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The Tropospheric Ozone Assessment Report (TOAR) is a current IGAC activity 4 
(http://www.igacproject.org/activities/TOAR) with a mission to provide the research community 5 
with an up-to-date scientific assessment of tropospheric ozone’s global distribution and trends 6 
from the surface to the tropopause. 7 

Guided by this mission, TOAR has two goals:   8 

1)  Produce the first tropospheric ozone assessment report based on the peer-reviewed literature 9 
and new analyses. 10 

2)  Generate easily accessible, documented data on ozone exposure and dose metrics at hundreds 11 
of measurement sites around the world (urban and non-urban), freely accessible for research 12 
on the global-scale impact of ozone on climate, human health and crop/ecosystem 13 
productivity. 14 

The report is being written as a series of eight stand-alone publications to be submitted for peer-15 
review to Elementa:  Science of the Anthropocene, an open-access, non-profit science journal 16 
founded by five US research Universities and published by University of California Press 17 
(www.elementascience.org).  Prior to submission each paper will be posted to the TOAR 18 
webpage (http://www.igacproject.org/activities/TOAR/OpenComments) for a 30-day open 19 
comment period.  We invite members of the atmospheric and biological sciences communities as 20 
well as the general public to read the papers and provide comments if they wish to do so.  The 21 
open comment period will last for 30 days for each paper, with the draft papers posted to the 22 
website as they become available. 23 

To provide comments on this particular paper, please send an e-mail to lead authors Alex 24 
Archibald (ata27@cam.ac.uk) and Jessica Neu (Jessica.L.Neu@jpl.nasa.gov). 25 
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Abstract: 83 
Tropospheric ozone plays an important role within the Earth system. At high concentrations it 84 
has negative impacts on air quality, climate, human health and ecosystem productivity. It is 85 
also a primary source of the hydroxyl radical (OH) and supports an oxidizing capacity that acts 86 
to remove atmospheric pollutants. Complex physical and chemical processes control 87 
tropospheric ozone, our understanding of which has changed dramatically over the last 60 88 
years. Models are the key tool used to understand the budget of ozone and they highlight that 89 
there are many processes which are known to be important in controlling the budget of 90 
tropospheric ozone, and as some processes that remain less certain. In this critical review we 91 
assess our evolving understanding of these processes, both physical and chemical. We 92 
review simulations from the recent IGAC Chemistry Climate Modelling Initiative (CCMI) to 93 
assess the changes in the tropospheric ozone burden and its budget from 1960 to 2010. 94 
Analysis of these data indicates that there has been moderate growth in the ozone burden 95 
over this time period and that the ensemble of models investigated simulate burdens of ozone 96 
well within recent satellite estimates. Analysis of the CCMI model ozone budget indicates that 97 
the chemical production of ozone in the troposphere on average has plateaued since the 98 
1990s. However, there have been regional shifts in ozone production in the troposphere, 99 
driven by the regional evolution of precursor emissions. An analysis of the evolution of 100 
tropospheric ozone through the 21st century, as simulated by CMIP5 models, reveals a large 101 
source of uncertainty associated with models themselves in the near term (two to three 102 
decades) with emissions scenarios dominating uncertainty in the longer-term evolution of 103 
tropospheric ozone. This intrinsic model uncertainty prevents robust predictions of near-term 104 
changes in the tropospheric ozone burden, and we review how progress can be made to 105 
reduce this limitation.   106 

1 Introduction: 107 

Tropospheric ozone is a greenhouse gas and at elevated levels a pollutant detrimental to 108 
human health, and crop and ecosystem productivity (LRTAP Convention, 2011; REVIHAAP, 109 
2013; US EPA, 2013; Monks et al., 2015).  Since 1990, a large portion of the anthropogenic 110 
emissions of gases that react in the atmosphere to produce ozone have shifted from North 111 
America and Europe – due to pollution controls –  to Asia, driven by economic growth and 112 
more limted pollution controls (Granier et al., 2011; Cooper et al., 2014; Zhang et al., 2016; 113 
Hoesly et al., 2018).  This rapid shift, coupled with limited ozone monitoring in developing 114 
nations, has left scientists unable to answer the most basic questions: Which regions of the 115 
world have the greatest human and plant exposure to ozone pollution?  Is ozone continuing 116 
to decline in nations with strong emission controls?  To what extent is ozone increasing in the 117 
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developing world?  How can we best quantify ozone’s impact on climate, human health and 118 
crop/ecosystem productivity? 119 
To answer these questions, the International Global Atmospheric Chemistry (IGAC) project 120 
developed the Tropospheric Ozone Assessment Report (TOAR): Global metrics for climate 121 
change, human health and crop/ecosystem research (www.igacproject.org/activities/TOAR).  122 
Initiated in 2014, TOAR’s mission is to provide the research community with an up-to-date 123 
scientific assessment of tropospheric ozone’s global distribution and trends from the surface 124 
to the tropopause.  TOAR’s primary goals are to produce the first tropospheric ozone 125 
assessment report underpinned by all available surface, ozonesonde, aircraft and satellite 126 
observations, to document an understanding of ozone distributions and trends from the peer-127 
reviewed literature and new analyses, and to generate easily accessible, well-documented 128 
ozone exposure metrics relevant to human health and ecosystems at thousands of 129 
measurement sites around the world. Through the TOAR Surface Ozone Database  (Schultz 130 
et al., 2017), these ozone metrics are freely accessible for research on the global-scale impact 131 
of ozone on climate, human health and crop/ecosystem productivity. The assessment report 132 
is organized as a series of papers in a Special Feature of Elementa:  Science of the 133 
Anthropocene. 134 
In addition to measurements, numerical modeling plays a critical role in understanding the 135 
burden and budget of tropospheric ozone (see TOAR-Model Performance, (Young et al., 136 
2018)).  Atmospheric chemistry models typically incorporate (1) tropospheric (and 137 
stratospheric) photochemical reaction schemes, (2) anthropogenic precursor emission 138 
inventories, (3) schemes for natural emissions (4) chemical removal of ozone precursors and 139 
ozone-destroying constituents, and for the removal of ozone at physical surfaces, and (5) 140 
schemes for representing atmospheric fluid dynamics, thermodynamics and radiation. 141 
Alleviating uncertainties in model representation of these processes is necessary for improved 142 
understanding of the drivers of past and future changes in tropospheric ozone, and how these 143 
changes may affect climate, human health, and ecosystems. 144 
This paper, abbreviated as TOAR-Ozone Budget, focuses on the physical and chemical 145 
processes that affect the budget of ozone in the troposphere. TOAR-Ozone Budget begins 146 
with a brief historical overview of the evolution of the scientific understanding of tropospheric 147 
ozone and the fundamental processes known to control it (Sections 1-3). The main focus of 148 
the paper is a detailed analysis of our current understanding of the sources and sinks of ozone 149 
in the troposphere (Section 4), whilst we discuss new insights into the chemical and physical 150 
processes that control ozone and challenges associated with the accurate simulation and 151 
prediction of ozone abundances (Section 5 and 6).  Section 7 provides a summary and future 152 
outlook. 153 

1.1 A brief History of Tropospheric Ozone Research 154 

The history of tropospheric ozone research has been reviewed in detail recently (Wallington, 155 
et al., 2019; Staehelin et al., 2017), and here we provide a brief overview.  The greatest 156 
challenges in tropospheric ozone research over the last few decades have been quantifying 157 
and understanding 1)  the role and interactions of physical processes, including transport of 158 
ozone-rich air from the stratosphere to the troposphere and the removal of ozone at plant, soil, 159 
water, snow and ice surfaces, and 2) chemical processes including the emission and 160 
transformation of ozone precursors and the production and destruction of ozone in the 161 
troposphere by gas and aerosol phase chemistry. Recently it has been recognized that the 162 
rates and spatial distributions of these different processes have changed over the past 163 
decades and will most likely continue to change in the future as the locations of precursor 164 
emissions change (Zhang et al., 2016). 165 
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1.2 Evolution in Understanding of the Physical and Chemical Processes 166 
Controlling the Distribution of Ozone  167 

The starting point of this historical review is the identification of the transport of ozone-rich air 168 
from the stratosphere into the troposphere (Regener, 1938). Here, we follow the terminology 169 
of Stohl et al. (2003) and use stratosphere to troposphere transport (STT) in reference to air 170 
and ozone transport from the stratosphere across the tropopause and into the troposphere, 171 
and stratosphere-troposphere exchange (STE) in reference to air and ozone exchange across 172 
the tropopause in both directions. The large-scale processes driving transport of stratospheric 173 
air to the troposphere were first identified with the discovery of the Brewer-Dobson circulation, 174 
in which tropospheric air passes into the stratosphere in the upper arm of the ascending 175 
Hadley circulation at low latitudes, and stratospheric air returns to the troposphere in mid-176 
latitudes (Brewer 1949). Further analysis showed that most of the actual transport occurs 177 
during tropopause folding in the vicinity of a jet stream (Danielson, 1968; Danielsen and 178 
Mohnen, 1977; Shapiro, 1976; 1978; 1980; Keyser and Shapiro, 1986), with other 179 
mechanisms of STT being subsidence in cut-off lows (Price and Vaughan, 1993) and gravity-180 
wave breaking (Lamarque et al., 1996). Subsequently there have been attempts to quantify 181 
STT and its temporal evolution through observational constraints (Murphy and Fahey 1994; 182 
Beekmann et al., 1997; Scheel, 2003; Olsen et al. 2004; Stohl et al., 2003; Trickl et al., 2020).   183 
Ozone destruction on surfaces has been recognized since the earliest laboratory experiments 184 
(Schönbein, 1840).  Early research showed that ozone is present in much lower 185 
concentrations in the lower atmosphere than in the upper atmosphere implying one or more 186 
ozone loss mechanisms in the troposphere (Hartley, 1881; Fabry and Bousson, 1913; 187 
Colange and Lepape 1929, Chapman, 1932).  These ideas on the loss of ozone by destruction 188 
at the Earth’s surface were first formalized by Auer (1939), with the classical view of 189 
tropospheric ozone being regulated by STT of ozone and surface destruction being put forth 190 
by Junge (1962) (Figure 1a). Figure 1 shows, schematically, how this understanding has 191 
evolved over time. By the 1980s (Figure 1b) there were sufficient measurements of ozone 192 
deposition rates at the Earth’s surface (e.g. Regener, 1957; Galbally 1971), sufficient 193 
observations of ozone in surface air and sufficient understanding of the interaction of 194 
meteorology and ozone deposition that a global budget of ozone deposition of 1000 ± 500 Tg 195 
(O3) yr-1 was estimated by Galbally and Roy (1980). These early studies have been proven 196 
accurate, with estimates of STT and dry deposition remaining within a factor of two over the 197 
last thirty-years, each having uncertainties of around ± 30% at present. 198 
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 200 
Figure 1: Schematic illustration of how our understanding of the chemical and physical processes 201 
controlling tropospheric ozone has evolved. The panels highlight the key processes identified in the 202 
different time periods. The labelling of dates in the sub panels (a-d) are indicative.  203 
Up until 1970, there was no knowledge of the kinetic basis of photochemistry of ozone in the 204 
lower atmosphere. This changed dramatically when decomposition products of ozone 205 
photolysis in the near ultraviolet (UV) were determined, revealing that the long wavelength 206 
limit for a significant yield of O(1D) was 315 nm (Jones and Wayne 1970). Levy (1971) noted 207 
that while the majority of O(1D) atoms are deactivated to ground state O(3P) atoms through 208 
collision with a third molecule (N2 or O2), a small fraction react with water vapor to produce 209 
hydroxyl radicals (OH). Levy showed that UV radiation in the troposphere and at the Earth’s 210 
surface was sufficient to initiate the formation of hydroxyl radicals. There was a rapid 211 
development of understanding of the photochemistry of the troposphere in the 1970s (Levy 212 
1971, 1972, 1973; Crutzen, 1973; Chameides and Walker, 1973). It was shown that hydroxyl 213 
radicals, in the presence of nitrogen oxides and carbon monoxide or volatile organic 214 
compounds (VOCs), initiate chemical cycles that, utilizing the oxidation products of carbon 215 
monoxide and VOCs, lead to net ozone production (Figure 1b); this chemistry is applicable in 216 
both the remote troposphere and the urban atmosphere (Brasseur et al., 1999). The basic 217 
mechanism of photochemical production of ozone in the troposphere was confirmed in part by 218 
the identification of positive correlations of carbon monoxide and ozone in many regions of the 219 
background troposphere (Fishman and Seiler, 1983).  220 
An early combined experimental and modelling study of ozone chemistry in the background 221 
troposphere was the Mauna Loa Observatory Photochemistry Experiment in 1988 (MLOPEX), 222 
(Ridley et al., 1992, Liu et al., 1992), which was followed by MLOPEX 2 at the same site in 223 
1991 and 1992 (Atlas and Ridley, 1996, Hauglustaine et al., 1996, Brasseur et al., 1996).  224 
Since then, it has been shown that net photochemical production of ozone occurs in biomass 225 
burning plumes (Jaffe and Wigder, 2012), the polar boundary layer in summer (Oltmans et al., 226 
2008) and in polluted air in snow-covered rural environments in winter (Schnell et al., 2009), 227 
as well as in the background troposphere and polluted urban atmosphere. New processes 228 
that have been added to the original understanding of tropospheric ozone production and loss 229 
processes over the past two decades are discussed in Section 5.   230 
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1.3 Regional Differences in Ozone Photochemistry 231 

There are some marked differences in ozone chemistry in remote regions, including the free 232 
troposphere, compared to the urban boundary layer (Figure 1c). Methane plays an important 233 
role in the free troposphere. The increase in methane over the last decade has been a major 234 
driver for increases in background ozone. However, its reactivity makes it a relatively smaller 235 
contributor to ozone in the urban atmosphere, where, directly emitted reactive organic 236 
compounds dominate ozone production. In remote regions, as well as methane, the VOCs 237 
that contribute to ozone chemistry are first- and many-generation oxidation products such as 238 
carbon monoxide and a range of oxygenated organic compounds. Another major difference 239 
is the availability of NOx, whose sources are abundant in the urban atmosphere.  The primary 240 
sources of NOx in the remote atmosphere are lightning, particularly in the tropical free 241 
troposphere (Ridley et al., 1994; Zhang et al., 2003; DeCaria et al., 2005; Schumann and 242 
Huntrieser, 2007), and peroxyacetyl nitrate (PAN). In the remote continental boundary layer 243 
there are additional sources of soil emission of NOx (Galbally and Roy, 1978; Davidson and 244 
Kingerlee 1997) and naturally occurring biomass burning.  PAN is a temporary reservoir 245 
species for NOx that is thermally unstable. It is formed primarily in the urban atmosphere from 246 
where it can be transported long distances in the free troposphere, facilitating ozone 247 
production in the remote atmosphere. In NOx-poor environments such as the marine boundary 248 
layer and much of the free troposphere, ozone is mainly destroyed by photolysis (Ayers et al. 249 
1992). International field experiments (Penkett et al., 1997; Carpenter et al., 1997; Monks et 250 
al., 1998) have identified the NO compensation point between ozone production and 251 
destruction (Galbally et al., 2000), a key parameter for defining those regions of the 252 
troposphere that are net sinks and those that are net sources for tropospheric ozone (Fishman 253 
et al., 1979). 254 
A key component of the tropospheric ozone budget is the destruction of ozone at the Earth’s 255 
surface via deposition, a process absent in the free troposphere. The lack of deposition, 256 
coupled with colder temperatures and lower water vapor concentrations, extends the lifetime 257 
of ozone in the free troposphere from about a week or so in lower altitudes to a few months in 258 
the upper troposphere, based on a globally averaged tropospheric lifetime of 22-23 days 259 
(Stevenson et al., 2006). These long atmospheric lifetimes explain the efficiency of the 260 
observed transport of ozone from the stratosphere to the middle and lower troposphere and 261 
the importance of intercontinental ozone transport in contributing to ozone trends in the 262 
background regional atmosphere (Figure 1c). The importance of such long-range transport 263 
mechanisms for ozone was recognized in the 1970s (Cox et al., 1975) and formed the corner-264 
stone of the United Nations Economic Commission for Europe (UNECE) Convention on the 265 
Long-range Transport of Air Pollution (LRTAP) and continues to be a topic of important 266 
research. In the late 1990s, the intercontinental transport of ozone and its precursors from 267 
Asia to North America and from North America to Europe was observed, demonstrating the 268 
link between the emissions from one continent and the trace gas mixing ratios above a 269 
downwind continent (HTAP, 2010). 270 

