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Supplementary Figure 1. Evaluating model ability to represent deep stratospheric intrusions.
Curtain plots of ozone mixing ratios as a function of altitude at six sonde sites (orange stars on map) from
north to south over California during a stratospheric intrusion event on 28 May 2010, as observed (left) and
simulated by GFDL AM3 with ~50x50 km? (middle) and ~200x200 km? (right) horizontal resolutions.
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Supplementary Figure 2. Evaluating ozone vertical transport in the model with extensive
campaign data during May-June 2010. Shown are daily ozone anomalies (relative to the record
mean) averaged over 3-km altitude bins at Trinidad Head, Point Reyes, Point Sur, and Joshua Tree
ozonesonde sites (see map in Supplementary Fig. 1) from May 9 through June 19 in 2010 as observed
(black) and simulated by AM3 with ~50x50 km?
horizontal resolution. A tracer of stratospheric ozone (OgStrat, blue) and its correlation with simulated
total ozone (7in blue) from the ~50x50 km? model are shown. Correlations between observed and simulated
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Supplementary Figure 3. Seasonal cycle of 250-150 hPa ozone at Trinidad Head and Boulder
sonde sites. Observations (black) and simulations (red) by the GFDL AMS3 model are shown. The
box-and-whisker plots represent the min, 25th, 50th, 75th, max of monthly mean values during 1995-2012.
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Supplementary Figure 4. Mean ozone vertical profiles at Trinidad Head and Boulder in April
and May. Shown are observed (black) and simulated (red) results from the GFDL AM3 model. The

box-and-whisker plots represent the min, 25th, 50th, 75th, and max of monthly mean values during
1995-2012.



a 1998 El Nifio

70— —— — - ——
2 (OBS, IAVFIRE) =0.56 (0.58 without 1998)
OBS ]
2
o 65 - - . q A
2 i
o | i
Z 601 % .
g (D /.
= l __ A
S gt A
ug O 4 ()
S N
N - { i _
S0 L1 “x L L ] L L ) L
1992 1996 2000 2004 2008 2012
b
70— T .
2 (8%% 0,S) =0.43
[ r , =0.
= ’ ~30
2 65| |
2 —_
™ R >
O +H25 8
%:o (4 2
a A | &
: > ke
O @)
-FE i
=
n 15
| 1 | 1 | 1 | 1 | 1 | -
1992 1996 2000 2004 2008 2012

Supplementary Figure 5. Minor influences from wildfire emissions and Asian pollution on
inter-annual variability of western U.S. surface ozone in spring. a, Surface MDAS ozone at
22 high-elevation sites in April-May from 1990 through 2012 as observed (black) and simulated by
the GFDL AM3 model with inter-annual varying (red, IAVFIRE) versus climatological mean (green,
FIXEMIS) emissions from wildfires. The pink arrow denotes the 1998 El Nino event when the largest
influence from wildfire emissions occurred. The correlations excluding 1998 are reported in parentheses.
b, Observed surface MDAS ozone (black), model tracer of stratospheric ozone (OsStrat; blue), and a
carbon-monoxide-like tracer of East Asian pollution (EACOt; orange) with emissions held constant in
time??. EACOt is shown as the percentage change from the climatology averaged over the WUS (20-45N;
130-105W).
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Supplementary Figure 6. Changes in WUS surface ozone distributions related to the different
climate states. Probability distribution functions of observed (black) and simulated (red) MDAS ozone at
22 sites sampled in the model surface level for composites of April and May during Neutral (2004 and 2005),
El Nifo (1998 and 2010) and La Nina (1999, 2008, 2011) conditions and following the Pinatubo volcanic
eruption (1992 and 1993). The stratospheric (blue) and background (green) contributions are shown.
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Supplementary Figure 7. More frequent stratospheric intrusions following the 1998-1999
extreme La Nina event. Shown are observed (black) and simulated (red) surface MDAS8 ozone in
the model surface level from March through September at Gothic in the Colorado Rocky Mountain,
Grand Canyon National Park and Chiricahua National Monument in Arizona. Statistics are reported for
the April-June period. Blue lines denote the stratospheric contribution. Frequent stratospheric intrusions
reaching WUS surface air during spring 1999 are consistent with simulated strong variance in daily OsStrat
at 500 hPa (right column in Supplementary Fig.15).
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Supplementary Figure 8. Frequent late spring high-ozone events in southwestern U.S. surface
air following the strong La Nina winter of 2010-2011. Shown are observed (black) and simulated
(red) surface MDAS ozone from April through June at Chiricahua National Monument in Arizona and two
sites near the U.S./Mexico border. The strong stratospheric influence (blue) in southwestern U.S. surface
air during spring 2011 is consistent with the southward shift, relative to other La Nina years, in the regions
with the greatest variance in daily OzStrat at 500 hPa (right column in Supplementary Fig.15).
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Supplementary Figure 9. Frequent occurrences of high surface ozone events in April-May

