratosphere, ozone is depleted for the last three decades (Figure
1.3a) [e.g.Randel and Wu2007]. For the next century, future projections show a recovery of
stratospheric ozone except in the tropical lower stratosphere, where ozone decrease is expected to
continue (Figurd.2b) [e.g.Cionni et al, 201]]. The depletion and recovery of stratospheric ozone
are primarily caused by changes in chemical ozone loss with chlorine and bromine released from
ozone depleting substances (ODSs) [&tiett et al, 2017; Eyring et al, 2010tj. Climate change
can also have a significant impact on the future change in stratospheric ozone. For example, lower
temperature prevents the chemical ozone destruction, @@ O, and an intensified stratospheric
meridional circulation (i.e. Brewer—Dobson circulation) enhances transport of ozone from the trop-
ics to the extratropics [e.1Li et al., 2009 Eyring et al, 2010t. N,O and CH have an impact not
only on climate but also on stratospheric chemisRavishankara et 4200 Revell et al, 201Z].

In the troposphere, 0zone concentration was raised during the period from the pre-industrial era
to the present, and is expected to decline for the next century (Flggrge.g. Cionni et al, 2017,
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Figure 1.2.Monthly deseasonalized (a) empirical orthogonal function first mode (EOF1) coeffi-
cients of tropospheric column ozone (TCO); (b) first mode principal component (PC1) time series
of TCO (black) and scaled Ro3 index(red), with +1 standard deviation indicated by dotted line
and peak value indicated by dot-dashed line. EOF1 coefficients are scaled by +1 standard deviation
of the PCL1 time series. These figures were taken Rarherty et a/[200¢].

Young et al, 2013. The chemical ozone production from tropospheric ozone precursors @

VOCs) [Fusco and Logei2003 Stevenson et 42013 and CH, [e.g.Fiore et al, 200§ Lang et al,

2017) is considered as a major process of the change in tropospheric ozone. Climate change is also
expected to alter future change in tropospheric ozone. Higher water vapor facilitates the chemical
destruction of ozone with water vapardhnson et &l 200]]. Higher temperature stimulates the
decomposition of a nitrogen reservoir (per acetyl nitrate; PAN) intg N@hich produces ozone
through chemical reactions [e.Qoherty et a, 201%. Moreover, the intensified stratospheric
meridional circulation is expected to enhance tropospheric ozone through stratosphere—troposphere
exchange (STE) of ozone [e @ollins et al, 2003 Sudo et al.2003 Zeng and Pylg2004].

The previous studies examined the individual impacts of external forcing (i.e. ODSs, green-
house gases, tropospheric ozone precursors) on the long-term ozone changes. However, no research

has performed a process analysis for stratospheric and tropospheric ozone changes quantitatively.
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Figure 1.3.Meridional cross-section of the percentage differences in ozone between the 1960s and
2000s (left) and between the 2000s and 2090s (right) taken@omi et al.[201]].

1.3.4 Objective

The previous studies investigated the individual contributions of transport and chemistry to the
diurnal and seasonal cycles of ozone quantitatively (section 1.3.1), and examined the contributions
to the interannual variation in stratospheric ozone (section 1.3.2). However, the contributions to
the long-term changes in stratospheric and tropospheric ozone were hardly examined (section 1.3.2
and 1.3.3). This dissertation investigates the respective impacts of transport and chemical processes
on the interannual variation in tropospheric ozone and the long-term change in stratospheric and

tropospheric ozone. We particularly focus on the following:
(1) Interannual variation of global tropospheric ozone during 1970-2008,

(2) Long-term future change in global ozone during the 2000s and 2100s.

In the first part of this dissertation, we examine interannual variation of tropospheric ozone
during 1970-2008 in the simulation with CHASER global chemical transport model (CTM). This
CTM is driven by NCEP/NCAR re-analysis meteorology and simulates tropospheric ozone and
related species in this study. We focus on the interannual variation associated with five meteoro-
logical variability: ENSO, Indian Ocean Dipole (IOD) variability, interannual variation of Hadley

circulation, interannual variation of Asian monsoon circulation, and AO. However, this dissertation



9 CHAPTER 1. INTRODUCTION

does not investigate the impacts of natural source, because we focus on the meteorological impacts
apart from the impacts of natural source.

In the second part, we examine the respective impacts of transport and chemical processes on
long-term changes in stratospheric and tropospheric ozone during the 2000s and 2100s. This study
used a MIROC-ESM-CHEM chemistry—climate model (CCM) to simulates meteorology, ozone,
and related species in the troposphere and stratosphere. We assumed one of the medium stabiliza-
tion scenarios for the IPCC fifth assessment report (RCP6) as a future scenario in the next century
[Masui et al, 2011]. Before investigating the future changes, we evaluate the interannual variation
and decadal change in stratospheric and tropospheric ozone in the CCM. This study validates the
ozone response to meteorological variability related to ENSO during 2004—-2009. We also evaluate
the ozone response to the change in anthropogenic emissions of tropospheric ozone precursors,
ODSs, and greenhouse gases during the 1980s and 2000s.

The dissertation is organized follows. Chapter 2 describes a CHASER global CTM and a
MIROC-ESM-CHEM global CCM. Chapter 3 targets the interannual variation in tropospheric
ozone associated with the five meteorological variability. In chapter 4, we evaluate the ENSO-
related ozone variation and the change in ozone during the 1980s and 2000s in the CCM, before
investigating the future change in ozone. Chapter 5 focused on the long-term future change in
global ozone during the 2000s and 2100s. Chapter 6 summarizes the overall results of this disser-

tation, and presents our conclusion and remaining problems.



Chapter 2

Global chemistry model

In this study, we used two different global chemistry models for investigating (1) interannual
variation of tropospheric ozone during 1970-2008 and (2) long-term ozone changes during the
2000s and 2100s, respectively. One is CHASER version 3 (CHASER-V3) global chemical trans-
port model, which calculates tropospheric chemistry and related processes. In chapter 3, the sim-
ulated meteorology is nudged to NCEP/NCAR re-analysis (see section 3.2). Another is MIROC-
ESM-CHEM global chemistry—climate model (CCM). To simulate future ozone changes in the
troposphere and stratosphere, the model resolves stratosphere, and includes tropospheric and strato-

spheric chemistry.

2.1 Global chemical transport model

We employ the CHASER-V3 global CTiSludo et al. 2002}, which was developed in the
framework of the Center of Climate System Research (CCSR)/ National Institute of Environmental
Studies (NIES)/ Frontier Research Center of Global Change (FRCGC) AGCM versioiK4.7 |
1 model developers2004 Nozawa et al.2007]. This study adopts a horizontal resolution of
T42 (about 2.8 x 2.8) with 32 vertical layers from the surface to about 40 km altitude. Ad-
vective transport is calculated using a fourth-order flux-form advection scheme of the monotonic
Van Leer van Leer 1977 and flux-form semi-Lagrangian schenian and Rood 199¢]. Con-
vective transport is also simulated in the framework of the cumulus convection scheme (prognostic
Arakawa—Schubert scheme).

CHASER-V3 calculates the photolysis reactions and the gas-phase, liquid-phase, and hetero-
geneous kinetic reactions (53 species and 154 reactions). Photolysis rate is calculated on-line

using temperature and actinic flux computed in the AGCM. The kinetic reactions include-the O

10
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HO,-NO,-CH,-CO system and oxidation of non-methane volatile organic carbons (NMVOCSs).
For NMVOCs, the model includes oxidation of ethaneHg), ethene (GH,), propane (GHy),
propene (GHg), butane (GHy;), acetone (CKEICOCH;), methanol (CHOH), isoprene (gHy),

and terpenes (gHis). SO, oxidation with gas-phase and liquid-phase reactions are considered.
The liquid-phase oxidations consider dependency on pH, which is computed usin@8ONC]

in the model. Dry depositionyesely 198¢| and wet deposition (cloud-out and rain-out) processes
are also included. Lightning NQoroduction is simulated in the framework of cumulus convection
scheme according ®rice and Rind199%].

To extract the impact of interannual variation in transport on tropospheric ozone, we also use the
framework of a tagged ozone simulatidsudo and Akimotg2007]. The tagged ozone simulation
calculates the temporal evolution of a hypothetical ozone tracer using the archived three-hourly
production rate and loss frequency of the odd oxygen family@; + O + O('D) + NO, + 2NO;

+ 3N,O5 + PANs + HNQ + other nitrates). Ozone accounts for more thaf @5 O, family in

remote regions, although it accounts for 70%9d the polluted regions. The difference between
ozone andOy induces error, because dry and wet depositions of tagged tracer are calculated as
ozone. For example, HNQwhich is counted as Oinduces error through wet deposition process.
Therefore, the production rate in the boundary layers is scaled according to ratio of ozgrfeto O
reducing the difference. By contrast loss rate in the boundary layer is not scaled, because most of
O, chemical loss are occupied by three reactiondpP¢ H,O, O; + HO,, and Q + OH.

2.2 Global chemistry—climate model

An atmospheric general circulation model (AGCM) version of MIROC-ESM-CH E¥tanabe
et al, 2011tj is applied to obtain production raté’f and loss rateA) of O, which is defined as
a sum of Q, O('D), and O in sections 4 and 5. The original version of MIROC-ESM-CHEM is
an earth system model, which includes atmosphere, ocean, and land surface models. The model
used for this study consists only of AGCM coupled with a CHASER atmospheric chemistry model
[Sudo et al.200Z, Sudo and Akimotp2007] and a SPRINTARS aerosol moddldkemura et g.
2000 200z, 2005 2009).
The AGCM is based on CCSR/NIES/FRCGC AGCM version &-1|model develope[2004
Nozawa et al.2007]. The radiative transfer scheme is an updated version okdtlistribution
scheme following $ekiguchi and Nakajin00¢|. Tracer advection on grid scale is also updated.

This model adopts the piecewise parabolic metl@ol¢lla and Woodwalrl984] and a flux-form
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semi-Lagrangian schemeih and Rood 199¢. In this mode, the sea surface temperature (SST)
and sea ice concentration (SIC) in the model are prescribed as boundary conditions. We adopt a
horizontal resolutions of T42 (about 2.8& 2.8) with 57 vertical layers from the surface to about

52 km altitude. The vertical resolution increases to 1000 m per level from the surface to 5 km,
decreases again to 680 m per level from 5 km to 8 km, remains constant (680 m per level) for 8—35
km, and increases to 3500 m per level above 35 km. The hyb(ierrain following)—pressure

vertical coordinate system is used in the model.

Because this model resolves the stratosphere, it needs to represent deceleration of wind near the
model top reasonably. The model uses fourth orgeh) horizontal hyper-viscosity diffusion. The
e-folding time of the smallest resolved wave is 1.3 days for the T42 simulation. Although the model
incorporates thcFarlane[1987] orographic gravity wave parameterization, no non-orographic

gravity wave parameterization is included.

CHASER simulates details of photochemistry in the troposphere and the stratosphere, chemi-
cal tracer transport, wet and dry deposition, and emissions. In this study, the model incorporates
93 species and 263 reactions (58 photolytic, 184 kinetic, and 21 heterogeneous reactions). The
chemistry, dry deposition, wet deposition, and emission processes in the troposphere are follow-
ing CHASER-V3. This model also includes detailed stratospheric chemistry involving €iCl,

HOCI, BrQO,, HBr, HOBr, Cl, Br,, BrCl, CIONG,, BrONGO,, CFCs, HFCs, and OCS. The all
chemical reactions are calculated in the troposphere and the stratosphere. In the stratosphere, the
model also simulates formation of the polar stratospheric cloud (PSC), its gravitational settling,
and heterogeneous reactions (13 reactions for halogen species@gdadd it. The model used

the scheme which is adopted in the Center of Climate System Research (CCSR)/National Insti-
tute of Environmental Studies (NIES) stratospheric chemistry—climate mbidgjgshima et g|l.

2002, Akiyoshi et al, 2004. The scheme consider liquid binary aerosol (LBA), nitric acid tri-
hydrate (NAT), and ice PSCs assuming thermodynamic equilibrium. The scheme also includes
gravitational settling of LBA, NAT, and ice to represent irreversible removal of Kid@d HO

(i.e. de-nitrification and de-hydration processes, respectively) from the stratosphere. Additional
information of MIROC-ESM-CHEM can be found Watanabe et a[2011Lj.

SPRINTARS calculates mass mixing ratios of the aerosols: carbonaceous (BC and organic mat-
ter; OM), soil dust, and sea salt. The model includes emission, advection, diffusion, wet deposition,
dry deposition, and gravitational settling. Emissions of soil dust and sea salt are calculated in the
model. SPRINTARS is coupled with the radiation scheme and the cloud/precipitation schemes di-

rect, semi-direct, and indirect effects of aerosols. Detailed descriptions can be folakemura
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et al.[200Z] for the aerosol direct effecTakemura et a[200% 200¢] for the aerosol indirect effect.
We also used an £tracer-transport (tagged tracer) version of MIROC-ESM-CHISJdo and
Akimoto, 2007]. Atmospheric dynamical and physical processes in the model are identical to those

in the original version of MIROC-ESM-CHEM. The ozone tendency at each grid is written as

ac ac ac'
ac _ <_) ; (-) L PosC (2.2)
dt dt transport dt drydeposition

where(C stands for the ozone concentration, and where subscripts denote processes. The model
calculates the ozone tendency attributable to transport and dry deposition processes (first and sec-
ond term) in the same way as the original version, althoBgind 3 are prescribed by the output
obtained from the AGCM version of MIROC-ESM-CHEM. The and $ at each time step are
linearly interpolated from the three hourly mean outputs’aénd 5. Using the model with T42

(2.8x 2.8) and T106 (1.1 x 1.1°) horizontal resolutions, we test the sensitivity of change in
stratospheric and tropospheric ozone to change in horizontal resolution. For the T106 model, the
e-folding time of the smallest resolved wave is 0.9 days. Phand 5 for the T106 model are
linearly interpolated from thé” and 5 for the T42 model. To test an impact of the interpolation
method, we compare the T106 simulations in which two typeB ahdj are prescribed. One is
linearly interpolated, and another is calculated by the area-weighted interpolation. The compari-
son suggests that the difference of ozone attributable to the interpolation method is less than that
attributable to the meteorological field (see the supporting material). This study does not consider
an impact of horizontal resolution on ozone chemistry in the stratosphere and the troposphere, be-
cause the” and for the T106 model is calculated from those for the T42 model. We also used
the model to perform the simulation which quantifies the individual contributions of transport and

chemical processes.



Chapter 3

Interannual variation of global tropospheric

oZzone

3.1 Introduction

Meteorological variability, biomass burning, and other natural sources @f RO, and VOCs
could affect interannual ozone variation. Results of earlier studies suggested that interannual ozone
variation is controlled substantially by meteorological variabilKutokawa et al.2009 Hess and
Mahowald 200< Pozzoli et a,. 2011], such as that attributable to El o Southern Oscillation
(ENSO) and Arctic Oscillation (AO) [e.d.amarque and Hes2004 Doherty et al, 200€].

Interannual variation of ozone induced by ENSO has been studied using both satellite observa-
tion and global models. The earliest work studied changes in tropospheric column ozone derived
from satellite observations during 1997 Elifdi |[Chandra et 8] 199¢]. Several modeling studies
simulated changes in tropospheric ozone in 1997 to quantify the impacts of Indonesian wildfires
and meteorological changeSudo and Takahasi2001; Chandra et 8] 200Z). Recently, changes
in tropospheric ozone and carbon monoxide during the 2006 &b lMnd the positive phase of
Indian Ocean Dipole (IOD) were examined by combining measurements and model simulations
[Chandra et 8].2009 Nassar et g).2009 Zhang et al.201]]. Other studies characterized the
response of ozone to ENSO using long-term observations and simulaienskie and Chandra
1999 Peters et a).2007; Doherty et a, 200€¢; Koumoutsaris et &l 200§ Ziemke et a, 201()

Oman et al.2011; 2013 Randel and Thomps»2011]]. Results obtained from these studies sug-
gest that changes in tropospheric ozone associated with ENSO were caused not only by extensive
forest fires throughout Indonesia, but also by marked changes in meteorological conditions.

Some studies have examined the impact of AO on interannual variation in ozone in the northern

14
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midlatitudes to high latitudesLamarque and Heg2004 described that AO can explain up to

50% of the ozone variation observed by ozonesonde below 500 hPa over the North American
continent in spring.Creilson et al[200%] found that AO correlates with the tropospheric ozone
residual derived from satellites over Europe in springtiiess and Lamarquf2007] attributed

changes in ozone associated with AO to four source regions: Europe, North America, Asia, and
the stratosphere. They asserted that the change in ozone from the stratosphere decreases ozone
throughout the troposphere over northern Canada and the Arctic, and that the regional changes in
surface ozone around Europe, United States, Siberia, and East Asia are governed by changes in the

transport of ozone produced in the troposphere.

Effect of interannual variation in the Hadley circulation and effect of interannual variation in
Asian monsoon circulation on tropospheric ozone have been examined only curkariit al.
[201]] described that the Asian ozone anomaly over the Middle East correlates with two indepen-
dent summer monsoon indices, suggesting that intensified Asian summer monsoon circulation also
enhances the transport of Asian ozone to the Middle East. However, the impact of Asian winter

monsoons on TCO has not been investigated.

As described above, researchers have examined the impact of individual meteorological vari-
ability, in particular ENSO and AO, on ozone. However, interannual variation in the global dis-
tribution of tropospheric ozone is not understood comprehensively. In this study, we investigate
interannual changes in global tropospheric ozone associated with meteorological variability, and
quantify the contribution of meteorological variability to total interannual variation in global and
regional tropospheric ozone.