1.4 Development of Emissions Inventories 271 

On a global scale, the emissions of ozone precursors have increased dramatically over the 272 
last 60 years (Hoesly et al., 2018; van Marle et al., 2017; Lamarque et al., 2010). Initially, 273 
inventories of ozone precursors were globally integrated estimates (Junge, 1972; Söderlund 274 
and Svensson, 1976). Regional emissions inventories were then developed, with the first 275 
urban emissions inventory focusing on carbon monoxide, VOCs and NOx for Los Angeles in 276 
the early 1970’s to address air quality issues (Roth et al. 1974). A modern approach is the 277 
progressive merging of urban, regional and global emission inventories under the IGAC Global 278 
Emissions Initiative (GEIA) project (http://www.geiacenter.org/) and the Emissions of 279 
atmospheric Compounds and Compilation of Ancillary Data project (ECCAD). The history of 280 
these inventories and attempts at their harmonization are discussed by Granier et al. (2011) 281 
and references therein. The state of biomass burning and anthropogenic emissions 282 
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inventories in 2011 was such that the regional estimates for carbon monoxide and NOx from 283 
different inventories differed by up to a factor of two for the period 1980 to 2005 (Granier et 284 
al., 2011). Similar levels of uncertainty may apply to VOC emission estimates too. This 285 
highlights the importance for uncertainty estimates associated with emission inventories. 286 
While earlier inventories usually completely neglected uncertainty, the latest generation of 287 
historic emissions for chemistry-climate model studies are making efforts to move towards 288 
enabling quantitative uncertainty estimates (Hoesly et al., 2017).  289 
Another complexity of emission inventories is natural emissions, whose emission rates and 290 
their temporal and spatial distribution are dependent on many physical, chemical, and 291 
biological processes and states in the environment. Four key processes that contribute to 292 
ozone precursor emissions are the production of VOCs from vegetation, NOx from lightning 293 
and soils, and both VOCs and NOx from naturally occurring biomass burning. These 294 
processes have been recognized as important contributors to total budgets of NOx and VOCs 295 
for many decades, but the problems of quantifying emissions have been formidable. 296 
Interactive process-based models now simulate VOC emissions from vegetation, and are 297 
embedded within most chemistry climate models, e.g. BEIS (Guenther et al., 1995) and 298 
MEGAN (Guenther et al., 2006). However, there is still considerable work to be undertaken in 299 
verifying these models (e.g., Marais, et al., 2012; Hu et al., 2015; Emmerson et al., 2016). 300 
Similarly, interactive models exist for simulating NOx emissions from lightning (e.g., those 301 
based on Price et al., 1997), but major uncertainties still need to be addressed to refine these 302 
models (Schumann and Huntrieser, 2007; Luo et al., 2017; Clark et al., 2017). 303 

2 Physical processes regulating tropospheric ozone 304 

2.1 Loss of ozone to the surface 305 

The ozone deposition process can be described using a resistance analogy, first employed by 306 
Galbally and Roy (1980), where the various stages of transfer from the bulk atmosphere to a 307 
surface are modelled as serial resistance terms. The destruction at the surface can also be 308 
expressed as an equivalent resistance. The advantage of the resistance approach is that the 309 
terms are additive, and the reciprocal of the sum of the resistances is the deposition velocity, 310 
vd (Galbally 1974, Galbally and Roy 1980, Wesely 1989), such that 311 
vd = (Ra + Rb + Rc) −1   (2.1) 312 
where Ra is the aerodynamic resistance, representing the role of atmospheric turbulence in 313 
transporting ozone down from a reference height in the boundary layer (defined by the mixing 314 
length); Rb is the resistance arising from molecular diffusion in the sub-laminar boundary layer 315 
just above the surface; and Rc is the total surface resistance, arising from when ozone passes 316 
through the boundary layer or canopy and makes contact with the surface, where it rapidly 317 
reacts and is destroyed. Rc has stomatal and non-stomatal pathways (Figure 2), and is the 318 
dominant factor controlling daytime ozone deposition to vegetated surfaces. The rate of this 319 
surface destruction is represented by either a combination of cuticular resistance (Rct, which 320 
also includes all external plant surfaces) and soil resistance (Rg), or a total surface resistance 321 
(Rst) for non-vegetated areas, as appropriate.  322 
In the case of plant canopies (which make up a large component of the total ozone deposition 323 
flux) there may also be an additional aerodynamic transport term (Ra_inc) that represents 324 
transport of ozone down to the soil or vegetated understory. It is within the canopy that there 325 
may also be gas phase loss of ozone by reaction with NO emitted from the soil and highly 326 
reactive VOCs emitted from plants (Kurpius and Goldstein 2003; Fares et al., 2010), and these 327 
losses can affect ozone deposition rates over forests and other plant systems with canopies. 328 
All these processes and their connections are illustrated in Figure 2. 329 
 330 
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 331 
Figure 2: Pathways of ozone deposition on vegetated surfaces (with or without the resistance 332 
analogue used to quantify and model the processes).  333 

Over vegetation, ozone can enter the plants’ stomata if they are open. The stomatal uptake of 334 
ozone is largely regulated by the physiological activity and associated gas exchanges of the 335 
vegetation, with light, temperature, and water availability in the plant‐soil system as the 336 
dominant controlling factors (Gerosa et al., 2009; Fowler et al., 2009; Lin et al., 2019). To 337 
estimate the stomatal resistance, it is normally assumed that the concentration of ozone in the 338 
intercellular airspace is very small compared to the external concentration, so that it can be 339 
neglected. However, studies of plant physiology show that this is not always the case (del a 340 
Torre, 2008) and so a modified resistance term may be needed. Furthermore, the widely-used 341 
Wesely scheme does not account for the effects of soil moisture or vapor pressure deficits on 342 
the stomatal uptake. Recent observational analyses and coupled plant physiology-chemistry-343 
climate models indicate a key role for water availability in modulating ozone deposition rates 344 
on seasonal to interannual time scales via changes in stomatal conductance, with the effects 345 
on monthly mean daytime v𝑑𝑑,o3 variability as large as a factor of two (Lin et al., 2019). 346 

Previously, this stomatal uptake, which can be calculated using plant physiology models, was 347 
thought to be the dominant removal process over all vegetated surfaces. The non-stomatal 348 
terms were assumed to be constant, only differing depending on whether the surface is dry, 349 
wet, or frozen (Wesely, 1989). However, more recent studies have shown that non-stomatal 350 
deposition to surfaces can be highly variable and is influenced by temperature, solar radiation, 351 
surface moisture and composition, as well as by emissions from the surface. In certain periods 352 
and conditions, non-stomatal deposition may dominate surface losses, but there are still large 353 
uncertainties in the processes involved (e.g. Clifton et al., 2017; Fowler et al. 2001; Rannik et 354 
al. 2012). These concepts are incorporated to some degree in interactive ozone deposition 355 
modules within air quality and chemistry climate models (e.g. Tuovinen 2004, Franz 2017; Lin 356 
et al., 2019). 357 
A review of ozone deposition estimates from multiple global scale chemistry-climate models 358 
was undertaken by Hardacre et al (2015). They looked at 15 models that contributed to the 359 
model intercomparison coordinated by the Task Force on Hemispheric Transport of Air 360 
Pollution (TF HTAP) (Fiore et al., 2009). Thirteen of these models incorporated a resistance 361 
scheme based on the work of Wesely (1989), while the other 2 used prescribed deposition 362 
rates (fixed vd for each land cover class). The calculated annual global deposition fluxes 363 
ranged between 818 and 1256 Tg yr−1 across the models, with an ensemble mean of 978 ± 364 
127 Tg yr−1, which is similar to predictions from other studies (e.g. Stevenson et al., 2006; 365 
Wild, 2007; Young et al., 2013; Young et al., 2018). Comparing the model results with some 366 
of the limited measurement data available showed considerable variation in model 367 
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performance with season, land cover type and location. The study concluded that 368 
uncertainties in deposition to oceans, grasslands and tropical forests were the main cause of 369 
differences between the models and that improving them would have the greatest benefit. 370 
While the Wesely (1989) scheme has success in some applications (e.g., Silva & Heald, 371 
2018), the lack of sensitivity to soil water availability is problematic, as reviewed by Lin et al. 372 
(2019). 373 
Early studies of ozone dry deposition rates and processes for deposition to oceans and snow 374 
(Galbally and Roy 1980; Garland et al., 1980) derived deposition rates around an order of 375 
magnitude lower than those for soil and plants. More recent studies have established even 376 
lower ozone deposition rates over the open ocean (Helmig et al. 2007; Fowler et al. 2009; 377 
Ganzeveld et al. 2009; Helmig et al. 2012). These observations can be largely reproduced if 378 
the reaction between ozone and iodide (I-(aq)) in the ocean surface layer is included along with 379 
turbulent and molecular diffusion processes (Luhar et al., 2017). Incorporating such a 380 
deposition scheme into the UKCA chemistry climate model (Luhar et al., 2017) decreases 381 
ozone deposition over the ocean by almost half, which corresponds to a 10 % decrease in the 382 
model calculated total global ozone deposition. Similar results are obtained in a study of this 383 
mechanism with the GEOS-Chem chemical transport model (Pound et al. 2019). An overall 384 
downward revision of global ozone deposition rates can be expected as these rates are more 385 
widely adopted. The net impact of the ozone-iodide reaction on the ozone budget is not well 386 
known, however, given that the ocean surface emits iodine in response to ozone deposition 387 
and the released iodine may catalytically destroy ozone in the near surface air, with feedback 388 
on other factors such as radiative forcing (Prados-Roman et al., 2015; Sherwen et al 2017). 389 
Further model studies are needed to assess the importance of these ozone-iodine feedbacks 390 
and reduce the uncertainties in iodine’s global impact on ozone. 391 
There are several areas that require further investigation to improve models, allow feedbacks 392 
and interactions such as climate change and associated changes in plant activity to be 393 
properly assessed, and reduce uncertainty in ozone loss on surfaces. These are: 1) ozone 394 
chemistry within plant tissue, on plant and soil surfaces, and within the ocean surface layer; 395 
and 2) interactions between ozone deposition and near surface ozone loss via gas phase 396 
chemistry, including the coupled ozone deposition and iodine emission cycle at the ocean 397 
surface and VOC-ozone reactions in plant canopies; 3) Reduced ozone removal by water-398 
stressed vegetation and associated feedbacks on surface ozone levels during heatwaves and 399 
drought. Detailed interactive ozone deposition schemes that include these processes are 400 
needed for use in chemistry-climate models to assess how changes in deposition due to 401 
changes in land use and climate change affect the global tropospheric ozone budget. 402 

2.2 Transport of ozone from the stratosphere to the troposphere 403 

The stratosphere has long been recognized as an important source of tropospheric ozone.  404 
With regard to the impact of stratospheric ozone on the tropospheric ozone budget, the key 405 
questions are: 1) what is the net annual flux of ozone from the stratosphere to the troposphere, 406 
and what is its interannual variability?; 2) what are the relative contributions of the various STT 407 
transport mechanisms (see below) to the annual STT ozone flux?; 3) how well do global 408 
atmospheric chemistry models simulate STT transport mechanisms and their contributions to 409 
the tropospheric ozone burden?; and 4) how will this source of tropospheric ozone change 410 
under climate change, in particular under a geoengineered climate (Xia et al., 2017).   411 
The dynamical processes that transport ozone from the lowermost stratosphere into the 412 
troposphere are well understood. These were summarized by Stohl et al. (2003), who 413 
reviewed the first 40 years of research on STT, beginning with the pioneering airborne 414 
explorations of E. F. Danielsen in 1963 (Danielsen, 1968).  At the global scale, STT is driven 415 
by the Brewer-Dobson circulation.  The 380 K isentropic surface of the extra tropics is a key 416 
boundary for quantifying the global annual downward flux of ozone into the troposphere, 417 
because any ozone that descends from the stratospheric “overworld” (above 380 K) into the 418 
lowermost stratosphere (below 380 K) will eventually enter the troposphere, regardless of the 419 
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exact transport mechanism, or the location or timing thereof (Appenzeller et al., 1996; Olsen 420 
et al., 2004). Based on MERRA-2 re-analyses, the NH extratropical STT flux has a broad peak 421 
from February to May and a minimum in September-October (Jaeglé et al., 2017).   422 
Recent estimates of the flux across the 380 K isentropic surface based on the latest global 423 
reanalysis data (with assimilated total column ozone from satellites) are 489 Tg yr-1 (NH:  275 424 
Tg yr-1; SH: 214 Tg yr-1) (Olsen et al., 2013), 448 ± 35 Tg yr-1 (NH:  256 ± 20; SH: 191 ± 19) 425 
(Yang et al., 2016) and 492 Tg yr-1 (NH:  281 Tg yr-1; SH:  211 Tg yr-1) (Jaeglé et al., 2017), 426 
with the hemispheric disparity arising from the hemispheric asymmetry in the strength of the 427 
Brewer-Dobson circulation (stronger in the NH). Estimates of the net stratospheric ozone flux 428 
into the troposphere (i.e. the downward flux minus the much smaller flux of tropospheric ozone 429 
into the stratosphere) have been inferred from a range of contemporary global atmospheric 430 
chemistry models as a residual term of the tropospheric ozone budget, after accounting for 431 
the large terms associated with ozone production, loss and surface deposition. TOAR-Model 432 
Performance provides a summary of estimates produced from standalone simulations and 433 
coordinated activities (ACCENT and ACCMIP; ensembles of opportunity), over the last two 434 
decades, which yield a net flux of stratospheric ozone into the troposphere of 520 ± 100 Tg 435 
(O3) yr-1 through closure of the ozone budget (Young et al., 2018). Few of the ACCENT and 436 
ACCMIP models included full stratospheric chemistry, but following the early work of Jöckel 437 
et al. (2006), more and more models are beginning to include this more realistic method of 438 
simulating the stratospheric ozone burden.  Some of the most recent estimates for the present 439 
day from a model with full stratospheric chemistry are 325-360 Tg, at the low end of the 440 
ACCENT and ACCMIP ranges (Banerjee et al., 2016; Hu et al., 2017). 441 
The flux estimates above are representative of average conditions, but the values vary 442 
interannually due to changes in the stratospheric circulation driven, for example, by El Niño-443 
Southern Oscillation (ENSO) and the stratospheric Quasi-Biennial Oscillation (QBO).  444 
Interannual variations in the strength of the stratospheric circulation of around 40% affect the 445 
STT flux leading to changes in tropospheric ozone at northern mid-latitudes of around 2%, 446 
which is approximately half of the interannual variability (Neu et al., 2014).  Olsen et al. (2013) 447 
found the extratropical STT ozone flux varied by ± 15% in the NH and ± 6% in the SH from 448 
year to year, concluding that 35 − 39 years would be required to detect a 2 − 3% decade−1 449 
trend in the STT ozone flux.  The STT ozone flux has been affected by the decrease of 450 
stratospheric ozone due to ozone depleting substances, but the impact on tropospheric ozone 451 
has been relatively small.  Hsu and Prather (2009) estimated STT reductions of ~25% in the 452 
SH and ~10% in the NH from ozone depletion that occurred from 1979 to 2004, corresponding 453 
to a mean decrease in tropospheric ozone of 2.1 nmol/mol and 1 nmol/mol, respectively. 454 
The transport mechanisms by which STT occurs are:  1) intrusions of stratospheric air into the 455 
troposphere via the tropopause folds associated with the dry airstream of extratropical 456 
cyclones; 2) intrusions of stratospheric air within decaying cut-off lows (a subset of 457 
extratropical cyclones); 3) gravity wave breaking; and 4) deep convection penetrating the 458 
tropopause (Stohl et al., 2003). A recent analysis of all NH extratropical cyclones for the period 459 
2005–2012 estimates that stratospheric intrusions associated with these cyclones account for 460 
42 ± 20% of the NH extratropical STT ozone flux (Jaeglé et al., 2017). Notable findings 461 
regarding the location and seasonality of these intrusions are that shallow intrusions occur 462 
most frequently along the subtropical jet stream, a region known for Rossby wave breaking 463 
processes conducive to STT, and are particularly prevalent during winter (Scott and Cammas, 464 
2002; Waugh and Funatsu, 2003; Trickl et al., 2011; Homeyer and Bowman, 2013; Nath et 465 
al., 2017).  Deep intrusions that reach the lower troposphere are frequent at mid-latitudes in 466 
winter and spring, with the southwestern USA being a region of high activity, especially in 467 
spring.  These intrusions also impact the chemistry of the troposphere as they mix with other 468 
air masses (Esler et al., 2001); the degree of mixing can be partially gauged via observations 469 
of the intrusion’s water vapor mixing ratio (Trickl et al., 2016).  Intrusions often occur in close 470 
proximity to polluted airstreams of extratropical cyclones and over time these air masses can 471 
intermingle and eventually mix (Stohl and Trickl, 1999; Parrish et al., 2000; Cooper et al., 472 
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2004; Stohl et al., 2007).  Intrusions have also been observed to mix with biomass burning 473 
plumes above North America and Europe (Brioude et al., 2007; Trickl et al., 2015).   474 
Although winter and springtime intrusions are cited as most important to the tropospheric 475 
burden, summertime stratospheric contributions to tropospheric column ozone amounts (not 476 
surface ozone) measured by sondes were estimated at 20-25% over northeastern North 477 
America in the 2004 INTEX-A and ICARTT studies (Thompson et al., 2007). The latter budget 478 
was based on identification of ozone and potential temperature laminae throughout the 479 
soundings. A similar conclusion was reached for the same dataset by Cooper et al. (2006) 480 
using the particle-trajectory approach (FLEXPART). A 20-25% contribution for summer STT 481 
impacts on tropospheric column ozone was estimated by Collette and Ancellet (2005) using a 482 
30-year European sonde climatology. Furthermore, Stauffer et al., (2018) used a clustering 483 
technique and meteorological reanalysis and estimated that, depending on the location, 484 
between 25-40% of ozonesonde profiles at midlatitude stations exhibited STT characteristics 485 
with anomalously low tropopause heights. The ozonesonde profiles in STT-influenced clusters 486 
were not confined to just winter and spring seasons. 487 
Model-based intrusion climatologies and observation-based case studies have demonstrated 488 
that high altitude regions such as the western United States (Brioude et al. 2007; Cooper et 489 
al., 2004, 2011; Langford et al., 2009, 2015a,b, 2017; Lefohn et al., 2011, 2012, 2014;  Lin et 490 
al., 2012, 2015; Škerlak et al. 2014, 2019; Dolwick et al. (2015); Lin et al., 2016; Pan et al., 491 
2010; Yates et al., 2013), the Tibetan Plateau (Ding et al., 2006; Cristofanelli, 2010; Chen et 492 
al., 2011, 2013; Yin et al., 2017; Škerlak et al. 2019), and the Andes (Anet et al., 2017) are 493 
important regions for STT, not only because of frequent deep intrusions but also because their 494 
high elevation and very deep daytime boundary layers facilitate the mixing of the diluted 495 
intrusions down to the surface.  Research aircraft have also documented the occurrence of 496 
stratospheric intrusions above Siberia (Berchet et al., 2013), the remote regions of the tropical 497 
and mid-latitude South Indian Ocean (Clain et al., 2010; Baray et al., 2012), and at the surface 498 
of the high-altitude Antarctic ice sheet (Cristofanelli et al., 2018). The western USA has been 499 
intensely studied, with the depth and frequency of the intrusions above the region providing 500 
an important test of Eulerian models and global reanalysis data, which have traditionally been 501 
limited in their ability to simulate the filamentary features of individual intrusions due to their 502 
coarse resolution. However, recent improvements in vertical and horizontal resolution now 503 
enable simulation of individual stratospheric intrusions above the western USA and their 504 
contribution to surface ozone observations (Lin et al., 2012; Knowland et al., 2017). The 505 
interannual variability of intrusions above the region and their impact at the surface have been 506 
shown to be strongly influenced by ENSO–driven transport patterns (Lin et al., 2015).   507 
Recent STT research is providing increasing evidence for important interactions between 508 
intrusions and deep convection. The potential vorticity anomalies in the mid- and upper 509 
troposphere associated with intrusions can trigger deep convection (Waugh and Funatsu, 510 
2003).  This can result in mixing between stratospheric and tropospheric air, as observed 511 
during a research flight that encountered deep convective clouds penetrating the bottom of an 512 
intrusion above Hawaii, with subsequent mixing of tropical tropospheric and mid-latitude 513 
stratospheric air masses (Cooper et al. 2005).  This phenomenon has also been observed 514 
above the western USA during springtime (Homeyer et al., 2011).  Deep convective clouds 515 
can also entrain ozone-rich lower stratospheric air into the upper troposphere, as observed by 516 
three research aircraft on multiple surveys of thunderstorm anvils during the summer 2012 517 
Deep Convective Clouds and Chemistry experiment above the central U.S (Pan et al., 2012, 518 
2014; Schroeder et al., 2014).  Tang et al. (2011) used a chemistry-transport model with 519 
parameterized deep convection and found that deep convection contributes to half of the STT 520 
ozone flux above northern mid-latitudes during June. 521 

