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Abstract

We investigate the effect of EI Nifio on maximum daily 8-hour average surface ozone over the
eastern United States in summer during 1980-2016. El Nifio can influence the extra-tropical
climate through the propagation of stationary waves, leading to (1) reduced transport of moist,
clean air into the mid- and southern Atlantic states and greater subsidence, reduced precipitation,
and increased surface solar radiation in this region, as well as (2) intensified southerly flow into
the south central states, which here enhances flux of moist and clean air. As a result, each standard
deviation increase in the Nifio 1+2 index is associated with an increase of 1-2 ppbv ozone in the
Atlantic states and a decrease of 0.5-2 ppbv o0zone in the south central states. These influences can
be predicted 4 month in advance. We show that U.S. summertime ozone responds differently to
eastern-type El Nifio events compared to central-type events.

Keywords
El Nifio; Nifio 1+2; ozone

1 Introduction

The EI Nifio-Southern Oscillation (ENSO) is the dominant interannual mode of variability in
tropical meteorology. ENSO also influences regional weather in the United States. For
example, ENSO winters are usually characterized by warm weather over Canada and the
northern United States, as well as cold and wet weather in the southern United States [e.g.,
Yu et al, 2012a, 2013]. In summer, the magnitude of ENSO reduces, and ENSO
teleconnections to mid-latitudes also weaken [Neelin et al., 2000]. Despite this weakening,
ENSO can still significantly change summertime synoptic circulations as well as local
meteorology in the United States [e.g., Wang et al., 2012; Weaver et al., 2009; Liang et al.,
2015]. Because high surface ozone concentrations in most industrial regions are tied to
increased temperatures, reduced wind speeds, clear skies, and stagnant weather [e.g., Jacob
and Winner, 2009; Fiore et al., 2015; Shen et al., 2015, 2016], it follows that ENSO may
also influence ozone air quality in the United States. More importantly, surface ozone
concentrations reach a maximum in summer over most U.S. regions, and any perturbation in
0zone concentrations during this season could have potentially large impacts on public

Corresponding author: Lu Shen (Ishen@fas.harvard.edu).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen and Mickley

Page 2

health. In this study, we investigate and quantify the effects of ENSO on summertime ozone
air quality in the eastern United States.

To our knowledge, only a few studies have examined the relationships between ENSO and
U.S. ozone air quality, and none have focused on summertime ozone. Using a combination
of observations and modeling simulations, Lin et al. [2015] found that enhanced
stratosphere-troposphere exchange following La Nina could increase springtime surface
ozone concentrations by as much as 30 ppbv on days with surface ozone above 70 ppbv
versus days below 60 ppbv in the Intermountain West. Using Nifio 3.4 index to represent
ENSO variability, Xu et al. [2017] reported that every standard deviation increase in Nifio
3.4 decreases surface ozone by 1.4-1.7 ppb in the fall in the southeastern United States when
ENSO is in a developing phase. In contrast, when ENSO is in a decaying phase, springtime
ozone decreases by 1.0-1.4 ppbv in the western United States [Xu et al., 2017]. However,
Nifio 3.4 mainly characterizes sea surface temperature (SST) variability in the central
tropical Pacific. In fact, there are two types of EI Nifio: (1) the central Pacific (CP) type with
SST anomalies near the International Date Line, and (2) the eastern Pacific (EP) type with
anomalies mainly in eastern Pacific [e.g., Yu and Kao, 2007; Kao and Yu, 2009; Yu and
Kim, 2013]. In this study, we demonstrate that U.S. ozone air quality in summer is more
closely related to sea surface temperature variability in the eastern tropical Pacific Ocean,
with Nifio 1+2 a better metric than the more commonly used Nifio 3.4 to characterize the
ENSO influence.