1991. Shown are observed (black) and simu

lated (red) surface MDAS ozone from March through September

at Gothic, Colorado, Grand Canyon National Park, and Chiricahua National Monument, Arizona. The

stratospheric contribution is shown in blue

. Statistics are reported for the April-June period.
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Supplementary Figure 10. Frequent occurrences of stratospheric intrusions over Colorado
during April-June 2012. Shown are observed (black) and simulated (red) surface MDAS8 ozone at
Manitou Springs, U.S. Air Force Academy, and Boulder, Colorado. The strong stratospheric influence in
surface air (blue) is consistent with the southward dip in the polar jet stream (Supplementary Fig.16¢).
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Supplementary Figure 11. Shorter autocorrelation time scales for daily surface ozone during
La Nina springs. (a-b) The autocorrelation time scales for daily MDAS ozone at Gothic, Colorado during
March through May in 1999 following La Nina versus 1992 following Pinatubo. The blue dashed lines
indicate the 95% confidence interval (ci = 1.96/sqrt(sample size)). (c-d) Same as a-b, but for Chiricahua,
Arizona in March-May 2011 following La Nina versus 2007 following Neutral conditions.
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Supplementary Figure 12. Satellite observed enhancements of total ozone columns over
Northwest U.S. in May following the strong El Nino winters of 1997-1998 and 2009-2010. (Top)
From the NASA Total Ozone Mapping Spectrometer (TOMS) in May 1998 relative to May 1997-2001.
(Bottom) From the NASA Atmospheric Infrared Sounder (AIRS) in May 2010 relative to 2003-2009
(Supplementary Note 4). The dashed boxes in the left panels denote where late spring total ozone columns
(in Dobson Unit; DU) are enhanced following an El Nifo. White circles denote available ozonesonde sites.
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Supplementary Figure 13. Meridional shifts in late winter mid-latitude storm tracks between
El Nino vs La Nina. Anomalies relative to neutral in the (left) El Nino and (right) La Nina composites of
the 250-mb geopotential height (contours: 10m intervals, negative values showned as dashed) and root mean
square of the 2-10-day bandpass-filtered 500-mb geopotential height (shading) from: a-b, the NCEP-NCAR
reanalysis (1948-2008); c-d, the twentieth-century reanalysis (1891-2008); and e-f, a 2000-year integration
of a coupled general circulation model (GFDL CM2.1; without interactive chemistry). Red shading indicates
stronger than neutral storm-track intensity (Supplementary Note 3). Reproduced with permission from
Supplmentary ref.59.



Jan-Feb

LaNNina

EINino

Supplementary Figure 14. The enhanced storm-track activity over the WUS persists from
winter to late spring during strong La Nina events. Anomalies relative to neutral in the
root-mean-square of the 2-10-day bandpass-filtered 500-mb geopotential height in January-February (left)
and April-May (right) averaged over all strong La Nina (a-b) and El Nifio (c-d) events within the NCEP
reanalysis for 1948-2013. Strong ENSO events are defined as the Nino-3.4 index at or above 1.0 for the
overlapping 3-month periods of December through April (Methods). Red shading indicates stronger than
neutral storm-track intensity (Supplementary Note 3). Symbols denote ozone measurement sites over
western North America.
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Supplementary Figure 15. Greater variances of stratospheric influence on WUS mid-tropospheric ozone in each La Nina
vs El Nino springs during 1979-2012. Simulated median and variance of daily stratospheric contribution (OsStrat) to 500-hPa
ozone for each Apr-May following major El Nifio (1st and 3rd columns) and La Nina (2nd and 4th columns) events during 1979-2012.
The 1991-1992 El Nino is excluded because the El Nifio-related ozone change over the WUS is masked by the influence of the Pinabuto
volcanic eruption.
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Supplementary Figure 16. Southward dip in the polar jet stream enables stratospheric
ozone transport into the WUS lower troposphere. a-d, Simulated spatial patterns of stratospheric
contribution to 500-hPa ozone (shading) related to jet characteristics (contours) for April-May 1992,
April-May 1991, May 2012, and May 2009. Contours indicate 250 hPa wind speed anomalies (from 2
to 10 by every 2 m s~!) relative to climatology, based on the NCEP-NCAR reanalysis. The x symbols
indicate the locations of surface monitoring sites.
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Supplementary Figure 17. Inter-annual variability of springtime WUS surface ozone tied to
stratospheric influence. Median of maximum daily 8-hour average (MDAS8) ozone at 22 high-elevation
sites during April-May from 1980 to 2012 as observed (black) and simulated (red) by the GFDL AM3
model with fixed anthropogenic and wildfire emissions; grey shading and red bars, respectively, represent
the 25!-75"" percentiles. The median stratospheric influence for each year (O3Strat,blue) is shown using
right axis. Arrows at the top of the graph indicate the springs following the Mt Pinatubo volcanic eruption
(orange), strong El Nifio (pink) and La Nina (blue) winters. The correlation between simulated total ozone
and stratospheric contribution is for the entire 1980-2012 period. The lack of covariance between simulated
total ozone and stratospheric contribution during April-May of 1987 and 2003 implies that ozone produced
from U.S. anthropogenic emissions dominates pollution events in those particular springs.
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Supplementary Figure 18. Representativeness of weekly ozonesonde records. a, The Nino
3.4 index from 1990-2012, highlighting strong El Nino (red) and La Nina (blue) events. b, 12-month
running mean ozone anomalies (relative to the record mean) over 250-150 hPa at Boulder, Colorado from
observations (black), model co-sampled on sonde launch days (orange), model averaged (i.e. unbiased
sampling) over all continuous daily ozone fields (red lines). c-d, Mean ozone anomalies averaged over 3-6
km altitudes for April-May at Boulder and Trinidad Head, respectively, from observations (black), model
co-sampled at sonde launch locations and days (orange), the ”true” model average of all days in April-May
sampled at the sonde sites (dotted lines) and averaged over the entire WUS domain (box in Fig.7a; thick
solid lines).