3 Chemical processes regulating tropospheric ozone: 522 

Our understanding of the chemical sources and sinks and hence the budget of ozone in the 523 
troposphere has increased significantly over the last four decades (Figure 1). Much of the 524 
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chemistry is now “textbook”, but the analysis of new laboratory and field observations (enabled 525 
by developments in new instruments and improved numerical models) have produced 526 
important new discoveries, which we discuss here. 527 

3.1 The photochemical formation mechanism of tropospheric ozone: 528 

It is well established that tropospheric ozone is mainly a secondary photochemical product 529 
that results from the photolysis of NO2. 530 

(R1) RO2/HO2 + NO → NO2 + RO/OH 531 

(R2) NO2  + hν → NO + O(3P)  (λ ≤ 400 nm) 532 

(R3) O2    +  O(3P)   +    M  → O3 + M 533 

 534 
RO2/HO2 are organic peroxy radicals (R refer to an alkyl, aryl or alkenyl group) and the 535 
hydroperoxy radical respectively. These compounds are key intermediates in the production 536 
of ozone in the troposphere (see Section 5.5 for more details) as they convert NO into NO2 537 
without destroying ozone. They are formed from the oxidation of VOCs and CO with OH. The 538 
OH radical is the primary oxidant in the troposphere, for which ozone itself is the primary 539 
source via reactions R4 and R5.  540 

(R4) O3  +  hν  →  O(1D)   +  O2 (λ ≤ 315 nm) 541 

(R5) O(1D)  +  H2O → 2 OH 542 

Several studies have reviewed OH chemical formation in great detail (e.g., Elshorbany et al., 543 
2010b, Stone et al., 2012) and we only briefly mention it here. 544 
Other sources of radicals include alkene ozonolysis (e.g., Paulson and Orlando, 1996; Rickard 545 
et al., 1999; Johnson and Marston, 2008), the photolysis of  carbonyl compounds, and the 546 
photolysis of HONO (Perner and Platt, 1979) (reaction R6).  547 

(R6) HONO + hν (λ < 400nm)  → OH + NO 548 

This reaction has received attention over the last decade as an important source of OH in the 549 
urban atmosphere (Kleffmann et al., 2005, Ren et al., 2006; Dusanter et al, 2009, Elshorbany 550 
et al., 2009a, 2012a, 2012b) with associated impacts on the production of ozone (see 551 
Section 5.2 for more details). 552 
Recent calculations employing a detailed chemistry scheme (including over 1630 reactions) 553 
highlight that secondary production of OH and OH recycling reactions of oxidized VOCs, could 554 
outweigh the source of OH in the troposphere from R4 (Lelieveld et al., 2016). But more work 555 
is needed to identify the consistency of this result across a range of models.   556 
The ozone forming reactions, R1 to R3, can be considered as a sequence of chain propagating 557 
reactions. Under high NOx conditions, the chain termination is dominated by R7 (where M is 558 
a third body), which leads to the formation of nitric acid (HONO2).  559 

(R7) OH   + NO2  +   M  → HONO2 + M 560 

Under low NOx conditions R10-11 are the more important forms of chain termination.  561 

(R8) HO2 + O3 → OH + 2 O2 562 

(R9) OH + O3 → HO2 + O2 563 
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(R10) HO2  +  HO2 → H2O2 + O2     564 

(R11) HO2 + RO2 → ROOH + O2 565 

In addition to these chemical sinks of ozone, there are a number of physical sinks of ozone – 566 
deposition to surfaces (see Section 2.1) and uptake (including of oxidant reservoirs) onto 567 
particles (see Section 5.6) – that remove ozone from the troposphere. 568 
Owing to the fast photolysis of NO2 during the day, reactions that convert NO into NO2 without 569 
the consumption of ozone are considered as ozone producing reactions (i.e. R12a) and 570 
reactions which convert NO2 into other members of the NOz family (the molecules of oxidized 571 
nitrogen (NOy) excluding NO and NO2) as ozone destroying (e.g., R7 and R12b). Experimental 572 
evidence for a minor, but potentially important, channel of the reaction between HO2 and NO 573 
producing nitric acid (HONO2) (channel 12b) has been reported (Butkovskaya et al., 2005, 574 
2007, 2009). The main sink of HONO2 is surface deposition. 575 

(R12a)  HO2 + NO  → HO + NO2  576 

(R12b)  HO2 + NO +  M  → HONO2 + M 577 

Several modelling studies (e.g. Søvde et al., 2011; Gottschaldt et al., 2013; Archibald et al., 578 
2019) have investigated the impact of including channel R12b and shown that it could lower 579 
tropospheric ozone production rates considerably (20%). Urgent laboratory studies are 580 
required to corroborate the HONO2 forming channel R12b. 581 
Traditionally the modeled chemical budget for “ozone” has actually been the budget of odd 582 
oxygen (Ox=O3+O(1D)+O(3P)+NO2….) to remove the dominance of null-cycles between O3, 583 
and O(1D) and O(3P). This diagnosed two terms: the production, predominantly from the 584 
conversion of NO to NO2 via peroxy radicals (R1), and the loss, from  the reaction of O(1D) 585 
with H2O (R5), the direction reaction of HOx radicals with O3 (R8 and R9) and other terms. 586 
Although this diagnostic framework offered some utility it has not over the years provided 587 
significant insight into why the O3 budgets of different models differed so substantially. 588 
Recently, Edwards and Evans (2017), and Bates and Jacob (2019) propose alternative 589 
frameworks. Edwards and Evans (2017) showed that tracking the electron spin angular 590 
momentum (a spin-budget) within the GEOS-Chem model resulted in a similar results to the 591 
traditional model of ozone production in the troposphere described above, but has the 592 
advantage of framing the budget in terms of emissions of ozone precursors (VOCs) and 593 
specific chemical processes which reduce the efficiency of O3 production by VOCs. The 594 
benefit of this is that more insight can be gained about the role of specific emission changes 595 
on the ozone budget (as there is less emphasis on R12a, which ultimately almost every 596 
emitted VOC experiences) and specific chemical mechanism details. The spin-budget is 597 
similar to the ideas implemented in the Common Representative Intermediates (CRI) 598 
mechanism (Jenkin et al., 2008; Jenkin et al., 2019) where individual VOCs are indexed 599 
according to their potential to generate RO2, which propagate NO to NO2 (FNO in Edwards and 600 
Evans (2017)). However, as described, this approach comes at a computational cost as a 601 
large amount of output from the model is required.  Bates and Jacob (2019) took an alternative 602 
approach and extended the idea of chemical families to a wider Oy family (Oy=Ox+Oz). In this 603 
framework, Oz represents the ozone forming species such as RO2 and HO2 (as well as many 604 
other species), without which ozone cannot be produced. Within this “ozone” budget, R1 is an 605 
amplifier in the cycling of odd oxygen between Oz and Ox, rather than the main source. These 606 
reactions add to the Oy burden,with addition of a primary stratospheric source and photolysis 607 
of carbonyl compounds. While the total production and loss of ozone is unchanged by using 608 
their budget framework, the lifetime of Oy in the troposphere is dramatically increased (from 609 
24 to 73 days) and the role of the stratosphere is significantly enhanced (acting as a source 610 
of 26% of the Oy budget as opposed to 9% of the Ox budget).  611 
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These new approaches offer a new capability in our ability to understand the ozone budget 612 
within models. However, their relative newness and the need to diagnose a large number of 613 
chemical fluxes, has not resulted in these approaches being adopted by the current generation 614 
of model inter-comparison exercises. Future efforts may thus allow a better understanding of 615 
the model budgets of ozone and why they may disagree with each other.     616 

4 The tropospheric ozone budget 617 

Atmospheric chemistry models are the only tools available to understand the interplay 618 
between the complex sources and sinks of tropospheric ozone described above, and hence 619 
to understand the response of ozone to changes in these sources and sinks. These models 620 
vary greatly in complexity (see Young et al., 2018). Increasingly, models used to study the 621 
chemistry of tropospheric ozone include not only the reactions discussed above, but also 622 
reactions that are important for stratospheric ozone chemistry (Morgenstern et al., 2017). They 623 
can be used to diagnose the spatial and temporal dependence of ozone production in the 624 
troposphere, how it has evolved over the past, and, in the case of Chemistry-Climate Models 625 
(CCMs), how it will continue to evolve into the future (Young et al., 2018).  626 
Models not only simulate the distribution of ozone; they can also be used to diagnose the 627 
ozone budget that controls this distribution. The traditional budget discussed above has four 628 
terms: 1) photochemical production (P), whose major terms are described by the constituent 629 
reactions of R1 (the number depending on the model’s complexity); 2) photochemical loss (L), 630 
whose major terms are given by R5, R8 and R9, sometimes including additional minor 631 
reactions (e.g. R7, R12 and several others); 3) deposition of ozone to the Earth’s surface (D), 632 
usually including both dry and wet deposition (which can include loss via clouds); and 4) net 633 
transport from the stratosphere (S), which is usually calculated as the residual of the ozone 634 
budget, assuming it to be in balance (S = P – L – D).   S can also be explicitly calculated, but 635 
this method is much less frequently used because it is more computationally expensive and 636 
traditional definitions of the tropopause surface do not allow for an unambiguous measure of 637 
transport in complex dynamical situations (see Prather et al., (2011)). 638 
The first three ozone budget terms (P, L, and D) are usually calculated in each model grid box 639 
and can be globally integrated to give the tropospheric ozone budget. The net photochemical 640 
tendency (often found in the literature as net chemical production: d[O3]/dt|chem = P – L = 641 
NCP) provides a useful measure of regions that are chemical sources and sinks of ozone. An 642 
example of the spatial structure in net chemical production is shown in Figure 3 for the UKCA 643 
chemistry-climate model under year 2000 conditions (Banerjee et al., 2014). 644 
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 645 
Figure 3: Surface annual mean (panel A) and zonal mean net chemical production (panel B) 646 
of ozone from the UKCA model for the year 2000 following the ACCMIP historical scenario 647 
(Lamarque et al., 2013). Panels C and D show annual mean net chemical production at 2 km 648 
and 8 km respectively.  649 
Figure 3 shows that the most intense net chemical production occurs near the surface over 650 
land, with the exception of regions with very high NOx emissions (e.g. over parts of Western 651 
Europe, East Asia and North America). Ozone destruction is widespread over the tropical 652 
oceans, especially over the tropical Pacific. Zonally, the net ozone tendency shows a double 653 
peak structure in altitude (panel B). Within the boundary layer, ozone production dominates, 654 
especially in Northern mid-latitudes. The net ozone tendency decreases with altitude above 655 
the boundary layer; in the tropics, photochemical ozone destruction dominates the lower 656 
tropospheric signal. The net ozone tendency then has a secondary peak in the tropical upper 657 
troposphere, where lightning NOx emissions have an important role in ozone production 658 
(Banerjee et al., 2014). The influence of lightning and deep convection on the net ozone 659 
tendency is seen in panel D, where the regions of high annual mean net chemical production 660 
at 8 km altitude correlate with regions of high convective activity and outflow.  661 
The majority of the published literature on the tropospheric ozone budget focuses on single 662 
model studies. A meta-analysis of the literature is thus problematic because these studies 663 
invariably use specific and unique emissions and meteorological conditions, or simulate 664 
different periods in time. It is, in principle, considerably easier to quantify and understand the 665 
drivers for change in the tropospheric ozone budget from multi-model studies. TOAR-Model 666 
Performance summarized the present-day ozone budget from a range of different models 667 
assessments published between 2005 and 2012 (ACCENT, ACCMIP, and AR5; see Table 668 
8.1 of Young et al. (2018)). These gave an inferred STT (S) of 520 ± 100 Tg (O3) yr-1 and a 669 
surface destruction term (D) of 1000 ± 200 Tg (O3) yr-1. Analysis of multi-model ensembles 670 
can prove problematic, however, owing to differences in the level of chemical complexity each 671 



 
DRAFT:  DO NOT CITE OR QUOTE 

 