ENSO is likely to have effects on the U.S. summertime ozone through altering regional
meteorology and synoptic circulations. Previous studies [e.g., Bunkers et al., 1996;
Trenberth and Guillemot, 1996; Ting and Wang et al, 1997; Wang et al., 2012] have
quantified the dependence of the U.S. summer precipitation on tropical Pacific SST
variability. Wang et al. [2012] revealed that summer precipitation anomalies vary according
to El Nifio phase. In the developing and decaying phase of an EP El Nifio, precipitation is
above normal in the Midwest and Great Plains but below normal in states along the Gulf
Coast. During CP EIl Nifio summers, precipitation displays a tripole pattern, with positive
anomalies in the deep South and far North as well as negative anomalies in the central
United States. Liang et al. [2015] found that the influence on the summertime Great Plains
low-level jet (GPLLJ) depends on El Nifio type, with an increase in EP-type years and a
decrease in CP-type years. In the upper troposphere, tropical warming induced by EI Nifio is
associated with positive 200-hPa geopotential height anomalies over the tropics, as well as a
wave train extending from the tropics to the extratropics [e.g., Kumar et al., 2003; Wang et
al., 2012]; such teleconnections likely vary among different El Nifio types. As surface ozone
concentrations are tied to local weather conditions as well as to synoptic circulation [Shen et
al., 2015], these relationships imply a link between June-July-August (JJA) ozone air quality
in the United States and EI Nifio which is not well investigated.

In this study, we seek to identify the influence of El Nifio on U.S. summertime ozone air
quality. We build on our previous work [Shen et al., 2015, 2017b] by first regressing
detrended, mean JJA maximum daily 8-hour average (MDAB8) o0zone across the eastern US
onto local meteorological variables from 1980 to 2016. We then apply empirical orthogonal
functions (EOFs) to decompose the resulting ozone residuals. This process enables us to
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focus on the signals arising from atmospheric teleconnections, including the influence of El
Nifio. We then investigate the physical mechanisms linking El Nifio and the observed ozone
pattern, and evaluate whether present climate models can simulate these mechanisms.
Finally, we compare the relationship of U.S. summertime ozone with different ENSO
indices, including Nifio 1+2, Nifio 3, Nifio 3.4, Nifio 4, EP-type and CP-type EIl Nifio.

2 Data and Methods

We obtain the 1980-2016 daily maximum 8-hour average (MDAS8) ozone from the EPA Air
Quality System (EPA-AQS, http://www.epa.gov/ttn/airs/airsaqs/), and then interpolate onto
2.5°x2.5° resolution by averaging all observations within each grid cell. We also compare
the results in AQS with those in the EPA Clean Air Status and Trends Network (CASTNET,
http://epa.gov/castnet/) from 1990 to 2016. Unlike the AQS network, CASTNET sites are
mainly located in the rural regions with less anthropogenic influence [Cooper et al., 2012].
The meteorological data used in this study consists of surface air temperature, surface solar
radiation, total cloud fraction, sea level pressure (SLP), vertical velocity (omega), horizontal
wind speed and geopotential height from the National Centers for Environmental Prediction
(NCEP) Reanalysis 1 with a 2.5°x2.5° grid resolution [Kalnay et al., 1996]. For
precipitation, we rely on the NOAA Climate Prediction Center (CPC) Unified Gauge-Based
Analysis of Daily Precipitation [Xie et al., 2007; Chen et al., 2008]. We also use the NOAA
Extended Reconstructed sea surface temperatures (SSTs, ERSST v4). The Nifio 1+2, Nifio
3, Nifio 4 and Nifio 3.4 indices are obtained from NOAA (https://www.esrl.noaa.gov/psd/
data/climateindices/list/). The EP and CP El Nifio indices are defined using a regression-
EOF analysis [Kao and Yu, 2009; Yu and Kim, 2010], as downloaded from https://
www.ess.uci.edu/~yu/20SC/. Detrended data and anomalies are obtained by subtracting the
7-year moving averages.

We also evaluate the skill of present climate models in simulating the effects of EI Nifio on
U.S. regional climate. To that end, we analyze the meteorological output from an ensemble
of 25 models participating in the Atmospheric Model Intercomparison Project (AMIP), part
of the Coupled Model Intercomparison Project, phase 5. Only the first ensemble member of
each model is used in our analysis. The AMIP models use observed SSTs and sea ice as
boundary conditions [Gates et al., 1999].