Supplementary Tables
Supplementary Table 1: Summary of stratospheric impacts on inter-annual variability of tropospheric
ozone over northern extratropical regions from previous studies

Time Model treatments of
Reference . Method . Summary
period stratospheric O; and STT
Historical analysis
Lidar observations / Increased mean UTLS O3 above Colorado 2-3
Langford et al. (1998)' | 1993-1998 . N/A months after the 1994-95 (weak) and 1997-98
Analysis (strong) El Niflos
Lidar observations / Correlated variability between mean UTLS O3
Langford et al. (1999)2 1993-1998 . N/A above Colorado and position of the subtropical jet
Analysis i
s related to El Nifio
3 Tropospheric CCM Prescribed stratospheric O3 above 30 hPa Increased global mean STT flux ~6 months after
Zeng and Pyle (2005) 1990-2001 f'zs :26%1” 19 levels from a 2D model; the peak of an El Nifio (most evident for 1997-98)
pto 4. a)
Tarasick et al (200 5)4 1980-2001 Ozonesonde observation / N/A Correlated mean Os variability in the UTLS and
Analysis in the troposphere at Canadian ozonesonde sites
5 Aircraft observations / Pronounced anomalies in mean UTLS O3
Thouret et al (2006) 1994-2003 Analysis N/A observed over Atlantic in 1998 and 1999
Tropospheric CTM No expligit representation of stratospheric Decreased zonal averaged O; north of 50N in
Hess &gLamarque 1980-2001 | (2.8°x2.8°, 28 levels O; chemistry; Ozone STT relaxed to a spring attributed to a decrease in stratospheric
(2007) up. 02 .hP’a) climatological cross-tropopause flux influence associated with a positive AO
(SYNOZ)
Stratospheric CTM Laerangian-based estimates Correlated annual mean O3 variability in the
Ordonez et al (2007) ¢ 1992-2004 (5.6°x5.6° 17 levels, o f%TTgﬂux UTLS and in surface air observed at European
11-55 km altitude); alpine sites
. Observations / Analysis with No eXph?lt retpresentatlon of stratospheric Increased STT influence on mean tropospheric
Koumoutsaris et al . o co O; chemistry; Ozone STT relaxed to a . . .
7 1987-2005 Tropospheric CTM (4°x5°, . . column Oj; over Europe in spring 1998 following
(2008) climatological cross-tropopause flux
30 levels up to 0.01 hPa) (SYNOZ) the 1997-98 El Nifo winter
Observations / Analysis with a Explicit stratospheric chemistry: Monthl Correlated mean Os variability in the UTLS and
Terao et al. (2008)* 1985-2000 CTM (2°x2.5°, 28 levels 1052 rate in the ?roposphere 1y Y in the mid-troposphere over northern
up to 0.656 hPa) mid-latitudes
Hsu & Prather 2001-2005 Tropospheric CTM (T42 ~2.8 LINOZ Negative anomalies of mid-latitude mean O3 STT
(2009)° degree resolution; 40 levels flux during the easterly phases of the QBO
Voulearakis et al Tropospheric CTM Ozone above 100 hPa relaxed to a Increased mean tropospheric Oz column ~6
g 10 1996-2000 (2.8°x2.8°, 31 levels . months after the peak of 1997-98 El Nifio,
(2011) up to 10 hPa) stratospheric CTM attributed to changes in dynamics
Observations / Increased influences of mid-latitude pollution and
Cuevas et al. (2012)"! 1988-2009 Trajectory analysis N/A stratospheric Oj; at Izana Observatory (28.3N,
16.5W, 2.4 km altitude) during a negative NAO
Tropospheric CTM . L
Pausata et al. (2012)12 1980-2005 (2.8°x2.8°, 31 levels f:,f;?illji};ﬁ;i 1(0)3 relaxed to a monthly mean gzl(;li'zaszd 2?3?,3& Z\g/rA\xgstcm Europe in winter
up to 10 hPa) ey eap
Hess & Zbinden Chemistry-climate model No ex‘phclt representation of stratospheric Correlated annual mean Oj variability at 150 hPa
12 1990-2009 K : . chemistry; Ozone STT relaxed to a i
(2013) driven with re-analysis climatological flux (SYNOZ) and at 500 hPa averaged over 30-90N latitudes
Tang Q. et al (2013)13 1991-1995 Chemistry-climate model Full stratospheric chemistry R.e duced globgl mean STT O; flux following the
Pinatubo eruption
A 2% increase in zonal mean mid-tropospheric O3
14 Satellite measurements of zonal at northern mid-latitudes attributed to variations in
Neu et al (2014) 2005-2010 mean ozone above 500 hPa N.A. STT Os flux during the 2009-2010 EI Nifio vs. the
2007-2008 La Nifia.
Future projections
1990-1994 | Tropospheric CTM .. . . o) . .
Collins et al (2003)'° s, (3.75°x2.5°, 38 levels ONZ(; z)ér:;l}llzl:n ritsefrre?zn;laéls(tn;n (Z)fd setlr:tospherlc :SZHA emcrease in STT Os flux due to climate
20902094 | up to 4.6 hPa) Y &
No explicit representation of stratospheric
Stevenson et al 2000 vs. . ozone chemistry in most models, Ozone +7% increase in global mean STT Os flux due to
(2006)"° 2030 Multi-model CTM/CCM STT relaxed to a climatology or climate change
parameterized (SYNOZ or LINOZ)
. 17 1960s vs. Stgat(ispherlc CccM Chemistry down to 400 hPa; inert below +23% increase in global mean STT O3 flux due to
Hegglin et al. (2009) (6°x6°, 71 levels .
2090s up to 100 km) 400 hPa climate change
Tropospheric CCM . .
18 2000 vs. o o . . +43% increase in global mean STT O; flux due to
Zeng et al (2010) 2100 (3.75°x2.5°, 19 levels up to | Prescribed Os in the lower stratosphere climate change and stratospheric O; recovery