Additionally, Sudo and Takahas[2001] reported that key meteorological factors of the ozone
changes are upward-downward motion, suppressed—enhanced convection, and their associated wa-
ter vapor changes. However, the respective contributions of factors are not understood quantita-
tively. This study assesses individual impacts of transport process (advection via large-scale cir-
culation and cumulus convection, and vertical diffusion) and chemical process (temperature, water

vapor, cloud, and lightning).

Section 3.2 described the experimental settings, observational data, and analytical methods.
We investigated the impacts of ENSO, 10D variability, interannual variation in Hadley circulation,
interannual variation in Asian monsoon circulation, and AO on tropospheric column ozone (TCO),
and discussed their mechanisms in section 3.3. Their contributions to interannual variation in
regional ozone are quantified in section 3.4. Finally, in section 3.5, we summarize the results

and present our conclusions.
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3.2 Methodology

3.2.1 Full-chemistry simulation during 1970-2008

We performed simulations for the 39 years of 1970-2008 (hereinafter S1). Meteorological
fields (horizontal wind and temperature) in CHASER are relaxed to 12 hourly National Center
of Environmental Prediction/National Center of Atmospheric Research (NCEP/NCAR) reanalysis
data Kalnay et al, 199¢|. The simulation uses the Hadley Centrefs Sea Ice and Sea Surface
Temperature data set (HadlISSRdyner et al.2004].

In the simulation, emissions of ozone precursors do not vary year to year (except lightning
NO,), which facilitates evaluation of the impact of year-to-year variation in meteorology on tropo-
spheric ozone apart from that of year-to-year variation in emissions. However, anthropogenic and
biomass burning emissions include only decadal changes. Anthropogenic emissions are based on
EDGAR HYDE |van Aardenne et 4l2001] and 3.2 FT20000Qlivier et al, 200%. Biomass burn-
ing emissions are from GFED ver. 2dn der Werf et a).200¢]. We constructed biomass burning
emission assuming that (1) its annual amount has decadal variation in proportion to the population
in the corresponding region, (2) its burned location and timing are maintained at 2001 levels. Our
constructed CO emission shows positive trend slightly larger than RETRO emission in the tropics
where biomass burning occupy a half of total emission. We chose 2001 as the base year of tim-
ing and location, because biomass burning in Indonesia was not influenced by ENSO. However,
global total emission from biomass burning in 2001 was larger than average during 1997-2004
[van der Werf et a) 200€]. The larger emission was mainly responsible for emissions in Africa and
Australia. Therefore, we need to interpret our model result with caution. The simulation includes
natural sources of NOfrom soil (5 Tg N/yr) and lightning (about 5 Tg N/yr). The amount derived
from lightning varies from year to year because it is parameterized in the framework of cumulus
convection scheme according Reice and Rind199z]. Biogenic emissions of isoprene (400 Tg
Clyr) and terpenes (100 Tg Cl/yr) are calculated accordirfsuido and Akimotd2007]. Because
we focus on direct impact of meteorological variability on transport and chemistry processes, we

adopted monthly mean climatology of biogenic emission.

The ozone concentration above 20 km is relaxed to the prescribed data at each grid. The data is
based on monthly climatological distribution of Halogen Occultation Experiment project (HALOE)
and decadal change estimated from equivalent effective stratospheric chlorine (EESC). Therefore,
the ozone above 20 km does not include interannual variation due to meteorological variability.

Additionally, zonal mean ozone between tropopause and 20 km is relaxed to that of the data. The
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prescribed NQ data are output from a three-dimensional stratospheric chemistry ni@dedawa
et al, 1999.

3.2.2 Simulation fixed to chemical field in 1990

Interannual variation in meteorology influences the tropospheric ozone distribution through both
transport (advection, convection, and diffusion) and chemical (production and loss) processes. To
isolate the impact of interannual variation in transport on ozone, we performed a simulation fixed to
the 1990 chemical field (chemical production and loss rate,pf@ 39 years (hereinafter S2). The
chemical field in 1990 is not largely influenced by meteorological variability, because all indices

for 1990 do not exceed to one standard deviation (Figure 1). The ozone tendency at each grid is

ac dC dc
o _ (_) . (_) L P BC (3.1)
dt dt transport dt drydeposition

where(' stands for the ozone concentratidghdenotes the ozone production ratesignifies the

written as

ozone loss rate, and subscripts denote processes. In this simulation, we maintained the chemical
production rate P) and loss rate/{), and allowed the other tendencies (first and second term) to
vary among years. A similar approach was usetlioyet al. [2011].

We simultaneously calculated separate ozone tracers from 23 regions using the 1990 chemical
field. Although chemical loss of each tracer is calculated using archived loss rate everywhere in
the model domain, chemical production of each tracer is calculated only inside its corresponding
region. The regions were defined followingsaglo and Akimotg2007] (Figure3.1); 14 planetary
boundary regions (defined as lowermost 7 model layers), 9 free troposphere regions. Additionally,
ozone tracer of stratospheric origin was calculated by setting it equal to ozone (ozone from all
regions) in the stratosphere at each time step. For simplicity, we present contributions of 10 source
regions to the ozone variability; Stratosphere (STR), North America (AMN = BL-AMN + BL-
AMM + FT-AMN), South America (AMS = BL-AMS + FT-AMS), Europe (EUR = BL-EUR +
FT-EUR), North Africa (AFN = BL-AFN + FT-AFN), South Africa (AFS = BL-AFS + FT-AFS),

Asia (ASA = BL-CHN + BL-IND + BL-JPN + BL-TLD + FT-EAE + FT-EAW), Indonesia (IDN =
BL-IDN + FT-IDN), Australia (ARL = BL-ARL + FT-ARL), and rest of the world (RMT).

3.2.3 Obaservational data

We evaluate the performance of CHASER with satellite and ozonesonde observations. Interan-

nual variation in global tropospheric column ozone distribution is evaluated using satellite observa-
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Figure 3.1.Definition of source regions for tagged tracer simulation fop@rformed in this study.
(a) Definition of planetary boundary layer (below about 3 km), (b) definition of free troposphere.
Shade depicts annual mean production rate,of@bv/day) in 1990.

tions from the Tropospheric Emission Spectrometer (TES). TES is a Fourier transform IR emission
spectrometeBeer et a,.200]] on Aura. TES retrieval is based on the optimal estimation approach
[Rodgers200(]. Details are described tBowman et al[200€] and Kulawik et al.[200€]. The

prior profile is taken from monthly mean ozone in blocks of 2060° simulated by MOZART
model. We use the TES ver. 3 nadir-viewing measurement of ozone. We map TES swath data,
which have a 5< 8 kn? footprint, to the T42 grid. TES vertical sensitivity depends on altitude.
Therefore, the model results were adjusted for the sensitivity by application of the averaging kernel
and constraint vector (a priori profile). The modeled ozone profile was sampled at the closest grid
box and time to the measurement. Data screening criteria are given folldvargy et al[201(].

We also used tropospheric column ozone (TCO) data derived from the Total Ozone Mapping
Spectrometer (TOMS) to evaluate the interannual variation of TCO in the tropics. The TCO is
calculated using the convective cloud differential (CCD) metlzberhke et a,.199¢. In the CCD
method, TCO is computed by subtracting stratospheric column ozone (SCO) from total column
ozone. SCO and total column ozone were derived, respectively, from high and low reflectivity
measurements. We used data for the 25 years of 1979-2005 derived from TOMS on Nimbus7 and
Earth Probe.

We evaluate interannual variation of TCO in North America and the northern high latitude with
ozonesonde observation data. The data are from the World Ozone and Ultraviolet Data Center
(WOUDC). We use data obtained from eight sites: Boulder, Huntsville, and Wallops for North
America, and Resolute, Thule, Ny-Alesund, Eureka, and Alert for the high northern latitudes. In
the two regions, interannual variation in ozone is largely influenced by ENSO, AO, and Hadley

circulation (see section 3.4.2).
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3.2.4 Analytical method

This study investigates the impacts of meteorological variability on the interannual variation in
global TCO. To quantify the impact, we calculated the linear regression and correlation coefficient
of TCO with respect to index of climate variability. The regression and correlation coefficients are
calculated against each index separately, becausa3Ni index correlates with DMI significantly
(r=0.7). We multiplied the regression coefficient by the standard deviation of each index to express
physical magnitude of change for a gtypicalh event. We used the3\ index and dipole mode
index (DMI) [Saji et al, 1999, respectively, as the ENSO and IOD index. The AO index is defined
as the empirical orthogonal function (EOF) first mode of sea level pressure field in the model. The
indices of Hadley and Asian monsoon circulations were constructed folloleinaka et al[2004|.

The indices are calculated from the velocity potential at 200 hPa. The velocity potential is defined
as
V.-Vug =-Vy (3.2)

whereVy is the horizontal wind vector, ang denotes the velocity potential. At each grid we

decompose the velocity potential into three components as,

x=[x]+ )+ ) (3.3)

where brackets and angle brackets are respectively zonal mean and deviation from it, and over bar
and prime respectively denote one-year running mean and deviation from it. The Hadley index is
defined as the minimum (maximum) value[o(f] in boreal winter (summer). The monsoon index

is defined as the maximum (minimum) value(gh’ in boreal summer (winter). These indices can

be defined only in summer and winter. Interannual variations of the indices used for this study
are shown in Figur8.2. The Hadley index in boreal winter shows a marked strengthening trend,
which is consistent witlTanaka et al[2004. For linear regression and correlation calculation,

we removed the linear trend of index and ozone in linear regression and correlation calculation to

highlight year-to-year variation rather than a long-term trend.

We further adopt partial correlation techniqu@pjege) 198¢ to distinguish the impacts of
ENSO and 10D on the tropospheric ozone, because thed\W index correlates closely with DMI
(r = 0.7). The partial correlation coefficientz - between variablel and B after excluding the

influence of variabl€” is defined as

AB — TACTBC (3 4)

e T AT The
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Figure 3.2.Indices of (a) Nino3.4, (b) Indian Ocean Dipole, (c, d) Hadley and (e, f) Asian monsoon
circulations, and (g, h) Arctic Oscillation. The indices are standardized with their +1 standard de-
viation. Nino3.4 and the dipole mode index are seasonal means for October—November—-December
(OND). Figures 1c, le, and 1g and Figures 1d, 1f, and 1h respectively show seasonal means for
December—January—February (DJF) and for June—July—August (JJA). The y axis of Hadley and
Asian monsoon circulation indices for DJF is reversed. The details of Hadley and monsoon indices
are described ifanaka et al[2004]
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wherer 4 is the linear correlation coefficient fot and B, and so on. We calculated the partial
correlation coefficients between TCO andibi3.4 index after excluding the influence of DMI (i.e.,
rrcoNines.a,pm1), and between TCO and DMI after excluding the influence ¢fdSi4 index (i.e.,

r TCODMI,Nmo:M)-

We also characterize the interannual variation of tropospheric ozone with Empirical Orthogonal
Functions (EOFs). The general application of EOF analysis to the geophysical field is described by
Wilks [200¢€]. We applied EOF analysis to monthly and seasonal ozone anomalies (difference from
average for 1970-2008). Each meteorological variability-related signal was explored by examining
the EOF spatial patterns (EOF) and the corresponding principal component time series (PC) with
its index for the first four EOF modes. We multiplied EOF spatial patterns by the standard deviation

of corresponding PC time series, as for the regression coefficient.

3.3 Interannual variation of the global tropospheric ozone dis-

tribution

3.3.1 Comparison with satellite observation

We first compare annual mean of simulated tropospheric column ozone (TCO) with that of
TCO derived from the TES instrument in FiguBe&&. The model captures general features of TES
observation. It reproduces the zonal wave-one pattern of tropical TCO with minimum of 20 DU in
the western Pacific and maximum of 40 DU in the Atlantic. TCO enhancements of 40-50 DU in
eastern Asia and United States are also captured well, but the enhancement in the Pacific and the
Atlantic are underestimated slightly. The simulated TCO is also low-biased (6—9 DU) in the high
northern latitudes. TCO peaks of South Asia and the Middle East are overestimated in the model
(3—6 DU).

We then evaluate interannual variation in zonal and tropical mean TCO with TES observations.
A time-versus-latitude Hovmoller diagram of zonal and monthly mean TCO is portrayed in Figure
3.4. The monthly TCO is deseasonalized by subtracting the average during 2005-2007 in corre-
sponding months. The modeled anomalies generally correlate with observed anormaleSX).

The correlation coefficient is significant at®%onfidence level. In high northern latitudes, the
model captures observed decrease in 2006 and increase in 2007 in boreal winter. Although the ob-
served anomaly in November and December 2007 may be related to the positive phase of AO, the

modeled anomaly is not obvious. By contrast, the model does not reproduce observed anomalies
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Figure 3.3.Annual mean distributions of tropospheric column ozone (TCO) (a) derived from TES
instrument and (b) simulated by CHASER. TCO is averaged for 2005-2007. The modeled TCO
was sampled at the closest grid box and time to the observation. The TES averaging kernel was
applied to the modeled TCO. The unit is the Dobson Unit (DU).

in the boreal summer. The discrepancy is probably attributable to prescribed stratospheric ozone.
The model underestimates ozone decrease (increase) observed by Microwave Limb Sounder/Aura
(about 800) at 100 hPa during spring—early summer in 2006 (2007) in the northern mid to high lat-
itude. The underestimation might have affected interannual variation of TCO through stratosphere
to troposphere transport. TES observation also shows a negative (positive) anomaly in the tropics
and positive (negative) anomalies in the subtropics in late 2006 (2007). The model reproduces these
anomalies, which can be linked to ENSO and Hadley circulation.

Figure 3.5 shows a time-versus-longitude Hovmoller diagram of monthly TCO anomaly av-
eraged from15°S to 15°N. The TCO is deseasonalized, as in FigBrd The model generally
captures observed anomalies=0.53). The significance of correlation coefficient exceeds 99
confidence level. Both the observed and the simulated TCO changes show positive (negative)
anomaly in late 2006, and negative (positive) anomalies in late 2005 and 2007 in the western Pa-
cific and the eastern Indian Ocean (eastern Pacific). In addition, positive and negative anomalies
are found, respectively, in the western Indian Ocean in late 2005 and 2006. These signals in the
Pacific and the Indian Ocean can result from ENSO and IOD respectively. The simulated anomalies
are smaller than the TES observations around Indonesia, primarily because of a lack of anomalous
Indonesian forest fires in 2006 in the model. The model tends to capture the observed interannual
variation in TCO during October—December (OND) in the tropics=(0.54, significant at 99
confidence level), and during December—February (DJF) in the high northern latitudes well (
0.53, significant at 99 confidence level). We show that ENSO, 10D, and AO can be related to
interannual variation in TCO. Therefore, we investigate the impact of ENSO and 10D in OND, and
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Figure 3.4.Time—latitude cross section of monthly and zonal mean deseasonalized TCO anomaly
(DU) showing the anomaly (a) derived from TES and (b) simulated by CHASER.
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Figure 3.5.Longitude—time cross section of monthly deseasonalized TCO anomaly (DU) averaged
betweenl 5°S andl5°N showing the anomaly (a) derived from TES and (b) simulated by CHASER.
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Figure 3.6.(a, b) Regression coefficient of TCO (DU) with respect to Nino3.4 index and (c, d)
partial correlation coefficient of TCO with respect to Nino3.4 after excluding the influence of DMI.
Figures3.€a anc3.€c are calculated using TCO and the index in OND. Figi3€b and3.€d are
calculated using TCO in DJF and the index in OND (correspond to a 2 month lag). Hatched regions
are not significant at the 96confidence level.

ENSO and AO in DJF below. Additionally, we address interannual variation in Hadley and Asian

monsoon circulations in DJF.

3.3.2 Impact of El Nino—Southern Oscillation

Figure3.€a shows regression coefficient of TCO with respect to tH®Ri4 index in OND. A
two-tail Studentfs t-test demonstrated that hatched regions are not significant afithev8b The
result shows a positive anomaly of 1-1.5 DU in the tropical western Pacific including Indonesia,
and a negative anomaly of 2.5 DU in the tropical eastern Pacific. The model also exhibits positive
anomalies of 0.5-1.5 DU in the central to eastern Pacific over the subtropics. The correlation
coefficient shows a similar pattern (not shown). Significant correlation was found in the tropical
eastern Pacificr(= 0.8), Indonesiar( = 0.6) and the eastern Pacific over the subtropics Q.8).
These spatial patterns are consistent with those described in earlier sidoestly et a,. 2006
Oman et al.2011].
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Two month-lagged regression coefficient of TCO with respect to tli®3l4 index (i.e., re-
gression between TCO in DJF andidi3.4 index in OND) is presented in FiguBeb. We picked
the two month-lagged regression to compare impact of ENSO with that of Hadley circulation in
southern North America in DJF. The anomalies in DJF show a similar pattern to that in OND,
while positive anomaly in southern North America is elevated from 0.2 DU to 1 DU. The positive
anomaly can result from the combination of an enhanced local Hadley cell and intensified subtrop-
ical jet in the eastern Pacific because of EN-SB4piro et al.2001; Wang 2002 through changes
in the horizontal and vertical transport in troposphere, and stratosphere—troposphere exchange of

ozone Hsu et al, 2005 Koumoutsaris et &l200¢|.