16 
 

model is capable of representing (especially with respect to non-methane VOCs (NMVOCs); 672 
see Young et al. (2013)), as well as other pragmatic decisions made by modelling groups that 673 
make different model set ups incongruent (e.g., whether natural emissions evolve with the 674 
climate or not). A further specific challenge for the tropospheric ozone budget is in the 675 
development of consistent terms of reference for diagnosing the main budget terms, which 676 
appears trivial but still to this day causes consternation due largely to disagreements regarding 677 
the suite of reactions to be included in the chemical production (P) and loss (L) terms (Young 678 
et al., 2013; 2018). For example, there were several models in ACCMIP which incorrectly 679 
include terms like R2 in their diagnosed P, rendering a comprehensive assessment of the 680 
models impossible (i.e. only 5 out of the 15 models analyzed in Young et al. (2013) had 681 
comparable P and L terms).  682 

4.1 How has our understanding of the tropospheric ozone budget changed 683 
over time? 684 

As our understanding of the processes that impact tropospheric ozone has changed with time 685 
(e.g. Figure 1), so too has the representation of those processes in models. Note that we 686 
discuss the change in the ozone budget due to improved knowledge captured through model 687 
simulations themselves, not the actual atmospheric trend. Here, we have provided a meta-688 
analysis of the published literature to identify some general features of the changes in model 689 
ozone budget terms from the mid-1990s to the present, during which time models have 690 
become more sophisticated in their representation of both chemical and physical processes. 691 
Hu et al. (2017) recently performed a similar analysis of simulations using the GEOS-Chem 692 
chemical transport model (CTM). Here, we examine a range of single model studies and multi 693 
model studies. Figure 4 compares calculations from the ACCMIP and ACCENT projects and 694 
earlier studies cited by Stevenson et al. (2006) of (a) gross ozone production (P), (b) emissions 695 
of NMVOCs and NOx, (c) STT, and (d) ozone production efficiency (calculated as P/Emissions 696 
of NOx). In all cases, these models analyzed the budget terms for the late 1990s to early 2000s 697 
facilitating qualitative comparison.  698 

 699 
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Figure 4: Model simulated (A) production of ozone (B) emissions of NMVOCs and NOx (blue 700 
triangles) (C) Stratosphere-Troposphere Transport and (D) Ozone Production Efficiency (Tg ozone 701 
produced/Tg NOx emitted), all as a function of publication date. Where data exists, multi model 702 
estimates and their uncertainties are indicated. Linear fits through the data are added as dashed lines 703 
in each panel, and assessment report means and standard deviations are added to panels a and c. 704 

Several trends are evident from the data in Figure 4. First, there has been an increase in the 705 
model-diagnosed photochemical production of ozone as models have evolved over the last 706 
two decades (Figure 4a, about 100 Tg per publication year). This in general agrees with the 707 
work of Hu et al. (2017) for GEOS-Chem, where the rate of ozone production increased by ~ 708 
80 Tg per publication year. The increase in ozone production (Figure 4a) at first glance 709 
coincides with an apparent increase in NMVOC emissions with publication year (Figure 4b), 710 
but in reality there are two populations of models: those that include NMVOC emissions (which 711 
exhibit a large spread, with average values of 600±200 Tg(C)/yr), and those with zero NMVOC 712 
emissions. The models without NMVOC emissions are those focused on stratospheric 713 
chemistry, with very simple tropospheric ozone chemistry schemes (i.e. with zero or little 714 
NMVOCs). Owing to the high level of scatter it is not possible to confirm if the increase in 715 
ozone production is linked to increases in NMVOC in the models. More likely, a major 716 
contribution to the increase in P is the increase in NOx emissions (Figure 4b, blue triangles), 717 
which have steadily risen for model studies of the “present day” as emissions inventories have 718 
been revised (see Section 6.2 for more on trends and uncertainty in emissions of ozone 719 
precursors).  720 
Whilst the ozone production term in models appears to have increased over time, Figure 4c 721 
suggests that the STT term has decreased. One explanation for this decrease in modelled 722 
STT over the publication period (1998-2013) is the tendency for more recent model studies to 723 
include combined stratosphere-troposphere chemistry schemes. These models are more 724 
susceptible to errors in large scale transport of ozone from the stratosphere than earlier CTM 725 
based studies that applied fixed stratospheric ozone boundary conditions (e.g. OxComp and 726 
ACCENT). Hu et al. (2017) hypothesized the change in STT may be related to early model 727 
simulations being run at coarse resolution, and a trend for higher resolution model simulations 728 
as time has progressed. This resolution change could affect the parameterized vertical 729 
transport, in particular deep convection, resulting in lower ozone in the tropical upper 730 
troposphere, and hence a lower tropical upwelling flux to compensate for the mid-latitudes 731 
downwelling flux. Further targeted studies would be required to clarify the exact mechanisms 732 
behind this trend.    733 
Figure 4d shows that the ozone production efficiency (OPE), defined as the ratio of the amount 734 
of ozone produced to the NOx emitted, has increased by 1.2 units per publication year, based 735 
on a linear fit to these data. This slight increase in OPE with time could, in principle, account 736 
for at least part of the increase in P over this publication record (Figure 4a). One possible 737 
cause for the increase in OPE is a redistribution of NOx emissions; a shift of NOx emissions to 738 
lower latitudes can lead to more efficient ozone production (Zhang et al., 2016). However, it 739 
is not possible to definitively identify the cause of the increase in OPE from these multi-model 740 
data. The average OPE over the publication period is 27.8 ± 4.85. There is one significant 741 
outlier: the CRI-STOCHEM model (Utembe et al., 2010), which has an OPE of 161. This OPE 742 
is consistent with the fact that the P term in CRI-STOCHEM is the highest documented in the 743 
literature (P = 8310 Tg/yr). CRI-STOCHEM makes use of the CRI mechanism (Jenkin et al. 744 
2008), which is traceable to the Master Chemical Mechanism (Jenkin et al., 1999) and includes 745 
a much more complete description of NMVOC than is used in other models. The high P value 746 
may reflect greater ozone photochemical production associated with a more complete 747 
description of NMVOC chemistry. Interestingly, the ozone burden in CRI-STOCHEM is in 748 
broad agreement with other models, as the increased photochemical activity in the model also 749 
increases L, which counteracts the effects of such a high P. It is clear that observational 750 
constraints on tropospheric OPE rather than just the ozone burden would be very useful for 751 
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constraining models. Recent advances in instrumentation may make this possible (Sklaveniti 752 
et al., 2018).   753 
Whilst the ACCMIP and ACCENT intercomparisons have generated a large amount of useful 754 
data for the community, a lack of consistent model design makes it difficult to understand how 755 
model simulations of the ozone budget have evolved over time. For example, the different 756 
sets of precursor emissions used in ACCENT and ACCMIP (and the upcoming AerChemMIP) 757 
make it difficult to understand what is driving the change in tropospheric ozone from one 758 
intercomparison to the next. An outstanding question is how the impacts of changes in 759 
chemical mechanisms and rate constants have affected model simulations of the ozone 760 
budget. Newsome and Evans, 2018 showed that uncertainty in the inorganic rate constants 761 
lead to a notable uncertainty in the calculated composition of the atmosphere. Within the 762 
GEOS-Chem model they showed a ~10% uncertainties in the present-day ozone burden and 763 
16% uncertainties in the present day global mean OH due to uncertainties in the inorganic 764 
rate constants alone, with even larger changes in tropospheric ozone radiative forcing (16% 765 
uncertainties).  These uncertainties are comparable to the inter-model variability for these 766 
parameters. Hu et al. (2017) have been able to quantify some of this using the GEOS-Chem 767 
model and have shown, for example, that changing the representation of isoprene chemistry, 768 
in particular a decreased role of isoprene nitrates as sink for NOx, had a significant effect on 769 
tropospheric ozone production rates (increasing P and L by ~ 12%). Moreover, whilst model 770 
analysis of the ozone budget provides a means of understanding what drives changes in 771 
tropospheric ozone, there are no available observations with which to constrain these model 772 
calculations, with the exception of the global ozone burden, and to some extent STT. It is 773 
currently impossible to say that a model that simulates a P of 3000 Tg/yr is wrong and one 774 
that simulates 7000 Tg/yr is correct. However, with recent aircraft campaigns that are 775 
designed to survey the global composition of reactive gases, such as the NASA ATom (Prather 776 
et al., 2017) and NERC ACSIS (Sutton et al., 2018) campaigns, there may be additional 777 
constraints on the budget in the future.  778 

4.2 Modelled trends in the ozone burden: 1850-2016 779 

The pre-industrial (defined here as the period ca. 1850 CE) burden and distribution of ozone 780 
remains highly uncertain despite recent advances in measuring potential ozone proxies in ice 781 
cores (Yeung et al., 2019).  Ozone concentrations in the 19th century are virtually unknown as 782 
reliable rural observations can only be traced back as far as 1896, as assessed by TOAR-783 
Observations (Tarasick et al., 2019).  At present, model simulations remain our best tools for 784 
quantifying changes in the ozone burden since the pre-industrial (Stevenson et al., 2013; 785 
Young et al., 2013; Griffiths et al., 2020).  786 
Figure 5 shows the trends in the burden of tropospheric ozone as simulated by a subset of 787 
models that took part in the ACCMIP project in support of the Fifth Assessment Report (AR5) 788 
of the United Nations Intergovernmental Panel on Climate Change, IPCC (Young et al., 2013), 789 
as well as from a subset of models that participated in the Chemistry Climate Model Initiative 790 
(CCMI) (Morgenstern et al., 2017). In addition, Figure 5 shows satellite estimates of the 791 
tropospheric ozone burden from TOAR-Climate (Gaudel et al., 2018). For the models, we 792 
define the tropopause using the 125 nmol/mol ozone isopleth determined from monthly mean 793 
output; the satellite data are tropospheric columns, with the tropopause levels described by 794 
Gaudel et al. (2018). Previous analyses have often used a 150 nmol/mol ozoneapause (Young 795 
et al., 2013; Stevenson et al., 2006), however, as discussed in Prather et al. (2011), the global 796 
tropospheric ozone burden is sensitive to this definition and we have opted for a lower 797 
definition (125 vs 150 nmol/mol) which results in a smaller burden and less stratospheric 798 
influence. As the ACCMIP models only provided output as decadal average values, the 799 
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annually varying CCMI data have been averaged over each decade. We limit the analysis to 800 
the latitude range 60˚S to 60˚N, where the satellite measurements are densest. This 801 
geographically limited focus results in a difference between the calculations of the ozone 802 
burden presented here from those discussed by Young et al. (2013) for the ACCMIP models, 803 
but enables a more robust comparison of the model and satellite data.  804 
 805 

   806 
Figure 5: Comparison of modelled (orange and blue envelopes) and satellite-observed (grey envelope) 807 
trends in the tropospheric ozone burden between 60˚N and 60˚S. Means of the model data are shown 808 
as circles with the vertical lines reflecting ± 1 standard deviation of the mean. The number of models 809 
used in calculating the means are displayed in the circles. TOAR Satellites refers to the range of satellite 810 
tropospheric ozone burden estimates presented in TOAR-Climate.   811 

The model simulations summarized in Figure 5 highlight several key points. Firstly, the 812 
tropospheric ozone burden has increased considerably over the historic period. The models 813 
indicate that there has been an approximately 30% growth in the burden of ozone over the 814 
period 1850-2010, consistent with isotopic constraints using heavy oxygen (18O) from ice 815 
cores (Yeung et al., 2019).   Simulated increases of the tropospheric ozone burden since the 816 
mid-20th century are consistent with that observed at the surface, as assessed by TOAR-817 
Observations (Tarasick et al., 2019). Secondly, whilst there is an agreement in the growth of 818 
the ozone burden, there is a significant spread in model simulations. However, this spread 819 
decreases over the simulation period. For example, the spread in the ACCMIP models, 820 
measured as the multi model standard deviation divided by the multi model mean, decreases 821 
from 15% in 1850 to 7% in 2000. Similarly, for the CCMI models, the model spread decreases 822 
from 13% in 1960 to 9% in 2010. The cause of these features is currently unresolved. Finally, 823 
in spite of the large spread in the multi model simulations, both model ensembles lie within the 824 
range of satellite estimates of the tropospheric ozone burden, as reviewed by Gaudel et al. 825 
(2018).  826 
The overlap between the two model intercomparisons (ACCMIP and CCMI) with each other, 827 
and with the TOAR satellite-observations, is promising and highlights a good degree of 828 
understanding and capability in simulating the burden of tropospheric ozone. Figure 5 shows 829 
that the variability in the CCMI models is larger than the variability in the ACCMIP models. 830 
This could be a function of more models being included in the averages (see the numbers in 831 
the circles in Figure 5), but importantly the model spread lies within the spread of the satellite-832 
observations, although we note that this is also quite large (21-107 Tg). We can also note that 833 
over the period 1960-2000, the ACCMIP models show a stronger increase in the tropospheric 834 
ozone burden than the CCMI models (Figure 5).  835 
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Understanding the causes for the differences in the growth of the ozone burden over this 836 
period is an outstanding challenge and would require systematic studies to isolate the key 837 
drivers. As Young et al. (2018) highlight, there is need for urgent progress in this area. One 838 
consideration, as discussed in general terms in Section 4.1, is the impact of changes in the 839 
models themselves; it is possible that models underwent significant process improvements 840 
between ACCMIP and CCMI, particularly with respect to the number of models that simulate 841 
both stratospheric and tropospheric ozone (Morgenstern et al., 2017). What is certain is that 842 
the emissions and boundary conditions used in the ACCMIP and CCMI studies are different 843 
(Young et al., 2013; Morgenstern et al., 2017).  844 
 845 
 846 



 
DRAFT:  DO NOT CITE OR QUOTE 

 

21 
 

 847 
Figure 6: Changes in the tropospheric ozone burden from 1960-2010 relative to the maximum 848 
simulated burden over the five decades in a subset of the CCMI models. Each year is plotted as a 849 
horizontal coloured bar which represents the fraction of the maximum burden of tropospheric ozone 850 
over the time series. Increases in colour from blue to red denote increases in the burden. Individual 851 
model simulations are displayed in each panel. Panels (A)-(F) highlight models with significant 852 
changes in the burden over the time period of focus. A) CESM1-CAM4Chem_refC1_r1i1p1 B) 853 
CESM1-CAM4Chem_refC1_r2i1p1 C) CMAM_refC1_r1i1p1 D) CMAM_refC1_r2i1p1 E) EMAC-854 
L47MA_refC2_r2i1p1 F) EMAC-L90MA_refC1_r1i1p1 G) NIWA-UKCA_refC1_r1i1p1 H) NIWA-855 
UKCA_refC1_r2i1p1 I) NIWA-UKCA_refC2_r1i1p1 J) NIWA-UKCA_refC2_r2i1p1 856 

 857 
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Young et al. (2018) discuss the history of model intercomparison projects (MIPs) and highlight 858 
that CCMI coordinated the largest scale chemistry-climate modelling ozone intercomparison 859 
to study the transient evolution of ozone from 1960 through to 2100 (Morgenstern et al., 2017). 860 
The CCMI simulations allow us to investigate how well the models agree on the timing of 861 
trends in the ozone burden. Figure 6 displays time-series plots of the relative change in the 862 
tropospheric ozone burden for a subset of the CCMI models. Each panel in Figure 6 shows 863 
an individual simulation with its details (model name, experiment etc.) included in the caption. 864 
There were three core types of experiments in the CCMI experimental design: refC1, refC2 865 
and refC1SD. Figure 6 focuses on the refC1 and refC2 simulations, which differ with respect 866 
to the time period of the simulations (refC2 runs cover 1960-2100, whereas refC1 covers 1960-867 
2010) and the forcings used (refC1 uses observed historic sea-surface temperature fields, 868 
whereas refC2 uses modelled sea-surface fields either in a fully coupled sense or from a 869 
separate climate model run). The ozone burdens displayed in Figure 6 have been normalized 870 
to the maximum value for each simulation in the time series; this normalization is necessary 871 
as there are large absolute differences between models (~ 80 Tg) whereas the trends over 872 
the period are much smaller (~ 50 Tg). For the EMAC family of models there are not only 873 
differences in the simulations used (refC1 and refC2) but also the model the vertical resolution 874 
(47 vs 90 vertical levels) and the fact that EMAC-L47MA_revC2_r2i1p1 was simulated 875 
including an interactive deep ocean model. See Jöckel et al. (2016) for more details.  876 
Figure 6 highlights that the CCMI models generally all show increasing burdens of ozone over 877 
the period 1960-2010 but that there is a significant amount of spread across the simulations. 878 
Broadly speaking, most models tend to agree that the tropospheric ozone burden reached a 879 
plateau around 1990-2000, and did not change significantly over the following decade.  Figure 880 
6 also highlights that whilst there is spread between simulations from a specific model (i.e. the 881 
rows), this is much smaller than the spread between simulations from different models (i.e. 882 
the columns) (see Section 4.3 for more on this).  883 
Table 1: Comparison of net chemical production of ozone (∆[O3]/∆t) computed by a subset of the CCMI 884 
models analysed in Figures 5 and 6. The values in the table reflect the decadal averages of the annual 885 
mean ozone tendency (Tg/yr). The standard deviation in the decadal mean is presented in parentheses.  886 