4.6hPa)




Supplementary Table 2: List of Western U.S. surface ozone monitoring sites

State Site Name Latitude | Longitude Elevation Period Operation Networlf S.lte
(m) Agency Abbreviation
Arizona | Chiricahua NM 32.01 -109.39 1570 1992-2012 | NPS/CASTNET | CHA467
Arizona | Chiricahua NM 32.01 -109.39 1570 1990-1992 | EPA/CASTNET | CHA267
Collocated
Arizona | & ond Canyon NP | 36.06 -112.18 2073 1990-2012 | NPS/CASTNET | GRC474
Arizona | b fied Forest 34.82 -109.89 1723 2003-2012 | NPS/CASTNET | PET427
Colorado | Rocky Mountain NP | 40.28 105.55 | 2743 1991-2012 | EPA/CASTNET | ROM406
Colorado | Gothic 38.96 10699 | 2926 1990-2012 | EPA/CASTNET | GTH161
Colorado | Mesa Verde NP 37.2 -108.49 2165 1994-2012 | NPS/CASTNET | MEV405
Colorado | Manitou Springs 38.85 -104.9 1955 2004-2012 | EPA/AQS 08-041-0016
Colorado | U Air Force 38.96 -104.82 1971 1997-2012 | EPA/AQS 08-041-0013
Academy
Colorado | Niwot Ridge C1 40.04 -105.54 | 3022 1991-1998 | GoaA/GMD | NWR
olorado | Tiwor iee ' ' 2003-2012
Colorado E;;V‘)t Ridge Tundra | 4 o5 -105.59 | 3538 2003-2012 | NOAA/GMD | TUN
Colorado | Boulder 40.38 -104.74 1484 20032012 | EPA/AQS 08-123-0009
Nevada | Great Basin NP 39.01 11422 | 2060 1994-2012 | NPS/CASTNET | GRB411
New Silver City 32.69 -108.12 1823 20052012 | EPA/AQS 35-017-1003
Mexico
II:I/IZ‘;CO U.S. Mexico Border | 32.18 -104.44 1349 1996-2011 | EPA/AQS 35-015-3001
i"’e‘;m U.S. Mexico Border | 32.04 -106.41 1250 20012011 | EPA/AQS 35-013-0020
E&’ico U.S. Mexico Border | 31.79 -106.68 1280 2001-2011 | EPA/AQS 35-013-0022
Utah Canyonlands NP 38.46 -109.82 1809 1993-2012 | NPS/CASTNET | CAN407
Wyoming | Pinedale 42.93 109.79 | 2388 1990-2012 | EPA/CASTNET | PND165
Wyoming | Centennial 41.36 10624 | 3178 1992-2012 | EPA/CASTNET | CNT169
Wyoming | Yellowstone NP 44.56 -110.4 2400 1997-2012 | NPS/CASTNET | YEL408
Wyoming | Lake Yellowstone 44.56 -110.39 2361 1991-1996 | NPS/CASTNET YELL-LV




