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What does it mean to be a modeller?

Reality Model

Thanks to Dr RJ Derwent, rdScientific



What does it mean to be a modeller?

Reality Model

Lego art by Little Artists, 
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Ozone in CCMs – developing complexity
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Tropospheric ozone budget in CCMs - large, opposing terms

O3 production

O3 destruction
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Effective radiative forcing - CMIP5 picture

•  The radiative forcing can be used to estimate the resulting global temperature change via ΔF = 𝜆ΔT 



NTCF - CMIP6 picture

• Strong coupling between e.g. O3 and SO2 via CH4 (and hence OH) 


• makes designing an optimal NTCF mitigation strategy a challenge

NTCF forcing

From Allen et al. 
(2021)

O’Connor et al (2021)

Aerosols -1.09 ± 0.04

BC +0.4 ± 0.35 +0.37 ± 0.03

O3 +0.4 ± 0.20 +0.21 ± 0.04 (VOC, CO,NOx)

CH4 +0.48 ± 0.05 +0.97 ± 0.04

SO2 -1.37 ± 0.04

OC -0.22 ± 0.04

VOC +0.33 ± 0.04

ODS -0.18 ± 0.04

NTCF (BC,OC,SO2, VOC, NOX) -1.03 ± 0.04

−0.9+0.5
−1.1



Aghedo et al. (2012), “Vertical distribution of ozone IRF from satellite…”

Ozone IRF - depends on altitude



Ozone trends - Is there a problem?

● Parrish et al. point out that models: 

○ overestimate absolute O3 mixing 

ratios, on average by ~5 to 17 ppbv in 
the year 2000


○ capture only ~50% of O3 changes 
observed over the past five to six 
decades, and little of observed 
seasonal differences


○ capture ~25 to 45% of the rate of 
change of the long-term changes.

stratospheric chemistry, respectively, simulated
by the model. Long timescale coupled transient
simulations of CM3 have been performed for a
range of experiments in support of the IPCC Fifth
Assessment Report (AR5). Here, we consider
results from one member of the five-member
ensemble historical (1860–2005) simulations
[John et al., 2012; Austin et al., 2013; Eyring et al.,
2013]. The runs were forced with time-varying,
spatially distributed anthropogenic and biomass
burning emissions as described in [Lamarque
et al., 2010] through 2000 with later emission
trends following the RCP4.5 scenario [Lamarque
et al., 2012]. Natural emissions of O3 precursors,
except lightning NOx, were held fixed at 2000
levels. Lightning NOx emissions were calculated
interactively as a function of subgrid convection
in the model and therefore vary in time. The
comparison described in section 3 is based on
model results for the period 1950 to 2005.

2.4. Goddard Institute for Space Studies Climate Model

The GISS-E2-R model is a coupled atmosphere–ocean-land-ice model that simulates climate physics and
chemistry interactively over the full model domain [Shindell et al., 2013]. The model was run at 2° latitude by
2.5° longitude resolution, with increased effective resolution for tracers by carrying higher-order moments at
each grid box. The configuration used had 40 vertical hybrid sigma layers from the surface to 0.1 hPa (80 km).
ACCMIP diagnostics for GISS-E2-R were saved from the GISS-E2-R CMIP5 transient climate simulations as
those included fully interactive chemistry and aerosols. Those simulations were spun up for more than 1000
years, after which an ensemble of five simulations was performed for 1850–2012. The gas phase chemistry
scheme included both tropospheric and stratospheric chemistry, with 156 chemical reactions among 51
species, with a time step of 30 min. Detailed evaluation of the chemistry in this model has been documented
previously [Shindell et al., 2013]. Anthropogenic and biomass burning emissions are those described in
Lamarque et al. [2010]. Natural emissions include NOx from lightning and isoprene, both of which vary with
climate, and prescribed emissions of other biogenic VOCs and NOx from soils. The comparison described in
section 3 is based on model results for the period 1931 to 2012.

3. Analysis and Results

Our primary focus is on model-measurement comparisons of long-term changes in tropospheric O3

concentrations. Figure 1 shows the measured seasonal average O3 for one data set (European alpine) during
one season (spring) and compares these measurements to the results from one example model calculation. To
effectively compare long-term O3 changes, we analyze polynomial fits (quadratic fits shown in Figure 1) to the
model results and to the measurement data in order to extract and compare the long-term changes that
underlie the interannual variability. Logan et al. [2012] present similar quadratic fits to the data of Figure 1, and
Parrish et al. [2012] utilized quadratic fits to all of the data sets that they examined. The functional fits utilized in
this work are chosen to adequately capture decadal scale O3 changes without influence from interannual scale
variations. The coefficients of the functional fits provide a convenient means to quantitatively compare the
long-term O3 changes between models and measurements. As discussed in Parrish et al. [2012], the time scale
will be referenced to zero in the year 2000 to facilitate interpretation of the coefficients derived from the
functional fits. This fitting process is mathematically equivalent to approximating the long-term O3

concentration evolution by the first few terms of a power series expansion with year 2000 as the origin.