Model 1960 1970 1980 1990 2000 2010 

CESM1-
CAM4Chem 273 (±39) 337 (±44) 405 (±33) 442 (±36) 411 (±32) 396 

CMAM 52 (±15) 102 (±28) 142 (±26) 188 (±24) 185 (±15) 174 

EMAC-
L90MA 495 (±36) 568 (±38) 642 (±25) 683 (±26) 658 (±18) 663 (±18) 

GEOSCCM 257 (±24) 309 (±21) 373 (±16) 399 (±23) 370  NA 

 887 
 888 
 889 
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 890 
Figure 7: Multi model estimates (based on Table 1) of the relative changes (fractional) in the net 891 
chemical production of ozone in the troposphere as a function of time. The black solid lines show the 892 
multi model mean and the grey envelope the range of the model calculations.   893 

Table 1 shows how the decadal average net chemical tendency (P-L or d[O3]/dt|chem) has 894 
changed in a subset of the CCMI models for which these data are available. This quantity 895 
diagnoses the net change in the ozone burden as a result of chemical processes only. 896 
d[O3]/dt|chem is analogous to P-L, but differences can arise in the upper troposphere, where 897 
traditional diagnosis of P omits the photolysis of O2 (see Section 3), which can become 898 
important in this region (Prather, 2009). As d[O3]/dt|chem is not tied to accounting for specific 899 
reactions, this tends to give a cleaner and “pure” account of the tendency of ozone due to 900 
chemical processes. In many respects, the CCMI simulations mirror the results from the 901 
ACCMIP models (Young et al., 2013). Firstly, Table 1 in this study and Table 2 of Young et al 902 
(2013) both emphasize that, in general, fewer models provide data associated with diagnosing 903 
drivers for change in the tropospheric ozone budget than provide data on the ozone burden 904 
itself. Table 1 highlights that as with the individual budget terms themselves, there is large 905 
spread in the absolute magnitude of the net chemical tendency of tropospheric ozone as 906 
simulated in the models. EMAC-L90MA and CMAM have very large and very weak 907 
photochemical production of ozone respectively (surprising given the extremely simple 908 
tropospheric chemistry in CMAM), while CESM1-CAM4Chem and GEOSCCM fall between 909 
the two extremes. However, when comparing the relative trend in the net chemical tendency 910 
in tropospheric ozone, it becomes apparent that there is a very high level of agreement 911 
between the models. The relative trends in net chemical production over time are plotted for 912 
the CCMI models in Table 1 in Figure 7. Figure 7 shows that the relative trend in net chemical 913 
production peaked in the 1990s and has levelled off since then i.e. on average the troposphere 914 
has provided less of a chemical source of ozone since the 1990s. This result is generally 915 
consistent with the trend in the major precursor emissions. Figure 8b shows that emissions of 916 
NOx rose only slightly over the period 1990-2010 at the global scale. There is consistency 917 
therefore between Figures 5-7, which emphasize that the growth in the burden of ozone in the 918 
CCMI models was very small over the period 1960-2010, particularly over the period 1990-919 
2010, where Figure 6 shows that for most models the tropospheric ozone burden has 920 
plateaued, and that this muted trend in the ozone burden in a large part may be attributed to 921 
a decrease in the rate of net production of ozone in the troposphere (Figure 7).  922 
 923 
 924 
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a.    b.  925 
Figure 8: Anthropogenic (land based) NOx emissions from the a)  bottom-up CEDS inventory (Hoesly 926 
et al., 2017) for the period 1950-2014 and  b) CMIP5 emissions inventory of Lamarque et al. (2010) 927 
through 2000 and the RCP8.5 scenario thereafter (as used in the CCMI simulations).  928 

 929 

 930 
Figure 9: Changes in the decadal average ozone chemical tendency in the troposphere from 1960 to 931 
2010 relative to the 1960 levels, as simulated by a subset of the CCMI models (see Table 1 for 932 
details). In all panels the dark line shows the multi model mean change in ozone tendency and the 933 
coloured envelope the standard deviation around the multi model mean. Panel (A) shows the relative 934 
change in the Southern Hemisphere extratropics (-90˚ to -30˚), panel (B) the Southern Hemisphere 935 
tropics (-30˚ to 0˚), panel (C) the Northern Hemisphere tropics (0˚ to 30˚) and panel (D) the Northern 936 
Hemisphere extratropics (30˚ to 90˚). Note the NH and SH data are on different y-axis scales. 937 

 938 
To further understand the changes in the modeled net chemical production, Figure 9 shows a 939 
latitudinal breakdown of the data in Table 1. Figure 9 highlights that the picture at the global 940 
scale of a gradual decline in net production of tropospheric ozone since the 1990s (Figure 7) 941 
is masked by opposing trends at the hemispheric scale. In fact, there are some complex 942 
changes occurring in the tropospheric net chemical production that appear to be associated 943 
with the redistribution of global emissions (Figure 8). Normalized to the 1960s, the southern 944 
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hemisphere (Figure 9a-b) shows much smaller trends in d[O3]/dt|chem than the northern 945 
hemisphere, where the trends are roughly doubled (note different y-axes for the two 946 
hemispheres). The general feature of Figure 9 is that there was global growth in d[O3]/dt|chem 947 
from 1960-1990, but since 1990 two opposing trends are apparent: 1) at high latitudes there 948 
has been a decrease in net chemical production of ozone 2) in the tropics there has been a 949 
strong increase in net chemical production of ozone, especially in the northern tropics (Figure 950 
9c). However, with such a small number of models, and without good observational constraints 951 
on d[O3]/dt|chem, it is hard to be definitive with respect to these trends, but nonetheless these 952 
data suggest the need for some further targeted studies to identify and quantify the drivers of 953 
these trends and to understand how they will affect the future tropospheric ozone burden. To 954 
a first order the main drivers seem partly linked to the variability in emissions of NOx, as was 955 
highlighted in several previous studies (i.e. Parish et al., 2014), but as Figure 8 reflects, there 956 
is uncertainty in our understanding of these changes.  957 
 958 

4.3 Can we project trends in the tropospheric ozone burden with confidence? 959 

There is robust information suggesting that models have skill in simulating the burden of ozone 960 
in the troposphere (Young et al., 2013; 2018) and the results presented above further add to 961 
this body of evidence. But do we have confidence in predicting trends in the evolution of 962 
tropospheric ozone into the future? While we have the ability to diagnose some of the drivers 963 
for changes in tropospheric ozone, particularly the role of chemical production, we cannot 964 
presently constrain these drivers.  Furthermore, the expected changes in the global 965 
tropospheric ozone burden over the next few decades are small and will be difficult to detect 966 
given the current observing system (Young et al., 2013; 2018; Griffiths et al., 2020).  Even the 967 
ACCMIP RCP8.5 scenario, which had the largest projected increases in ozone precursor 968 
emissions of any of the representative concentration pathways, led to a predicted increase in 969 
global ozone of only 8% from 2000 to 2030 (Young et al., 2013).  Given the results from TOAR-970 
Climate showing large spatial heterogeneity in measured surface and airborne ozone trends 971 
over the past 15 years, the tendency for trends in a given location to be strongly influenced by 972 
meteorological variability (e.g. Bloomer et al., 2009; Lin et al., 2014; Strode et al., 2015), and 973 
the large differences in satellite measurements of ozone (Gaudel et al., 2018), it is likely that 974 
observational records longer than 30 years are required to robustly test modeled ozone trends 975 
(e.g., Barnes et al., 2016; Brown-Steiner et al., 2018).    976 
To examine the systematic uncertainties that affect our ability to make confident predictions 977 
of the future evolution of tropospheric ozone, we have analysed tropospheric column ozone 978 
from a subset of six transient CMIP5 model simulations for three scenarios (RCP2.6, RC4.5 979 
and RCP8.5), relying on the models that included interactive chemistry (the “CHEM” models 980 
described by Eyring et al., 2013). Figure 10 shows the future evolution of the tropospheric 981 
ozone column (in Dobson Units) (left hand panels) and the fractional variance in the response 982 
of the tropospheric column due to internal variability (i.e. short timescale fluctuations driven by 983 
natural climatic variability), scenario variability (i.e. driven by the different assumptions about 984 
emissions) and intrinsic model differences (right hand panels), following Hawkins and Sutton 985 
(2009).  986 
 987 
Mirroring the CCMI global burden results (Figure 5), Figure 10a highlights a very modest 988 
degree of uncertainty arising from interannual variability at the global scale. A much larger 989 
uncertainty comes from the models themselves and, given that there are only three 990 
independent models, is likely underestimated compared to using a larger ensemble (e.g., if 991 
transient data were available from ACCMIP or ACCENT). This model variability is shown to 992 
be the leading source of uncertainty in near term (2000–2030) projections of ozone, but 993 
beyond that the largest source of variability comes from which of the three emissions scenarios 994 
is followed. Trivially, this term dominates due to the diverging nature of RCP8.5 compared to 995 



 
DRAFT:  DO NOT CITE OR QUOTE 

 

26 
 

the other RCPs. For RCP8.5, the increases in ozone are driven by the projected near doubling 996 
of methane concentrations relative to the year 2000, with some contribution from an enhanced 997 
net stratospheric source (ref). For the RCP2.6 and RCP4.5, precursor emissions reductions 998 
drive the long-term decreases.    999 
With respect to near-term projections, even at the global mean scale, the model diversity alone 1000 
is high enough to prevent us from distinguishing between ozone concentrations produced 1001 
under the RCP8.5, RCP 4.5, and RCP2.6 emission scenarios during the period 2000-2015, 1002 
for which we have a plethora of surface, aircraft, and satellite observations. As shown in Figure 1003 
10, ozone predicted by RCP8.5 is not distinct from the other scenarios until after 2020. Based 1004 
on this limited set of models and three illustrative scenarios, at least another five years of 1005 
observations are needed before a robust comparison between trends simulated in models and 1006 
retrieved from observations can be made. 1007 
We recognize the shortcomings in this analysis, and a more robust approach will require a 1008 
larger number of ensemble members from a large number of independent models, spanning 1009 
a wide range of process complexity to more accurately quantify the role of structural 1010 
uncertainty in projecting future ozone changes. Furthermore, including additional scenarios 1011 
that more comprehensively span the range of possible futures, or taking a selective approach 1012 
to which scenarios are used, would enable a better quantification of the relative role of 1013 
scenario uncertainty.  1014 
 1015 
 1016 
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 1017 
Figure 10: Projected changes in tropospheric column ozone and their uncertainties in CMIP5 models 1018 
over the 21st century. The left-hand panels show the change in the modelled ozone column, the right-1019 
hand panels show the relative contribution to the uncertainty (variance) in the change in ozone 1020 
(decomposed into three components). Panel (a) shows the global change, panels b-e show regional 1021 
changes. The six models (CESM1-WACCM, GFDL-CM3, GISS-E2-H-p2, GISS-E2-H-p3, GISS-E2-R-1022 
p2, and GISS-E2-R-p3) represent only three independent modelling centers (NCAR, NOAA GFDL 1023 
and NASA GISS), but these are the only models that provided output for more than two scenarios. 1024 

 1025 
 1026 
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5 Challenges to modelling the budget and burden of ozone: chemical 1027 
processes 1028 

Whilst model simulations are vital for projecting changes in the ozone budget, they remain 1029 
incomplete, and not without error. Figure 10 highlights that the intrinsic differences between 1030 
models is a large source of uncertainty in near term future projections of the burden of 1031 
tropospheric ozone. As described in Section 8.2 of TOAR-Model Performance, one of the main 1032 
sources of uncertainty in global models is their limited representation of tropospheric chemistry 1033 
(Young et al., 2018). Here, we review recent studies describing a range of processes that are 1034 
believed to be important for tropospheric ozone and are, to-date, not included in the types of 1035 
models we have reviewed in Section 4.   1036 
 1037 

5.1  Nitryl chloride photolysis 1038 

The importance of nitryl chloride (ClNO2) for the simulation of ozone formation has only 1039 
recently been recognized. ClNO2 is formed from the reaction of dinitrogen pentoxide (N2O5) 1040 
with chloride-containing aerosol at night. ClNO2 is an important nocturnal reservoir for NOx 1041 
and atomic Cl, particularly in polluted coastal environments. Photolysis of ClNO2 in the early 1042 
morning regenerates NO2 and atomic Cl, which affects oxidant photochemistry and enhances 1043 
photochemical ozone production, especially in polluted environments where the 1044 
concentrations of N2O5 precursors (nitrogen oxide radicals and ozone) are high (Osthoff et al., 1045 
2008; Sarwar et al., 2012). In environments where ClNO2 yields are appreciable, overnight 1046 
conversion of NOx to HONO2 (i.e., permanent NOx loss) would be considerably reduced, 1047 
leaving more NOx available for ozone formation the next day. In addition, the reactive chlorine 1048 
atoms from ClNO2 photolysis can significantly enhance VOC oxidation rates – particularly in a 1049 
VOC-rich areas such as Houston – in the early morning when other common oxidants (for 1050 
example, NO3, OH) are scarce (Osthoff et al., 2008; Mielke et al., 2011). 1051 

(R13) HCl  + N2O5 (het)→ ClNO2(g) + HONO2(aq) 1052 

(R14) ClNO2 +  hν   →   Cl  + NO2 1053 

 1054 
Recent studies (Riedel et al., 2012; 2014; Sommariva et al., 2014) have found that photolysis 1055 
of ClNO2 increases boundary layer mixing ratios of ozone by 7-30% (e.g., Riedel et al., 2014).  1056 
At a mountain-top (957 m a.s.l) site in southern China, ClNO2 mixing ratios as high as 4.7 1057 
nmol/mol were observed in December 2013 (Wang et al., 2016), suggesting strong production 1058 
of this compound in highly polluted regions. Wang et al. (2016) estimate that such large 1059 
amounts of ClNO2 were responsible for up to 40% of daytime production of ozone in the upper 1060 
boundary layer (Figure 11). More effort is required to integrate this process based 1061 
understanding of this chemistry into regional and global chemistry-climate models. 1062 
 1063 
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 1064 
Figure 11: Model simulated concentrations/mixing ratios of (a) ClNO2 and Cl, (b) OH, (c) HO2, and (d) 1065 
ozone during the day following plume sampling from the Mt. Tai Mao Shan site (957 m a.s.l) in Hong 1066 
Kong, with and without the inclusion of ClNO2 chemistry. The measured photolysis rate constant of 1067 
NO2 is shown by the light blue shading. The model was initiated with the measured concentrations of 1068 
ClNO2 and other relevant chemical constituents at 06:00. Figure adopted from Wang et al. (2016).  1069 

5.2 HONO photolysis  1070 

Nitrous acid (HONO) was first recognized as a morning source of OH radical by Perner and 1071 
Platt (1979). Recent field studies have found much higher daytime HONO concentrations than 1072 
those calculated based on the gas-phase reaction of NO+OH in both urban and rural areas, 1073 
implying a missing source or sources of HONO and thus of OH during daytime (Kleffmann et 1074 
al., 2005; Elshorbany et al., 2009, Li et al., 2014b; Wong et al., 2013). Kleffmann, et al., (2005) 1075 
showed that HONO measured above a forest canopy close to the Jülich Research Center, 1076 
Germany, was on average a factor of 10 larger than model predictions. 1077 
The search for the source of the “missing” HONO has taken place across the globe, with 1078 
observations pointing to a pervasive source of HONO that does not appear to be limited to 1079 
specific geographical regions or times of year. Possible additional sources of daytime HONO 1080 
include heterogeneous formation on humid surfaces (Kleffmann, 2007), traffic emissions 1081 
(Kurtenbach et al., 2001), gas-phase photolysis of potential precursors such as nitro-aromatic 1082 
compounds (Bejan et al., 2006; Kleffmann, 2007), and biological sources in soils (Su et al., 1083 
2011; Maljanen et al., 2013; Oswald et al., 2013). The presently known sources and sinks of 1084 
HONO are summarized in Figure 12. The search for the missing daytime sources is still an 1085 
active area of research. 1086 
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 1087 
Figure 12: Diagram of major HONO sources and sinks in the troposphere. Boxes in grey represent 1088 
the traditionally understood sources and sinks, boxes in red show more recently established 1089 
processes (see text for references).  1090 