Sudo and Takahasf00]] reported that large-scale atmospheric circulation, cumulus convec-
tion, and water vapor are key factors contributing to tropical TCO change duringiél Now-
ever, the respective factorsf contributions to the TCO change are not understood quantitatively.
We attempt to quantify the impact of interannual variation in transport (large-scale circulation and
cumulus convection) and chemistry (water vapor, etc.) associated with ENSO using the two sim-
ulations described in sections 3.2.1 and 3.2.2. S1 accommodates year-to-year variation of both
meteorological (transport) and chemical fields (production and loss ratg) 0@ S2 allows only
the meteorological (transport) field to vary. In this study, we define the impact of transport as re-
gression coefficient of TCO in S2 with respect to théd8.4 index. We also define the impact of

chemistry as regression coefficient of TCO difference between S1 and S2.

Figures3.7a and3.7b respectively show the impacts of transport and chemistry. The impact
of transport is greater than that of chemistry over most of the globe. The significant impact of
chemistry is confined to the tropical central Pacific, where the impacts of transport and chemistry
are comparable, although the chemistry process has less impact in Indonesia. This lesser impact is
attributable to cancelling out of the positive anomaly below 5 km and negative anomaly above 5 km
over Indonesia (Figurel.7c and3.7d). The positive anomaly (+0.2 DU) below 5 km is related to
a decrease in the chemical loss of ozone with water vapor, while negative anomaly (0.1 DU) above
5 km is related to a decrease in chemical production of ozone from lightning NGwever, this
simulated change in lightning over Indonesia is opposite to the change derived from LIS/TRMM
[Hamid et al, 200]]. They showed that convective storms were concentrated on land and the
coast area, and that the number of lightning flashes increased during 1997—-1998dB/elr)
compared to 1998-1999. We must improve convection and lightning9d¢@emes, for example,
as didNassar et al[2009]. In addition, the impact of chemistry may include some bias, because

only one year (1990) of chemical fields is used in S2. However, as Figure 1 shows, all indices were
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Figure 3.7.Impact of interannual variation in (a) transport and (b) chemistry on the regression coef-
ficient of TCO (DU) with respect to the Nino3.4 index shown in Figure 5a, and impact of chemistry
on column ozone (c) between surface and 5 km and (d) between 5 km and tropopause. The impacts
are seasonal averages for OND. Hatched regions are not significant attrem@fdence level.
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Figure 3.8. Regression coefficient of ozone from each source regions with respechite@.Mi
index in (a) the northern midlatitude (39—40°N, 180°—-230E) and (b) the southern subtropics
(25°S-35S, 180-230E). The source regions in the troposphere are shown in FRidre

within one standard deviation in 1990.

Previous studies showed that the increase of TCO in the northern extratropics can result from
enhanced Asian pollution transport and stratosphere—troposphere exchang®id et a, 199§
Hsu et al, 2005 Zeng and Pylg200% Koumoutsaris et &l 2008 Voulgarakis et al.2011]. We
attribute sources of the TCO increase in the northern and southern extratropics.3=ggusiows
contributions of 10 source regions to the TCO increase in the northern extratropics over the eastern
Pacific (30N-40°N, 180—-230E). Ozone from the stratosphere (STR) is most responsible for the
TCO increase. Second most contribution is ozone from the North America (AMN). Ozone from
Asia have an impact on the TCO increase in DJF. In the southern extratropics over the eastern
Pacific, stratospheric-origin ozone is also most important source of TCO increase (Bi€ure
Ozone from South America (AMS) and South Africa (AFS) contributes to the TCO increase (Figure
3.&b).

3.3.3 Impact of Indian ocean dipole variability

Figure3.Ca presents regression coefficient with respect to DMI in OND. Positive anomaly (+1.5—
2 DU) is evident in the eastern Indian Ocean and Indonesia. Negative anomaly (1-1.5 DU) is
also found in the western Indian Ocean and eastern Africa. Large-scale descent (ascent) flow,
suppressed (enhanced) convection, and dryness (wetness) are found in the eastern Indian Ocean
(western Indian Ocean) during the positive phase of 10D (not shown). These results suggest that
the mechanism causing the changes is analogous to ENSO. We further assess the partial correlation
coefficients between TCO andidi3.4 index after removing the influence of DMI (Fig 3.€c) and
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(a) Regression coeff. OND (b) Regression coeff. DJF

e et =

<
L iy
,.-._'_'}',45, L6 < “
3

6ON: % (v—ug
& 7 b
ST ] rgj
R s '
7%, % \’u
7

B e

............. Liiiias

D o PP %
T e

E3 20 180 1200 o ]

o 1206

-0.9-0.8—-0.7-0.6—0.5—-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8

Figure 3.9.(a, b) Regression coefficient of TCO (DU) with respect to the dipole mode index (DMI)
and (c, d) partial correlation coefficient of TCO with respect to DMI after excluding the influence
of Nifo3.4 index. Figure8.Sa anc3.Cc are calculated using TCO and the index in OND. Figures
3.€b and3.¢d are calculated using TCO in DJF and the index in OND (corresponding to a 2 month
lag). Hatched regions are not significant at th&Q®nfidence level.

between TCO and DMI after removing the influence ofd8.4 index (Figur8.€c), because DMI
correlates significantly with the R03.4 index { = 0.7). Figure3.Sc shows positive and negative
partial correlations in the eastern and western Indian Oceaf 6 and 0.6) respectively. Although
Figure3.€c shows positive partial correlation between TCO anidldSi4 in the southeastern Indian
Ocean, Negative partial correlation is found along equator in the Indian Ocean. These imply that
dipole structure in the Indian Ocean in FigiB€a results from IOD rather than ENSO. In the
tropical eastern Pacific, negative partial correlation between TCO and DMI is weaker than that

between TCO and Wp3.4 index, suggesting that the impact of ENSO is dominant.

Two month-lagged regression coefficient with respect to DMI is also shown in F&iEbeas
for Figure 3.€. Regression coefficient shows similar patterns to those with respectituBMi
Figure3.Sd shows that two month-lagged patrtial correlation between TCO and DMI in the western
Indian Ocean is significant € 0.6). However, the partial correlation between TCO and DMI in the

tropical Pacific and southern North America is weaker than that between TCO &aod.Mindex
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Figure 3.10.Impact of interannual variation in (a) transport and (b) chemistry on the regression
coefficientof TCO (DU) with respect to DMI shown in FiguBCa. The impacts are seasonal
averages for OND. Hatched regions are not significant at thec@mfidence level.

(Figures3.€d and3.€d).This suggests that the anomalies are due to the impact of ENSO rather than
to that of IOD.

We also quantify the impacts of interannual variation in transport (atmospheric circulation and
convection) and chemistry (water vapor, etc.) associated with IOD on TCO as for ENSO. Figure
3.10presents the impacts of transport and chemistry. The impact of transport is greater than that
of chemistry as for ENSO. The significant impact of chemistry is confined to the eastern Indian
Ocean. Over eastern Africa, increased ozone production from lightningaN@increased ozone
loss with water vapor cancel each other. We need to interpret them with caution, because they may
be also influenced by ENSO. Nevertheless the partial correlation in F&gresuggests that the
anomalies are mainly caused by 10D.

3.3.4 Impact of Hadley circulation

Figure3.11a presents regression coefficient of TCO with respect to the Hadley circulation index
in DJF. Regression shows increases of TCO up to 0.8 DU particularly in the Himalayas, the north-
east Pacific, North America, and Northern Africa. The Hadley impact is independent from ENSO
because the Hadley index used for this study does not correlate withitb8.Miindex { = 0.1).

We discuss the cause of change in TCO associated with Hadley circulation. Bi@dvealso
presents regression coefficient of TCO transported from the stratosphere. The regression coefficient
shows positive anomalies (up to 0.6 DU) in the Himalayas, the northeastern Pacific, North Amer-
ica, and Northern Africa. The positive anomalies reach from 250 hPa to surface (Biddcg

Additionally, Figure3.11d presents climatology and regression coefficient of zonal mean vertical
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Figure 3.11.(a) Regression coefficient of TCO, (b) TCO transported from the stratosphere with
respect to the Hadley circulation index (DU). (c) Regression of zonal mean ozone from the strato-
sphere with respect to Hadley circulation index (ppbv). (d) Climatology and regression coefficient
of vertical wind velocity (m/s) at 300 hPa. The coefficient is calculated using TCO, ozone, or wind
velocity and the index in DJF. Hatched regions are not significant at the c@mfidence level.
Black and red lines respectively show climatology and regression coefficient in [Qduice
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Figure 3.12.Regression coefficient of (a) TCO (DU) and (b) horizontal wind at 400 hPa with
respect to the Asian monsoon circulation index. The coefficient is calculated using TCO and the
index in DJF. Hatched regions are not significant at th& @6nfidence level. Vectors are drawn
only in significant region with 9% confidence level.

wind velocity at 300 hPa. The climatology and regression present increase in downward vertical
wind velocity between 10N and 40N in the upper troposphere. These results suggest that the TCO
increase results from enhanced downward transport of ozone-rich air from the stratosphere and up-
per troposphere to the lower—middle troposphere. However, we need to investigate the reason why
the anomalies are significant only in the Himalayas, the northeastern Pacific, North America, and

Northern Africa.

3.3.5 Impact of Asian monsoon circulation

In this section, we particularly examine the Asian winter monsoon especially because Asian
summer monsoons have a minor impact on TCO (not shown). Fiuiés and3.1zb present
regression coefficients of TCO and horizontal wind vector at 400 hPa in DJF respectively. The
regression shows positive anomaly of 1.2 DU in South Asia and the western Indian Ocean. The
change in TCO results from the intensified cyclonic circulation over South Asia associated with
monsoon circulation in the upper troposphere (Fidifgb). The anomalous circulation enhances
transport from Africa to South Asia and the western Indian Ocean. In this study, we also calculated
the tagged ozone tracers from various source regions in the simulation fixed to the 1990 chemical
field. Results of the simulation suggest that ozone from North Africa (AFN) is most responsible for
the TCO increase (about %0of the increase) in the western Indian Ocean (Fi@if€). Second

most contribution to the TCO increase is ozone from South America (AMS).
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3.3.6 Impact of Arctic oscillation

Figure3.14a shows regression coefficient of TCO with respect to AO index in DJF. FRilirb
shows a regression coefficient of horizontal wind at 500 hPa. Wind vectors are drawn in areas with
a 99/ confidence level. Figui.14a shows negative anomaly (1 DU) in the high northern latitudes.

This TCO change is qualitatively consistent with previous studies fegs and Lamarq,12007.

The TCO change associated with AO is related to a change in the poleward transport from the
northern midlatitude to Arctic. The poleward transport is weakened during the positive phase of
AO, resulting from intensified polar vortex (FiguBel4b). Our tagged ozone simulation suggest
that ozone produced in the free troposphere and stratosphere is more responsible for the TCO

decrease (about 95 than that produced in the boundary layer.

3.4 Contribution of meteorological variability to interannual

variation in ozone

In this section, we quantify the contribution of major meteorological variability to total interan-
nual variation in global TCO (section 3.4.1) and regional TCO (section 3.4.2).

3.4.1 Contribution to global distribution

We perform EOF analysis to detect the leading mode of interannual variation in global TCO and
to quantify its contribution. A result of EOF analysis is shown in Fi¢BuEn Figure3.15a shows
time series of EOF first mode (PC1) with thefldB.4 index in OND. PC1 correlates with that of
Nifi03.4 index { = 0.90), suggesting that the first mode represents a component related to ENSO.
Spatial patterns of the first mode (EOF1) are also similar to that of the regression coefficient in
Figure 3.€a (Figure3.1tb). The spatial correlation coefficient between EOF1 and the regression
is 0.98. Contribution of EOF1 to total variance is’33Hess and MahowalfR00¢| also applied
EOF analysis to global ozone field. Although the spatial pattern in our study is similar to that in
their study, the contribution to total variance in our study is about five times larger than that in
their study. This is attributable to applying EOF to TCO in OND when Hid\is mature phase.
The result for DJF is also similar. These results indicate that the variation of TCO associated with

ENSO is the most important in all interannual variations of global TCO distribution.
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Figure 3.15.Time series corresponding to EOF first mode (EOF1) with Nino3.4 index. The time
series are standardized with their +1 standard deviation. EOF1 eigenvector of TCO (DU) averaged
for OND. The spatial pattern is scaled by +1 standard deviation of PC1. Its contribution rate is

33%.

3.4.2 Contribution to temporal variation

We quantify the contribution of the meteorological variability to total interannual variation of
TCO in six regions. We quantify the contribution as an index of meteorological variability multi-
plied by the corresponding regression coefficient at each grid and year. For example, ENSO impact
IS given as

Censo(x,y,t) = agnso(x,y) X Ipnso(t) (3.5)

where C is contribution of ENSO, a stands for regression coefficient of ENSO, | dendie3.Ni
index, X, y, and t are longitude, latitude, and year respectively. We also constructed total contri-
bution by adding contributions of ENSO, IOD in OND, and by adding ENSO IOD, Hadley, Asian
monsoon, and AO in DJF. Figu®16shows correlation coefficients between the total contribu-
tion and the simulated TCO. Figuglta shows significant correlation in the eastern Pacific in the
tropics, the western Pacific including Indonesia. Fi¢ifeb also shows the significant correlation
in the southern North America and the northern high latitude as well as tropical eastern Pacific and
northwestern Indian Ocean. There is, however, no significant correlation in the Atlantic, East Asia,
and Europe. We focus on the six regions where the correlation coefficient is larger than 0.6 (Figure
3.16). The simulated TCO and the contribution of meteorological variability in the right panels of
Figures3.17and3.18are detrended to emphasize year-to-year variation.

Figure3.17a shows the interannual variation of simulated and satellite-observed TCO in OND
in the tropical eastern Pacific. The simulated variation agrees well with the observed variation,
except in the late 1980s, although the model overestimates the observed long-term trend. Overes-



35 CHAPTER 3. INTERANNUAL VARIATION OF GLOBAL TROPOSPHERIC OZONE

a) correlation coeff. OND b) correlation coeff. DJF

6ON{gd= M
L. e ~
30N

308

0 60E 120E 180 120W 60W 0

03 04 05 06 07 08 09

Figure 3.16.Correlation coefficient between the simulated TCO and total contribution of meteo-
rological variability considered in this study, and map of regions used inFiui&and3.1&for
(a) OND and (b) DJF.

timation of the long-term trend might be attributable to increasing trend in ozone precursor emis-
sions in the tropics after 1990 in the model. FigB8r&7b presents detrended TCO variation with

the anomalies calculated from theifdB.4 index (hereinafter, the ENSO component). The ENSO
component, explaining 79 of the total variancer(= 0.89), is most responsible for the variation

in the tropical eastern Pacific. In strong Elfidiyears (1982 and 1997), the ENSO component
contributed more than 68to TCO anomalies there.

Figure3.17c shows simulated and observed TCO anomaly in the tropical western Pacific and
Indonesia. These anomalies are shown as deviations from average value during whole observa-
tion period. The average, however, does not include the value in 1997, because the simulation in
this study does not include emission enhancement during the severe Indonesian fires in 1997. The
model generally captures interannual variation, while the long-term trend is overestimated as in Fig-
ure3.17a. Figure3.17d portrays detrended TCO anomalies in addition to the anomalies calculated
from the NN03.4 index and DMI as in Figu&17b (ENSO and IOD component, respectively). In
this region, both the ENSO and IOD components play important roles in the interannual variation
of TCO. They contributed more than 84f the TCO increase in 1982 and 1997. The quantities of
relative importance of the ENSO and 10D components wefg &6d 44%, respectively, in 1982,
and were 3% and 654 in 1997. We, however, need to pay attention to possible double counting of
ENSO and 10D, because of the significant correlation betweén Ri4 index and DMI. In other
El Nifio years, TCO changes are not explained merely by ENSO and 10D. This results from inter-
annual variation in ozone above 5 km, which might be related to changes occurring in the upper
tropospheric circulation over Indonesia.

Interannual variation of TCO in the tropical western Indian Ocean in OND is shown in Figure
3.17e. The satellite observation and the simulation show similar variations, especially after 1996.

The simulated increasing trend is overestimated after 1990 as in the tropical Pacific. Figibire



36

Tropical eastern Pacific 15S-15N 180-120W Tropical Eastern Pacific 15S-15N 180-120W
6 T T T T T T T
a
. (@)
=) =)
g 2f /\ a
> >
£ oL :
2 Y 2
© ©
Q 2 o
o o
= -
4
_6 1 _8 1 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 1970 1975 1980 1985 1990 1995 2000 2005
Year Year
CHASER —+— TOMS CCD —— ENSO component s CHASERTCO —+—
Tropical eastern Pacific 15S-15N 80-130E Tropical Western Pacific 15S-15N 80-130E
4 T T T T T T T
8 d
3 ( ) 4
5 6 5
=} )
> 4 >
© ©
e ;
c =
@ 0 ©
Q o]
© O
=2 =
-4
6 1 1 1 1 1 1 1 K 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 1970 1975 1980 1985 1990 1995 2000 2005
Year Year
CHASER —+— TOMS CCD —— 10D component = CHASER TCO —+—
ENSO component mmmmm
Tropical western Indian Ocean 15S-15N 0-60E Tropical Western Indian Ocean 15N-15S 0-60E
6 T T T T T T T 3
.l @) 2
5 2p X i /‘ | 5 1
2 \ x| A A 2
> 4 WIENAVAN Ay = 0
< V] \ 1T X T
E \‘ )\J W \l >\[ \ j’ ¥ g 1
S 2 |/ \/ E =
|/ \/ ©
3 S ?
-4 ] o
= =3
-6 71 4
_8 1 1 1 1 1 1 1 _5 1 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 1970 1975 1980 1985 1990 1995 2000 2005
Year Year
CHASER —+— TOMS CCD —=— 10D component mmmss  CHASER TCO —+—

Figure 3.17.Time series of TCO (DU) in (a, b) the tropical eastern Pacific, (c, d) the tropical west-
ern Pacific, and (e, ) the tropical western Indian Ocean averaged for October?December. Figures
3.17a,3.17c, and3.17e show the simulated (black) and the observed (red) TCO. Observation data
are derived using the TOMS convective cloud differential method in the tropics. Figurds

3.17d, and3.17f show the simulated TCO (black line) and the contribution of climate variability

(red and blue) calculated from the regression coefficient and the corresponding index. The time
series are calculated from the whole simulation period and are detrended to emphasize year-to-year
variation rather than long-term change.
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presents detrended anomalies that are simulated and calculated from DMI (I0OD component). |IOD
explains 36; of TCO variation in the tropical western Indian Ocean. The variation after 1992 is
particularly influenced by IOD significantly.