Different time periods will be considered when comparing European andwestern North American/Asian data
sets due to the different time periods covered by the measurements. European data extend over much of the
post–World War II period (when the majority of the increase in total anthropogenic precursor emissions is

Figure 1. Seasonally averaged springtime (March, April, and May)
O3 concentrations at alpine sites in Europe. Closed and open
symbols give measurements and GFDL CCM results, respectively.
The solid lines give quadratic fits to respective results. The vertical
dashed line indicates the year 2000 reference.
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Ozone trends - stratospheric contribution to variability?

● Lin, Cooper et al attribute much of the variability to 
circulation variability.


● High ozone events are linked to modes of climate 
variability.


● Profound influence of stratosphere on surface ozone

individual ENSO events44. Simulated mean stratospheric
contribution to springtime WUS surface ozone following the La
Niña winter of 1988–1989 is not as prominent as those La Niña
events in recent decades (Supplementary Fig. 17). Nevertheless,
simulated enhancements of stratospheric contribution during the
1990s–2000s La Niña events are noticeable from all El Niño and
neutral years (except 1991) over the entire 1980–2012 period. Future
work should examine the role of internal variability in addition to
La Niña in contributing to stratospheric intrusion frequency and
surface ozone variability over the WUS. The relationship between
the polar jet and the frequency of surface high-ozone events
documented here serves as motivation, in addition to the
relationships with weather extremes, to develop a mechanistic
understanding of the dynamical processes driving variability in the
location and meandering of the mid-latitude jet52–54.

Discussion
We conclude that the frequency of springtime high-ozone
episodes observed at high-elevation WUS sites is linked to
interannual variability in the meandering of the polar jet such as
occurs during the ENSO cycle and following large volcanic
eruptions. Such modes of climate variability modulate WUS
ozone air quality by changing the frequency of deep stratospheric
ozone intrusions. These intrusion events occur most frequently
when the polar jet stream meanders towards the central WUS
(Fig. 8a) as it does following some strong La Niña episodes in the
tropical Pacific. Despite well-documented enhancements in
mid-latitude UTLS ozone following El Niño15–20, we find that
these ozone enhancements do not reach WUS surface air. We

underscore that ozone produced from US anthropogenic
emissions dominates pollution events during summer and at
low-elevation US regions. Nevertheless, stratospheric intrusions
reaching surface air can occur with sufficient frequency in spring
when the polar jet stream is unusually contorted as to confound
NAAQS attainment in high-elevation WUS regions.

Under a more stringent US national air quality standard for
ground-level ozone2, stratospheric intrusion events would affect
attainment status more frequently if they were not identified as
‘exceptional events’ (Fig. 4). A working group consisting of cross-
agency air quality managers and scientists has been recently
established to develop tools to forecast such events, identify days
for ozone public health advisories55 and prepare ‘exceptional
event’ demonstrations56. Most El Niño and La Niña episodes
develop in late spring to summer and peak near the end of the
calendar year44. Our finding that deep stratospheric intrusions
reaching WUS surface air occur more frequently in the spring
following the mature winter phase of a strong La Niña episode
raises the possibility of developing seasonal predictions with
several months of lead time. Knowledge of the possibility of an
upcoming active stratospheric intrusion spring season could allow
WUS air quality planners to prepare accordingly, such as
conducting daily forecasts for public health alerts and deploying
targeted measurements aimed at identifying exceptional
events. These targeted measurements can include additional
ozonesonde or lidar profiles as well as high-frequency collocated
measurements of surface ozone, carbon monoxide and water
vapour mixing ratios at a number of high-elevation sites.