 1091 
Models that consider the gas phase homogenous pathways of HONO formation predict low 1092 
daytime HONO concentrations (Lei et al., 2004; Vogel et al., 2003). To improve simulations of 1093 
the OH radical and its effect on photochemistry, more recent models have attempted to 1094 
incorporate additional direct and/or secondary HONO sources (e.g. Figure 13), which 1095 
improves simulation of HONO, ozone production, and secondary aerosols in polluted urban 1096 
areas (Sarwar et al., 2008; Li et al. 2010; An et al., 2011; Li et al., 2011; Czader et al., 2012; 1097 
Zhang et al., 2016). Nonetheless, uncertainties remain in representing these sources in the 1098 
current state-of-the-art models due to simplifications in their source parameterizations and to 1099 
adopting different values of key parameters. For instance, model values for the uptake 1100 
coefficient on aerosol surfaces range from 10-6 to 10-4, leading to different conclusions 1101 
regarding the importance of atmospheric aerosols in HONO formation (An et al., 2013; Aumont 1102 
et al., 2003; Li et al., 2010; Li et al., 2011; Sarwar et al., 2008). A recent study incorporated 1103 
up-to-date HONO sources, including gaseous formation, emissions from soil bacteria, and 1104 
heterogeneous formation of HONO on ocean, aerosol, urban, and vegetation surfaces into a 1105 
regional chemistry transport model (WRF-Chem) (Figure 13). The improved model led to 1106 
improvements in simulated HONO at a suburban site in Hong Kong and increased simulated 1107 
ground-level ozone by 5-10% in a multi-day photochemical episode in southern China (Zhang 1108 
et al., 2016). This result highlights the importance of accurately representing the additional 1109 
HONO sources in simulations of ground-level ozone over polluted regions. 1110 
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 1111 
Figure 13: Observed and simulated average diurnal concentration of HONO at Tung Chung, Hong 1112 
Kong during the polluted period (25–31 August 2011). OBS: observed values; BASE: Only consider 1113 
HO+NO; L: heterogeneous source from land surfaces; LO: heterogeneous source from land and 1114 
ocean surfaces; LOA: heterogeneous source from land, ocean, and aerosol surfaces; LOAE: 1115 
heterogeneous source from land, ocean, and aerosol surfaces plus traffic emission; LOAES: LOAE 1116 
plus soil emission; LOAESG: LOAES plus additional gas-phase reactions (see Zhang et al., 2016 for 1117 
detail). 1118 

Ye et al. (2016) reported trace gas measurements from aircraft flights over the western 1119 
subtropical North Atlantic Ocean during summer 2013. From these data, they developed a 1120 
novel mechanism that links particle-bound nitrate (p-NO3) to the production of HONO via 1121 
photolysis (Ye et al., 2016). The data from Ye et al. (2016) suggest that the photolysis of p-1122 
NO3 is orders of magnitude faster than that of gas-phase HONO2. Kasibhatla et al. (2019) 1123 
show that inclusion of p-NO3 photolysis in a global model can lead to increases in ozone of 1124 
10-30% in the tropical and subtropical marine boundary layer. They find that using a photolysis 1125 
rate for p-NO3 that is 25-100 times that of gas-phase HONO2 provides the best agreement 1126 
with observations of NOx and HONO at the Cape Verde Atmospheric Observatory. These 1127 
values for p-NO3 photolysis are at the lower end of those determined by Ye et al. (2016). 1128 
Further work is required to quantify and understand the impacts that this process has on the 1129 
tropospheric ozone budget and its expected evolution in the future.  1130 

5.3 Halogen chemistry  1131 

Ozone depletion events (ODE) were discovered in the troposphere, more specifically in the 1132 
spring polar boundary layer, about three decades ago.  They were first observed in the Arctic 1133 
at Barrow (now called Utqiaġvik), Alaska (Oltmans, 1981) and Alert, Canada (Bottenheim et 1134 
al., 1986) and later also in the Antarctic (Kreher et al., 1996). During ODEs, surface ozone 1135 
levels decrease from typical values of approximately 30-40 nmol mol-1 to levels below the 1136 
detection limit of ozone sensors, 1-2 nmol mol-1. This phenomenon makes the polar regions 1137 
one of the environments where chemical loss of tropospheric ozone is most efficient. 1138 
In the mid-1980s, it was recognized that the loss of polar boundary layer ozone during ODEs 1139 
was coupled to halogen chemistry – primarily involving bromine and, to a lesser extent, 1140 
chlorine.  This was confirmed in the following decades by a myriad of observations with 1141 
different measurement techniques, which identified levels of boundary layer BrO in the range 1142 
of 30-40 pmol mol-1 (Simpson et al.,2007; Saiz-Lopez and von Glasow, 2012). To understand 1143 
chemical sources and sinks of ozone in this unique environment, detailed modelling exercises 1144 
were performed focusing on HOx, NOx, and halogen chemistry (Bloss et al., 2010) (see 1145 
discussion below for details of the ozone loss catalytic cycles). The exact mechanisms of 1146 
bromine activation in the polar regions remain uncertain, but experimental and modelling 1147 
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studies have shown that gas exchange between the atmosphere and snow/ice surfaces plays 1148 
a key role (Abbatt et al., 2012). Space-based observations of column BrO enhancements are 1149 
correlated with modeled sea‐salt aerosol (SSA) generated from blowing snow (Choi et al., 1150 
2018). Yang et al. (2010) found that the inclusion of blowing snow as a source of bromine in 1151 
a global model reduces average modeled high latitude lower tropospheric ozone amounts by 1152 
as much as 8% in polar spring. Forecasting long-term changes in tropospheric polar ozone is 1153 
a formidable challenge because of the importance of air-ice exchange processes, which are 1154 
subject to change as ice covered areas are modified in a warming climate. 1155 
Reactive halogens (Cl, Br and I) are also present globally in the marine boundary layer (MBL) 1156 
due to several processes. It is well established that gaseous photolabile compounds (e.g. Br2, 1157 
Cl2, BrCl, BrNO2, ClNO2) are produced from heterogeneous and multi-phase reactions in/on 1158 
chloride- and bromide-containing particles such as sea salt (e.g. Finlayson-Pitts et al. 1989, 1159 
Fickert et al. 1999, Roberts et al. 2009). Iodine is directly emitted from the ocean as HOI or I2 1160 
(R15-16) following the ozonolysis of seawater iodide (Garland and Curtis, 1981, Carpenter et 1161 
al. 2013). 1162 

(R15)  H+ + I- + O3 → HOI + O2    1163 

(R16)  H+ + HOI + I- ↔ I2 + H2O    1164 

A number of volatile halocarbons (e.g. CH2I2, CH2IBr, CH2ICl, CH3I, CHBr3), with lifetimes 1165 
ranging from minutes to approximately one month, are also present in the MBL (e.g. Jones et 1166 
al. 2009). Elevated levels of these biogenic compounds are generally observed in coastal 1167 
regions due to strong emissions from exposed macroalgae (e.g. Carpenter et al. 1999). In 1168 
marine air, halogen atoms produced from the photolysis of these halocarbon precursors 1169 
initiate catalytic ozone loss cycles; e.g. R17-19 and R20-23 (where X/Y = Br, Cl or I). 1170 
Cycle 1 1171 

(R17)  X  +  O3 → XO +  O2      1172 

(R18) Y  +  O3 → YO + O2      1173 

(R19) XO  +  YO → X + Y + O2    1174 

2 O3   → 3 O2       Net 1175 

Cycle 2 1176 

(R20) X + O3  → XO + O2     1177 

(R21) XO  +  HO2  → HOX +  O2     1178 

(R22) HOX  +  hν  → X + OH     1179 

(R23) OH  +  CO [+ O2] → HO2 + CO2     1180 

CO + O3  → O2 + CO2    Net 1181 

 1182 
Halogen chemistry may also indirectly reduce ozone production by decreasing the [HO2]/[OH] 1183 
ratio (R21/R22) and by accelerating NOx loss via the production and the subsequent hydrolysis 1184 
of halogen nitrates (XONO2) in aerosol and cloud (R24, R25). In regions of elevated NOx, VOC 1185 
oxidation by Cl atoms can enhance ozone production (Section 2.2). 1186 
 1187 
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(R24)  XO + NO2 → XONO2     1188 

(R25)  XONO2 + H2O → HOX + HONO2   1189 

 1190 
Evidence for significant MBL halogen-driven ozone loss is based on a limited, but growing, 1191 
body of measurements of XO radicals and their precursors, underpinned by numerical 1192 
modelling on a range of scales. BrO mixing ratios of <1 to 10 pmol mol-1 have been reported 1193 
using Differential Optical Absorption Spectroscopy in the North Atlantic (Leser et al. 2003; 1194 
Saiz-Lopez et al. 2004; Mahajan et al. 2009). IO has been detected over the Atlantic (e.g. 1195 
Allan et al. 2000), East Pacific (e.g. Mahajan et al. 2012) and West Pacific oceans (Großmann 1196 
et al. 2013) and appears to be fairly ubiquitous in the MBL. A compilation of these and other 1197 
data suggest typical daytime IO mixing ratios in the range of 0.4 – 1 pmol mol-1 over the open 1198 
ocean (Prados-Roman et al. 2015). Measurement-constrained box model studies suggest 1199 
halogen chemistry can cause substantial reductions in MBL ozone (e.g. Saiz-Lopez and 1200 
Plane, 2004; Mahajan et al. 2010). At Cape Verde, a site characterized by low NOx and 1201 
thereby representative of the typical open ocean, the combined presence of BrO and IO is 1202 
estimated to enhance photochemical ozone destruction by about 50% (Read et al., 2008). 1203 
Few assessments of the impact of halogens on global ozone have been performed. Available 1204 
global model studies estimate that bromine decreases the tropospheric ozone burden by ~6-1205 
9% (e.g. Yang et al. 2010, Parella et al. 2012), and that bromine and iodine combined lower 1206 
the ozone burden by about 14% (Saiz-Lopez et al., 2014; Sherwen et al., 2016), relative to 1207 
model simulations without halogens. In the MBL, ozone loss from halogens may be 1208 
comparable to that from HOx chemistry alone (Figure 14), with iodine making the largest 1209 
contribution (Saiz-Lopez et al. 2014). Such models are subject to a large range of process 1210 
and parametric uncertainty, notably with respect to their treatment of halogen recycling on 1211 
aerosol. A major challenge lies in capturing the effects of complex multi-phase halogen 1212 
processes, given that few models explicitly consider aqueous phase chemistry, whilst retaining 1213 
a reasonable degree of computational efficiency (Tost et al., 2006). Laboratory investigations 1214 
of the photochemistry and fate of higher iodine oxides (IxOy), in particular, are needed to better 1215 
quantify the role of iodine in ozone chemistry. A more comprehensive measurement database 1216 
of halogen radicals and their precursors is also needed to assess the fidelity of model 1217 
simulations. Measurements of BrO in the MBL, for example, are extremely sparse outside of 1218 
polar regions. 1219 
Quantitatively, it is largely unknown how halogen sources have changed on decadal 1220 
timescales, though levels of MBL iodine may have increased since the pre-industrial era 1221 
(Prados-Roman et al. 2015), owing to increases in ozone itself (R15, R16) changing the ozone 1222 
radiative forcing (Sherwen et al., 2019). Further laboratory and field characterisation of air-1223 
ocean and air-ice halogen exchange is needed to assess possible future changes to MBL 1224 
halogen levels (e.g. Hughes et al. 2012) as a consequence of climate change. Overall, 1225 
understanding of tropospheric halogen processes is a rapidly evolving field. Given the 1226 
apparent leverage halogens possess over tropospheric ozone concentrations, research 1227 
focused on addressing the deficiencies of halogen processes in model simulations of current 1228 
and future ozone would be beneficial. Iglesias-Suarez et al. (2020) suggest that, while at the 1229 
global scale halogen chemistry may not be enhanced in future warmer climates, increases in 1230 
regional iodine driven ozone destruction in the future may help offset the ozone climate penalty 1231 
and help reduce human exposure to high ozone levels in urban areas. 1232 
 1233 
 1234 
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 1235 
Figure 14: Percentage contribution to chemical ozone loss from HOx, Ox and halogen photochemistry, 1236 
between 40° N and 40° S. Approximately 70% of the halogen-mediated ozone loss is calculated to be 1237 
driven by iodine photochemistry (after Saiz-Lopez et al., 2012). 1238 

5.4 Unconventional hydrocarbon extraction 1239 

While intense photochemical production of ozone (often resulting in hourly average ozone 1240 
concentrations exceeding 150 nmol mol-1) near the Earth’s surface is considered a 1241 
summertime, urban phenomenon, rapid diurnal photochemical production of ozone in winter 1242 
with air temperatures as low as -17 ºC, has been reported (e.g., Schnell et al., 2009; Ahmadov 1243 
et al., 2015; Oltmans et al., 2016). Schnell et al. (2009) found that in the vicinity of the Jonah–1244 
Pinedale Anticline natural gas field in rural Wyoming, high-pressure systems that promote cold 1245 
temperatures, low wind speeds and limited cloudiness can cause hourly average ozone 1246 
concentrations to rise from 10–30 nmol mol-1 at night to more than 140 nmol mol-1 shortly after 1247 
solar noon (Figure 15). Under these conditions, an intense, shallow temperature inversion 1248 
develops in the lowest 100m of the atmosphere during the night, which traps high 1249 
concentrations of ozone precursors (i.e, VOC and NOx) associated with the production of 1250 
natural gas. During daytime, photolytic ozone production then leads to the observed high 1251 
concentrations. They suggested that similar ozone production during wintertime is probably 1252 
occurring around the world under comparable industrial and meteorological conditions. 1253 
 1254 
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 1255 
Figure 15: Ozonesonde profile 10 km north of the gas field showing ozone and temperature profiles, 1256 
surface to 2,600 m, 21 February 2008. Adopted from Schnell et al., 2009. 1257 

 1258 
Ahmadov et al. (2015) observed this same phenomenon over the Uinta Basin in northeastern 1259 
Utah, which is densely populated by thousands of oil and natural gas wells, during winter 1260 
2013. They used a regional-scale air quality model (WRF-Chem) and high-resolution 1261 
meteorological simulations and were able to qualitatively reproduce the wintertime cold pool 1262 
conditions as well as the observed multi-day buildup of atmospheric pollutants and the 1263 
accompanying rapid photochemical ozone formation in the Uinta Basin (Figure 16). 1264 

 1265 
Figure 16: Simulated ozone distribution and wind vectors over the Uinta Basin (west-to-east direction 1266 
in the WRF grid). The Horse Pool and Ouray surface stations along the cross section are shown; (a) 1267 
early morning (05:00 MST), and (b) afternoon (15:00 MST) on 5 February 2013. The vertical wind 1268 
components were multiplied by 100 for illustration of the wind vectors. Adopted from Ahmadov et al. 1269 
(2015) 1270 

 1271 
Edwards et al. (2014) concluded that photolysis of oxidized organic compounds (often 1272 
containing carbonyl functional groups) from unconventional hydrocarbon extraction was the 1273 
primary driver for producing radicals that lead to ozone production in the Uinta Basin. 1274 
However, Archibald et al. (2018) assessed the potential impacts of unconventional 1275 
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hydrocarbon extraction in the UK and concluded that there is likely to be only a small impact 1276 
on ozone, even under the assumption of high levels of VOC emissions similar to those 1277 
observed in locations like Uinta (Edwards et al., 2014). This disparity in the response of ozone 1278 
to unconventional hydrocarbon extraction emissions seems to be a result of the geography of 1279 
the emissions region. Indeed, Edwards et al (2014) show that the high levels of ozone they 1280 
simulated in Uinta occur only in episodes when vertical mixing is limited and when the 1281 
concentrations of the secondary products (which act as catalysts to the production of ozone) 1282 
accumulate. Archibald et al. (2018) have shown that such conditions do not occur in the UK 1283 
in the regions in which unconventional hydrocarbon extraction is likely to take place.  1284 
It is worth noting that whilst the impact of emissions from unconventional hydrocarbon 1285 
extraction is largely a regional issue, the rapid growth in the industry could see it becoming a 1286 
more widespread problem in the future if the emissions of VOCs and NOx from hydrocarbon 1287 
production are not sufficiently controlled. 1288 