Supplementary Table 3: Statistics of Western U.S. surface ozone measurements in April-May

Year Total MDAS # samples with % samples with
samples MDAS > 7S ppb MDAS > 75 ppb

1990 349 4 1.1
1991 447 7 1.6
1992 462 3 0.6
1993 528 0 0
1994 649 4 0.6
1995 602 0 0
1996 540 11 2.0
1997 617 0 0
1998 698 7 1.0
1999 602 20 33
2000 635 2 0.3
2001 752 1 0.1
2002 754 7 0.9
2003 841 5 0.6
2004 1082 10 0.9
2005 1166 4 0.3
2006 1172 12 1.0
2007 1183 7 0.6
2008 1142 15 1.3
2009 1171 2 0.2
2010 1200 18 1.5
2011 1012 25 2.5
2012 1030 26 2.5




Supplementary Table 4: Fritz Peak ozonelidar and Boulder ozonesonde data

Fritz Peak, Colorado Boulder ozonesonde, Colorado
(399N, 105.5W) (40.0N, 105.20W)
Year # of samples
# of daily # of daily # of samples
(6.0+£0.8 km
profiles profiles (4-6 km altitude)
altitude)
Apr-May 1994 18 90 8 160
Apr-May 1995 13 65 5 100
Apr-May 1996 17 85 6 120
Apr-May 1997 12 60 9 180
Apr-May 1998 18 90 5 100
Apr-May 1999 12 60 8 160




Supplementary Table 5: Summary of forcings and emissions used in GFDL AM3

Anthropogenic emissions

Experiment Period Rad.l ative CH, . of aerosol and ozone Flr(? .
forcings (chemistry) Emissions

precursors

FIXEMIS 1979-2012 | Historical 2000 1970-2010 climatology 19.70_20 10

climatology

IAVFIRE 1979-2012 | Historical 2000 1970-2010 climatology Historical
Shut off in North

BACKGROUND | 1979-2012 | Historical Historical America; Historical Historical

elsewhere




Supplementary Notes

Supplementary Note 1: Review of Previous Studies

The stratospheric influence on inter-annual variability of tropospheric ozone over extratropical
regions has been examined through observational and modeling studies focusing on relationships to
known modes of climate variability (e.g. El Nifio-Southern Oscillation - ENSO'"!%" " Arctic
Oscillation - AO'"'*"2° and Quasi-Biennial Oscillation - QBO9’14), correlations between annual mean

4,6,8,21

ozone changes in the troposphere versus in the lower stratosphere , and increases under future

climate scenarios'>'®

. These studies (summarized in Supplementary Table 1) suggest that the
large-scale subsidence of stratospheric ozone exerts a considerable influence on the inter-annual
variability of the mean tropospheric ozone burden in northern extratropical regions, with the largest
impact occurring in the middle to upper troposphere during winter and spring”. The influences of ENSO
on deep convection over the tropical Pacific and associated tropospheric ozone variability have also

2324
been noted™

. Much less attention has been paid to the mechanisms controlling the frequency and
intensity of deep stratospheric intrusions reaching the lower troposphere, which have been found to be
most active over the high-elevation western U.S. during spring'*>. Recent observational and modelling
analysis indicates that deep stratospheric intrusions can episodically push observed surface ozone at
western U.S. (WUS) high-elevation sites to exceed the 75 ppb level of U.S. air quality standard for
ground-level ozone®®>'. These intrusions can be classified as “exceptional events”, which do not count
towards regulatory decisions®>°.

Ozone changes in the lower stratosphere can be induced by changes in stratospheric circulation,
anthropogenic chlorine, and volcanic aerosols. For example, the combined effects of anthropogenic
chlorine and volcanic aerosols have resulted in observed record-low levels of ozone in the lower
stratosphere following the 1991 eruption of Mt Pinatubo in the Philippines'>*’*. Low ozone anomalies
were also observed in the troposphere during 1992-1993 at some northern high-latitude (>45°N) sites***!,
Models with a climatological stratosphere are unable to capture the 1992-1993 ozone anomalies’*,
suggesting that a key source of the observed variability involves coupled stratosphere-troposphere
chemical and meteorological processes.