Methods
Surface measurements. Surface ozone data were obtained from 22 high-elevation
(1.2–3.5 km altitude) rural monitoring sites, including Niwot Ridge Observatory
operated by the US National Oceanic and Atmospheric Administration (NOAA),
13 sites in the US Clean Air Status and Trends Network (CASTNET) and 8 sites in
the EPA Air Quality System (Supplementary Table 2). All analyses use the daily
MDA8 value for each day and each monitor, which is the relevant policy metric
(compliance with the ozone standard is based on the 3-year average of the annual
fourth highest MDA8 value1–2). The number of days above 65 and 75 p.p.b.v. is
calculated for each monitor and then summed across all sites in each April–May.
Supplementary Table 3 summarizes statistics of MDA8 samples (number of sites
multiplied by number of days with available data) for each April–May from 1990
through 2012. The sample size for each year ranges from 349 to 1,200 site-days,
with more data available in recent years. Approximately 1–3% of MDA8 samples
exceed the current NAAQS level of 75 p.p.b.v. during the high-ozone springs.

Ozone profile measurements. Continuous ozone profile measurements are
limited. We gather ozone profile measurements over western North America,
which are available from (1) weekly ozonesondes at Edmonton, Canada since 1980,
Trinidad Head, California since 1997 and Boulder, Colorado since 1993; (2) an
ozone lidar at Fritz Peak near Boulder operated several times per week between July
1993 and June 1999 (ref. 15); and (3) daily ozonesonde measurements available at
six sites in California during May–June 2010 (ref. 57).

We use the 12-month running average of ozonesonde measurements averaged
over 250–150 hPa (B50 daily profiles; B1,600 samples per year) to explore large-
scale variability of UTLS ozone over western North America. Using a 12-month
running average is appropriate because the variability in the annual mean of UTLS
ozone is dominated by the prominent variability in spring (Supplementary Fig. 3).
For free tropospheric ozone, we focus our analysis in April–May when the strong
influence from STT is most likely to reach surface air due to deep mixing depths.
Ozonesonde profiles, however, are available on fewer than 15% of days during April–
May. Our comparison of the model co-sampled with the available weekly sonde
profiles versus the ‘true’ monthly model average of continuous temporal sampling
indicates that the mid-tropospheric ozonesonde records for April–May do not
represent the actual interannual ozone variability in the WUS free troposphere
(Supplementary Fig. 18 and Supplementary Note 4). The sampling frequency has
also been shown to substantially influence the analysis of tropospheric ozone changes
over Europe from ozonesonde observations58. We thus combine the Boulder sonde
profiles with ozone lidar profiles at Fritz Peak. The merged record (black circles in
Fig. 6c) includes at least 165 samples at 4–6 km altitude on 30–43% of days for each
April–May during 1994–1999 (Supplementary Table 4).

Chemistry–climate model experiments. We conduct a set of hindcast simula-
tions with the GFDL AM3 chemistry–climate model nudged to the National Center
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Figure 8 | Schematic for mid-latitude jet characteristics and sources of
lower tropospheric ozone variability in winter extending into the spring
months during strong La Niña versus El Niño events. The blue box in a
denotes where frequent deep tropopause folds occur as a result of the
meandering polar jet over the central WUS associated with La Niña. The red
box in b indicates where mean background ozone increases due to more
pollution transport from Asia as a result of the equatorward shift and
eastward extension of the subtropical jet associated with El Niño. The figure
is adapted from ref. 47.
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H igh concentrations of ground-level ozone adversely affect
human health and ecosystem productivity1. To lessen
these impacts, the US Environmental Protection Agency

is proposing to lower the National Ambient Air Quality Standard
(NAAQS) for ozone from 75 to 65–70 p.p.b.v. (ref. 2). Increasing
mean baseline ozone from rising Asian emissions3–7, more
frequent wildfires in summer8–10, and poorly understood deep
stratospheric intrusions during spring11–13 may pose challenges
in attaining more stringent ozone standards at high-elevation
western US (WUS) regions. A recent field campaign identified 13
stratospheric intrusion events elevating WUS surface ozone
during April–June 2010, and suggested that they may occur
with sufficient frequency as to confound NAAQS attainment,
particularly under a lower level of the standard12. While the Clean
Air Act allows for screening of such ‘exceptional events’ from
counting towards non-attainment determinations14, failure to
identify them accurately would imply a need for additional
controls on regional emissions from human activities in order to
attain the NAAQS. How the frequency of stratospheric intrusions
varies from year to year and what controls its variability has not
been examined, but is directly relevant to an effective
implementation of the ozone NAAQS in WUS states.