Figure3.1&a shows interannual variation of TCO in the northwestern Indian Ocean in DJF. The
simulated variation reproduces satellite-observed variation well during 1998-2008. The model,
however, overestimates the observed trend. Fig@utéb presents the simulated TCO anomalies,
and the anomalies calculated from Asian monsoon index (monsoon component). During 1999—
2008, the simulated variation is influenced strongly by interannual variation in Asian monsoon
circulation (Figure3.1&b). The average contribution of the monsoon component is approximately
50%. However, the monsoon component has less impact on variation of TCO in the late 1980s
and early 1990s. In addition, IOD has a non-negligible impact on TCO in the northwestern Indian
Ocean in DJF.

We compare the simulated TCO variation with the observation by ozonesonde (Boulder, Huntsville,
and Wallops Island) in southern North America (FigBté&tt) because no long-term satellite ob-
servation is sufficient to evaluate the simulated interannual variations in ozone over North America.
The variation shown in Figui®.1€&t is averaged only at the observation sites and for the days when
ozonesonde was launched. The model reproduces increasing trend in TCO well. Interannual varia-
tion of TCO is generally captured by the model, in particular, between the early 1980s and the late
1990s. In this region, the ENSO component has significant impacts on TCO variation during El
Nifio events (Figur8.1¢&d). The contributions of ENSO were %0n 1973, 585 in 1983, and 4%
in 1998. Additionally, the Hadley component has a non-negligible impact in the region.

Figure 3.1&e shows interannual variation of the simulated TCO with ozonesonde observations
(Alert, Eureka, Ny-Aalesund, Thule, and Resolute) in the high northern latitudes in DJF, as in
Figure3.1¢c. The simulated TCO variation captures the observation well after 1985. A positive
trend is also reproduced by the model. Fig8r&éf shows that the AO component explains’7 2
of the variances( = 0.85). In strong positive and negative phase years of AO (1989 and 1977), its
respective contributions are 1%0and 77% of the total anomaly.

3.5 Summary

This chapter characterizes the interannual variation of global tropospheric ozone associated with
meteorological variability during 1970-2008. The CHASER model generally reproduces the main
features of the observed distribution and interannual variation observed by TES in late 2000s. Parts
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Figure 3.18.Same as Figurd.17, but for TCO in (a, b) the northwestern Indian Ocean, (c, d) the
southern North America, and (e, f) the high northern latitudes. Observation data are derived from
ozonesonde (Figuré&s1et and3.1&e) in the middle to high northern latitudes. The simulated TCO
shown in Figure8.1¢c and3.1¢&e are sampled at closest time to the observation.
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of simulated and observed interannual variation are explainable by ENSO, 10D variability, and AO.

We investigated changes in TCO spatial patterns associated with ENSO, 10D variability, inter-
annual variation in Hadley circulation, interannual variation in Asian monsoon circulation, and AO
using linear regression analysis. The change associated with ENSO shows a dipole structure, which
is positive anomaly (1-1.5 DU) in the western Pacific including Indonesia and negative anomaly
(2.5 DU) in the eastern Pacific in OND. This pattern is consistent with those found in previous
studies Peters et 8).2003; Doherty et al, 2006 Oman et al.2011]. The model also exhibits a
TCO increase (0.5-1.5 DU) in the central to eastern Pacific over the subtropics during the positive
phase of ENSO. The increase extends to southern North America with a 2-month lag (from 0.2 in
OND to 1 DU in DJF). Additionally, we investigated the meteorological impact of ENSO more
guantitatively. Sudo and Takahaslf200]] reported that key factors controlling ozone changes
caused by meteorological change are large-scale atmospheric circulation, convection, and water
vapor changes in the tropics. We further quantified the impact of atmospheric circulation and con-
vection changes (transport), and the impact of water vapor changes (chemistry). Results show that
transport has a dominant impact on the most of globe, while those of transport and chemistry are
comparable in the tropical central Pacific. The pattern of TCO change induced by 10D variability
shows a dipole structure, which is increased (1.5-2 DU) in the weéstr&f with a decrease (1-1.5
DU) in the east during the positive phase of IOD. The mechanism causing the changes is analo-
gous to ENSO because meteorological changes associated with 10D variability resemble those of
ENSO.

Intensified Hadley circulation causes TCO increase (up to 0.8 DU) in the Himalayas, the north-
eastern Pacific, and North America in DJF. The increase is probably linked to enhanced downward
transport from stratosphere and upper troposphere to the lower—-middle troposphere. Stronger Asian
monsoon circulation enhances TCO (1.2 DU) in the western Indian Ocean because of anomalous
eastward transport of ozone from Africa. In the years of AO positive phase, TCO is decreased
(2 DU) in the high northern latitudes, reflecting weakened poleward transport from midlatitudes.
Transport process plays dominant roles in the TCO variation associated with interannual variation

in Hadley circulation, interannual variation in Asian monsoon circulation, and AO.

Finally, we quantify the contribution of meteorological variability to total interannual variation
in global and regional TCO distributions. The result suggests that interannual variation in TCO in
the tropics and the high northern latitudes are generally explainable by ENSO, 10D, AO, and inter-
annual variation in Asian monsoon circulation. ENSO explairis 88 global TCO variance and

79% of the variance in the tropical eastern Pacific in OND. In years of strong El Nino events (1982,
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1997), ENSO contributed more than%@8&o negative anomalies. In the tropical western Pacific
and Indonesia, both ENSO and 10D play important roles in OND. Their combinations contributed
more than 8% to positive anomalies in the strong El Nino years. The relative importance of ENSO
(IOD) is 56% (44%) in 1982, and is 3% (65%) in 1997. ENSO also contributes to 46-57@f the
increase in southern North America for DJF in 1973, 1983, and 1998. Hadley circulation has a
non-negligible impact in DJF there. In the tropical western Indian Ocean and Africa, IOD explains
36% of the variance in OND. The interannual variation of TCO in the northern Indian Ocean is
influenced strongly by Asian monsoon circulation in DJF after late 1990s. Its average contribution
is about 50:. AO dominates the interannual variation of TCO in the high northern latitudes in DJF.
It explains 72 of the variance, and contributes T1Q77%) of anomalies in the strongest positive
(negative) phase year of AO.

In this chapter, our simulation does not incorporate year-to-year variation in natural sources
of ozone precursors (e.g., emission from wildfire, soil, vegetation) to evaluate meteorological im-
pact on ozone apart from these emissions. However, these emissions can also be important factors
controlling interannual variation in ozone. In future work, we must investigate the interannual vari-
ability of global tropospheric ozone more comprehensively, including changes in these emissions.
In addition, ENSO and AO might provide a preview of future warming climate in the tropics and
the northern mid-high latitudérhmaguchi and Nod200€]. Further investigation of variation in

ozone associated with them is necessary for testing changes in ozone under global warming.



Chapter 4

Evaluation of chemistry—climate model

4.1 Introduction

Chemistry—climate model (CCM), which a general circulation model coupled with atmospheric
chemical processes, is a frequently-used tool for a future projection of stratospheric and tropo-
spheric ozone. Chemical transport model (CTM), which is used in chapter 3, calculates only chem-
ical field. In contrast, CCM simulates chemistry, radiation, dynamics, and their interactions. For a
reliable future projection, CCM needs to calculate the processes relevant to future change in ozone
accurately. Climate change can have a non-negligible impact on future change in stratospheric and
tropospheric ozonegyring et al, 2010 Kawase et a).2011]]. It is necessary to validate the re-
sponse of ozone to CCM-driven meteorological variability. Additionally, emissions of tropospheric
ozone precursors and ODSs is expected to be reduced in the next cevikd®; 2017; van Vuuren
et al, 2011]. The reduced emissions can cause a substantial change in ozone in the troposphere and
stratosphere. Therefore, evaluation of the ozone response to change in the emissions is important.

For evaluation of 0zone responses to meteorology, examining of ozone variation associated with
El Nifio Southern Oscillation (ENSO) is often us€@hhan et al.2011; 2013. ENSO is regarded as
a dominant mode of interannual variation in tropospheric ozBegdrs et 8]2001; Doherty et al,
200¢ Hess and Mahowa|200¢]. As shown in chapter 3 ar8ekiya and Sucd¢2017), ENSO
impact on tropospheric ozone is greater than those of other meteorological variability. This chap-
ter compares the simulated ENSO-related variation in stratospheric and tropospheric ozone with
that observed by satellite instruments and ozonesonde. During the 1980s and 2000s, the increased
emissions of tropospheric ozone precursors and ODSs have a significant impact on stratospheric
and tropospheric ozon#{isco and Logar2003 Gillett et al, 2011]. To evaluate the ozone re-

sponse to a change in the emissions, we evaluate the change in ozone during the 1980s and 2000s
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with satellite and ozonesonde observation.

Moreover, we test sensitivities of the ENSO-related variation and the change in ozone to in-
creased horizontal resolution through ozone transport (i.e. an impact of horizontal resolution on
wind field and advection calculation) apart from chemistry using the model with two horizontal
resolutions (about 300 km and 120 km). Therefore this study does not consider an impact of hori-
zontal resolution change on non-linearity of tropospheric ozone chemistry. Earlier studies typically
used CCMs with about 300 km horizontal resolution. However, it remains unclear whether such
CCM resolution simulates the variation and change appropriately.

This chapter is organized as follows. Section 4.2 provides the experimental settings and ob-
servational data. In section 4.3, we compare the present-day simulation with observation and re-
analysis data. To validate the response of ozone to CCM-driven meteorological variability, we
evaluate the simulated ENSO-related ozone variation during 2004—2009 by comparison with that
derived from satellite and ozonesonde observations (section 4.4). To evaluate the ozone response
to a change in the emissions of tropospheric ozone precursors and ODSs, we assess the long-term
change in ozone during the 1980s and 2000s (section 4.5). In section 4.6, we summarize the results
in this chapter.

4.2 Methodology

4.2.1 Experimental settings

We performed time-slice runs for the 1980s and the 2000s, which mean an average state in
the years around 1980 and 2000 respectively. We compared the time-slice run for the 2000s with
satellite and ozonesonde observations. The time-slice runs are also used to evaluate change in
stratospheric and tropospheric ozone between the 1980s and 2000s. A transient run for the pe-
riod during 2004-2009 is also performed. We evaluate ENSO-related variation in stratospheric
and tropospheric ozone during 2004-2009 in the transient run. To obtain boundary conditions
(chemical production and loss rate of @mily, N,O, CH,, and CFCs) for the Qtracer-transport
model, we conducted simulations using the AGCM version with T42 resolution (hereinafter FC).
Subsequently, we performed simulations using thdr@cer-transport version with T42 and T106
resolutions (hereinafter MTT and HTT respectively). In this study, we refer respectively to T42
and T106 as medium and high horizontal resolution. The simulation settings used for this study are
presented in Tablé.1.

We conducted the time-slice FC simulations for the 1980s and the 2000s. Their lengths are five
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Table 4.1.Summary of experiment performed in this study.
Full-chemistry simulation (FC)
Period SST/SIC  GHGs/ODSs/Emissions
1980s (5yr) HadISST Historical (1980)
2000s (5yr) HadISST Historical (2000)
2004-2009 HadISST Historical (2000)

Os-tracer-transport simulation

Experiment H. resolution Period SST/SIC P,
1980s (5yr) HadISST 1980s
MTT T42 2000s (7yr) HadISST 2000s
2004-2009 HadISST 2004-2009
1980s (5yr) HadISST 1980s
HTT T106 2000s (7yr) HadISST 2000s
2004-2009 HadISST 2004-2009
MTT-ICHEM Tao 1980s (5yr) HadISST 2000s

2004-2009 HadISST average for 2004—-2009

) Average for 1975-1984
2) Average for 1995-2004

years in the each period followiifeng et al[200¢]. We specified the concentrations of greenhouse
gases (GHGs) and ODSs in 20(Mdinshausen et al2011], and the emissions of tropospheric
ozone precursors in 2000amarque et €] 201(] as the boundary conditions for the 1980s and the
2000s Tabl&.1). The average of HadISST daRdyner et a].2003 for 1975-1984 and for 1995—

2004 are respectively used as the SST/SIC for the 1980s and the 2000s. The biogenic emissions of
isoprene and terpenes estimateGuenther et a[ 1995 is respectively reduced by 20to 400 Tg

Clyear and 100 Tg Clyear followirtgouweling et a [199¢ andRoelofs and Lelievel{200(]. We

used the monthly mean climatology of biogenic emissions because this study examines a combined
impact of anthropogenic and biomass burning emissions and climate change on stratospheric and
tropospheric ozone. The initial conditions were taken from the result of ACCMIP experiment for
the corresponding period using MIROC-ESM-CHEM [d.gmarque et ] 201%.

We conducted the time-slice MTT simulations for the 1980s and the 2000s. The simulations
ran for five and seven years respectively in the 1980s and the 200052, Theand GHGs (NO,
CH,, and CFCs) were prescribed by the output obtained from the time-slice FC simulations (Table
4.1). The other settings are same as the time-slice FC simulations. Additionally, we performed
the simulation which calculates the ozone tendency attributable to transport and dry deposition
in the 1980s with the” and 3 in the 2000s (hereinafter MTT-fCHEM). To assess a sensitivity
of the change in ozone to the change in horizontal resolution, we performed the time-slice HTT

simulations for the 1980s and the 2000s. Their lengths are five and seven years respectively in
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the 1980s and the 2000s. The boundary and initial conditions for HTT simulations were linearly
interpolated from those for the MTT simulations.

We also conducted the transient FC, MTT, and HTT simulations during 2004—-2009 with the
SST/SIC in the corresponding year (Tadld). The other settings are same as those of the time-
slice simulations for the 2000s. This study also performed the transient MTT-fCHEM simulation
which maintained the® and $ at the average for 2004-2009, and allowed the ozone tendency
because of transport and dry deposition to vary among years. Howevét,ahdj for the MTT-

fCHEM simulation include diurnal and seasonal cycles.

4.2.2 Observation data

We used the data derived from Microwave Limb Sounder (MLS) and Tropospheric Emissions
Spectrometer (TES) instruments for the evaluation of stratospheric and tropospheric ozone in the
model. The MLS/TES data were constructed follow@man et al[201. MLS level 2 ver. 3.3
data were used for ozone above 261 hPa. The data were screened using the quality and convergence
threshold recommended lhyesey et a [201]]. We used TES level 3 ver. 2 monthly mean data
for ozone below 261 hPa. TES ozone profiles have about two degrees of freedom for signals in
the troposphere [e.¥Worden et al.2004. The MLS and TES data were mapped into the model
grid. Oman et al[201% used the MLS data from August 2004 to May 2012 and the TES data from
September 2004 to December 2009 because the frequency of TES observations was decreased
after January 2010. However, we used the data from September 2004 to December 2009, when
both MLS and TES are available. In this study, the averaging kernels of MLS and TES were not
applied to the simulated ozone.

We also used ozonesonde data for the comparison with the simulations for the 2000s (Section
3), we applied the ozonesonde data compiledibwes et al[201Z], which are climatological data
of 42 selected stations for 1995-2011. We also used the monthly mean data at Samoa, Java, and
Hilo for 2004—-2009 obtained from Southern Hemisphere ADditional OZonesondes (SHADOZ)
[Thompson et 8] 2003gb; 2007] for the evaluation of the simulated variation in ozone associated
with ENSO (Section 4.4).

We evaluate change in the modeled ozone during the 1980s and 2000s with merged ozone
data (MOD) total ozone based on version 8 SBUV and TO@®larski and Frith200¢], and
an updated global ozone data set derived from SAGE I+1l data plus polar ozonesBaaet I
and Wy 2007]. We compare the difference of the simulated ozone between the 1980s and 2000s
with a linear trend of the observed total column ozone and ozone mixing ratio. We excluded the
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data during 1992-1995 to calculate the linear trend, because the data during this period is largely

influenced by the Pinatubo eruption.

4.3 Evaluation of Present-day simulation

We first compare ozone and meteorology in the simulation for the 2000s with those in the
observation data and the re-analysis data before investigating the ENSO-related variation and the
long-term change. The model results in the last five years are used for the comparison. We com-
pare the zonal means of simulated temperature and zonal winds with those in the ERA-Interim
re-analysis dateDee et al. 201]]. We use an average of the ERA-Interim for 1995-2004. The
simulated ozone volume mixing ratio is compared with the MLS/TES data and the ozonesonde
observations. The MLS/TES data are averaged for 2005—-2009.

