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Abstract

The Weather Research and Forecasting model with Chemistry (WRF/Chem) was
used to study the effect of extreme weather events on ozone in US for historical (2001-
2010) and future (2046-2055) periods under RCP 8.5 scenario. During extreme weather
events, including heat waves, atmospheric stagnation, and their compound events,
ozone concentration is much higher compared to non-extreme events period. A striking
enhancement of effect during compound events is revealed when heat wave and
stagnation occur simultaneously and both high temperature and low wind speed
promote the production of high ozone concentrations. In regions with high emissions,
compound extreme events can shift the high-end tails of the probability density
functions (PDFs) of ozone to even higher values to generate extreme ozone episodes.
In regions with low emissions, extreme events can still increase high ozone frequency
but the high-end tails of the PDFs are constrained by the low emissions. Despite large
anthropogenic emission reduction projected for the future, compound events increase
ozone more than the single events by 10% to 13%, comparable to the present, and high
ozone episodes are not eliminated. Using the CMIP5 multi-model ensemble, the
frequency of compound events is found to increase more dominantly compared to the
increased frequency of single events in the future over the US, Europe, and China. High
ozone episodes will likely continue in the future due to increases in both frequency and
intensity of extreme events, despite reductions in anthropogenic emissions of its
precursors. However, the latter could reduce or eliminate extreme ozone episodes, so
improving projections of compound events and their impacts on extreme ozone may
better constrain future projections of extreme ozone episodes that have detrimental

effects on human health.
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1. Introduction

Tropospheric ozone is a secondary air pollutant resulting from complicated
photochemical reactions in the presence of its precursors such as volatile organic
compounds, NOx, CO, and CH4. During the past decades, ozone pollution has been of
increasing concern to the public because excessive ozone may have an adverse effect
on human health such as increased risk of death (Filleul et al. 2006; Weschler 2006;
Gryparis et al. 2004). Ozone also has important effects on agriculture, constructions,
and ecology (Sharma et al. 2017; Agrawal et al. 2003). Moreover, as a greenhouse gas,
increasing concentrations of ozone may amplify global warming. Thus, it is important
to understand factors that govern ozone and its changes in a perturbed environment.

Ozone formation is particularly active when favorable meteorological conditions
coincide with the presence of precursor emissions (Fiore et al. 2015; Jacob and Winner
2009). Meteorological factors that are closely related to ozone formation include daily
maximum temperature (Otero et al. 2016), wind speed, cloud cover (Souri et al. 2016;
Flynn et al. 2010), etc. Using dynamical downscaling to develop high resolution climate
scenarios, Gao et al. (2013) found significant ozone increase in the US during heat wave
events, with regional mean maximum daily 8 h average (MDAS) O3 increases roughly
by 0.3 ppbv to 2.0 ppbv compared with non-heat wave period under RCP 8.5. Based on
observed data in the US from 2001-2010, Hou and Wu (2016) found significant ozone
increase during heat waves in particular for high ozone concen tration (i.e., 95%
percentile ozone increased by 25%) and PMa.s increase  during atmospheric stagnation
(i.e., 95" percentile ozone increased by 65%). Both heat waves (Gao et al. 2012;
Sillmann et al. 2013; Meehl and Tebaldi 2004) and atmospheric stagnation (Horton et
al. 2014) have been projected to increase substantially in the future, suggesting
significant impacts on ozone and PM2:s in the future.

Going beyond traditional study of single extreme weather events and their impacts,
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compound effect of extreme events has been explored in recent studies (Zscheischler
and Seneviratne 2017). Compound effect can be defined using different criteria
including: 1) two or more extreme events occurring simultaneously or successively; 2)
combinations of extreme events potentially reinforcing each other; 3) two or more
events combined to become an extreme event even though the events themselves are
not extreme (Leonard et al. 2014; Seneviratne et al. 2012). The compound effect of
more than one extreme weather event has been shown to potentially have a higher
impact than a single extreme weather event alone. For example, Zscheischler et al.
(2014) concluded that compound effect could be higher than simple additive effect. As
an example, they found that the compound effect of heat waves and drought on the
global carbon cycle exceeds the additive effect of the individual events. For ozone, heat
waves and atmospheric stagnation are two key environmental factors that may lead to
compound effect, as high surface temperature under atmospheric stagnation with low
wind speed, clear sky, and reduced precipitation and soil moisture may escalate into a
heat wave. This motivates the present study to investigate the compound effect of
simultaneous occurrence of heat waves and atmospheric stagnation on ozone pollution.

Model output from the Coupled Model Intercomparison Project phase 5 (CMIPS5;
Taylor et al. (2012)) has been widely used to investigate climate change and its impacts.
Using a multi-model ensemble such as CMIP5 is particularly important for studying
high-impact and low-probability extreme events to yield more robust analyses
(Sillmann et al. 2013; Diffenbaugh and Giorgi 2012; Kharin et al. 2013). However, air
quality is significantly influenced by regional processes such as cloudiness and
mesoscale circulation as well as local emissions. With high spatial and temporal
resolutions and more detailed representations of chemical reactions and emission
inventory (Gao et al. 2013), regional climate and chemistry models are useful tools that
have been widely adopted to study air quality and impact of climate change on air
quality (Gao et al. 2013; 2012; Leung and Gustafson 2005; Qian et al. 2010; Yahya et

al. 2017a; 2017b). This study combines analysis of regional online-coupled
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meteorology-chemistry simulations and analysis of the CMIP5 multi-model ensemble
to investigate the impact of extreme weather events on ozone concentration in the
present and future climate.