The El Ni~no!Southern Oscillation (ENSO) is a dominant mode
of global climate variability on interannual time scales. Prior work
has identified B20–30% increases in mean upper tropospheric
ozone abundances (B2% in the middle troposphere) at northern
mid-latitudes in winter and spring a few months after the peak of
an El Niño event, which is attributed to increased stratosphere-to-
troposphere transport (STT) of ozone15–18 (Supplementary Table 1
and Supplementary Note 1). The time lag is consistent with a
response to changes in the stratospheric circulation that increase
the ozone burden in the extratropical lower stratosphere18–20. The
extent to which these upper tropospheric and lower-stratospheric
(UTLS) ozone enhancements reach the surface is poorly
characterized. A few studies have noted strong correlations
between annual mean ozone in the lower stratosphere and in the
lower troposphere, particularly over Europe and Canada21–24. In
late spring, the cross-tropopause mass flux in the northern
hemisphere peaks seasonally25, and the planetary boundary layer
mixing is deeper than in winter. No previous studies have
examined the role of STT on interannual variability of springtime
high-ozone episodes measured in surface air that has direct
implications for air quality and human health. Over the high-
elevation WUS, deep STT of ozone into the boundary layer during
spring has been shown to be a factor of 4 greater than at other
northern mid-latitude regions26,27.

Here we show that the increased frequency of deep tropopause
folds that form in upper-level frontal zones following strong La
Niña winters exerts a stronger influence on springtime ozone levels
at the WUS surface than the El Niño-related increase in UTLS
ozone burden. We find that much of the year-to-year variability in
springtime high-ozone episodes measured at high-elevation WUS
sites is tied to known modes of climate variability, which modulate
meandering in the polar frontal jet conducive to deep stratospheric
ozone intrusions. A 34-year hindcast simulation with the
Geophysical Fluid Dynamics Laboratory global chemistry–
climate model (GFDL AM3; refs 12,28,29), nudged to reanalysis
winds from 1979 to 2012 and with anthropogenic emissions held
constant in time, enables us to relate observed ozone signals to
changes in atmospheric circulation (see Methods section).

Results
Observed variability in WUS surface ozone. We analyse hourly
surface ozone measurements available from 22 high-elevation
sites from 1990 to 2012 (Fig. 1 and Supplementary Table 2). We

focus on the 1990–2012 period since continuous hourly ozone
measurements are not available before then. Figure 2 shows year-
to-year variability in mean daily maximum 8-h average (MDA8)
ozone and days with MDA8 ozone above 65 p.p.b.v.—a possible
future US ozone standard2—in surface air during April–May,
when the frequency of stratospheric intrusions reaching the WUS
surface peaks seasonally. Observations indicate that both mean
ozone and the frequency of high-ozone events in WUS surface air
decreased for the two springs following the eruption of the Mt.
Pinatubo volcano in June 1991, but increased in the springs
following strong La Niña winters in 1998–1999, 2007–2008 and
2010–2011. In contrast, little difference from neutral years is
discernible for springs following strong El Niño events. For
instance, 20 MDA8 measurement samples (3.3% of 602 site-days)
exceeded the current 75 p.p.b.v. US standard in April–May
following the 1998–1999 extreme La Niña event, compared with
only seven samples (1% of 698 site-days) following the 1997–1998
extreme El Niño event and three samples (o0.6% of B500 site-
days) in 1992–1993 following the Mt. Pinatubo eruption
(Supplementary Table 3). Anomalously frequent high-ozone
events were also observed during the late springs of 1991 and
2012, when the polar jet stream was unusually contorted over the
WUS as discussed later in the paper.

Observed springtime variability in WUS surface ozone in
association with La Niña events and with the Mt. Pinatubo
eruption manifests as a statistically significant shift, upwards and
downwards respectively, in the high tails of the MDA8 ozone
probability distribution, in contrast to an ENSO-neutral spring
(Fig. 3a). We investigate the similarities of surface ozone
distributions associated with these different climate states with
a Kolmogorov–Smirnov (KS) test, the nonparametric test for the
equality of continuous one-dimensional distributions (see
Methods section). The number of samples out of 1,000 KS tests
for which a significant difference occurs (that is, the null
hypothesis, that the distributions are drawn from the same
population, is rejected; P value o0.05) is summarized in the top
right corner of Fig. 3. Considering the entire distribution, we find
‘structural’ but insignificant differences (open bars) between La
Niña and El Niño. However, focusing the analysis on the high
tails, that is, the right side of the distributions above the respective
median values, we find significant differences (filled bars) for both
La Niña and Mt. Pinatubo compared with neutral and El Niño
springs.