3 ldentifying the impact of El Nifio on U.S. ozone

Summertime surface ozone concentrations are highly associated with local meteorological
conditions [e.g., Fiore et al., 2015; Shen et al., 2016, 2017a], and the ozone signal arising
from EI Nifio or other atmospheric teleconnection may be much smaller than that from local
weather variability. By removing the effects of stronger signals, EOF analysis of the
residuals may uncover patterns related to weaker signals. As a first step, we calculate the
ozone residuals using a multivariate linear regression model to correlate the seasonal mean
JJA MDAB8 ozone in gridcells across the eastern United States from 1980 to 2016 with local
meteorological variables, including surface air temperature, specific humidity, north-south
and east-west wind speeds. The regression coefficients for each variable can be found in
Figure S1. We find that this linear regression model performs as well as a polynomial one
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given the relatively short history of ozone (Figure S2). We then apply EOFs to decompose
the seasonal variability of these ozone residuals. This approach yields patterns of ozone
variability that can be regressed onto observed meteorological variables, such as SST and
500 hPa geopotential heights, revealing the causes of the weaker signals in ozone variability.

The first EOF pattern (EOF1), which explains 27.3% of the total variance in the ozone
residuals or 12.3% in the original ozone anomaly, displays a swath of positive anomaly
across the eastern United States (Figure 1a). We find EOFL1 is associated with a tripole SST
pattern in the Pacific, with negative correlations in the northeast Pacific over both high
latitudes (40°N-60°N) and low latitudes (10°N-20°N), as well as positive correlations in the
central Pacific (Figure 1c). EOF1 is also anti-correlated with SSTs in the Gulf of Mexico
and adjacent to the East coast (Figure 1c). In the mid-troposphere, EOF1 is linked to a wave
train extending across the mid-latitudes from the western Pacific to northern Atlantic, with a
ridge in 500-hPa geopotential heights over southern Canada and the Intermountain west and
a trough over the Southeast and Gulf of Mexico (Figure 1e). This atmospheric
teleconnection can reduce jet wind speeds across the eastern United States, which in turn
promotes more stagnant weather and enhanced ozone concentrations at the surface in this
region [e.g., Shen et al., 2015]. The correlation coefficient between the time series of EOF1
and Pacific North America (PNA) pattern is insignificant, indicating that this teleconnection
pattern is independent of PNA.

We also find that the second EOF pattern (EOF2), which explains 13.7% of the total
variance in the ozone residuals or 6.0% in the original ozone anomaly, exerts a significant
east-west contrast in the eastern United States, with positive anomalies in the south Atlantic
States and negative anomalies in the southern Great Plains (Figure 1b). Figure 1d shows that
EOF2 is coincident in time with the EP type of El Nifio, with positive correlations in the
eastern Pacific and negative correlations in the western Pacific, so we use Nifio 1+2 index
(averaged SST in the eastern tropical Pacific, 90°W-80°W, 0-10°S) to characterize this
pattern. In removing the effects of four local meteorological variables before conducting this
EOF analysis, we may have also inadvertently removed some of the El Nifio influences on
these variables. To address this uncertainty, we repeat the EOF analysis, removing the effects
of different combinations of local meteorological variables. We find for all experiments the
EOF2 patterns are consistent and significantly correlated with Nifio 1+2 (Figure S3). The
relationship of EOF2 with 500-hPa geopotential heights is characterized by a trough in the
western Atlantic, adjacent to North America (Figure 1f). We also find positive correlations
in the tropical regions as well as a wave train extending from the tropics to the extratropics
(Figure 1f), a typical atmospheric response to the El Nifio [Kumar et al, 2003]. Since these
correlations are insignificant over most regions at the 95% confidence level, we next
examine the relationship of EI Nifio and surface ozone by analyzing direct correlations
between them.