In what follows, we first investigate the ability of the regional climate-chemistry
model in reproducing the observed extreme weather events and ozone concentration in
the US. Following the evaluation, the impact of single and compound extreme weather
events on ozone concentration at present and future is examined. Lastly, future changes
of extreme weather events are discussed in the broader context of the multi-model

CMIP5 ensemble.

2. Model description and configuration

In this study, a modified version of WRF/Chem v3.6.1 (Yahya et al. 2016) was
adopted for regional simulations. The detailed modification has been described in
Yahya et al. (2016), but the main new features include the extended Carbon Bond 2005
(CBO05) of Yarwood et al. (2005) gas-phase mechanism with chlorine chemistry of
Sarwar and Bhave (2007). The anthropogenic emissions used in WRF/Chem were
based on the emissions in RCP8.5 (Moss et al. 2010; van Vuuren et al. 2011) and
detailed information of processing the RCP 8.5 emission to model-ready format is
available in Yahya et al. (2017b). Biogenic emissions were calculated online in
WRF/Chem depending on the meteorology at present or future using the Model of
Emissions of Gases and Aerosols from Nature version 2 (Guenther et al. 2006). The
meteorological and chemical initial and boundary conditions for WRF/Chem were
downscaled from simulations provided by the modified CESM/CAM version 5.3
(referred to as CESM_NCSU) (Gantt et al. 2014; He and Zhang 2014; 2017; Glotfelty
and Zhang 2016), and the downscaling method has been documented in detail by Yahya
et al. (2017b). Two simulation periods using WRF/Chem were selected in this study: a
historical period (2001-2010) and a future period (2046-2055), and simulations were

5
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performed over the contiguous US (Fig. 1), with a horizontal grid spacing of 36 km and
34 vertical layers from surface to 100 hPa. The simulations for the historical period
have been comprehensively evaluated against surface and satellite observations in
Yahya et al. (2017a) and the projected changes in climate, air quality, and their
interactions for the future period have been analyzed in Yahya et al. (2017b). However,
those results have not been previously evaluated for climate extremes and their impacts
on surface O3, which is the focus of this work.

In addition to the regional model results, output from the CMIP5 (https://esgf-
node.llnl.gov/search/cmip5/) multi-model ensemble was used in this study to elucidate
the impact of climate change on compound extreme weather events. A total of 20
CMIP5 models were selected in this study, and the list of models is shown in Table 1.
Variables used in this study mainly include daily maximum near-surface air temperature,
daily precipitation, daily mean near-surface wind speed and daily mean 500 hPa wind
speed, and the data were interpolated to a spatial resolution of 2° x 2°, Three periods
were selected with two periods that overlap in part with that of the regional simulations
(1991-2010 as historical period and 2041-2060 in RCP 8.5), and an additional period

extending to the end of this century (2081-2100).

Table 1 A list of the CMIP5 models used in this study

Resoluti Refe
Model Institution esotution clerence
(LonxLat)
Commonwealth Scientific and Bi et al
1. ACCESS1.0 Industrial Research Organization 1.875x1.25 (2013)
(CSIRO), Australia and Bureau Dix ot al
2. ACCESS1.3 of ~ Meteorology  (BOM). | 1875x1.25 | (2013)
Australia
Beijing Climate Center, China Xin et al
3. BCC-CSM1.1 2.81x2.77
Meteorological Administration (2012)
Canadian Centre for Climate Arora et al.
4. CanESM2 . . 2.81x2.79
an Modeling and Analysis, Canada (2011)
S ;
5.CMCC-CM Euro-Mediterraneo sui | 0.75%0.75 etc:l)lc C(?S)Tlr;)
Cambi ti Climatici, Ital .
6. CMCC-CMS armblament LHmatiel, T 171875x1.86 | Weare et al.
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(2012)
Commonwealth Scientific and Rotstayn et
Industrial al. (2010)
7. CSIRO_MK3.6.0 1.875%1.86
- Research Organization (CSIRO),
Australia
8. GFDL-ESM2M | NOAA  Geophysical  Fluid | 2.5%2.0 Donner et al.
9. GFDL-ESM2G | Dynamics Laboratory, USA 2.5%x2.0 (2011)
J t al.
10. HadGEM2_CC | Met Office Hadley Centre, UK | 1.875x1.25 (;’gﬁ) ¢
Institute for Numerical Volodin et al.
11. INM-CM4 2.0x1.5
Mathematics, Russia (2010)
12.  IPSL-CMS5A-
3.75%1.875
LR
13.  IPSL-CMS5A- | Institut Pierre-Simon Laplace, Dufresne et
2.5%1.25
MR France al. (2013)
14.  IPSL-CMS5B-
3.75%1.875
LR
15. MIROC-ESM At@osphere and Ocefm Résearch 2.81x1.77
Institute (The University of
16. MIROC-ESM- Tokyo), National Institute for | 5 ¢qx1 77 Watanabe et
CHEM Environmental Studies and Japan al. (2010)
17. MIROCS Agency  for — Marine-Earth |, 4).) 39
Science and Technology
18. MPI-ESM-LR | Max Planck Institute for | 1.875x1.85 | Zanchettin et
19. MPI-ESM-MR | Meteorology, Germany 1.875x1.85 | al. (2013)
M logical R h Yuki
20, MRI-CGCM3 et.eoro ogica esearc 1.125%1.125 ukimoto et
Institute, Japan al. (2012)
3. Evaluation of meteorology and ozone
The Air Quality System (AQS) dataset (downloaded from