Figure4.la shows annual and zonal means of the simulated temperature for the MTT simu-
lation (contour), and biases relative to the ERA-Interim (shade). The MTT generally reproduces
temperatures in the ERA-Interim, although a warm bias (up to 6 K) is apparent in the lower strato-
sphere. The MTT also shows a cold bias of 8 K near the extratropical tropopause. A similar cold
bias is also found in the original version of MIROC-ESM-CHEMWAdtanabe et §l2011t}. The
reason for this cold bias is related to the short wave heating in the model. In the HTT simulation,
the warm bias of temperature in the lower stratosphere is reduced by 4 K compared to that in the
MTT (Figure 4.1b), although the reduction is probably related to dynamical process. The HTT
shows a slight warm bias in the troposphere, except near the extratropical tropopause.

We examine the vertical mass flux at 100 hPa surface. The flux is often used for estimating
stratosphere—troposphere exchange of mass and ozone in the extratropicar{eéNmpije et a,

2004]. Table Table4.2 presents a summary of vertical mass flux at 100 hPa in ERA-Interim, MTT
and HTT simulations. The fluxes are integrated in the trop€89-25°N), the northern and

the southern extratropic9{°S—20°S and25°N-90°N). Boundaries between the tropics and the
extratropics are defined as the latitude where the flux in ERA-Interim is equal to zero. Although
MTT simulation underestimates absolute values of vertical mass flux at 100 hPa relative to ERA-
Interim (19-23%) in all regions, the flux in HTT is comparable to that in the ERA-Interim.

We examine the vertical mass flux at 100 hPa surface. The flux is often used for estimating
stratosphere—troposphere exchange of mass and ozone in the extratropicar{eé\wpije et a,

2004]. Table4.z presents a summary of the vertical mass flux at 100 hPa in the ERA-Interim, the
MTT, and the HTT simulations. The fluxes are integrated in the tropicsSZZEN), the northern
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Figure 4.1.Annual and zonal means of temperatures (K) and zonal winds (m/s) and their biases
relative to ERA-Interim. Top and bottom panels respectively show temperatures (a, b) and zonal
winds (c, d). Leftis MTT simulation and right is HTT. Contours and shading respectively represent

the mean field and its bias.



47 CHAPTER 4. EVALUATION OF CHEMISTRY-CLIMATE MODEL

Table 4.2.Vertical mass and ozone (in parentheses) flux at 100 hPa. The positive sigh is upward
flux. The top four rows are an average for the 2000s, and the bottom four rows are regression or
partial regression coefficients with respect t@idB.4 index. Unit of the mass flux is 4Tg/yr for

the average and is 10g/yr/K for ENSO-related variation. Unit of the ozone flux is Tg/yr for the
average and is Tg/yr/K for the ENSO-related variation. The range is defined as a two-%de 95

confidence interval for the ENSO-related variation.
90°rS-20S 20S-25N 25°N-9C°N

Climatology
_ ~199.2 422.6 2234
ERA-Interim (—223.7) (102.3) (~360.3)
_153.0 335.0 ~180.0
MTT (—238.0) (89.0) (~333.8)
- 2076 4225 2146
(—294.3) (103.3) (~381.2)

ENSO-related variation
-17.64+6.0 37.0+10.7 —-19.34+5.3

ERA-Interim (-16.7+4.3) (3.1+£5.2) (-24.8+17.2)

T 32446 146+39 —11.4+47
0.9+ 142) (-0.7+25) (-11.2+4.3)

T “134+11 174416 —4.0+11.6

(—9.5+10.0) (-2.24+2.6) (-1.2+39.2)

and the southern extratropics(90°S—20S and 28N-90°N). The boundaries between the tropics
and the extratropics are defined as the latitude where the flux in the ERA-Interim is equal to zero.
Although the MTT simulation underestimates the absolute values of the vertical mass flux at 100
hPa relative to those in the ERA-Interim (1992Bin all latitude bands, the flux in the HTT is
comparable to those in the ERA-Interim.

The vertical mass flux at 100 hPa in the HTT simulation is greater than that in the MTT. This is
mainly attributable to a difference of wave drag between the MTT and the HTT. The difference is,
at least partly, related to a difference of zonal means of zonal winds between the MTT and the HTT.
The upper flanks of the subtropical jet in the HTT are stronger than those in the MTT (Féolzes
and4.1d). Critical layer, which leads to a wave breaking and drag, occurs where the phase velocity
of a wave matches the background wind velocity. Therefore, the stronger subtropical jet implies
that the critical layer in the HTT is higher than that in the MBhepherd and McLandref20117]
showed that a wave drag change attributable to climate change is largely explainable by an upward
shift of the critical layer associated with the acceleration of the upper flanks of the subtropical jet.

We compare ozone in the simulations with that in the MLS/TES observation. Féfae
shows the annual and zonal mean of ozone in the MLS/TES observation averaged for the period
from 2005 to 2009. General feature of the observed distribution is reproduced by the MTT and
HTT simulations (contour in FigureZ2c—d). Figure#t.Zc—d also shows the differences between
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Figure 4.2.Annual and zonal mean of ozone (ppbv). (a) The mean value during the period from
2005 to 2009 observed by the MLS/TES instruments. (b—d) The mean in the simulations for the
2000s (contour) and its bias relative to that derived from the MLS/TES instruments (shade). (b),
(c), and (d) are respectively the FC, the MTT, and the HTT simulations.

the observed and the simulated ozone in the stratosphere and troposphere. The difference is within
10% in the middle and upper stratosphere (1-20 hPa). However, the simulated ozone in the lower
stratosphere is high-biased to that in the MLS/TES observation (20#820-50 hPa and 30-60

in 50-200 hPa). In contrast, the simulated ozone in the middle troposphere is low-biased{L5-40

Figures4.2a—d show biases of ozone in the simulations and the MLS/TES observation relative
to that in the ozonesonde observation. The each panel of Figure Hdishows the average
of all available profiles at the stations, which are located in the corresponding latitude band. The
ozone profiles in the simulations and the MLS/TES observation are sampled at the closest grid to
the station. Although the bias of ozone observed by the MLS/TES is withifncdinpared to that
observed by the ozonesonde in the stratosphere, it is high-biasedbin3be troposphere. The
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simulated ozone in the MTT is high-biased to that in the ozonesonde%B0ove 50 hPa, and the
simulated ozone shows the positive bias larger thdid BOthe altitudes between the tropopause

and 50 hPa. The bias in the lower stratosphere exceeds the annual mehstahdard deviation

for each month over the all soundings in the ozonesonde observation. The bias near the tropopause
is attributable to the simulated tropopause height which is lower than the observed one, because
such large bias near the tropopause in the MTT is not found on the height coordinate relative to
the tropopause (Figui€.4). In contrast, the tropospheric ozone in the simulations is low-biased

to that in the ozonesonde by @0 The simulated tropospheric ozone in the HTT is similar to that

in the MTT in the extratropics. In the tropics, tropospheric ozone in the HTT is larger compared
to that in the MTT (Figure Figurd.2b, c). The increase reduces the bias in the southern tropics,
although it raises the bias in the northern tropics. Because the results of the MTT simulation are
generally similar to those of the FC simulation (FigL4ezb and4.3), we show only the results of

the O;-tracer-transport simulations hereinafter.

The comparison between the MLS/TES and the ozonesonde observations suggests the positive
bias in the MLS/TES for the middle—upper troposphere (Figuge The positive bias of tropo-
spheric ozone derived from the MLS/TES is larger than that report®¢aisgar et e[200¢]. They
reported that mean difference of all profiles, which meet the criteria for the coincide observation
of TES and ozonesonde, is generally in the 0xX¥ange for the troposphere. Their validation of
TES was performed using the TES observation which coincides with the ozonesonde observation.
However, we use all available profiles for the comparison, because we aim to validate the climato-
logical mean of stratospheric and tropospheric ozone in the simulations with those in the satellite
and ozonesonde observations. We show the MLS/TES data averaged for 2005-2009, and show the

ozonesonde data averaged for 1995-2011.

We also calculate the vertical ozone flux at 100 hPa using the ERA-Interim wind field and
the MLS ozone field, and compare with the simulated vertical ozone flux. Bablpresents a
summary of the flux in the tropics and the extratropics in the same manner of the mass flux. In
the tropics, the MTT simulation underestimates the upward ozone flux calculated from the ERA-
Interim and the MLS by 1&. The HTT improves the underestimation. In the extratropics of
the northern hemisphere, the MTT underestimates the calculated downward ozone flo) (7.4
although the HTT overestimates it (58 In the extratropics of the southern hemisphere, the MTT
and the HTT overestimate the calculated ozone flux%6ahd 31.6¢, respectively). The MTT
underestimates the mass flux at 100 hPa in the ERA-Interim, and the HTT agrees with the mass

flux in the ERA-Interim. The overestimation of the simulated ozone at 100 hPa is responsible for
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the overestimation of the ozone flux at 100 hPa.

4.4 ENSO-related variation

This study evaluates ENSO-related ozone variation in the simulations forced by the observed SST
variability with that derived from the MLS/TES instruments and the SHADOZ ozonesonde net-
work. The observed variation related to ENSO is founcRandel and Thompsnj201]] and

Oman et al[2013; 2013. Additionally, we test the sensitivity of the ozone variation to increased
horizontal resolution using the simulations with medium (about 300 km) and high (about 120 km)
resolutions. The interannual variability of ozone in the lower stratosphere is influenced by the
guasi-biennial oscillation (QBO) as well as ENSO [dRandel and WL2007 Oman et a}.2013.
Therefore, we used multiple linear regression (MLR) analysis to assess the ENSO-related variation

in ozone in the MLS/TES observation and the HTT simulation as

Ct) =Y aiXi(t) +&(t). (4.1)
Therein,C is an anomaly of ozone,represents the partial regression coefficightienotes indices
of ENSO and QBO, and stands for a residual term. 3.4 index is used as Index of ENSO. The
Nifno3.4 index is calculated from the HadISST data. Two orthogonal time-series based on EOF
analysis of zonal wind at equator are used as QBO indMé&dldce et al.1993 Randel and Wu
199¢]. The QBO indices for the MLS/TES and the HTT is respectively calculated from zonal wind
field in the ERA-Interim and the HTT. Linear regression analysis is applied for the MTT, because
the MTT simulation does not internally generate QBO. This analysis method is similar to that used
in Oman et al[2017; 2013.

We analyze the simulation during 2004—-2009 in order to evaluate the simulated ozone variation
related to the observed SST variability during the same period as that of the observation. However,
the simulation length is shorter than that in the previous studiesPeigerty et a,. 200€f Oman
et al, 2017, 2013. We present three month running mean ofidB.4 index, the anomaly of ozone
in the MTT and the HTT simulations (Figu#Et). In the MTT and the HTT simulations, the
simulated anomaly of ozone is well correlated witiidB.4 index at 3 km and 12 km altitude in
the tropical eastern Pacific. The correlation coefficients are -0.79 (-0.84) in the MTT, and -0.76
(-0.83) in the HTT at 3 (12) km altitude. The ozone anomaly in the regions folloWwe3\ index
during the positive phase of ENSO, the difference between the anomaly and the index stands out

during the negative phase of ENSO. The month-to-month variability also causes the difference.
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Figure 4.5.Three month running mean of 3.4 index (K) and @anomaly (ppbv) in the MTT

and the HTT simulations averaged in the tropical eastern Pacific{280E, 15S—15N). (a) is

at 3 km altitude and (b) is at 12 km altitude. Black line i$ibiB.4 index, red line is the anomaly in

the MTT, and blue line is the anomaly in the HTT. The left and right y-axes are respectively for the
anomaly of ozone and R03.4 index. The right y-axis is reversed.
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Figure4.€a presents the partial regression coefficient of ozone observed by the MLS/TES with
respect to Ni03.4 index averaged in the tropics {$515N). The MLS/TES shows a positive
anomaly over Indonesia and Indian Ocean. Local peaks of the anomaly are locatéi an&0
at 14 km altitude (up to 5 ppbv/K), and at X@in the altitudes between 5 and 10 km (up to
3 ppbv/K). A negative anomaly of about 2 ppbv/K is found in the middle troposphere over the
central and eastern Pacific. The anomaly reaches 10 ppbv/K near the tropopause. The regression
coefficient of ozone in the MTT shows a similar spatial pattern to that in the MLS/TES (Figure
4.€b). However, the MTT simulation underestimates the magnitude of the observed anomalies.
The HTT simulation generally shows a spatial pattern of the anomalies similar to that in the MTT,
although the HTT simulation partly improves the underestimation in the central and eastern Pacific.
However, the anomaly over Indonesia and the Indian Ocean is underestimated in the MTT and the
HTT, because the monthly mean emission from biomass burning in 2000 is used in the simulations
during 2004-2009. In the tropical lower stratosphere, the observed and the modeled variation in
ozone show a negative anomaly of approximately 20 ppbv/K. The spatial pattern of the variation in
tropospheric ozone in our model is similar to that in HadAM3-STOCHEMHerty et a,. 200€]
and GEOSCCMOman et al.2017, despite of their different simulation periods. The simulation
periods are six years (2004-2009) in this study, twenty three years (1980-2(ID@heanty et a'.

[200¢€], and twenty five years (1985-2009)@man et al[2013.

The difference of the anomalies between the MTT and the HTT simulations is attributable to
transport process, because the simulations prescribed same chemical production and loss rate of
O,. One reason for the difference is the different response of Walker circulation to the observed
SST variability. We calculate the sensitivity of Walker circulation to the observed SST variability
using the Southern Oscillation Index (SOI) as a proxy of Walker circulation, and compare with the
sensitivity of SOI obtained from NOAA CPC (http://www.cpc.ncep.noaa.gov/data/indices/). We
defined the sensitivity as a linear regression coefficient of SOI with respeciia8Miindex. The
sensitivities are 0.53- 0.29 K™! in the MTT, 0.724 0.23 K™ ! in the HTT, and 0.88: 0.22 K!
in the observation. The range of the sensitivities is a two-side 8dnfidence interval. These
sensitivities indicate that Walker circulation in the HTT is more sensitive to the observed SST
variability than that in the MTT. The sensitivity in the MTT is out of the range of the observed

sensitivity, although that in the HTT is within the range of the observed sensitivity.

In the eastern Pacific, positive anomalies are apparent in the MLS/TES observation and the
simulations in the 12—-20 km altitude over the subtropics and the midlatitudes (lAdireThe

positive anomalies in the MTT simulation (about 10 ppbv/K) are weaker than those inthe MLS/TES
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Figure 4.6.Regression and partial regression coefficients of ozone (ppbv/K) and wind field (m/s/K)
with respect to Ni03.4 index averaged in the tropics {$515N) during 2004-2009. The shaded

regions show a significant ozone variation at &9&onfidence level.

Arrows indicate a wind

field variation at a 9% confidence level: (a) is the partial regression coefficient in the MLS/TES
observation (ozone) and the ERA-Interim (wind); (b) is the regression coefficient in the MTT; and
(c) is the partial regression coefficient in the HTT. The vertical component of wind is scaled by
1000. Red line is the tropopause height, which is defined by temperature lapse rate of 2 K/km. The
tropopause height in the left panel is calculated from the ERA-Interim.
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(about 50 ppbv/K) especially in the northern hemisphere, although the anomalies in the HTT are
comparable to those in the MLS/TES. The simulated positive anomalies extend to the low to middle
troposphere over the subtropics (0.5-1 ppbv/K). The simulated anomalies are in agreement with the
observed anomalies. These anomalies are slightly weaker than those in GEOSCCM (2-3 ppbv/K
in the low to middle troposphere, and 10-15 ppbv/K near the tropopause shown in Figure 4b of
Oman et al[2017]). The anomalies can result from enhanced transport of Asian pollution and
increased stratosphere—troposphere exchange of ozone duringdgLidngford et a, 199§ Hsu

et al, 2005 Zeng and Pylg200% Koumoutsaris et &l 2008 Voulgarakis et al.2011], reflecting
intensified subtropical jet, and enhanced local Hadley and Brewer—Dobson circulahapifo

et al, 2001, Wang 2002, Calvo et al, 201(]. The enhanced meridional circulation is also shown

in Figure4.7 as arrows. A negative anomaly is also found in the tropics in the MLS/TES and the
simulations. As withOman et al[201%, the modeled negative anomaly is narrower in latitude
than the observed anomaly in the tropical troposphere. The HTT improves the tropical negative

anomaly in the middle troposphere compared to that in the MTT.

We also investigate the zonal mean response of temperature and ozone to ENSC4 Eigure
shows the temperature regression and partial regression coefficients with resp@&ct3alMdex.
In the tropical troposphere, the ERA-Interim, the MTT, and the HTT show a positive anomaly,
although the simulations overestimate the anomaly in the ERA-Interim. In contrast, a negative
anomaly of 0.4 K/K is found in the tropical lower stratosphere in the ERA-Interim. The simulations
also show the negative anomaly of 0.2 K/Kin the MTT and 0.6 K/K inthe HTT. Over@WN and
S, positive anomalies are found in the lower stratosphere. The model underestimates the observed
positive anomaly of 0.6 K/K in the northern hemisphere. The difference between the MLS/TES and
the simulations is attributable to the weak anomalous descent in the lower stratosphere of northern
midlatitude. The spatial pattern of the anomalies of temperature in this study is similar to the SAGE
and ozonesonde observations and the simulation with WACR#&hgel et al.200¢ Randel and
Thompsoin2011].