High ozone anomalies have been observed in the upper troposphere and lower stratosphere (UTLS)

at some Arctic and mid-latitude sites in late winter and spring 2-4 months after moderate to strong El

Nifio conditions in the tropical Pacific Ocean''**. Despite early failed attempts to identify a significant



ENSO signal in the stratosphere®, recent climate modeling studies have attributed the increased ozone
in the Arctic and mid-latitude lower stratosphere to variability in atmospheric circulation through
stratosphere-to-troposphere coupling during El Nifio and/or the easterly shear QBO in the tropical lower
stratosphere'******, Namely, more upward propagating planetary wave activity reaches the stratosphere
during El Nifio*, which diminishes the strength of the polar vortex*® and strengthens the meridional
circulation in the middle stratosphere***”*®.

A few tropospheric chemical transport models (CTM), which have poorly resolved stratospheres
and often wuse prescribed stratospheric ozone, indicate an increase in global mean
stratosphere-to-troposphere (STT) ozone flux 4-6 months after the major El Nifio event of 1997-98 (refs.
3710, Supplementary Table 1). The extent to which these interannual variations in UTLS ozone burdens,
in the global mean STT flux, or in zonal mean mid-tropospheric ozone reach the surface - relevant for
regional air quality - is poorly characterized.

The stratospheric intrusions that penetrate deeper into the troposphere have an episodic, transient
and localized nature®. They typically appear as fine-scale filamentary structures identified in a diverse
suite of observations. For example, they have long been detected by aircraft measurements showing layers

30,50-52

with enriched ozone with a deficit in carbon monoxide and water vapor . They are evident in ozone

lidar measurements and in meteorological tracers like potential vorticity”**>>>*. They appear as
unusually dry layers with high ozone concentrations in soundings®>~°.

A recent study shows that deep STT mass flux into the boundary layer during spring is a factor of 4
greater over the WUS than other northern mid-latitude regions® (see their Fig.5). Transport of
stratospheric ozone to the WUS surface is mainly associated with deep tropopause folds that form in
upper-level frontal zones below the polar jet stream®"*°2. Strong La Nifia episodes in the tropical
Pacific are known to have distant effects on the frequency and intensity of cold frontal passages over
northwestern U.S. regions and position of the polar jet stream over the U.S. and Canada, particularly
during winter’”®. The extent to which these La Nifa-related storm track shifts affect deep tropopause
folds and surface ozone variability over the WUS has not been examined.

Advancing knowledge on how climate variability modulates the stratospheric influence on lower
tropospheric ozone necessitates a fully coupled chemistry-climate model, which can represent the
interplay among stratosphere-troposphere chemistry and dynamics on daily to interannual time scales.

Here we use such a model and observations to identify the underlying mechanisms controlling the

frequency of springtime high-ozone episodes observed at the WUS surface.



Supplementary Note 2: Additional surface ozone time series analysis

Spring 1999: Following the strong La Nina winter of 1998-1999, frequent stratospheric intrusions
led to high-ozone events observed at surface sites across the Western U.S. intermountain regions during
spring 1999. Supplementary Figure 7 shows the examples for Gothic in Colorado, Grand Canyon
National Park in Arizona, and Chiricahua National Monument in Arizona. Both observed and simulated
day-to-day fluctuations in surface MDAS8 ozone decrease substantially from spring to summer months,
consistent with known seasonality of stratospheric influence. The strong variance in daily OsStrat at 500
hPa (right column in Supplementary Fig.15) further supports the conclusion that observed high-ozone
events in WUS surface air are associated with deep stratospheric intrusions.

Spring 2011: Following the strong La Nifna winter of 2010-2011, frequent stratospheric intrusions
occurred during the late spring to early summer of 2011. These intrusion events have the greatest impact
on the southwestern U.S. surface regions. Supplementary Figure 8 shows the examples for
Chiricahua National Monument in Arizona and two sites near the U.S./Mexico border. The strong
stratospheric influence in southwestern U.S. surface air during spring 2011 is consistent with the
southward shift, relative to other La Nifia springs, in the regions with the greatest variance in daily
OsStrat at 500 hPa (right column in Supplementary Fig. 15).

Spring 1991: Frequent stratospheric intrusions occurred during the late spring of 1991 when the
polar jet meanders towards the southwestern U.S., in sharp contrast to 1992 and 2009 (Supplementary
Fig.16b). High-ozone events above 65 ppb, coincident with increasing stratospheric influence in the
model, were observed at Gothic, Colorado, Grand Canyon National Park, Arizona, and Chiricahua
National Monument, Arizona during April-May 1991 (Supplementary Figure 9)

Spring 2012: Anomalously frequent high-ozone events were also measured at WUS high-elevation
sites during spring 2012 (Supplementary Table 3). Supplementary Figure 10 shows time series
analysis of surface ozone at Manitou Springs, U.S. Air Force Academy, and Boulder in Colorado. The
AM3 OsStrat tracer increases by 30-40 ppb (above the baseline level) on days when observed MDAS
ozone exceeds the 75 ppb NAAQS level (e.g. April 6, April 27, and May 27), indicating the influence
from deep stratospheric intrusions. The strong stratospheric influence is consistent with the southward

dip in the polar jet stream (Supplementary Fig.16c¢), which facilitates deep tropopause folds.