174
175
176
177
178
179
180

https://www.epa.gov/aqgs) was used in this study to comprehensively evaluate how well

the WRF/Chem model performs in simulating ozone concentrations, particularly high
ozone concentrations that are more strongly related to extreme weather events. The
locations of observation stations in AQS are shown in Fig. 1 and overlaid on nine
climate regions in the US. For evaluation of simulated extreme weather events, the

NCEP North American Regional Reanalysis (Mesinger et al. 2005) dataset was used.
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183  Fig. 1. The WRF/Chem simulation domain and climate regions in the US. The red
184  points (~ 1200) represent the observation stations of O3 in AQS.
185

186 3.1 Evaluation of extreme weather events
187

188 Two types of extreme weather events including heat waves and atmospheric
189  stagnation, as well as their compound events were investigated considering their close
190 relationship with ozone pollution. A heat wave is defined to occur when daily maximum
191  2-meter air temperature exceeds a certain threshold continuously for three days or more.
192  The threshold is set as the 97.5th percentile of the historical period (2001-2010 for
193  WRF/Chem and 1991-2010 for CMIPS in this study) and is location dependent to take
194  into account the wide-ranging characteristics of different regions (Gao et al. 2012;
195  Meehl and Tebaldi 2004). An atmospheric stagnation day is defined to occur when daily
196 mean 10-m wind speed, daily mean 500 hPa wind speed, and daily total precipitation
197  are less than 20% of the climatological mean condition (2001-2010 for WRF/Chem in
198  this study) (Horton et al. 2014; Hou and Wu 2016). A compound event occurs when
199  both heat wave and atmospheric stagnation occur simultaneously on the same day. For

200  each grid, the same threshold determined for the present period is used for the future
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201  period to evaluate the future changes.

202 To evaluate the ability of the regional model in reproducing the extreme weather
203  events, Fig. 2 shows the distribution of mean number of summer heat wave days,
204 atmospheric stagnation days, and compound event days corresponding to coincidental
205  heat wave and atmospheric stagnation during 2001-2010. Observations based on the
206 NARR dataset and the model results are shown, along with scatterplots comparing the
207  observations and simulations at each NARR grid point over land. Statistical metrics,
208 including mean fractional bias (MFB), mean fractional error (MFE) and correlation
209  coefficient (R), based on the formulae (A2), (A3) and (A6) in the appendix, are shown
210  in the scatterplots.

(a) NARR (b) Model (c)
MFB = -28%
MFE=31% ,

o *R=061 oo

NARR (days/summer)

|- days/summer

1152253 3854455556657758 Model (days/summer)
(e)

(d) NARR Model ()
0 TMFB = 18%
MEFE = 31%

50 | *R = 0.40

NARR (days/summer)
@
8

0 10 20 30 40 50 60

days/summer
0 4 8 12 16 20 24 28 32 36 40 i Model (days/summer)
(9) NARR (h) Model (i)
0 TMFB = 6%
MFE = 41%

*R =0.58

NARR (days/summer)

20 40 6.0 8.0

[ S days/summer L
Model (days/summer)

211 1 14 18 22 26 3 3.4 38 42 46 5
212 Fig. 2. Distribution of mean number of extreme weather days in summer of 2001-
213 2010 from observations (NARR; left panels) and model simulations (middle panels)
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and scatterplots comparing them at each NARR grid point over land (right panels) for
heat wave days (Figs. 2a,b,c), atmospheric stagnation days (Figs. 2d,e,f) and
compound event days (Figs. 2g,h,i). The numbers located on the top left of the
scatterplots (Fig. 2¢,f,i) indicate the statistical metrics including mean fractional bias
(MFB), mean fractional error (MFE) and correlation coefficient (R). A r-test (a=0.05)
for the linear correlation coefficient was performed and *R indicates statistical
significance at 95% confidence level.

The spatial distributions of both heat waves and atmospheric stagnation are
generally consistent between NARR and WRF/Chem (top and middle rows). For
example, for heat waves (Figs. 2a,b), the model captures the high frequency of
occurrence in the western US and eastern central US albeit widespread
underestimations particularly in the northern US and the central Great Plains. For
atmospheric stagnation (Figs. 2d,e), the observed dipole feature of high frequency of
occurrence in the western and eastern US, separated by the central Great Plains, is well
reproduced by the model but biases in the magnitude are noticeable. To quantitatively
evaluate the simulations, the WRF/Chem model results were bilinearly interpolated to
the NARR grid suggested by USEPA (2007), and scatterplots were drawn to show the
results for all the NARR grid points (Figs. 2¢,f). No benchmark is available regarding
the statistical metrics for extreme weather events but we adopt the benchmarks widely
used in air quality studies. For example, USEPA (2007) suggested 15%/35%
(MFB/MFE) for O3 and 50%/75% (MFB/MFE) for PM2.5 species. From this
perspective, the MFB and MFE for either heat waves or atmospheric stagnation are
within or close to the benchmarks for O3, and well within the benchmarks for PM> s
species. Moreover, the model results are correlated with NARR, with R equals to 0.61
and 0.40, respectively, for heat waves and atmospheric stagnation and statistically
significant at 95% confidence level.