Regarding zonal mean of ozone, the MLS/TES and the simulations show a negative anomaly in
the tropical lower stratosphere, and positive anomalies in the midlatitude lower stratosphere (Figure
4.10). In the tropical lower stratosphere, the simulated negative anomaly in the MTT and the
HTT is comparable to the observed one (20—30 ppbv/K). However, the simulated positive anomaly
above 18 km altitude over 3660°N (about 5 ppbv/K in the MTT and 10 ppbv/K in the HTT)
underestimate the observed one (about 50 ppbv/K). In 12-18 km altitude ov&8, the HTT
reproduces the positive anomaly of approximately 5 ppbv/K derived from MLS/TES, although
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Figure 4.7 Regression and partial regression coefficients of ozone (ppbv/K) and wind field (m/s/K)
with respect to Ni03.4 index averaged in the eastern Pacific {880 E) during 2004—2009. The
shaded regions show a significant ozone variation atad@mfidence level. Arrows indicate a wind

field variation at a 9% confidence level: (a) is the partial regression coefficient in the MLS/TES
observation (ozone) and the ERA-Interim (wind); (b) is the regression coefficient in the MTT; and
(c) is the partial regression coefficient in the HTT. The vertical component of wind is scaled by
1000. Red line is the tropopause height. The tropopause height in the left panel is calculated from
the ERA-Interim.
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Figure 4.8.Regression and partial regression coefficients of ozone (ppbv/K) and wind field (m/s/K)
with respect to Nino3.4 index in the western Pacificc@8120E) during 2004—-2009. Shaded re-
gions show significant ozone variation at #98onfidence level. Arrow indicates wind field varia-

tion at a 9%, confidence level: (a) is the partial regression coefficient obtained from the MLS/TES
observation (ozone) and the ERA-Interim (wind); (b) is the regression coefficient in the MTT; and
(c) is the partial regression coefficient in the HTT. The vertical component of wind is scaled by
1000. Red line is the tropopause height. The tropopause height in the left panel is calculated from
the ERA-Interim.
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Figure 4.9.Zonal means of regression and partial regression coefficients of temperatures (K/K)
and residual circulation (m/s/K) with respect toildB.4 index during 2004-2009. The shaded
regions show a significant temperature variation at% 86nfidence level. Arrows indicate a wind

field variation at a 9% confidence level: (a) and (c) respectively stand for the partial regression
coefficient in the ERA-Interim and the HTT simulation; (b) is the regression coefficient in the MTT.
The vertical component of residual circulation is multiplied by 1000. The scale of thin arrow is 25
times larger than that of thick arrow. Red line is the tropopause height. The tropopause height in
the left panel is calculated from the ERA-Interim.

the MTT underestimates it slighthRandel et al[200¢| and Randel and Thompsof201]] also
analyzed the SAGE and ozonesonde observations and the simulation with WACCM. This study
shows the regression coefficient-e2.5-3% per standardized Rb3.4 index in the tropical lower
stratosphere, and the regression coefficients of 0.6c-p& standardized Rb3.4 index in the
midlatitude lower stratosphere. However, the regressions are weaker than tiiReedel et al.
[200¢} andRandel and Thompsd2011]].

Additionally, we compare the ENSO-related variation in the MLS/TES and the simulations with
that in the ozonesonde observation during 2004—2009 in the tropical Pacific. This evaluation is sim-

ilar to that inOman et al[2017], which used the observation in the two western region SHADOZ
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Figure 4.10Zonal means of regression and partial regression coefficients of ozone (ppbv/K) with
respect to N03.4 index during 2004—2009. The shaded regions show a significant ozone variation
at the 95t confidence level: (a) and (c) respectively denote the partial regression coefficients in
the MLS/TES observation and the HTT simulation; (b) is the regression coefficient in the MTT.
Red line is the tropopause height. The tropopause height in the left panel is calculated from the
ERA-Interim.
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Figure 4.11Regression and partial regression coefficients of ozone with respedie@ Miindex
(ppbv/K) at (a) Java, (b) Samoa, and (c) Hilo during 2004—2009. Black squares and line respec-
tively stand for the partial regression in the ozonesonde and the MLS/TES observations. Red line
shows the regression in the MTT. Blue one is the partial regression in the HTT. The error bar
represents a range of a two-sidé/Bonfidence interval.

locations (Java and Kuala Lumpur) and the three eastern region SHADOZ locations (Samoa, Hilo,
and San Cristobal) for 1998—-2009. At Java, the simulations, the satellite and the ozonesonde obser-
vations show ozone increase in the troposphere (Figuria). However, the simulations slightly
underestimate the increase observed by the ozonesonde observation. At Samoa, the observed and
the simulated ozone are decreased, although the simulated ozone underestimates the observed one
in the middle troposphere (Figu#ellb). At Hilo, the simulations and the ozonesonde observation
show a positive anomaly in the middle troposphere and a negative anomaly in the upper troposphere
(Figure4.11c). The HTT simulation partly improves the underestimation of the negative anomaly

in the upper troposphere. In the tropical lower stratosphere, a negative anomaly of about 40 ppbv/K

Is observed at all stations. The simulations tend to underestimate the observed negative anomaly
(10-34 ppbv/K). The vertical profile of the regression coefficient with respectiio3\ index in

this study is similar to that i®@man et al[2011].

Table4.2shows ENSO-related variation in the vertical mass flux at 100 hPa. During the positive
phase of ENSO (El Nio), increases in upward and downward mass fluxes are seen, respectively,
in the tropics and the extratropics. The change in the simulated fluxes is, however, underestimated
compared to the fluxes in the ERA-Interim. The MTT simulates the flux change stronger than that
in the HTT in the northern extratropics, although the difference is within the range of the two-side
95% confidence interval. In the southern extratropics, the MTT simulates the flux change weaker
than that in the HTT, and the difference exceeds the range. In the tropics, the HTT simulates the
change in the flux slightly larger than that in the MTT. We estimate the vertical ozone flux at 100 hPa
from a wind field of the ERA-Interim and an ozone field of the MLS/TES data. The flux indicates
increases in upward and downward ozone fluxes, respectively, in the tropics and the extratropics
(Table4.2). The change in the ozone fluxes in the simulations is weaker than the change estimated
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from the ERA-Interim and the MLS/TES in all latitude bands.

Sudo and Takahasf2001]] reported that large-scale atmospheric circulation, convection, and
water vapor are key factors contributing to change in tropical tropospheric ozone duringdl Ni
To elucidate the processes determining ENSO-related variation of ozone, we quantify the individ-
ual impacts of transport (i.e. atmospheric circulation and convection) and chemistry (i.e. water
vapor) on ozone variation. We additionally conducted the sensitivity simulation fixed to average
of chemical field  and ) for 2004—2009 (MTT-fCHEM). The simulation presents that transport
and chemistry have comparable impacts on the ozone variation in the tropics (F4dLamsb).
However, the impact of chemistry is dominant in the lower troposphere over the central and eastern
Pacific. The variation attributable to chemistry is probably caused by variations in water vapor and
lightning NQ,, although variations in temperature and cloud might affect it. Our simulation shows
that the impact of chemistry is greater than the results of ch&gteer the Indian Ocean and the

western Pacific, reflecting enhanced production of lightning Ner Africa (Figured.13).

We also quantify the individual impacts of transport and chemical processes on the ozone varia-
tion. The MTT simulation accommodates year-to-year variation of both transport field (wind field)
and chemical field® andg of O,), although the MTT-fCHEM simulation allows only the transport
field to vary among years. The impact of transport is defined as a regression coefficient of ozone in
the MTT-fCHEM simulation. We also define the impact of chemistry as a regression coefficient of
ozone difference between the MTT and the MTT-fCHEM. The simulations present that transport
and chemistry have comparable impacts on the ozone variation in the tropics (FHdlamsb).
However, the impact of chemistry is dominant in the lower troposphere over the central and eastern
Pacific. Our simulations show that the impact of chemistry is greater than that sh@&hkiya and
Sudo[2017] (Figure 6 ofSekiya and Sud{01Z]) over the Indian Ocean. This difference reflects
an increase in the production rate of Gver Africa in the FC simulation, in which a regression
coefficient of lightning NQ production with respect to Rb3.4 index is positive (7.3 kg NATs/K)
over Africa (Figured.13).

In the subtropics over the eastern Pacific, transport and chemistry play significant roles in the
most regions. Nevertheless the impacts of transport are dominant in the midlatitude lower strato-
sphere over the eastern Pacific (Figudekec, d). The model also calculates separate tracers for
O; produced in the stratosphere 100 hPa) and the troposphere<pl00 hPa). These indi-
cate that ozone from the stratosphere and the troposphere respectively contributes to the ozone
increase because of transport in the upper troposphere and lower stratosphere. In the lower tropo-

sphere, ozone from the troposphere dominates the ozone increase. These results also suggest that
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Figure 4.12Impacts of (a, ¢) transport and (b, d) chemistry on the regression coefficients of ozone
(ppbv/K) with respect to Nio3.4 index estimated from the MTT and the MTT-fCHEM during
2004-2009. The top and the bottom panels respectively show the average in the trofies (15
15°N) and the eastern Pacific (18@230E). The shaded regions show a significant ozone variation

at a 994 confidence level. Red line is the tropopause height. The tropopause height in the left panel
is calculated from the ERA-Interim.
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Figure 4.13.A regression coefficient of lightning NOproduction (kg/m/s/K) with respect to
Nino3.4 index in by the FC simulation. Shaded regions show significant ozone variation @t a 95
confidence level.

the ozone increase in the subtropics is caused not only by the intensified stratosphere—troposphere
ozone exchange but also by the variation in tropospheric transport. For example, the export of
Asian pollution to the Pacific is enhanced during Efbli resulting from an intensification and a
southward shift of the northern subtropical jet over the eastern Pacdiumpoutsaris et gl200€].

4.5 Change during the 1980s and 2000s

This study conducted global simulation of ozone concentrations for the 1980s. We evaluate the
change in meteorology during the 1980s and 2000s, before evaluation of the ozone change. Figure
4.14a depicts a linear trend in annual and zonal means of temperature for 1979-2009 in the ERA-
Interim reanalysis. The ERA-Interim shows negative trend of 0.2—0.6 K/decade between 18—30 km
altitude in the tropics and the midlatitudes, and negative trend of up to 0.8 K/decade in the polar
lower stratosphere (12—-21 km altitude). The models simulate a negative trend of up to 0.8 K/decade
in the stratosphere, although the location of the negative trend is replaced upward compared to that
in the ERA-Interim (Figured.14b, c). The models do not reproduce the negative trend in the ERA-
Interim in the polar lower stratosphere. In the troposphere, a positive trend of about 0.2 K/decade is
found, although most of the observed trends are not significant ata08fidence level estimated
by Student'g-test. A simulated positive trend of 0.2—-0.4 K/decade is greater than that in the ERA-
Interim. Figures4.14b and c also present slight changes in residual circulation (arrows) in the
models. Additionally, no crucial difference of the changes in meteorology is found in the MTT and
the HTT.

Figure4.15shows a difference of total column ozone from the average for 1979-1982 in the
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Figure 4.14. Zonal means of changes in temperature (K/decade) and residual circulation
(m/s/decade) during the 1980s and 2000s. Shaded regions show significant temperature changes at
a 98 confidence level. The arrow indicates wind field change at’a @nfidence level (only the
simulations): (a) is the ERA-Interim; (b) is the MTT simulation; (c) is HTT. The vertical compo-

nent of residual circulation is multiplied by 1000. The scale of thin arrow is 10 times larger than
that of thick arrow. Solid red line is the tropopause height in the simulations for the 2000s, and
dashed red line is the tropopause height in the simulations for the1980s.



65 CHAPTER 4. EVALUATION OF CHEMISTRY-CLIMATE MODEL

MOD. The MOD shows a negative linear trend of the global and annual mean total column ozone
(—1.27+0.60%/decade) during 1979-2005. A range of the trend is a two-side &mnfidence
interval. We calculated the linear trend excluding the data for 1992-1995, because the data is
largely influenced by the Pinatubo eruption. Figdr&t also shows a difference of the global

and annual mean of total column ozone in the MTT (red) and the HTT (blue) between the 1980s
and 2000s. The simulated difference is &0716%/decade in the MTT and 0.48.11%/decade

in the HTT. A range of the simulated change is defined as a root-sum-square value of standard
deviation for the simulations. We excluded the model data where the observation data is missing
from the global and annual mean. The medium and high resolution simulations underestimate the
observed negative trend. The difference between the observation and the simulation is comparable
to the range. Figurd.l6 portrays the observed and the simulated changes in ozone during the
1980s and 2000s. The observed ozone change is a linear trend calculated from the data merging
SAGE I+l instruments and ozonesonde for 1979-2005 in the same manner as the total column
ozone. The maximum value of the observed negative trer&8Q ppbv/decade) is found in the

lower stratosphere over the Antarctic. The simulations underestimate the observed negative trend
in the lowermost stratosphere (about 10-24 km altitude). Particularly, the simulated trend shows
an opposite sign to that in the observation in the northern extratropics. The deficit suggests that we
need to improve the stratospheric chemistry scheme in our model. The simulations also calculated
an increase in tropospheric ozone. The maximum of relative changes are located in the tropical
upper troposphere and near the tropopause in the northern extratrdpidec¢ade). In the middle
troposphere of the northern midlatitudes, the simulations show an elevated ozone concentrations of
1.5-4%/decade. The changes fall within a range of the change derived from the long-term surface
and ozonesonde observatio@tmans et al.200¢ Parrish et al.201Z].

We also examine respective impacts of transport and chemical processes on the ozone change
between the 1980s and 2000s to elucidate the processes controlling the ozone change. The MTT
for the 1980s and the 2000s simulates ozone with the transport field (wind field) and the chemical
field (P and 5 of O,) for the corresponding period. The MTT-fCHEM simulates ozone with the
transport field for the 1980s and the chemical field for the 2000s. We define the impact of transport
as the difference between the MTT-fCHEM and the MTT for the 2000s, and define the impact of
chemistry as the difference between the MTT for the 1980s and the MTT-fCHEM. Fiduiréss
and4.17b show respectively impacts of transport and chemistry. Chemical process plays major
roles in the ozone change in the stratosphere and troposphere. The ozone increase in the troposphere

and decrease in the stratosphere can be attributable to emission increases of tropospheric ozone
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Figure 4.15.Timeseries of the difference of total column ozone (DU) from the average for 1979—
1982 (black line). The differences of the simulated total column ozone between the 1980s and
2000s in the MTT (red plus) and the HTT (blue cross) are also shown. The error bar is a root-sum-
square value of standard deviation for the simulations.
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Figure 4.16.Zonal mean of changes in ozone (ppbv/decade) during the 1980s and 2000s. Shaded
regions show significant ozone change at &3®nfidence level: (a) is the observation data ob-
tained from the SAGE | and Il satellite instruments and the ozonesonde in the polar RRarue]

and Wy 2007); (b) is the MTT simulation; (c) is the HTT. (a) is a linear regression coefficient
between 1979 and 2005, excluding the data for 1992-1995; (b) and (c) are differences between
simulations for the 1980s and the 2000s. Solid red line is the tropopause height in the simulations
for the 2000s, and dashed red line is the tropopause height in the simulations for the1980s.
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Figure 4.17.Impact of (a) transport and (b) chemistry on annual and zonal mean change in ozone
(ppbv) during the 1980s and 2000s in MTT. Shaded regions show significant ozone change at a
98% confidence level. Solid red line is the tropopause height in the simulations for the 2000s, and
dashed red line is the tropopause height in the simulations for the1980s.

precursors and ODSs. The changes in temperature and water vapor also influence chemical ozone
production and loss. However, we do not isolate each effect. Transport process cause an increase
in the global tropospheric ozone burden (0i30ecade). The increase because of transport is

supported largely by stratospheric-origin ozone{y 8ather than tropospheric-origin ozone.

4.6 Summary

This chapter evaluated the performance of our CCM focusing on (1) the ENSO-related ozone
variation in the troposphere and lower stratosphere during 2004—-2009 and (2) the change in strato-
spheric and tropospheric ozone during the 1980s and 2000s. Additionally, we conducted the sim-
ulations at two different horizontal resolutions (about 300 km and 120 km) to test the impact of
horizontal resolution change on ozone through transport apart from chemistry. Our model captures
general features of the observed ozone climatology, although the simulated ozone is high-biased
in the lower stratosphere and low-biased in the troposphere. These biases in the simulation of two
resolutions are similar.

This study evaluated the ENSO-related variation in tropospheric and lower stratospheric ozone
in the simulations of medium and high resolutions forced by the observed SST variability. The
medium and high resolution simulations show an increase in tropospheric ozone (1 ppbv/K) in
the tropical western Pacific, and a decrease (2—20 ppbv/K) in the tropical eastern Pacific. The re-
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sults generally agree with the variation observed by the MLS/TES instruments. In the midlatitude
lower stratosphere over the eastern Pacific, ozone increases by 10 ppbv/K and by 50 ppbv/K are
also found respectively in the medium and high resolution simulations. The simulated increase in
the high resolution simulation agrees with the observed one better. In the other regions, no great
difference exists between the two simulations. To investigate the processes determining the ENSO-
related variation of ozone, we quantified the individual impacts of transport and chemistry using the
sensitivity simulation fixed to the average chemical field for 2004—2009. The simulation shows that
transport and chemistry play important roles in the ozone variation in the most regions. However,
chemistry prevailingly affects the ozone decrease in the tropical lower troposphere over the eastern
Pacific. Transport process dominates the ozone increases in the midlatitude lower stratosphere over
the eastern Pacific. Transport of ozone of both stratospheric and tropospheric origin contributes to
the upper tropospheric ozone increase, although the ozone increase results from ozone of tropo-
spheric origin in the lower and middle troposphere.