5.5 Organic peroxy radicals 1289 

Peroxy radicals are formed as intermediates during the atmospheric oxidation of all organic 1290 
compounds and have a rich chemistry.  HO2, CH3O2, and CH3C(O)O2 are the most abundant, 1291 
but peroxy radicals are present in great diversity in the atmosphere (e.g. Khan et al., 2015).  1292 
They react with NO, NO2, HO2 and other peroxy radicals, undergo unimolecular isomerization, 1293 
and have lifetimes of the order of 1-100 seconds under typical atmospheric conditions.  1294 
Atmospheric reactions of peroxy radicals usually proceed via more than one channel, with the 1295 
different channels having different temperature, and sometimes pressure, dependencies.  A 1296 
large body of work has been performed over the past 30 years to elucidate the complex 1297 
chemistry of peroxy radicals.  While the general features of peroxy radical chemistry are 1298 
established, many important details remain unclear. 1299 
From the perspective of ozone chemistry, the most important reaction of peroxy radicals is 1300 
that with NO, which produces NO2 and is responsible for photochemical ozone formation in 1301 
the troposphere (see Section 3.1).  Organic peroxy radicals react with NO via two pathways 1302 
to give either an alkoxy radical and NO2 or an alkyl nitrate (Arey et al., 2001). 1303 

(R1) RO2 + NO  →  RO + NO2 1304 

(R26) RO2 + NO + M  →  RONO2 + M 1305 

The channel that produces an alkoxy radical and NO2 leads to radical propagation and 1306 
promotes photochemical ozone formation. The channel that produces an alkyl nitrate removes 1307 
radicals and NOx and hinders local photochemical ozone formation. Alkyl nitrates can be 1308 
transported and undergo photolysis and reaction with OH, releasing NOx and promoting ozone 1309 
formation in downwind locations. The organic nitrate yield increases with decreasing 1310 
temperature, increasing pressure, and size of the peroxy radical (Atkinson et al., 1983; 1987; 1311 
Carter and Atkinson, 1989; Harris and Kerr, 1989).  Organic nitrate yields for substituted 1312 
peroxy radicals are lower than those for unsubstituted alkylperoxy radicals of a similar size, 1313 
particularly when the substituent is located close to the peroxy moiety, although the data are 1314 
limited and the precise effects are unclear (Arey et al. 2001;  Lim and Ziemann, 2005; 1315 
Matsunaga and Ziemann, 2010). Early studies indicated that nitrate yields were higher for 1316 
secondary radicals (RCH(OO)R') and lower for primary (RCH2OO) and tertiary RR'R''COO) 1317 
radicals (Arey et al., 2001).  However, recent studies (Espada et al. 2005; Cassanelli et al. 1318 
2007) report approximately equal yields from secondary, primary, and tertiary radicals of the 1319 
same size. As discussed by Calvert et al. (2015), thermal decomposition of tertiary alkyl 1320 
nitrates at gas chromatogram (GC) injection temperatures may have led to an underestimation 1321 
of the yields of tertiary nitrates in the early studies using GC analysis. 1322 
Data for the organic nitrate yields of peroxy radicals formed in the oxidation of important 1323 
biogenic VOCs are limited and often contradictory.  Reported organic nitrate yields from the 1324 
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oxidation of isoprene lie in the range 4-15% (Calvert et al., 2015).   Data for the organic nitrate 1325 
yields for the atmospherically relevant monoterpenes and sesquiterpenes is extremely limited 1326 
and uncertain. As an example, the organic nitrate yield following the HO-initiated oxidation of 1327 
α-pinene has been reported as 18±9% by Nozière et al. (1999) and 1% by Aschmann et al. 1328 
(2002).  Clearly, given the importance of well-established branching ratios for organic nitrate 1329 
formation to atmospheric models of ozone formation, there is an urgent need for further work 1330 
in this area. 1331 
Peroxy radicals have been proposed to form water complexes (e.g. Aloisio and Franscico, 1332 
1998; Clark et al., 2008), and it has been estimated that approximately 10-20% of HO2 radicals 1333 
in the atmosphere exist as the HO2•H2O complex (Archibald et al., 2011) and that 1334 
approximately 5-15% of organic peroxy radicals in the atmosphere exist as the RO2•H2O 1335 
complex (Khan et al., 2015).  Water complexed peroxy radicals may be more reactive and 1336 
have different product distributions than un-complexed peroxy radicals and may be important 1337 
in atmospheric ozone chemistry.  An increase of approximately 12-14% in ozone production 1338 
has been estimated for a two-fold increase in reactivity of RO2•H2O compared with RO2 1339 
radicals (Khan et al., 2015).  Definitive direct experimental studies are required to establish 1340 
the atmospheric importance of reactions involving water-complexed peroxy radicals. 1341 
Finally, we note that much recent attention has focused on isomerization of peroxy radicals, 1342 
where 1-5 and 1-6 H abstractions can occur rapidly and may switch the peroxy radical from 1343 
primary to secondary or even tertiary, with concomitant changes in reactivity and possible 1344 
organic nitrate yields (e.g. Peeters et al., 2009; Praske et al., 2018). As Praske et al. (2018) 1345 
highlight, given the significant regional reductions in anthropogenic NOx that have occurred in 1346 
recent decades, the fate of the RO2 in VOC source regions may now change from propagating 1347 
NO-NO2 conversion to the formation of highly oxygenated compounds. Further work is needed 1348 
to clarify the role of peroxy radical isomerization in atmospheric chemistry and integrate this 1349 
in global model studies to understand the potential implications for the tropospheric ozone 1350 
budget. 1351 

5.6 Heterogeneous processes 1352 

The largest potential impact of heterogeneous processes on tropospheric ozone is via removal 1353 
of N2O5 (a NOx and ozone reservoir) and the hydroperoxyl radical HO2 (Jacob, 2000).  1354 
Following on from earlier work by Lelieveld and Crutzen (1990),  Dentener and Crutzen 1355 
showed that removal of NO3 and N2O5 by aerosol particles caused decreases in ozone at the 1356 
Earth’s surface of up to 25%, and global decreases in ozone and OH of 9% (Dentener and 1357 
Crutzen, 1993).  Tie et al. (2001) studied the global impact of HO2, N2O5 and CH2O uptake on 1358 
aerosols, and found a significant effect of removal of these compounds on ozone.  Martin et 1359 
al. (2003) showed that aerosols have a strong effect not only on chemistry through 1360 
heterogeneous uptake, but also on photolysis rates, with the two processes having 1361 
approximately equal impacts on OH.   1362 
Our current understanding of the uptake of N2O5 from laboratory measurements is based on 1363 
a large and relatively coherent body of experimental data, which has resulted in a well-1364 
validated mechanism.  However, there remain significant challenges in parameterizing these 1365 
results in a reduced form for use in global models, primarily due to the scarcity of data on the 1366 
temperature dependence of the uptake coefficient and differing determinations of the RH 1367 
dependence in the literature. Stavrakou et al. (2013) chose three realistic, but different, 1368 
parameterizations for N2O5 loss onto tropospheric aerosol.  Figure 17 shows the effect of these 1369 
parameterizations on rate coefficients of N2O5 loss, with Brown et al. (2009) representing a 1370 
lower limit. A wide range of rate coefficients is simulated by the different parameterizations, 1371 
corresponding to an uncertainty in the lifetime of N2O5 of over 3 orders of magnitude to this 1372 
process, with implications for simulated ozone.  A more robust parameterization is clearly 1373 
required. 1374 
 1375 
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 1376 
Figure 17: Calculated rate of hydrolysis of N2O5 onto tropospheric aerosol (the heterogeneous sink) 1377 
as a function of altitude, using three different parameterizations widely used in models. The different 1378 
calculations result in an order of magnitude difference in the rate of heterogeneous sink within the 1379 
boundary layer.  1380 

 1381 
A more significant challenge for modelling is the inclusion of the effect of nitrate aerosol 1382 
composition on N2O5 removal.  It is known that nitrate reduces the reactivity of mixed 1383 
composition aerosols (Mentel et al., 1999), and the observed strong negative dependence of 1384 
N2O5 on nitrate aerosol concentration means that two important feedbacks are missing from 1385 
models. With increasing nitrate levels, 1) the contribution of N2O5 hydrolysis to the aerosol 1386 
nitrate burden is reduced, and 2) less NOx is removed from the gas phase.  At present, an 1387 
online description of the nitrate aerosol mode is not included in a large number of chemistry-1388 
climate models. A global study of the aerosol burden by Feng and Penner (2007) highlighted 1389 
the contribution of N2O5 uptake to nitrate levels, but the use of offline (non-interactive) OH and 1390 
ozone fields means that the feedback of N2O5 loss on oxidation rates was missing.  Paulot et 1391 
al. (2016) highlighted the effect of aerosol composition on uptake, noting that decreasing the 1392 
uptake of N2O5 reduced the model bias in nitrate aerosol concentrations at the surface, 1393 
providing indirect evidence for reduced uptake coefficients onto nitrate aerosol.  1394 
The simulation of nitrate aerosol presents a significant challenge, and there are large 1395 
uncertainties in the expected burden under climate change scenarios.  While higher 1396 
temperatures decrease the nitrate aerosol burden, Pye et al. (2009) projected increases in 1397 
NOx emissions lead to a significant increase in nitrate aerosol burden, both in absolute terms 1398 
and as a fraction of total aerosol amount, due to simultaneous decreases in SO2 emission.  1399 
The combined effect of increasing temperature and emissions is not yet resolved, with studies 1400 
showing no significant change in nitrate aerosol (Pye et al., 2009) or modest increases (Bauer 1401 
et al., 2007; Bellouin et al., 2011).  At this point, the effect of nitrate aerosol on N2O5 has not 1402 
yet been fully quantified, and, in view of the possibility of increasing nitrate aerosol burden in 1403 
future climate, this should be an area of focus. 1404 
 1405 



 
DRAFT:  DO NOT CITE OR QUOTE 

 

39 
 

The uptake coefficient of HO2 into aqueous aerosol, and the picture from laboratory data is 1406 
unclear. Initially, uptake of HO2 was determined to follow first-order kinetics (Cooper and 1407 
Abbatt, 1996), but subsequent measurements showed pronounced second-order behavior, 1408 
consistent with uptake controlled by self-reaction of HO2 in the absence of transition metals 1409 
(Thornton, 2005).  On this basis, Thornton et al. (2008) proposed a parameterization that gave 1410 
low values of γ<0.05 for a surface-weighted uptake coefficient in the lower troposphere.  The 1411 
authors conclude that the effect of temperature on uptake of HO2 was significant and this 1412 
should be included in CCM parameterizations. 1413 
More recent measurements, using lower mixing ratios of HO2, indicate that the reaction under 1414 
ambient conditions is first-order, although the fate of the HO2 following uptake remains 1415 
unclear.  Taketani et al. (2008, 2009) showed that first-order loss of HO2 is observed onto 1416 
aqueous sulfate aerosol, as well as on aerosol regenerated from ambient aerosol filter 1417 
samples  (Taketani et al., 2012).  In these experiments, large values of the uptake coefficient, 1418 
γ>0.1, were observed.  Uptake by solid mineral dust aerosol has been measured and shown 1419 
to be less efficient but still significant (γ=0.03) (George et al., 2013). A self-reaction to form 1420 
H2O2 now appears unlikely to be the dominant atmospheric sink, although it may certainly 1421 
occur in the lab under higher gas phase HO2 concentrations than are typically observed in the 1422 
atmosphere. 1423 
Mao et al. (2010) showed that including the loss of HO2 into aerosol improved the agreement 1424 
between modelled and observed HO2, but that including subsequent release of H2O2 in the 1425 
model reduced the level of agreement. Although Mao et al. (2013) assessed the role of 1426 
transition metal in controlling the reactivity of ambient aerosols, the mechanism for other 1427 
aerosols is unclear. Li et al. (2019) applied the GEOS-Chem CTM with the current knowledge 1428 
of HO2 aerosol chemistry and found that the slowing down such sink of HO2 due to the 1429 
decrease in ambient aerosol has contributed to recent increasing trend of summer surface 1430 
ozone in China. However, the lack of mechanistic understanding of the factors controlling 1431 
uptake of HO2 limits confident assessment of the impact of this heterogeneous process on 1432 
ozone. 1433 
The role of mineral dust has been highlighted in lab studies as being important.  The release 1434 
of NO and NO2 from adsorbed nitrate has been observed (Ndour et al., 2009). The release of 1435 
OH from the photolytic reduction of H2O adsorbed onto mineral dust seen in the laboratory 1436 
(Dupart et al., 2012) is indirectly supported by observations of new particle formation following 1437 
episodes of high mineral dust loading, presumably via enhanced flux of OH+SO2. 1438 
Observations of Dust from Thar Desert and WRF-Chem study showed that without including 1439 
dust aerosols through heterogeneous chemistry and perturbation in photolysis rates, ozone 1440 
loss of 16 nmol/mol and NOy loss of about 2 nmol/mol remains unexplained (Kumar et al., 1441 
2014). It is also shown that dust could lead to ozone loss by 10-15% up to 4 km altitude region. 1442 
Several recent studies of ozone uptake indicate a significant perturbation to the oxidation 1443 
pathways within the aerosol, presumably through the formation of reactive oxygen species 1444 
(Shiraiwa et al., 2011). The impact of direct loss of ozone onto SOA aerosol surfaces should 1445 
be examined further, as these latter processes are important to our understanding of the 1446 
largely unexplored oxidative chemistry within the aerosol and to their impact on human health. 1447 

6 Challenges to modelling the budget and burden of tropospheric ozone: 1448 
emissions and dynamics 1449 

As Section 5 highlights, there are numerous chemical processes which have a bearing on our 1450 
ability to model the tropospheric ozone budget, and potentially its trends. Our understanding 1451 
of these processes is increasing but they are still poorly represented in models (Young et al., 1452 
2018). There are also numerous uncertainties associated with transport of ozone and its 1453 
precursors and their emissions that provide a challenge for understanding trends in the 1454 
tropospheric ozone burden, and  the details of the tropospheric ozone budget from local to 1455 
global scales.  1456 
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 1457 

6.1 Impacts of dynamical variability on the ozone burden and budget. 1458 

While the global tropospheric ozone burden is estimated to have increased from 1960 to 2010 1459 
(Parrish et al., 2014; Young et al., 2013; Griffiths et al., 2020), the pattern of changes in ozone 1460 
is complex, with ozone leveling off after ca. 2000 in some areas but continuing to grow in 1461 
others (Cooper et al., 2014; Gaudel et al., 2018).  Studies have shown that ozone at a given 1462 
location is strongly influenced by not only emissions changes but also by variability in transport 1463 
associated with large-scale dynamics. Dynamical variability is generally diagnosed from a 1464 
constant emission run, while the difference between this “base” simulation and one in which 1465 
emissions vary realistically with time provides the emissions-driven component. However, 1466 
these types of experiments tend to be performed ad hoc by modelling groups and there is little 1467 
coordinated effort to understand the role of dynamical variability in a multi model sense. Lin et 1468 
al. (2014) highlight the lack of a springtime increase in ozone levels at Mauna Loa Observatory 1469 
Hawaii during the 2000s – in sharp contrast to trends at other remote Northern midlatitude 1470 
sites – was driven by a weakening of springtime transport of ozone-rich air from Asia to Hawaii. 1471 
This occurred as a result of a predominance of La Nina-like conditions associated with the 1472 
Pacific Decadal Oscillation. Long-range transport from mid-latitudes to the Arctic likewise 1473 
varies strongly with the phase of the North Atlantic Oscillation (Eckhardt et al., 2003), and the 1474 
cold temperatures mean that peroxyacetyl nitrate formed in mid-latitudes acts as a significant 1475 
source of NOx, accounting for 50-90% of Arctic surface ozone production during spring 1476 
(Walker et al., 2012). 1477 
 1478 
Even in less remote locations, long-range transport confounds attribution of observed ozone 1479 
changes to changes in local emissions.  Asian emissions have been shown to be a major 1480 
contributor to springtime ozone increases in the Western US (e.g. Jacob et al., 1999; Zhang 1481 
et al., 2008). Lin et al. (2017) estimate that transport from Asia has driven as much as 65% of 1482 
the increase in surface background ozone levels during springtime that has occurred since 1483 
1990, despite a 50% reduction in Western US NOx.  Verstraeten et al. (2015) similarly found 1484 
that from 2005-2010, long-range transport of pollution from China offset ~40% of the reduction 1485 
in mid-tropospheric ozone that should have occurred over the Western US in response to a 1486 
21% decrease in regional NOx emissions there.  Long range transport from both Asia and 1487 
North America have likewise been found to reduce the efficacy of European emissions 1488 
controls (e.g. Jonson et al., 2006).  In the Southern Hemisphere, large increases (20-30% 1489 
decade-1 since 1990) in mid-tropospheric ozone in the austral winter over two sites in southern 1490 
Africa have been at least preliminarily attributed to increases in anthropogenic NOx emissions 1491 
throughout the hemisphere rather than any significant change in biomass burning (Thompson 1492 
et al., 2014). On the other hand, a more recent study by Lu et al. (2019) found that the 1493 
increasing tropospheric ozone over 1990-2015 in the extratropical Southern Hemisphere is 1494 
not mainly due to  increases of anthropogenic emissions. Instead, they attribute the trend to 1495 
changes in the meridional circulation driven by the poleward expansion of the Southern 1496 
Hemisphere Hadley circulation, again highlighting the importance of large-scale dynamics to 1497 
the tropospheric ozone budget.  1498 
 1499 
Variability in STT also plays an important role in tropospheric ozone variability and trends 1500 
(Hess and Zbinden, 2013), leading to changes in tropospheric ozone levels in the northern 1501 
mid-latitudes of around 2%, approximately half of the interannual variability (Neu et al., 2014).  1502 
An increase in STE in 2009-2010 associated with a combination of El Niño and easterly shear 1503 
in the stratospheric quasi-biennial oscillation was calculated as being responsible for half of 1504 
the net increase in mid-tropospheric ozone over Eastern China from 2005-2010, with the other 1505 
half driven by local emissions increases (Verstraeten et al., 2015). 1506 
 1507 
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As Figure 10 shows, in the near-term at the regional scale we can expect that dynamical 1508 
variability will make the greatest relative contribution to the uncertainty of the tropospheric 1509 
mean ozone column. But key unresolved questions remain regarding the current generation 1510 
of chemistry-climate models’ ability to accurately capture this process, and how changes in 1511 
climate will affect dynamical variability. We suggest further work be performed to better 1512 
understand these questions from a multi model perspective.  1513 
 1514 