The western US receives most of its precipitation in the cold season when the
North Pacific jet stream steers storm tracks across the region. During summer, the North
Pacific subtropical high pressure center expands and exerts a stronger influence on the

western US, increasing the frequency of atmospheric stagnation. Combining the low
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wind speed and low probability of precipitation during stagnation with low antecedent
soil moisture condition generally prevalent during summer, heat waves can develop to
create a maximum center of combined extreme events beyond the coastal mountain
ranges of the western US. The eastern central US is prone to heat wave and stagnation
as a result of the upper level ridge that develops during summer in that region. These
climatic conditions give rise to the dipole patterns of maximum heat wave and
stagnation in the western and eastern central US. The dipole pattern becomes more
obvious and magnified for the compound events because stagnation can promote the
development of heat waves, as discussed earlier. For the compound events, the
simulation performs well and even better than the metrics of atmospheric stagnation
events. The high values in western and southeastern US, as well as the low values in
the central and upper Midwestern US are reasonably captured by the model, with
statistically significant correlation (R= 0.58).

Thus, WRF/Chem in general well reproduced the spatial patterns and frequency
of the extreme weather events including heat waves, atmospheric stagnation, and their
compound events. Although atmospheric stagnation occurs more than 20 days during
the summer in large areas over the western and eastern US, heat waves do not occur for
more than 10 days generally, so the compound events of heat waves and stagnation are
rather rare and occur on average for no more than 5 days during summer over the US.
In the next section, ozone concentrations during these extreme weather events are

analyzed.

3.2 Evaluation of ozone concentrations during extreme weather events

Maximum daily 8-hr (MDAS) ozone is an important variable considering its close
relationship with human health (USEPA 2007) so we focus on the evaluation of MDAS
O3 during summertime. From the perspective of public health, USEPA (2007)
recommended attention to ozone values higher than 40 ppbv because the human impact

of ozone is small for low ozone concentration. Thus, we compare the mean ozone
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concentrations during summer of 2001-2010 between observed data (AQS) and model
results for the following three conditions in Fig. 3: 1) days with heat waves, but no
atmospheric stagnation; 2) days with atmospheric stagnation but no heat waves; 3) days
with compound events (both heat wave and atmospheric stagnation) occurring. Thus
the first two conditions identify single extreme events and the third condition identifies
compound extreme events. We compare observed ozone concentration greater than or
equal to 40 ppbv and the simulated ozone concentration corresponding to the same
locations of the observations.

As depicted in Fig. 3, WRF/Chem reasonably reproduced the observed ozone
concentrations during the extreme weather events, showing statistically significant
correlations with the observed AQS data. Moreover, if the benchmark (15%/35% for
MFB/MFE and 10%/20% for NMB/NME) suggested by USEPA (2007) is used as a
reference, all the statistical metrics based on evaluation against ozone higher than 40
ppbv in observations are within or much smaller than the benchmarks, illustrating
promising ability of WRF/Chem in simulating the ozone concentrations during heat
waves, stagnation, and their compound events. Even if all ozone values including values
below 40 ppbv are considered, the four metrics (MFB/MFE and NMB/NME) are mostly
within the benchmarks and the correlation coefficients between model and observation
are only slightly reduced by 0.04, 0.11, and 0.1 for the three types of extreme weather
events, respectively, and all values are still statistically significant. However, the
general low biases of the simulations are obvious from the regression lines. Ozone
concentrations during compound extreme events are clearly shifted to higher values

relative to ozone concentrations during single extreme events.
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90 9 e 90
70 ] 7 ::
50 50 50
40 ORI 40 40
30 -+ i 30 1 30 * T
30 40 50 60 70 80 90 30 40 50 60 70 80 90 30 40 50 60 70 80 90
297 Model (ppbv) Model (ppbv) Madel (ppbv)
298  Fig. 3. Ozone concentration comparison between observations (AQS) and WRF/Chem
299  simulations during heat waves (left), atmospheric stagnation (middle), and compound
300 heat wave and atmospheric stagnation events (right). Metrics shown inside each figure
301  were from formula (A1) to (A6) in the Appendix. An r-test (a=0.05) is performed to
302 test the statistical significance and *R indicates statistical significance at 95%
303  confidence level. The solid line is the linear regression line, and the dashed line is a
304  one-to-one reference line.
305
306 To delve into the spatial heterogeneity, ozone concentrations from model and
307  observations for the three types of extreme weather events are shown using box-and-
308  whisker plots in Fig. 4. Considering the detrimental effect on human health when
309 MDAS8 ozone concentration exceeds 70 ppbv by National Ambient Air Quality
310 Standards (NAAQS), we evaluate the WRF/Chem simulated ozone concentrations
311  above this particular threshold. We calculated the mean values of MDAS& ozone
312  concentration exceeding 70 ppbv for each type of extreme weather events, and the mean
313  values are marked at the top of each panel in Fig. 4.
314 The box-and-whisker plots show some unique features in the observations. For
315 example, the mean ozone (red dot) concentrations tend to be slightly higher when heat
316  waves and stagnation occur at the same time, while the mean values are relatively lower
317  during atmospheric stagnation than during heat waves. These are consistent with Fig. 3
318  when values are plotted regardless of the regions. This feature was well captured by the
319  model, in particular over regions in the eastern US, such as Northeast and Southeast.
320 Regarding high ozone concentrations (i.e., values higher than 70 ppbv), the model has
321  considerable skill in the eastern US with major anthropogenic emissions. The mean bias
322  could be as small as 0.4 ppbv (over the Southeast during heat waves), and mostly within
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323 1 ppbv. However, for some regions, i.e., West and Southwest, negative biases could
324  reach a few ppbv; the negative biases in many regions are likely linked to an
325  underestimation of heat wave intensity, which is reflected in the underestimation of heat
326  wave days as shown in section 3.1. Other possible reasons for the negative biases in
327  surface O3 include uncertainties in precursor emissions, boundary conditions, as well