Supplementary Note 3: ENSO and mid-latitude storm track characteristics

Supplementary Figures 13 and 14 illustrate mid-latitude storm track characteristics during the
warm El Nifo vs. cold La Nifia phases of ENSO using eddy variance and covariance statistics. A
2-10-day bandpass Lanczos filter with 41 weights is applied to the daily 500-hPa geopotential height
field as described in Li and Lau (2012)°, and then anomalies (relative to neutral) in the
root-mean-square (rms) of the filtered height for January-February and April- May is constructed by
averaging over all strong El Nifio and La Nifia events. The rms field is a good indicator of the intensity
and location of the storm tracks”’.

The comparison of winter and spring flow patterns (Supplementary Fig.14) focuses on the strong
ENSO events defined as the Nifio 3.4 index at or above +/- 1.0°C anomaly for the overlapping 3-month
periods of Dec-Jan-Feb, Jan-Feb-Mar, and Feb-Mar-Apr. By this definition, the 66 years of the NCEP
reanalysis include the strong El Nifio events of 1957-1958, 1965-1966, 1968-1969, 1982-1983,
1986-1987, 1991-1992, 1997-1998, and 2009-2010, and the strong La Nifia events of 1970-1971,
1973-1974, 1988-1989, 1998-1999, 2007-2008, and 2010-2011.

The wintertime responses of the storm track and regional climate over the North Pacific and North
America to ENSO events have been well documented®”®. The spatial distributions of storm-track
intensity show distinct meridional shifts in the zone of maximum transient eddy activity over southern
United States—Gulf of Mexico during El Nifio, in contrast to over the U.S. Pacific Northwest region
during La Nifia” (see red shading in Supplementary Fig.13). These findings are consistent with the
results of Seager et al®’, who showed that transient eddies propagate along a more southern path towards
southwestern North America during El Nifio, while they take a more northward route towards the U.S.

Pacific Northwest during La Nina.

The springtime responses of atmospheric circulation patterns over the North Pacific and North
America to ENSO events are less certain. We find that the enhanced storm-track activity over the central
western U.S. extends from winter into late spring during strong La Nifia events (Supplementary Fig.14).
Despite the weakened storm-track activity in April-May compared to January-February, the greater
cross-tropopause ozone flux in late spring®’ amplifies the signals of ENSO in ozone. We show that the
variance in daily OsStrat in the western U.S. free troposphere is a factor of two greater during La Nina
than El Nifio springs (Supplementary Fig.15), reflecting stronger deep tropopause folds at the polar

frontal jet than at the subtropical jet. It is known that variations in atmospheric circulation patterns



during each ENSO event are somewhat different from another due to atmospheric noise®’. During the
springs following the strong El Nifio events of 1982-83 and 1997-98, the zone of maximum variance in
daily OsStrat occurs over southern United States—Gulf of Mexico (3™ column in Supplementary
Fig.15), consistent with the zone of maximum storm track intensity associated with El Nifio’”. Overall,
both the composition analysis (Fig. 7) and the comparison for individual events during the past 34-year
period (3rd vs. 4™ column in Supplementary Fig.15) indicate that the springtime variance in daily

OsStrat at 500 hPa over the WUS is greater following a La Nifia winter than El Nifio.

Supplementary Note 4: Additional Information for Ozone Measurement Data

Surface Ozone Measurements: Supplementary Table 2 gives names and locations of surface
ozone monitoring sites analyzed in this study. We have gathered all available measurements
in April and May from 1990 through 2012, including data from the monitoring networks operated by the
U.S. National Park Service (NPS), the U.S. EPA’s Clean Air Status and Trends Network (CASTNET),
Air Quality System (AQS), and the NOAA Global Monitoring Division (GMD). These sites, located in
western U.S. mountainous regions at ~1.2 to 3.5 km altitude, can intersect subsiding stratospheric ozone
behind cold fronts more readily than lower-elevation sites.

Continuous hourly ozone measurements have been carried out at the sites only since the early
1990s. We focus our analysis on daily maximum 8-hour average ozone (hereafter MDAS), which usually
includes the afternoon hours when the boundary layer is sufficiently deep to mix down ozone from aloft.
The following biased measurements are excluded: anomalously low ozone at Lake Yellowstone and
Rocky Mountain in 1990 that is inconsistent with other sites®; anomalously low ozone below 25 ppb for
daily MDAS values at Gothic during April 1-May 5, 2008 and at Pinedale during May 21-31, 2008; and
anomalously low ozone at a few sites near the U.S.-Mexico border during spring 2012 that does not
co-vary with other sites on synoptic time scales.