6.2 Impacts of emission uncertainty on the ozone budget and burden 1515 

Whilst projects like ACCMIP, CCMI and AerChemMIP coordinate modelling efforts by 1516 
providing common sets of emissions data for groups to use, these activities represent an 1517 
ensemble of opportunity.  As a result, modelling groups often make pragmatic decisions that 1518 
result in teams using different emissions datasets within each model (Young et al., 2013; 1519 
2018). Differences in emissions in models may be a key reason for differences in the modelled 1520 
simulations of the historic changes in the ozone budget and burden (Figure 5-7) and its future 1521 
evolution (Figure 10). A key issue with emission inventories is the assessment of their 1522 
uncertainty. Despite the complexity of inventories, systematic uncertainty estimates on these 1523 
datasets are often not reported. Inventory developers have begun to report uncertainty 1524 
estimates, and this has become good practice for national greenhouse gas inventories 1525 
(Penman et al. 2000). Other approaches, including comparisons of different inventories and 1526 
comparisons of inventory emission ratios with ambient enhancement ratios, have been used 1527 
for estimating emissions uncertainty (e.g., Hassler et al 2016). Here we consider some 1528 
examples of these different types of emissions uncertainty estimates, along with a discussion 1529 
of the possible impacts on ozone simulations.  We emphasize that there is no single definitive 1530 
evaluation method regarding uncertainties on emissions of ozone precursors on a global or 1531 
national scale. We recommend that the development of such a method be a key component 1532 
of future MIPS.  1533 
 1534 
Hoesly et al. (2017) summarize a number of existing studies that assess uncertainty on ozone 1535 
precursors in global and regional inventories that inform the CMIP6 historical (1750-2014) 1536 
inventory dataset produced by the Community Emissions Database System (CEDS). From 1537 
their analysis, a few general statements can be made: i) Uncertainties in NOx, CO and VOC 1538 
emissions are higher than those in CO2 from fossil fuel combustion; ii) Uncertainties on ozone 1539 
precursor emissions from specific sectors such as mobile sources can be as high as a factor 1540 
of two, even in industrialized nations with sophisticated inventory development efforts; iii) 1541 
Uncertainties vary across sectors, with some sectors having much higher uncertainties due to 1542 
the manner in which estimates are derived and the lack of independent estimates; iv) Global 1543 
emissions estimates tend to be less uncertain than those of any particular region and v) More 1544 
recent estimates (for example, in the past two decades) are generally less uncertain than 1545 
those from earlier periods. 1546 
 1547 
Emissions inventories are always a few years out of date. Present day emissions are very 1548 
difficult to estimate, because the main drivers in such estimates, i.e. fuel use, energy 1549 
production and consumption, etc., are generally available with delays of up to three years at 1550 
the global scale and of at least two years for country-level data and emission factors which 1551 
may be derived for a specific country, or city are often used in other regions with missing data. 1552 
It is therefore very difficult to estimate the most recent trends in emissions and to provide 1553 
accurate scenarios for future years.  1554 
 1555 
For example, as a result of the rapid industrial growth of China and the development of several 1556 
densely populated areas, several studies have shown that the emissions of all ozone 1557 
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precursors significantly increased in China over the past 4-5 decades (Zhang et al., 2007, 1558 
Kurokawa et al., 2013; Granier et al., 2016) but have recently started to decrease (Krotkov et 1559 
al., 2016; de Foy et al., 2016). Figure 18 shows the evolution of the emissions of NOx between 1560 
1960-2014 in China from different global and regional emission inventories with all inventories 1561 
showing the emissions of NOx constantly, and fairly consistently, increasing up to 2012. 1562 
However, the more recent observations of decreases in NOx are not yet available in a multi-1563 
inventory sense and highlight the challenge of developing an inventory for a region undergoing 1564 
rapid change in emissions.  1565 

 1566 
Figure 18: Evolution of the NOx emissions in China from 1960 from different inventories. The 1567 
emissions optimized through inverse modeling (MPoloG and MPolov5) are also shown (adapted from 1568 
Granier et al., 2016). 1569 

A further uncertainty in the modelling of ozone chemistry is introduced from partitioning of 1570 
VOC emissions into individual species. This is a complex task which is likely to have 1571 
particularly large impacts on understanding trends in ozone at the regional scale. von 1572 
Schneidemesser et al. (2015) highlighted how simulated tropospheric ozone depends on the 1573 
precise VOC speciation in different inventories, and found that modeled ozone had a greater 1574 
sensitivity to VOC emissions speciation than to the choice of chemical mechanism used in the 1575 
simulation. Further research using more realistic chemical-transport models is needed to 1576 
understand the importance of VOC emissions speciation for determining global and regional 1577 
budgets of tropospheric ozone. 1578 

7 Conclusions and outlook 1579 

TOAR has provided an unprecedented review of our understanding of the recent trends in 1580 
tropospheric ozone and enabled a legacy of new research that will maximize the potential of 1581 
the TOAR database (Schultz et al., 2017).  Furthermore, the insight gained from 1582 
understanding contemporary (Gaudel et al., 2018) and historic (Tarasick et al., 2019) 1583 
measurements of tropospheric ozone will enable improved evaluation of model performance 1584 
(Young et al., 2018).  1585 
In addition, TOAR has provided a timely opportunity to reflect on what we’ve learned since the 1586 
publication of the 2003 IGAC atmospheric chemistry review (Brasseur et al., 2003), and what 1587 
we still don’t know. In the following sections we review where we have made progress, where 1588 
uncertainty still remains and some recommendations for future research areas.  1589 

7.1 Known uncertainties: 1590 

There have been major changes in the locations of anthropogenic ozone precursor emissions; 1591 
with big reductions in OECD countries counteracted by large increases in non-OECD 1592 
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countries. This is especially true of Asia, but also in Africa and South and Central America. 1593 
The impact of this shift in emissions has been shown to be a key driver for increases in the 1594 
total burden of ozone (Zhang et al., 2016). If emissions of NOx continue to increase in the 1595 
tropics and subtropics over the next few decades, as technological development and 1596 
population increases (Jones and O’Neil 2016), we can expect an increase in the tropospheric 1597 
ozone burden over the next few decades (Kumar et al., 2018). We still don’t fully understand 1598 
the impacts of the uncertainty in emissions, and future work should systematically target this 1599 
knowledge gap.  1600 
 1601 
Through the reassessment of historical trends (Tarasick et al., 2019) and very recent isotopic 1602 
constraints (Yeung et al., 2019) we are in a strong position to challenge the validity of some 1603 
of the early measurements of ozone that would suggest ozone more than doubled between 1604 
the late 19th century and present-day (i.e. those made at Montsouris, France). Replicating 1605 
these very low ozone values was a huge challenge to modellers but it now appears that the 1606 
modelled increase in the burden of tropospheric ozone of around 30% since the pre-industrial 1607 
(Figure 5) is consistent with observational estimates over shorter time periods. In addition to 1608 
these historic observations there has been a step change in the ability to understand 1609 
tropospheric ozone with satellites. Gaudel et al. (2018) reviewed much of this work in TOAR-1610 
Climate, but since then recent work has highlighted the power of combining satellite datasets 1611 
to understand trends in tropospheric ozone (Ziemke et al., 2019). In the next decade, planned 1612 
satellite measurements of ozone and ozone precursors will be acquired from both low earth 1613 
orbit (LEO) and geostationary orbit (GEO). LEO observations such as TropOMI on 1614 
ESA/Sentinel 5P (Beirle et al., 2019) and IASI-NG on Eumetsat/MetOP will continue the global 1615 
monitoring of the atmosphere obtained by existing LEO satellites, while the GEO perspective 1616 
will provide temporal coverage that is not possible from LEO over continental-scale observing 1617 
domains. The new GEO satellite instruments such as NASA/TEMPO (North America), 1618 
ESA/Sentinel-4 (Europe) and the Korean GEMS (East Asia) should be able to help us quantify 1619 
diurnal changes in precursor emissions and chemical production of ozone. Both LEO and 1620 
GEO observations will have finer spatial resolution (< 10 km) than existing assets to aid in 1621 
distinguishing emissions, chemistry and transport processes. These new measurements will 1622 
substantially improve air quality prediction along with our understanding of atmospheric 1623 
composition. 1624 
 1625 

7.2 Outstanding science questions related to understanding the ozone 1626 
budget: 1627 

Whilst this is not a major focus of TOAR, as we highlighted in Section 6.1 and Young et al. 1628 
(2018) discussed, there is a strong body of evidence which highlights that over the last 15 1629 
years we have made great progress in understanding the role of natural climate variability and 1630 
climate change on tropospheric ozone. CCMs provide a great opportunity for us to explore 1631 
these interactions and the new AerChemMIP and CMIP6 projects (Collins et al., 2017) will 1632 
provide the community with larger volumes of data to analyse than ever before.  1633 

 1634 
The discovery of ClNO2 as a ubiquitous reservoir of chlorine and NOx (Mielke et al., 2011) has 1635 
potential to change our current understanding of the role of N2O5 chemistry in the troposphere. 1636 
Few global modelling studies have been performed to understand the impacts on trends in 1637 
tropospheric ozone with or without this chemistry, and further studies are necessary. More 1638 
generally the role of halogens on tropospheric composition is still highly uncertain, but their 1639 
influence on concentrations and trends may be profound.  1640 
The discovery of a significant role for peroxy radical isomerization reactions has also been a 1641 
breakthrough in the last few decades. It is now widely recognized that the fate of peroxy 1642 
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radicals in the troposphere is not limited to bimolecular reactions. Indeed, for many peroxy 1643 
radicals these unimolecular H-shifts may out compete bimolecular reactions in the 1644 
troposphere. But what role this chemistry plays on the ozone budget and burden is still not 1645 
completely understood. The most recent isoprene chemistry schemes all include H-shifts 1646 
(Archibald et al., 2011; Bates and Jacob, 2019b) and suggest that these reactions result in 1647 
large increases in OH and decreases in ozone in the tropical lower troposphere (Squire et al., 1648 
2015; Bates and Jacob 2019b).  1649 
The formation of HONO2 as a product from the reaction between HO2 + NO (Butkovskaya et 1650 
al., 2005; 2007; 2009) has been shown in modelling studies to have a potentially significant 1651 
impact on the tropospheric ozone burden (Søvde et al., 2011; Gottschaldt et al., 2013; 1652 
Archibald et al., 2019). Independent laboratory studies are required to verify this channel in 1653 
the reaction and to better understand the role of water vapour in this and other peroxy radical 1654 
reactions.  1655 
In spite of the huge role it plays on the ozone budget, relatively little work has focused on the 1656 
deposition sink of ozone in recent years. As we have reviewed in section 2.1, changes in the 1657 
deposition of ozone are likely to have significantly impacted historic trends and are likely to 1658 
continue to do so at the regional scale (Lin et al., 2019) and in particular as land use is altered 1659 
in the wake of the impacts of climate change and the drive to net zero emissions.  1660 

7.3 Recommendations for the future: 1661 

In TOAR-Ozone Budget we have reviewed the literature and have highlighted the significant 1662 
progress in modelling the processes that control the ozone budget. However, progress in 1663 
constraining these processes has been poorer. We still don’t know if a model with an NCP of 1664 
500 Tg is more accurate than a model with an NCP of 100 Tg. A huge focus continues to be 1665 
in the evaluation of simulations around observational campaigns fixed in time. Less work has 1666 
focused on evaluating the interannual variability and trends in ozone over time – in part owing 1667 
to limited data on ozone trends in the troposphere. We see two opportunities for work 1668 
supported by TOAR in this area; firstly by helping to focus efforts on understanding trends and 1669 
model sensitivities, secondly in encouraging wider use of new constraints when evaluating 1670 
ozone. For example the work of Yeung et al. (2019) on oxygen isotopes highlights novel 1671 
approaches to constraining changes in ozone since the pre-industrial, which other modelling 1672 
teams and observational teams can take forward. 1673 

 1674 
Do we have sufficient data for understanding trends in the ozone burden and budget? As 1675 
we’ve shown here and in TOAR-Model Performance (Young et al., 2018), there have been a 1676 
large number of model simulations performed by the community, especially through model 1677 
intercomparison projects. But much less of the data generated has been made available to 1678 
the community, particularly in the area of enabling process-oriented model evaluation and 1679 
quantification of the ozone budget and its changes. In CCMI and AerChemMIP many more 1680 
models provided output on their simulated tropospheric ozone trends but less data on what 1681 
drives them. Excellent work has been performed to understand individual models but with 1682 
such large spread in the few model budgets available, what can we tell from these individual 1683 
studies? How do we increase the accessibility and interoperability of ozone process data? The 1684 
new ideas around definitions of the ozone budget (Edwards and Evans, 2017; Bates and 1685 
Jacob, 2019) provide new opportunities to better understand the role of emissions and the 1686 
stratosphere, but at a potentially large cost in having to output more data. 1687 
 1688 
So far, we have spent a huge amount of resources on increasing the detail in the 1689 
representation of processes in models and their resolution. However, the biases against 1690 
observations of tropospheric ozone have not changed significantly over the last two decades. 1691 
Formal assessments of model uncertainty are difficult, but when performed even on a small 1692 



 
DRAFT:  DO NOT CITE OR QUOTE 

 

45 
 

part of the model (for example on the impact of rate constant uncertainty see Section 4.1) 1693 
these are often large. Some of these uncertainties could be reduced by further focused 1694 
laboratory studies, improved emission inventories, etc  However, there may also be a need 1695 
for new measures of success? Such as enabling chemical interactions with strong feedbacks 1696 
on the Earth system (i.e. through improved coupling of the reactive nitrogen inventory in the 1697 
atmosphere with the terrestrial biosphere)? Do we need an ozone equivalent of equilibrium 1698 
climate sensitivity that can be used to summarise performance? One can argue that in general 1699 
more research is needed to characterise how our understanding of the budget of ozone 1700 
simulated in models is evolving over time. Are we getting any better at modelling tropospheric 1701 
ozone? One suggestion is the adoption of a core tropospheric ozone simulation with 1702 
prescribed emissions of ozone precursors and meteorology that will enable modelling groups 1703 
to more precisely identify the role of changes in the chemistry of ozone included in models. 1704 
This methodology builds upon and aspires to emulate the success of the Diagnostic, 1705 
Evaluation and Characterization of Klima (DECK) experiments, which are used in the CMIP 1706 
(Eyring et al., 2016). The DECK experiments enable the climate modelling community to 1707 
understand how changes to climate models impact metrics such as climate sensitivity and 1708 
include, for example, a 100-year simulation with increasing CO2 at 1%/yr. A tropospheric 1709 
ozone “DECK” experiment would require sufficient buy-in from the community but could be 1710 
used to resolve some of these outstanding questions.  1711 
 1712 
We have made a lot of progress in understanding the burden and budget of ozone in the 1713 
troposphere, and with the advent of the new generation of GEO and LEO satellites, the 1714 
availability of more model simulations from CMIP6 than ever before, and an improved 1715 
understanding of recent and historic trends in ozone observations, enabled by TOAR, we are 1716 
in a great position to close out some of the remaining questions and reduce the uncertainty in 1717 
predictions of future tropospheric ozone.  1718 
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