328  as overpredictions in precipitation, as reported in Yahya et al. (2017a).

150 150 150 150
76.6 751 781 777 733 7o 721 799 743 793 743 774 753 824 810 801 788 837 828
120
%
60
30
0
Southwest :
30 |
¥ | |
. |
& & e
9 o & & &
. P F
b LY (o) ' 5
; : " & IE Sy
i 3 T
150 150 150 (50‘
832 762 819 751 831 762 756 716 749 738 751 717 777 770 777 761 788 788 797 793 790 764 803 796
120 1 1 I 120 120 120
| | : ‘ I Loy
I | : I | . ! [
; - \ Co Lo Lo
90 | I % | I | % | | | % ! |
LJ : ‘ ! . i Lo Ll Lol
Lo b E] | v J! 1 | l L H i P I m
60 4 H H J} 60 0 4 60 - 60 7 0 H
HoHB08 « gafaps ﬁ]HHWH; gyt
L I A T o [ R
30 H | . 30 | | 30 T : 30 | | | |
| I | | | | [ I I Lo
I | | | | I I | l | | l
o 0 o o
& & & & & & & ¢ & & & & & ¢ & & & & & & & &
0&"@0@""\ & o@“’\’« & &P S o‘o‘f 0‘«"\‘ & ofo‘-’*'\ @“’ & o
3 3 0 ¥ € & s° ¥ L 4 “‘00‘0 © » & “00" ¥ » & & 5

331  Fig. 4. MDAS ozone concentration comparisons during the summer of 2001-2010 in
332  nine climate regions, with box-and-whisker plots showing the minimum, maximum
333 (line end-points), 25th percentile, 75th percentile (boxes), medians (black lines) and
334  average (red point) of mean MDAS ozone from observation (with prefix OBS ) and
335 model (with prefix MODEL ) during heat waves (with suffix hw), atmospheric
336  stagnation (with suffix st) and compound events of both heat wave and atmospheric
337  stagnation (with suffix of hw_st). The numbers at the top of each panel indicate the
338  average values of MDAS ozone concentration above the standard (70ppbv).
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Discussions

4. Impacts of extreme events and climate change on ozone

concentrations

4.1 Impacts of single and compound extreme events on ozone

concentrations

To investigate the impacts of the extreme weather events on ozone concentrations,
we composited the MDAS ozone concentrations from WRF/Chem for the three types
of extreme weather events and to the corresponding non-extreme event periods in
summer of 2001-2010 using probability density functions (PDFs) shown in Fig. 5.

By comparing the solid lines (extreme event period) and dashed lines (non-
extreme event period) in Fig. 5, all extreme weather events have positive impacts on
ozone particularly at the high-end tail of the distributions. The difference between
ozone concentrations with and without extreme events is statistically significant in all
regions at the 95% confidence level. For regions with mean ozone values exceeding 70
ppbv (numbers shown in Fig. 5), much larger differences are noticeable between the
PDFs of extreme and non-extreme periods, with extreme events notably shifting both
the low-end and high-end tails towards higher values. These regions include Northeast,
Central, South, and West. Conversely, regions such as Northwest, West North Central
and Southwest show negligible differences between the PDFs. The spatial
heterogeneity is closely related to the spatial distribution of emissions in the US, i.e.,
regions with larger increase of ozone concentration particularly near the high-end tail
(i.e., Northeast, Southeast, Central, Upper Midwest, South and West) due to extreme
weather events are also areas with higher anthropogenic emissions in the US (see also
Fig. 3 in Gao et al. (2013)). Thus, stronger photochemical reactions in those regions
may enhance the effect of extreme weather events on ozone formation.

Now comparing the effects of different types of extreme weather events on ozone
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367  concentrations (solid lines of different colors in Fig. 5), the effect of heat waves on
368  ozone formation is generally larger than the effect of atmospheric stagnation, whereas
369  the compound effect is larger than the effect of either type of single extreme weather
370  event. This feature displays similar spatial heterogeneity as discussed above, i.e., the
371  largest impact from the compound effect occurs in the South and Central (about half of
372  the compound events leading to MDAS ozone higher than 70 ppbv), followed by
373  Northeast, South, Upper Midwest and West (11%-28% compound event days resulting
374  in MDAS O3 of 70 ppbv or higher) and negligible increase from the compound events

375  for other regions (Northwest, West North Central and Southwest).
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378  Fig. 5. Composited probability density distributions of MDAS ozone for three types of
379  extreme weather events (solid lines) and non-extreme event periods (dashed lines)