This chapter also evaluated the change in stratospheric and tropospheric ozone during the 1980s
and 2000s in the time-slice simulations. The simulated global and annual mean of total column
ozone is decreased 0.470.16%/decade in the MTT and 0.48 0.11%/decade in the HTT during
the 1980s and 2000s. The simulations underestimate the linear trend observed by TOMS/SBUV
instruments £1.27 + 0.60%). The simulations also underestimate the observed negative trend
in ozone 230 ppbv/decade) in the lower stratosphere over the Antarctic. In the troposphere,
the simulation shows an increase in global tropospheric ozone burdéwd@éade). The maxi-
mum of relative changes are located in the tropical upper troposphere and near the tropopause in
the northern extratropics {§decade). The medium and high resolution simulations show similar
changes in ozone during the period. Using the sensitivity simulation with the 1980s transport field
and the 2000s chemical field, we examined the respective impacts of transport and chemical pro-
cesses on the ozone change. The change is caused by chemical processes in the stratosphere. In the
troposphere, chemical processes is more important than transport process. The change attributable
to chemistry probably reflects the increased emissions of tropospheric ozone precursors and ODSs.

The ozone increase because of transport is attributable to stratospheric-origin ozone.



Chapter 5

Long-term future change in global ozone

5.1 Introduction

Tropospheric ozone has increased from the pre-industrial to the present because of increased
emissions of tropospheric ozone precursors {(NCO, non-methane VOCs) and methakegco
and Logan2003 Lang et al, 2012, Stevenson et 4/1201%. Stratospheric ozone has been depleted
over the past three decades, which is attributable to increased emissions of ozone-depleting sub-
stances (ODSsQillett et al, 2011]]. In the future, not only the reduced emissions but also climate
change can influence change in stratospheric and tropospheric ®m@ssdur et &l200¢ Zeng
et al, 2008 Eyring et al, 2010l Kawase et aJ.2011]. The future change in stratospheric ozone
Is influenced by a decrease in temperature and by a strengthening of Brewer—Dobson circulation
associated with climate chanda ket al., 200¢]. In the troposphere, the strengthening also causes
an increase in tropospheric ozone through stratosphere—troposphere exchange (STE) of ozone [e.g.
Collins et al, 2003 Sudo et a}.2003 Zeng and Pylg2003]. In the lower troposphere, higher water
vapor facilitates the chemical destruction of tropospheric ozdokrison et &l2001]. Moreover,
higher temperatures decompose PAN into,Ntbre efficiently [e.gDoherty et a,.2013. Recent
studies also investigate the future change under the framework of multi-model inter-comparison
projects Btevenson et §l200€ Eyring et al, 20104 2013 Young et al, 2013.

As described above, the previous studies investigated a response of ozone to an individual ex-
ternal forcing (e.g. tropospheric ozone precursors, ODSs, and GHGs). We also need to investigate
a role of an individual process quantitatively. This chapter quantifies the individual impacts of
transport and chemical processes on the future ozone change during the 2000s and 2100s. Addi-
tionally, we test sensitivities of the future change in ozone to horizontal resolution through ozone

transport (i.e. an impact of horizontal resolution on wind field and advection calculation) apart

70
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Table 5.1.Summary of experiment performed in this study.
Full-chemistry simulation (FC)
Period SST/SIC GHGs/ODSs/Emissions
2100s (5yr) HadISST+ MIROC? RCP6 (2100)

Os-tracer-transport simulation

Experiment H. resolution Period SST/SIC P,

MTT T42 2100s (7yr) HadISST+ MIROC* 2100s
HTT T106 2100s (7yr) HadISST MIROC? 2100s
MTT-fCHEM T42 2100s (7yr) HadISST+ MIROC? 2000s

D Average for 1995-2004
2)Difference between the 2000s and 2100s simulated by MIROC-ESM-CHEM

from chemistry using the model with two horizontal resolutions (about 300 km and 120 km) in the
same manner as chapter 4.

This chapter is organized as follows. Section 5.2 provides the experimental settings. Section
5.3 presents future change in ozone between the 2000s and 2100s. Individual impacts of transport
and chemical processes on the future change are examined in section 5.4. Finally, in section 5.5,

we summarize the results in this chapter.

5.2 Experimental settings

We conducted the time-slice FC simulation for the 2100s. Their lengths are five years in the
each period followin@Zeng et a/[200¢]. We specified the concentrations of GHGs and ODSs, and
the emissions of tropospheric ozone precursors in 2100 according to the RCP 6 sddaario [
et al, 201]] as the boundary conditions for the 2100s (Tehl). In the scenario, the concentration
of ODSs and the emissions of tropospheric ozone precursors are reduced during 2000 and 2100
(Table5.2). The concentrations of Gand N,O are elevated during 2000 and 2100 in the RCP6,
although that of CHlis slightly decreased. The FC simulation simulate the enhanced lightning NO
production ¢-23%). The monthly mean anomalies of SST between the 2000s and 2100s simulated
by the original version of MIROC-ESM-CHEM/atanabe et §l20114 added to the SST for the
2000s were used as the SST for the 2100s. The other settings are same as the FC simulation for the
2000s. The SIC for the 2100s was prescribed in the same manner. The initial conditions were taken
from the result of ACCMIP experiment for the corresponding period using MIROC-ESM-CHEM
[e.g.Lamarque et 8]2017.

We conducted the time-slice MTT simulations for the 2100s. The simulations ran for seven
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Table 5.2.Change in the concentrations of §GCH,, and NO (ppm), the anthropogenic and
biomass burning emissions of NQTg N/yr), CO (Tg/yr), and NMVOCs (Tg Clyr), and the pro-
duction of lightning NQ (Tg N/yr) during the 2000s and 2100s. The change in the concentrations
and the emissions is taken from the RCP6 scenario. The lightningagduction is the simulated
change during the 2000s and 2100s in the FC simulation. In the parenthesis, the relative change to
the value in 2000 is also shown.

Concentration

CO, 300.8 ppm  (81.%0)
CH, —101.6 ppm  {5.8%)
N,O 90.4ppm  (28.&%)
Total chlorine  —2324.5ppt (69.3%)
Total bromine —8.9ppt 42.1%)
Emission

NO, —221TgNlyr (57.7%)
CO —277.8 Tglyr (25.8%)
NMVOCs —21.4TgClyr 15.2%)
Lightning

NO, 1.2 TgN/yr  (23.2%)

years in the each period. The, 3, and GHGs (NO, CH,, and CFCs) were prescribed by the
output obtained from the time-slice FC simulations (the top three rows in Batjle The other
settings are same as the time-slice FC simulations. Additionally, we performed the simulation
which calculates the ozone tendency attributable to transport and dry deposition in the 2100s with
the P andg in the 2000s (hereinafter MTT-fCHEM). To assess a sensitivity of the future change in
ozone to the change in horizontal resolution, we performed the time-slice HTT simulations for the
2100s. Their lengths are seven years in the each period. The boundary and initial conditions for

HTT simulations were linearly interpolated from those for the MTT simulations.

5.3 Future changes

We performed future projections of climate and ozone, and investigated the future changes. The
sensitivity of the change to the horizontal resolution is also assessed by comparing the projection
with two horizontal resolutions (about 300 km and 120 km). We used the results in the last five years
for each period. Figurg.1 portrays the change in annual and zonal mean temperatures between the
2000s and 2100s. The MTT simulation shows a warming of 4 K in the troposphere and a cooling
of 4 K in the stratosphere (Figutela). The HTT simulates a warming similar to that in the MTT
in the troposphere. Moreover, the HTT simulates a slightly stronger cooling in the tropical lower

stratosphere, a weaker cooling in the high latitudes lower stratosphere, and a stronger warming in
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Figure 5.1.Zonal mean of changes in temperature (K/decade) and residual circulation (m/s/decade)
during the 2000s and 2100s. The shaded regions show a significant temperature changes at a
98% confidence level. Arrows indicate a wind field change at & @®nfidence level: (a) is the

MTT simulation; (b) is the HTT. The vertical component of residual circulation is multiplied by
1000. The scale of thin arrow is 10 times larger than that of thick arrow. Solid red line is the
tropopause height in the simulations for the 2000s, and dashed red line is the tropopause height in
the simulations for the 2100s.

the subtropical lower stratosphere (Figbréb).

The model predicts an increase in global stratospheric ozone burden by @24%/decade
in the MTT and by 0.29t+ 0.01%/decade in the HTT. We regard the range of change as a root-
sum-square value of the standard deviation in the simulations for the 2000s and the 2100s. The
predicted changes in annual and zonal mean ozone during the 2000s and 2100s show a decrease
by 20 ppbv/decade in the tropical lower stratosphere, and an increase by 20 ppbv/decade in the
extratropical lower stratosphere (Fig&€). In the most region at a 98confidence level estimated
by Student’s-test (shaded region), a range of the change is with# 8bthe change. The change
in stratospheric ozone in the two resolution simulations is within the range of change, except in the
lower stratosphere over the northern high latitudes where the difference reaches to 18 ppbv/decade
(about two-times-larger increase) at 23 km altitude. The global annual mean ozone change at 50
hPa is—0.0028 ppmv/decade in the MTT ard.0014 ppmv/decade in the HTT, which are smaller
and opposite changes compared to the multi-model mean of CMIP5 and CCMVal-2 niogeig |
et al, 201%. In particular, we must interpret the change in the lower stratosphere over the northern
mid to high latitudes with some caution, because our model simulates a decrease in ozone at 50

hPa over there in contradiction to the result of CMIP5 models.

The global tropospheric ozone burden is reduced between the 2000s and 2100s by 0.82



74

(a) MTT 03 2100s—2000s (b) HTT 03 2100s—2000s
301 Y Wi o8 30 q 1

Latitude

I N S N S N N N [
5-035-07 0 0. 02 05 1 2 5 10 20 50 [Ppbv/decade]

< | | | | | |
-50-20-10 -5 -2 -1 -0.

Figure 5.2.Zonal mean of change in ozone (ppbv/decade) during the 2000s and 2100s. The shaded
regions show a significant ozone change at@ @8nfidence level: (a) is the MTT simulation; (b)

is the HTT. Solid red line is the tropopause height in the simulations for the 2000s, and dashed red
line is the tropopause height in the simulations for the 2100s.

0.04%/decade in the MTT and by 0.76 0.04%/decade in the HTT. A reduction of tropospheric
ozone concentration is typically 0.8 ppbv/decade in the free troposphere over the northern midlati-
tudes (Figuré.2). The simulated tropospheric ozone is slightly increased in the upper troposphere
over the southern subtropics (typicafty0.2 ppbv/decade). In the most region at &3®nfidence

level (shaded region), a range of the change in tropospheric ozone is withirf3the change.

The difference of tropospheric ozone change between the MTT and the HTT is smaller than 0.1
ppbv/decade in the middle and lower troposphere, and is comparable to the range of change in
tropospheric ozone. In comparison with the time-slice simulations for the 2000s and the 2100s
along with RCP6 scenario ¥oung et al.[2017, the reduction of global tropospheric ozone bur-

den in this study is similar to that simulated by the ACCMIP models’@d@cade). The change in
tropospheric ozone in this study also shows a similar value to that in the ACCMIP models (0.5-1
ppbv/decade) in the free troposphere over the northern midlatitudes. In the southern hemisphere,
our simulations do not show an increase in tropospheric ozone as shown in the mean of the AC-
CMIP models. However, our model predicts the reduction of global tropospheric ozone burden
larger than that-€0.15%/decade) irKawase et al[2011].

The differences of temperature and ozone between MTT and HTT are at least partially at-
tributable to differences in the strengthening of Brewer—Dobson circulation (BDC). HTT simulates
acceleration of BDC stronger than MTT (arrows in Figarg). At 100 hPa, vertical mass flux are
strengthened bg0% in MTT and by25% in HTT (Table5.3). The acceleration of BDC results
in an increase of ozone influx from the stratosphere to the troposphere. We also examine vertical
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Table 5.3.Future change in vertical mass and ozone (in parentheses) flux at 100 hPa during the
2000s and 2100s. The positive sigh is upward flux. Unit of the mass flu¥ i§d/@r/decade. Unit

of the ozone flux is Tg/yr/decade. The range is defined as a root-sum-square value of the standard
deviation in the simulations.

90°rS-20S 20S-25N 25°N-90°N
Change during the 2000s and 2100s
MTT —2.98+ 0.76 6.24+ 0.92 —3.30+ 0.75
(-5.194+1.50) (0.21+0.36) (1.93+1.99)
—5.19+ 059 10.33:0.96 —5.144+0.63
(—9.11+ 1.34) (0.07+0.43) (-5.224 2.00)

HTT

ozone flux at 100 hPa instead of STE ozone flux (Figug&e The upward ozone flux is not altered
significantly in the tropics because the ozone decrease and enhanced upwelling cancel each other
outin the lower stratosphere. The downward ozone flux in the extratropics of northern and southern
hemisphere is increased in MTT (19.3 and 51.9 Tg/yr, respectively). HTT predicts that downward
fluxes in the northern and southern extratropics are, respectively, 52.2 and 91.1 Tg/yr, which are
about two times larger than those in MTT.

The differences of temperature and ozone between the MTT and the HTT are at least partially
attributable to a difference in the strengthening of Brewer—Dobson circulation (BDC). The HTT
simulates an acceleration of BDC stronger than that in the MTT (arrows in Falye At 100
hPa, the vertical mass flux is strengthened b 20 the MTT and by 2%; in the HTT during the
2000s and 2100s (Tak%e?3). The acceleration of BDC results in an increase of ozone influx from
the stratosphere to the troposphere. We also examine the vertical ozone flux at 100 hPa instead
of STE ozone flux (Tabl®.3). The upward ozone flux is not altered significantly in the tropics,
because the ozone decrease and the enhanced upwelling cancel each other out at 100 hPa. The
downward ozone flux in the extratropics of northern and southern hemispheres is increased in the
MTT (1.93 and 5.19 Tg/yr/decade, respectively). The HTT predicts that the downward fluxes in the
northern and southern extratropics are, respectively, 5.22 and 9.11 Tg/yr/decade, which are about

two times larger than those in the MTT.

5.4 Impacts of transport and chemical processes

The future ozone changes are caused by transport (i.e. atmospheric circulation, convection, and
vertical diffusion) and chemistry (i.e. temperature, water vapor, and emissions of ozone precursors
and ODSs) processes in a similar fashion to the ENSO-related variation of ozone. To understand the
processes determining future changes in ozone, we investigate the individual impacts of transport

and chemistry on the ozone change. Therefore, we performed a sensitivity simulation with climate
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(SST/SIC and GHGSs) in the 2100s and chemical fi¢ldOds of O,) in the 2000s using a medium
resolution model (MTT-fCHEM). Figure5s.2a ancb.3b respectively depict ozone changes between

the 2000s and 2100s attributable to transport and chemistry. The change in ozone is mainly driven
by chemistry in the stratosphere. Decrease in ODSs dominates the ozone increase attributable to
chemistry in the southern extratropics. In the tropics and the northern extratropics, ozone decreases
because of chemistry might be related to a decrease in actinic flux through an overhead ozone

increase.

The future ozone change is caused by transport (i.e. atmospheric circulation, convection, and
vertical diffusion) and chemical (i.e. temperature, water vapor, emissions of ozone precursors and
ODSs, etc.) processes. To understand the processes determining the future change in ozone, we
investigate individual the impacts of transport and chemistry on the future ozone change. The MTT
for the 2000s and the 2100s simulates ozone with the transport field (wind field) and the chemical
field (P andj of O,) for the corresponding period. The MTT-fCHEM simulates ozone with the
transport field for the 2100s and the chemical field for the 2000s. We define the impact of transport
as the difference between the MTT-fCHEM and the MTT for the 2000s, and define the impact of
chemistry as the difference between the MTT for the 2100s and the MTT-fCHEM. Figiteeand
5.3b respectively depict the ozone change between the 2000s and 2100s attributable to transport and
chemistry. The change in ozone is mainly driven by chemistry in the stratosphere. The decrease
in ODSs dominates the ozone increase attributable to chemistry in the extratropical lower strato-
sphere of the southern hemisphere. In the tropical lower stratosphere and the extratropical lower
stratosphere of the northern hemisphere, the decrease in ozone because of chemistry is caused by a
decrease in the production of ozone, which exceeds a decrease in the loss of ozone. The decrease

in production is related to a decrease in the actinic flux through an overhead ozone increase.

In the troposphere, chemistry process causes the reduction of global tropospheric ozone burden
by 1.0%/decade (Figur®.2b), reflecting the emission reductions of tropospheric ozone precur-
sors and climate change. Transport process increases the global burden of tropospheric ozone
by 0.25%/decade, corresponding to Z3of the decrease in global tropospheric ozone burden at-
tributable to chemistry (Figui®.3a). The model also calculates separate tracers f@r@duced in
the stratosphere (p 100 hPa) and the troposphere<pl00 hPa). FigureS.3c and5.3d suggest
that the increase in global tropospheric ozone burden because of transport is supported by ozone of
both the tropospheric-origin (5%) and the stratospheric-origin (%43.