Overall, the observations show a weaker day-to-day variability
(s.d. s¼ 6.5 p.p.b.v.) following the Mt. Pinatubo eruption and a
stronger day-to-day variability (s¼ 7.9 p.p.b.v.) following La Niña
(Fig. 3a), consistent with a lower frequency of high-ozone events
following Mt. Pinatubo and a higher frequency following La Niña
(Fig. 2b). The difference in the surface ozone variances between
Mt. Pinatubo and La Niña conditions is statistically significant
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Figure 1 | Mean stratospheric contribution to US surface ozone during
April–May. The 23-year climatology of O3Strat from the model surface
level is shown. Black filled circles denote locations of 22 surface ozone
monitoring sites.
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Evolution of ozone burden in CCMI 
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Tropospheric ozone in CMIP6



How does tropospheric ozone evolve in CMIP6? Comparison with obs

• Good agreement between models and observations for the remote sites studied here.


• Also nice agreement between in-situ ozone sonde measurements.


• Assessment using EO products more of a challenge - a role for ESMValTool?


• Aircraft data assessed in Paul Young’s TOAR report.


• Model deficiencies in simulating the seasonality of free-tropospheric ozone in equatorial 

America, Japan and northern high latitudes and near-surface ozone over northern and north-

eastern Europe.



How does UKESM1 tropospheric ozone compare against observations?

• UKCA tropospheric ozone compares well 

with observations, particularly in-situ 

measurements.  


• Integrated quantities, such as column 

amounts, sensitive to tropopause 

definition.



How does UKESM1 tropospheric ozone evolve in CMIP6?

• Analysis so far has focused on CMIP Historical and ScenarioMIP SSP3-70 experiments, for which suitable diagnostic output 

was available.

• Picture has changed little since CMIP5/CCMI, MM range is also similar.

• Ozone burden increased by about 40% from 1850 levels of 240 Tg (MMM) with steepest rate of increase around 1960.

• In SSP3-70, the rate of growth of the burden declines further, as NOx emissions start to fall along this pathway after 2050.

• Nevertheless, strong local changes in ozone seen regionally at the end of the century.  



What drives UKESM1 tropospheric ozone in CMIP6?

Emissions

Burden

• Decline in precursor emissions in SSP3-70 experiments but steady increase in ozone burden - Strat O3 recovery increasing role + LiNOx
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How does tropospheric ozone burden evolve in CMIP6?

• Analysis so far has focused on CMIP Historical and ScenarioMIP 

SSP3-70 experiments, for which suitable diagnostic output was 

available.

• Picture has changed little since CMIP5, MM range is also similar.

• Ozone burden increased by about 40% from 1850 levels of 240 Tg 

(MMM) with steepest rate of increase around 1960.

• In SSP3-70, the rate of growth of the burden declines further, as NOx 

emissions start to fall along this pathway after 2050.

• Nevertheless, strong local changes in ozone seen regionally at the end 

of the century.  

Tropospheric ozone precursor emissions
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How does tropospheric ozone burden evolve in CMIP6?

SSP370-PD



Attribution of tropospheric ozone burden changes

• Initial results (dataset is rather incomplete)



What drives future behaviour of ozone? 

• [H2O]  [O3] 

• Stagnant air means less 

mixing and [O3] 

• Methane acts as fuel for 

[O3] 

 

Process ∆[O3] under 
warmer 
conditions

Confidence?

Tropospheric water 
vapour 

Decrease High

Methane oxidation Increase High

Ozone transport from 
Stratosphere

Increase Medium

Regional stagnation Increase Medium

Heatwaves Increase Medium

Wildfires Increase Medium

Soil NOx Increase Medium

Dry deposition Decrease Low

Non-methane BVOC 
changes

Increase Low

NOx from lightning Increase Low

Chemical production Increase Low

Alex Archibald, After Fu and Tian 2019

Rasmussen et al 2012



Summary

• Tropospheric ozone is controlled by chemical production and destruction, 
physical deposition and transport from above into the troposphere.


• Looking at CMIP6 data, we see important roles for methane, NOx (particularly 
LNOx) and changing land-use (modifying deposition).


• Stratospheric ozone recovery is increasingly important to tropospheric ozone 
burdens in the later 21st Century.


• There are indications that this may couple to other aspects of the climate 
system via e.g. ozone RF, modification of cloud albedo, secondary organic 
aerosol and ecosystem function.


• Ozone burden is sensitive to the SSP and therefore to future emissions.  Ozone 
also has impacts on other aspects of RF via e.g. methane sinks, secondary 
aerosol formation.



Thank you