380  during summer of 2001-2010. Each panel includes two numbers on the upper left

381  showing the probability of MDAS ozone higher than 70ppbv during extreme weather
382  events (left) and non-extreme periods (right) for heat waves (hw: red), stagnation (st:
383  green), and compound extremes events (hw_st: black). Note that all panels except for
384  the Northwest and West North Central use the same scale for the y-axis

385

386 Besides the distinguishing impacts extreme events have on ozone relative to non-
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extreme days, how high the concentration of ozone can reach during extreme events
may depend on the intensity of the extreme events and the emissions. Fig. 6 shows the
correlations between ozone concentration with the daily maximum 2-meter temperature
during heat waves and 10-meter wind speed during atmospheric stagnation events. The
correlations between temperature and ozone are positive and statistically significant in
areas with high emissions such as Northeast, Central, Upper Midwest, South, and
Southeast. For stagnation events, the correlations are statistically significant mainly in
South, Southeast, and along the west coast. These correlations between ozone and the
intensity of extreme events are consistent with the shift of the high-end tails of the PDFs
to higher ozone values, as shown in Fig. 5. In areas with low emissions (e.g., Northwest
and West North Central), ozone concentrations are not well correlated with the intensity
of extreme events because the production of ozone is limited by the low emissions.
Hence only the low-end instead of the high-end tails of the PDFs are shifted to higher
values in regions with low emissions, and the PDFs on extreme days are noticeably
narrower compared to the PDFs on non-extreme days (Fig. 5). As climate change may
increase the frequency as well as the intensity of extreme events, ozone concentrations

may be affected, regardless of emissions control in the future.

EE Tl ___ BN

-06 -0.3 0 03 06 -06-04-02 0 02 04 06

Fig. 6. Correlation between ozone concentration and (left) daily maximum 2-meter
temperature during heat waves and (right) 10-meter wind speed during atmospheric
stagnation. Only values that pass the t-test of statistical significance (a=0.05) are
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shown in colors.

4.2 Impacts of climate change on ozone concentrations

Having investigated the impacts of extreme weather events on ozone
concentration, we now focus on how ozone concentrations may change in the future
with climate change, changes in biogenic emissions in response to changes in climate,
and large anthropogenic emission reductions in the RCP 8.5 scenario. Fig. 7 shows the
spatial variations of ozone concentrations composited during extreme weather events
at present (top row) and in the future (bottom row). The spatial features displayed in
the top row are in agreement with what have been observed from Fig. 5, showing larger
impacts of extreme weather events on ozone formation east of the Rockies for both
single extreme events and compound events (Figs. 7a,b,c). Similarly large impacts are
also found in California, which are obscured in the regional average shown in Fig. 5.
Averaged over the US, MDAS ozone concentrations increase by 22% and 12% during
heat waves and stagnation events compared to non-heat wave and non-stagnation days.
Compound events have significantly higher impact on ozone compared to the single
extreme events, with statistically significant differences of 13% and 16%, respectively,
for heat waves and stagnation (Figs. 7d,e). To understand why compound events have
larger impacts than single extreme events, Fig. S1 shows that on compound event days,
the daily maximum 2-meter temperature is comparable to that during heat waves but
6.27°C higher than that during stagnation events, leading to a 16% increase in MDAS
O3 during compound events relative to stagnation events. Similarly, the 10-meter wind
speed during compound events is comparable to that during stagnation events but 1.4
ms! weaker than during heat wave days, leading to a 13% increase in MDAS Os relative
to heat wave days.

In the future, as anthropogenic emissions are projected to decrease substantially
(i.e., Table 2 in Gao et al. (2013)), the mean ozone concentration correspondingly

decreases during both single extreme events and compound events compared to the
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present day (i.e., Figs. 7f,g,h vs. Figs. 7a,b,c). However, even with the dramatic
anthropogenic emission reduction (i.e., 50% or more reduction in non-methane volatile
organic compounds and nitrogen oxides based on Table 2 in Gao et al. (2013)), extreme
weather events can still trigger the formation of high ozone concentration (e.g., in
central eastern US in Figs. 7f,g,h) to reach or exceed the present-day national standard
of 70 ppbv. From Fig. S1, the daily maximum 2-meter temperature is 5.54°C warmer
during compound events than stagnation events, leading to a 13% increase in MDAS
O3 during compound events relative to stagnation events. Similarly, the 10-meter wind
speed is 1.28 ms™! weaker during compound events than heat wave events so MDAS O3
increases by 10% during compound events relative to heat wave events in the future.
Hence, compound events increase ozone concentrations by 10% and 13% more than
the effect of heat wave only and stagnation only, respectively. These numbers shown in
Figs. 71, j are only 3% lower than those of the present day (Figs. 7d,e).