Representativeness of weekly ozonesonde measurements: Given the significant variability of
tropospheric ozone mixing ratios on synoptic scales, we examine if the ozonesonde records with the
weekly sampling frequency are suitable for assessing the actual year-to-year evolution of mean ozone
levels above western North America. We compare observational records and model results co-sampled
with observations in space and time with the ‘true average’ (i.e. continuous temporal sampling)
determined from daily ozone fields archived from the model (Figs.5-6 and Supplementary Fig.18;

orange circles vs. red lines).



Our analysis indicates that the signals of Pinatubo on UTLS ozone at Edmonton (Fig.5) and El
Nifio on UTLS ozone at Trinidad Head (Fig.6b) are fairly robust in their temporal evolution despite
apparent differences in the detected signal due to the limited sampling from ozonesondes. At Boulder
sonde site, inter-annual variability of UTLS ozone from the available weekly sampling is overall biased
high during 1993-1997 and during 1999 compared to the model ‘true average’ determined from
continuous temporal sampling (Supplementary Figure 18b; black and orange circles vs. red lines).

Ozonesonde profiles are available on fewer than 15% of days during April-May. Our comparison
of the model co-sampled with the available sonde profiles versus the ‘true’ monthly model average
indicates that the mid-tropospheric (~3-6 km altitude) ozonesonde records for April-May do not
represent the actual inter-annual ozone variability in the free troposphere (Supplementary Figure
18c-d). For example, the sonde records do not clearly show the 2008 and 2011 high-ozone anomalies
that are seen both in the model ‘true’ average and at the surface ozone record with continuous hourly
measurements (Fig.2).

Satellite Observations: Satellite observations of total column ozone (Supplementary Fig.12)
were obtained from NASA Goddard Space Flight Center. We use monthly mean Level-3 products from
the Earth Probe Total Ozone Mapping Spectrometer (TOMS, 1997-2005)°* and the Atmospheric Infrared
Sounder (AIRS, 2003-2012)%.

Supplementary Note 5: Additional Information for Model Experiments

Meteorology: All model simulations in the present study are nudged to NCEP-NCAR winds®
using a pressure-dependent nudging technique (e.g., relaxing with a time scale of 6 hours in the surface
level, ~60 hours by 100 hPa, and ~600 hours by 10 hPa)®’. Our goal is to preserve the large-scale
features of the observed airflow in the troposphere while allowing AM3 to simulate atmospheric
circulation in the stratosphere. The weakening nudging strength in the UTLS minimizes the impacts of
noise introduced via nudging. The global net stratosphere-to-troposphere flux of ozone in GFDL AM3 is
~535 Tg yr', within the 400-600 Tg yr' range derived from tracer gas correlations observed in the
lower stratosphere®®.

Emissions of ozone precursors: Anthropogenic emissions of aerosol and ozone precursors in both
FIXEMIS and IAVFIRE simulations are set to the 1970-2010 climatology in order to isolate the role of

meteorology alone. The CH4 lower boundary condition for chemistry is held constant at 2000 levels. The



difference between IAVFIRE and FIXEMIS simulations (e.g. Supplementary Fig.5a) indicates the

influence of inter-annual-varying fire emissions®"’

relative to a climatology. We conduct a Background
simulation, in which anthropogenic emissions are shut off over North America, but vary from year to
year elsewhere based on historical emission inventories up to 2000 and the RCP8.5 projection beyond
2005 (refs. 717*73),

Stratosphere-troposphere-aerosol chemistry: The GFDL AM3 model includes fully coupled

™75 thus allowing investigation of the interplay of

stratosphere-troposphere chemistry and dynamics
processes influencing ozone from STT (e.g. circulation and abundance of ozone in the lower
stratosphere, tropopause folding events and evolution in transit due to chemical and depositional losses).
The tropospheric chemistry is based on a modified version of the chemical scheme in Horowitz et al
[2003, 2007] as described by Naik et al [2013]"*7%"". The stratospheric chemistry includes the full range
of gas phase reactions covering the HO,, NO,, CIO,, and BrO, catalytic cycles and heterogeneous
reactions on sulfate aerosols (liquid ternary H,SO4-HNO;3-H,O solution) and polar stratospheric
clouds”".

The influence from major volcanic eruptions is imposed through the specification of monthly time
series of zonal mean, multi-wavelength aerosol extinction as a function of altitude and latitude based on
satellite measurements’ . The spatial and temporal variability of stratospheric aerosol surface area
density is calculated from the 1-micron constructed aerosol extinction using the relationships of
Thomason et al®'. The model captures observed decreasing trends in stratospheric ozone during

78 In the presence of anthropogenic chlorine,

1960-2000 due to anthropogenic halocarbon emissions
after the eruption of El Chichén (1982) and Mt. Pinatubo (1991), simulated chlorine radicals increased
and the chlorine reservoirs decreased, leading to a pronounced ozone decrease in the lower stratosphere

. . 5
as seen in the observations’”.
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