We examine zonal mean of mass stream function for the 2000s and its change during the 2000s

and 2100s to interpret the change in tropospheric ozone because of transport process.4-igure
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3 (a) Impqct of transport (b) Impact of chemlstry
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Figure 5.3.Impacts of (a) transport and (b) chemistry on annual and zonal mean change in ozone
(ppbv/decade) during the 2000s and 2100s estimated from the MTT and the MTT-fCHEM, and
impact of transport on future change in separater@cers produced in (c) the stratosphere and

(d) the troposphere (ppbv/decade). The shaded regions show a significant ozone changé at a 98
confidence level. Solid red line is the tropopause height in the simulations for the 2000s, and dashed
red line is the tropopause height in the simulations for the 2100s.
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Figure 5.4.Zonal mean of residual mass stream function (kg/s) for the 2000s in the MTT (con-
tour) and its change (kg/s/decade) during the 2000s and 2100s (shade). The shaded regions show a
significant change at a 98confidence level. Solid red line is the tropopause height in the simula-
tions for the 2000s, and dashed red line is the tropopause height in the simulations for the 2100s.
Different scales are used above and below 15 km altitude (horizontal line).

shows a positive (negative) change in the northern (southern) tropical stratosphere and a negative
(positive) change in the high northern (southern) latitudes. These changes reflects an accelera-
tion of BDC over the tropics and the midlatitudes and a deceleration over the high latitudes. The
acceleration causes a decrease in ozone in the tropical lower stratosphere and an increase in the
midlatitude lower stratosphere (Figueia). The deceleration leads to a decrease in ozone in the
high latitude lower stratosphere. In the troposphere, the mass stream function shows a positive
change over 60N-9C°’N, a negative change over ZB-60N, and a positive change over -

20°S (Figure5.4). These changes indicate the enhanced southern branch of Hadley cell and the
weakened meridional circulations elsewhere. However, we do not find clear relationship between

the change in meridional circulation and the change in tropospheric ozone.

To interpret the impact of chemical process, we investigate change in produBli@md loss
rate (3) of O, family, which is defined as the sum of;00, O(D), NO,, 2xNO;, 3xN,Os,
PANs, HNGQ,, and other nitrates. We usg @mily to exclude an effect of the following null cycle

involving NO, on P and,

NO, + hv — NO 4+ 0 (5.2)
O+ 0y + M = Oy + M. (5.3)
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Table 5.4.Reactions included for the calculation of the loss rate involving KO,, NO,, and
halogen radicals (ClOand BrQ,).

16 Reaction

Bo, O3 +0— 20,
OH+O—H+ 0O,
OH+O; - HOy + O

fuo, HO, + O — OH + O,
HOQ"‘OS—)OH"'ZOZ

BNo, NO; + O —+ NO + G,
CIO+0—Cl+0,
Cl+0O; — CIO + O,

Posr Bro+ 0 Br+ O,
Br+O; — BrO+ G,

5H20 O(lD) + HQO — 20H

Figure5.5a showsA P — AB[O3]2000s In the FC simulationA means the change during the 2000s
and 2100s. We fix @concentration to the 2000s value (@ 0,) to isolate the impact of the change
in P andg. In the stratosphere, a global burdema? — A 5[O3] 20005 IS pOSitive (339 382 Tglyr).
A decrease of\3[O3]2000s (—11168+ 1164 Tg/yr) exceeds a decrease/oP (—10828+ 1262
Tglyr). Zonal mean distribution ch P — AS3[O3]2000s iS positive (0.1-1 ppbv/day/decade) above
12 km altitude over the high southern latitudes and above 18 km altitude over the high northern
latitudes. In the tropical lower stratosphere, it is negative (0.1 ppbv/day/decade). The distribution
corresponds to the impact of chemical process on the future change in stratospheric ozone (Figure
5.3b). The effect of the negativA P — AS[Os]2000s iN the tropics propagates to the lowermost
stratosphere over the high northern latitudes, becduBe— A5[Os]2000s IS @lmost zero there.
Figures5.5b and c respectively illustratA P and AB[Os]2000s. AB[O3]2000s €XCEEASA P above
12 km altitude over the high southern latitudes and above 18 km altitude over the high northern
latitudes, and vice versa in the tropical lower stratosphere.

We further investigate the respective contributions @fl@ss reactions involving Q HO,
NO,, and halogen radicals (Cl@nd BrQ) to the change i¥. Figuresb.€a—d respectively portray
ABo,[O3]2000s1 AP0, [O3]2000s: ABn0,[O3]2000s, ANAA By 5r[O3]2000s. The subscript stands for
chemical loss reactions, which is included for the calculation of the loss rate (3aleThis
suggests that the loss reactions involving the halogen radicals dominate the chartyeiirg the
2000s and 2100s (98in the global mean). Regarding the production @f @e reaction of CIO
+ NO — CI + NO, (50% in the global mean) contributes to the changePittarger than the @
photolysis (12 in the global mean) in the stratosphere. These suggest that the reduction of ODSs
strongly influences the change ifhands.
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Figure 5.5. Zonal mean of (QAP — AB[Os]2000s, (B) AP, and (c) AB[Os3]2000s IN the FC
(ppbv/day/decade)A means the change during the 2000s and 2100snd 5 are respectively

the production (ppbv/day) and the loss rate (1/day) pf(© O; + O + O(*D) + NO; + 2NOC;

+ 3N,O; + PANs+ HNO; + other nitrates). The shaded regions show a significant change at a
98% confidence level. Solid red line is the tropopause height in the simulations for the 2000s, and
dashed red line is the tropopause height in the simulations for the 2100s.
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Figure 5.6.Zonal mean of (aA30,[O3]2000s, (0) ABHO,[O3]2000s: (€) ABN0,[O3]2000s, @and (d)
ABc11B:[03]2000s IN the FC (ppbv/day/decade). Subscript stands for chemical loss reactions in-
cluded in the loss rate (summarized in Tabld). The shaded regions show a significant change
at a 984 confidence level. Solid red line is the tropopause height in the simulations for the 2000s,
and dashed red line is the tropopause height in the simulations for the 2100s.
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Figure 5.7.Zonal mean of (a\ P due to the reaction of O+ hv — 20, (b) A P due to the reaction

of CIO + NO — CI + NO, in the FC (ppbv/day/decade). The shaded regions show a significant
change at a 98 confidence level. Solid red line is the tropopause height in the simulations for the
2000s, and dashed red line is the tropopause height in the simulations for the 2100s.

In the troposphere, a global burden & — AB[O3]2000s IS reduced by 1214 233 Tglyr.
Zonal mean distribution oA P — A3[O3]2000s IS Negative (up to 0.2 ppbv/day/decade in the lower
troposphere) in the most regions and is positive (0.03 ppbv/day/decade) in the upper troposphere
near the equator (Figuteta). The negativé\ P— A 5[Os]20005 l€ads to the decrease in tropospheric
ozone because of chemistry. Both the negath and the positiveA3[O3]2000s CONtribute to
the AP — ApB[Os3]2000s IN the lower and middle troposphere (Figu®8b and c). AP can be
attributable to the decreased oxidation of hydrocarbon and the decelerated cycle involying NO
For instance, the reaction of H3 NO — OH + NGO, explains 54; of the totalA P in the global
mean. The\ Sy,0[0s]2000s IS responsible for the total 5[O3]2000s (90% in the global mean). The
enhancedy, o reflects the higher concentration of water vapor associated with climate change.
These indicate that the future change in tropospheric ozone is influenced not only by the reduced

emission of tropospheric ozone precursors but also by climate change through chemical process.

5.5 Summary

In this chapter, we examined the respective impacts of transport and chemical processes on the
future change in tropospheric and stratospheric ozone during the 2000s and 2100s. Additionally,
we conducted the simulations at medium and high horizontal resolutions (about 300 km and 120
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Figure 5.8. Zonal mean of () AP due to the reaction of HO+ NO — OH + NO,, (b)
AB1,0[03]2000s in the FC (ppbv/day/decadels,o is the loss rate due to the reaction of DY +

H,O — 20H. The shaded regions show a significant change atac@®fidence level. Solid red

line is the tropopause height in the simulations for the 2000s, and dashed red line is the tropopause
height in the simulations for the 2100s.

km) to test the impact of increased horizontal resolution on the future change in ozone through

transport apart from chemistry.

The model predicts an increase in global stratospheric ozone burden by @24%/decade
in the medium resolution simulation, and by 0.29.01%/decade in the high resolution simula-
tion. The predicted changes in annual and zonal mean ozone show a decrease by 20 ppbv/decade
in the tropical lower stratosphere, and an increase by 20 ppbv/decade in the extratropical lower
stratosphere. However, the MTT predicts a decrease in ozone in the lower stratosphere over the
Arctic (5—10 ppbv/decade). This result is opposite to that of CMIP5 models shcokyrimg et al.
[201Y. In particular, we must interpret the ozone change there with some caution, because our
model simulates the decrease in ozone there in contradiction to the result of CMIP5 models. The
global tropospheric ozone burden is reduced by @:82.04%/decade in the medium resolution
simulation, and by 0.76- 0.04%/decade in the high resolution simulation. A reduction of tropo-
spheric ozone concentration is typically 0.8 ppbv/decade in the free troposphere over the northern
midlatitudes. The changes in global burden of stratospheric and tropospheric ozone in the medium

and high resolution simulations are within the ranges of change.

To elucidate the processes determining the future change in ozone, we investigate the individual

impacts of transport and chemistry on the ozone change using the sensitivity simulation with the
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2100s transport field and the 2000s chemical field. The change in global stratospheric ozone burden
is controlled by chemical process. Chemical process also reduces the global burden of tropospheric
ozone by 1.0%/decade. In the stratosphere, the reactions involving, @@ BrQ largely con-

tribute to the total change in productioR)and loss rateq), suggesting that the reduction of ODSs

is the most important forcing in the stratosphere. In the troposphere, the total chaRgads

is respectively influenced by the reaction of HEONO and by the reaction of AD)+H,0. This

suggests that both the reduced emissions of tropospheric 0zone precursors and climate change have
a significant impact on the change in tropospheric ozone because of chemistry.

Transport process also has a non-negligible impact on the future change in tropospheric ozone.
In contrast to the impact of chemical process, transport process increases the global burden of tro-
pospheric ozone by 0.28decade. The increase attributable to transport is comparably supported
by ozone of both stratospheric-origin and tropospheric-origin. This suggests not only that the in-
creased influx of stratospheric ozone causes the increase in global tropospheric ozone burden as
shown in the previous studie€obllins et al, 2003 Sudo et al.2003 Zeng and Pylg2003 e.g.],
but also that the future change in tropospheric circulation raises the global tropospheric ozone bur-
den. However, it is unclear that what type of tropospheric circulation change is essential for the
impact of transport. A further analysis of changes in atmospheric circulation and tracer transport is
needed.

Our results are obtained from one model. We need to confirm a robustness of our result by com-
paring the result of other models (e.g. CMIP5 models). We also examined the respective impacts of
transport and chemical process on the future change in stratospheric and tropospheric ozone. How-
ever, the result must be interpreted with caution because they are estimated from the simulations
conducted only with the medium horizontal resolution. It is desirable to quantify the respective

impacts of transport and chemical process using the model with high horizontal resolution.



Chapter 6

General conclusion

Ozone is one of important atmospheric constituents for atmospheric environment and climate.
Changes in ozone are caused by a combination of complex transport and chemical processes. The
previous studies investigated the individual contributions of transport and chemistry to the diurnal
and seasonal cycles of ozone quantitatively, and examined the contributions to the interannual vari-
ation in stratospheric ozone. However, the contributions to the long-term changes in stratospheric
and tropospheric ozone were hardly examined. This dissertation investigates the respective im-
pacts of transport and chemical processes on the interannual variation in tropospheric ozone and
the long-term change in stratospheric and tropospheric ozone. We patrticularly focus on (1) interan-
nual variation of tropospheric ozone associated with meteorological variability during 1970-2008,
(2) long-term future change in ozone during the 2000s and 2100s.

Chapter 3 investigated the interannual variation of global tropospheric ozone associated with
meteorological variability, and the respective impacts of transport and chemical processes on it.
We focus on five meteorological variability: El b Southern Oscillation (ENSO), Indian Ocean
Dipole (IOD) variability, interannual variation in Hadley circulation, interannual variation in Asian
monsoon circulation, and Arctic Oscillation (AO). In this chapter, we performed the simulation for
39 years from 1970 to 2008 using CHASER global chemical transport model (CTM), in which
meteorology was nudged to NCEP/NCAR re-analysis data.

The model shows that the anomaly in tropospheric column ozone (TCO) is positive (1-1.5
DU) in the western Pacific including Indonesia and negative (2.5 DU) in the eastern Pacific in
October—November—December (OND) during the positive phase of ENSO. The model exhibits
TCO increase (0.5-1.5 DU) in the central to eastern Pacific over the subtropics. During the positive
phase of 10D, the model shows TCO increase (1.5-2 DU) in the west°& @(@th a decrease
(1-1.5 DU) in the east. Intensified Hadley circulation causes TCO increase (0.8 DU) in North
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America in DJF. Intensified Asian monsoon circulation enhances TCO (1.2 DU) in the western
Indian Ocean. During the positive phase of AO, TCO is decreased (1 DU) in the high northern
latitudes. The interannual variation of TCO is significantly controlled by transport process in the
subtropics and the high northern latitudes. However, chemical process also contributes to the TCO
interannual variation in the eastern Pacific and the western Indian Ocean over the tropics. TCO
variation because of chemical process could be caused by variations in temperature, water vapor,

cloud, and lightning associated with meteorological variability.

The contribution of meteorological variability to total interannual variation in global and re-
gional TCO was also quantified in this study. The Empirical Orthogonal Function (EOF) analysis
suggests that ENSO is a dominant mode of the variation in global TCO distribution (the contri-
bution rate: 3%) in OND. On regional scale, the other meteorological variability also has non-
negligible impacts on the TCO variation. AO explaing/af the variance in the high northern
latitudes in DJF. IOD variability explains 36 of the variance in the equatorial Africa and the
tropical western Indian Ocean in OND.

For a reliable future projection, CCM needs to calculate the processes relevant to future change
in ozone accurately. In chapter 4, we evaluated the ozone responses to CCM-driven meteorological
variability and to a change in the emissions of tropospheric ozone precursors and ODSs, before
investigating the future change in ozone. Additionally, we test sensitivities of the ozone changes to
increased horizontal resolution through transport apart from chemistry using high-resolution (about
1.1° x 1.1°) and medium-resolution (about 2.& 2.8°) simulations.

To validate the ozone response to CCM-driven meteorological variability, we examined the
ENSO-related ozone variation during 2004-2009 with that derived from the MLS/TES satellite
instruments. The medium and high resolution simulations show an increase in tropospheric ozone
(1 ppbv/K) in the tropical western Pacific, and a decrease (2—-20 ppbv/K) in the tropical eastern
Pacific. In the midlatitude lower stratosphere over the eastern Pacific, an increase (10-50 ppbv/K)
is also found in the simulations. The results generally agree with the variation observed by the
MLS/TES instruments.

For the evaluation of the ozone response to a change in the emissions, chapter 4 also evaluated
the change in ozone during the 1980s and 2000s in the time-slice simulations. The simulated
global and annual mean of total column ozone is decreased by-00416/decade in the medium
resolution simulation during the 1980s and 2000s. The simulations underestimate the linear trend
observed by TOMS/SBUV instruments {.27+ 0.60%). The simulations also underestimate the
observed trend in ozone-@30 ppbv/decade) in the lower stratosphere over the Antarctic. No
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crucial difference is found in the medium and high simulations.

In chapter 5, we performed global simulation of ozone concentration for the 2100s. The sim-
ulation predicts an increase in global burden of stratospheric ozone {0241 %/decade in
the medium resolution simulation) and a decrease in global burden of tropospheric ozone (0.82
+ 0.04%/decade in the medium resolution simulation). The change in global stratospheric ozone
burden is controlled by stratospheric chemistry rather than transport (i.e. stratospheric circula-
tion). Tropospheric chemistry reduces the global burden of tropospheric ozone By/de@ade.
However, transport (i.e. stratosphere—troposphere exchange (STE) and tropospheric circulation)
causes an increase in the burden by @2fecade. Transport of ozone of both stratospheric and
tropospheric origin comparably contributes the increase, suggesting that not only STE but also
tropospheric circulation is important. Additionally we test the sensitivity of the ozone changes
to increased horizontal resolution through transport apart from chemistry using medium and high
resolution models. No crucial difference is found in the simulations. This suggests that increased
horizontal resolution has a minor impact on the ozone changes through transport process.

This study, however, has remaining problems. The model used in this study show some biases.
As for tropospheric ozone, the CHASER version 3 model has slight positive biases within 10
although the MIROC-ESM-CHEM model shows negative biases larger tHan Phis difference
is probably caused by the update of radiative transfer scheme (see section 2.2), which highlights a
potential bias of the tropospheric photo-chemistry in the model. We need to re-evaluate photolysis
rates and/or kinetic chemical reaction velocities. In the lower stratosphere, the MIROC-ESM-
CHEM model shows positive biases of ozone larger thdit.3Possible causes of the biases are
stratospheric photo-chemistry and the treatment of PSCs in the model. It is necessary to evaluate
stratospheric ozone and its related chemical species (e.g.MQ), CIO,, BrO,) with observation
data, and to address the possible causes.

This study has focused on the interannual variability of tropospheric ozone and the long-term
change in the mean state of stratospheric and tropospheric ozone, although we have not investi-
gated interannual variability of tropospheric ozone under a future climate. However, meteorolog-
ical variability under the future climate can differ among climate models. We need to perform an
analysis using multiple models such as Atmospheric Chemistry and Climate Model Intercompari-
son Project (ACCMIP) and Coupled Model Intercomparison Project Phase 5 (CMIR&$tensen
et al.[2014 reported that future changes in Elidi intensity depend on climate models and do not
distinguish from natural modulation, although the future climate change can alter ENSO-related

variability of tropospheric ozone through chemical process.
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