Despite dramatic reduction in anthropogenic emissions in the RCP 8.5 scenario,
extreme weather events are still important considerations for air quality and health in
the future. This is because both frequency and intensity of extreme events increase in
the future, which compensate partly for the effects of reduced emissions. From Fig. S2,
heat waves occur on average 13.67 days more and 0.98°C warmer in the future relative
to the present, with most of the increase occurring in the western US. There is no
increase in the number of stagnation days in the future when averaged over the US (Fig.
S2), and the change in wind speed during stagnation is also negligible (Fig. S3).
However, the daily maximum 2-meter temperature is 1.42°C warmer during stagnation
events in the future compared to the present (Fig. S2). Lastly, compound events occur
on average 4.91 days more often, with temperature 1.25°C warmer in the future
compared to the present (Fig. S2). Hence the increase in the number of heat waves and
the warmer temperature during heat waves as well as stagnation events increase their
individual and compound effects on ozone concentrations in the future. These motivate

analysis of changes in extreme events in the future using a multi-model ensemble for
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more robust results.
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Fig. 7. Spatial distributions of mean MDAS ozone concentrations for three types of
extreme weather event episodes and the relative difference between compound event
and single event during summer in 2001-2010 (top row) and 2046-2055 under RCP 8.5
(bottom row). In (d,e,i,j), only values with statistically significant differences (t-test:
a=0.05) between the compound effect and single event are shown, and the mean
differences are labelled on the top left.

5. Changes of extreme weather events in future by CMIP5

To provide further insight of future changes in ozone concentration, we analyzed
changes in extreme weather events using the multi-model ensemble of CMIP5 data.
Using CMIP5 data complements our analysis of the WRF/Chem simulations in two
ways. First, CMIP5 model outputs are available for a continuous period through 2100.
We analyzed three time periods, each 20 years long, for 1991-2010 as historical period,
and 2041-2060 and 2081-2100 in RCP 8.5 as future periods. Extending the analysis
period from 10 years for the regional climate simulations to 20 years for CMIP5 allows
for a more statistically robust analysis of extreme events. The added period of the late
century, 2081-2100, will elucidate how extreme weather events evolve with continuous
warming. Second, we extended our analysis using CMIP5 data to the entire northern
hemisphere starting from 20°N. The inclusion of other continents such as Europe and
China provides useful information for how extreme weather events may change in
densely populated regions, with potential impacts on air quality and health.
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The summer mean number of days at present (1991-2010) and changes in future
(2041-2060, 2081-2010) for heat waves, atmospheric stagnation, and compound events
are shown in Fig. 8. For robust comparisons between future and present climate, both
model agreement and significance are considered, as adopted by previous studies (Gao
et al. 2014; Seager et al. 2013; Tebaldi et al. 2011). A total of 20 models were selected
(listed in Table 1), and values at any grid cell are considered to have agreement if more
than 70% of the models agree with the CMIP5 mean on the sign of the change. Once
agreement is established, statistical significance is tested over the grid cells, and the
values at any grid cell are statistically significant if at least half of the CMIP5 models
show statistical significant changes (t-test, a=0.05). After the tests, most of the grid
cells showing model agreement also passed the statistical significance test; blue dots
indicate grid cells with no significant changes of extreme weather events. Three major
continents were selected for analysis and the results are summarized in Table 2.

As shown in Fig. 8 and Table 2, at present (Figs. 8a,d,g), the mean annual numbers
of heat waves, atmospheric stagnation and compound events are 12.9, 16.4 and 1.6,
respectively. In the future, there are robust increases of heat wave days worldwide,
consistent with previous studies (Sillmann et al. 2013), with a mean increase around
200% by the end of this century. The changes in atmospheric stagnation are in general
smaller than the changes in heat waves; however, large increases can also be found in
some areas such as the western US. This is in contrast with the insignificant change in
stagnation days from the WRF/Chem simulation (Fig. S2), demonstrating the
importance for using a multi-model ensemble and investigating changes not just in the
mid-century but further towards the end of the century when climate change signals
become more prominent (Figs. 8e,f). The overall increase in stagnation events is on
average 1 day per summer in the future over the northern hemisphere for atmospheric
stagnation by the end of this century. Moreover, it is obvious that the compound event
shows more dominant increases than stagnation event, with 2 days or less at present on

average, but more than 10 days on average in the US, Europe and China. Since we have
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demonstrated that compound events have larger impact on ozone than single extreme
events (Fig. 5), the large increase in compound event days suggests that they will be

important considerations for projecting high ozone episodes.
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Fig. 8. Spatial distribution of historical (left column) and future changes in the mid-
century (second column) and end-of-century (third column) in the number of extreme
weather days per summer for heat waves (top row), atmospheric stagnation (middle
row) and compound events (bottom row) from CMIP5 over land in the north
hemisphere north of 20° N. For the future changes, only grids showing model
agreement are shown, with blue dots representing values with no statistical
significance.

As discussed in Section 4, both the frequency and intensity of extreme events have

important effects on ozone concentrations. From Fig. S4, the intensity of heat waves
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is projected to increase with time throughout the 21% century as warming increases.
Both the WRF/Chem and CMIPS5 results show larger increase in heat wave intensity
in the western US. During stagnation and compound events, the daily maximum 2-
meter temperature also increases with time. Consistent with WRF/Chem results (Fig.
S3), CMIPS also shows negligible changes in wind speed during atmospheric
stagnation and compound event, but decrease during heat waves (Fig. S5), further

enhancing the effect on ozone formation.

Table 2. Average number of days of extreme weather event episodes in summer of 1991-
2010, 2041-2060 and 2081-2100, along with the future increase over the northern
hemisphere (NH) and three regions including the United States (US), Europe, and
China. Statistical significance test was applied using a t-test (a=0.05), and values with
no statistical significance are italicized.

Heat wave (days/summer)

Areas (1 9':1550 jo) | 20412060 Hist | 2081-2100 - Hist
NH 12.9 15.6 36.5
us 13.3 17.3 39.7
Europe 13.1 16.0 37.8
China 12.3 16.3 39.2
Areas Stagnation (days/summer)
Hist(1991~2010) | 2041~2060 - his 2081~2100 - Hist
NH 16.4 0.2 0.9
us 18.0 0.6 1.7
Europe 21.9 0.2 0.9
China 174 0.1 0.6
Compound events (days/summer)
Areas ( oo jo) | 20412060 Hist | 2081-2100 - Hist
NH 1.6 4.1 9.2
us 2.0 5.1 11.3
Europe 1.9 4.9 115
China 1.6 4.6 10.5

6. Conclusions and Discussions
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The region model WRF/Chem version 3.6.1 has been used to downscale
simulations from the CESM_NCSU global model. The regional model well reproduced
the frequency of extreme weather events, including heat waves, atmospheric stagnation
and their compound events, and the ozone concentration during these extreme weather
events at present, compared to observations. Through comparison of ozone
concentrations during extreme weather events period and non-extreme period, we
established statistically significant higher ozone concentrations during the extreme
event period. In particular, compound events yield the highest contribution to high
ozone formation, followed in general by heat waves and atmospheric stagnation.

Compound events have larger impacts on ozone than single events because the
temperature during compound events is noticeably higher than that during stagnation-
only events and the wind speed during compound events is noticeably weaker than
during heat wave-only events. The combination of warmer temperature and weaker
winds promote photochemical reactions that produce high ozone episodes. Also
importantly, ozone concentrations increase with the intensity of extreme events in
regions with high emissions, leading to a shift in the PDFs towards higher ozone values,
and increasing the frequency of occurrence of high ozone episodes. In regions with low
emissions, extreme events noticeably increase the ozone concentrations at the low-end
tails, but the high-end tails are not shifted, leading to narrower PDFs during extreme
events relative to non-extreme events.

In the future, under the RCP 8.5 scenario, albeit large reductions in anthropogenic
emissions projected, extreme weather events can still trigger the formation of higher
ozone concentration. The increase in ozone concentrations during extreme events
relative to non-extreme events is comparable in the future as in the present. Furthermore,
compound events of heat waves and stagnation continue to have larger impacts on
ozone concentrations relative to the single weather extreme events. By utilizing a total
of 20 CMIP5 models, we found that under climate warming, more frequent extreme

weather events are projected to occur in mid- to end of this century. Among the
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increases by the end of the century, compound events show a dominantly higher
fractional increase by a factor of 4-5, compared to the single events, i.e., heat waves (~
a factor of 2) or atmospheric stagnation (~ 14%), as shown in Table 2.

Since the CMIP5 models do not include detailed atmospheric chemistry, we cannot
assess how ozone concentrations may change in the mid-to-late 21% century. The
CMIP5 results indicate robust increases in the frequency and intensity of heat waves
and frequency of compound events with higher temperature in the future. While
reductions of anthropogenic emissions in the RCP 8.5 scenario will likely counter the
effects of extreme events on ozone concentrations, the frequency of high ozone
concentrations is enhanced by extreme events even in low emission regions (e.g.,
Northwest) in the present day (Fig. 5). Hence it is likely that high ozone episodes may
still occur in the future due to increases in extreme heat, despite reductions in
anthropogenic emissions, with adverse effect to human health.

However, similar to how low emissions constrain the high-end tails of the PDFs
of ozone from shifting to very high or extreme ozone concentrations even under
extreme weather conditions (e.g., Northwest in Fig. 5), reductions in anthropogenic
emissions in the future could reduce or eliminate the occurrence of extreme high ozone
episodes. Hence controlling anthropogenic emissions may be critical for reducing the
impacts of extreme events on extreme air quality episodes and associated human health
impacts. This may be especially important in regions like China that have experienced
severe air pollution in the recent decades. More attention to improving projections of
compound events and evaluating their impacts on ozone may better constrain the
projections of extreme air quality episodes and inform strategies to reduce their

detrimental effects on human health now and in the future.

Appendix

Statistically metrics for evaluating model performance
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Metrics for model performance evaluation used in this study include BIAS (Mean
Bias), NMB (Normalized Mean Bias, percent), NME (Normal Mean Error, percent),
MFB (Mean Fractional Bias, percent), MFE (Mean Fractional Error percent) and R
(Correlation Coefficient). Calculations of these metrics are shown below in Eqgs. (A1)-
(A5), where N is the number of sample size, MODEL and OBS represent the
corresponding value in model simulation and observation (AQS sites or reanalysis data),
respectively. As low OBS values can amplify the metrics, a cutoff of 40 ppbv or 60
ppbv of ozone is suggested in evaluation for ozone. Benchmarks of MFB and MFE for

O3 are 15% and 35%, and of NMB and NME for O3 are 10% and 20% (USEPA 2007).

N
BIAS =%Z(Model—0b3) (A1)
1
N
> (Model —Obs)
NMB=-2———x100% (A2)
> (Obs)
| 1
>_| Model —Obs |
NME = 2 x100% (A3)
> (Obs)
1

N
_EZ (Model —Obs) «100%  (Ad)
N <\ (Model + Obs)

2 & (| Model —Obs |
MFE ==Y | .= "1 1%100% A
Nz[(MOdeHObs)JX © By
N -
" (Model — Model)(Obs — Obs)
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