Figure 2a—c shows the slopes of seasonal mean JJA MDAS8 ozone and standardized Nifio
1+2 index in the seasons leading up to and including summer over the 1980-2016 time
period. In all seasons, we find positive slopes in the mid- and southern Atlantic States and
negative slopes in the south central states, resembling the east-west dipole pattern in EOF2
of the ozone residuals (Figure 1b). The region correlating significantly with the January-
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February-March (JFM) and March-April-May (MAM) Nifio 1+2 indexes (Figure 2a-b) is
much larger than that using the JJA index (Figure 2c), suggesting that there is a delay in the
response of ozone air quality in the eastern United States to tropical Pacific warming. This
result implies that we can predict this 0zone pattern as much as 4 months in advance, with
implications for air quality management. In the more recent 1990-2016 timeframe, we find a
similar dipole pattern in the slopes of 0zone and Nifio 1+2 index using AQS (Figure 2d—f)
and CASTNET (Figure 2g—i) observations, suggesting that the effect of EI Nifio on U.S.
ozone that we identify is robust. On average, every standard deviation increase in the Nifio
1+2 index is associated with an increase of 1-2 ppbv ozone in the mid- and southern
Atlantic states and a decrease of 0.5-2 ppbv 0zone in the south central states.

We also regress this ozone dipole pattern, defined as the difference in mean JJA MDAS
ozone over the mid- and southern Atlantic states (black rectangle, Figure 2a) versus that over
the south central states (red rectangle), with different El Nifio indices in the lead-lag months,
including Nifio 1+2 (0-10°S, 90°W-80°W), Nifio 3 (5°N-5°S, 150°W-90°W), Nifio 3.4
(5°N-5°S, 170°W-120°W) and Nifio 4 (5°N-5°S, 160°E-150°W). Among these indices, Nifio
1+2 shows the highest correlations across nearly all lead-lag times (Figure S4), indicating
that it is the best metric to characterize the influence of ENSO on summertime ozone air
quality in the East. The especially high correlation for Nifio 1+2 at a lead time of 4 months
suggests a delayed response of ozone air quality to tropical Pacific warming. This delay time
is more than the time required for atmospheric Rossby waves to propagate from the tropics
to the extratropics, indicating that other terrestrial or ocean processes are needed to explain
this delay. Other examples of similarly lagged relationships include the association of
wintertime EI Nifio with springtime warming in the northern tropical Atlantic [e.g.,
Alexander and Scott, 2002; Wang et al., 2017], and the link between springtime warming in
the northern tropical Atlantic with enhanced JJA ozone anomalies in the eastern United
States [Shen et al., 2017a]. Previous studies have also shown that the U.S. summertime
temperature are related to soil moisture [e.g., Mo et al., 2003] or the precipitation deficit
[e.g., McKinnon et al., 2016] in spring. Such processes may help explain the gap between
JFM El Nifio and JJA ozone anomalies.

By checking the anomalous 0zone pattern in typical EI Nifio years, we provide additional
insight into the east-west dipole pattern of surface ozone associated with EOF2 (Figure 1b,
2). Figure Sba displays the time series of JFM and MAM Nifio 1+2 index from 1980 to
2016. We find five years characterized by high Nifio 1+2 index: 1983, 1987, 1992, 1998 and
2016. This sequence is consistent with the fact the EP EI Nifio has become less frequent
since early this century [e.g., Yu and Kim, 2013], a change that may be linked to
extratropical forcing associated with the North Pacific Oscillation [Di Lorenzo et al., 2010;
Kim et al., 2012; Yu et al., 2012b]. Figure S5b shows the patterns of anomalous JJA ozone in
each of these five years. As seen from the figure, the dipole pattern with high ozone in the
south Atlantic States and low ozone in the South Central is a clear feature in 1983, 1987,
1998 and 2016. The magnitude of these ozone anomalies has declined in more recent years,
likely due in part to reduced anthropogenic emissions and decreasing ozone concentrations
under the Clean Air Act [e.g., Cooper et al., 2012] and in part to the relatively weak EI Nifio
signal in 2016. However, we observe anomalously low o0zone concentrations in summer
1992. The eastern United States experienced a relatively cool summer that year (1°C below
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normal) as a result of aerosol radiative forcing following the 1991 eruption of Mount
Pinatubo [e.g., Parker et al, 1996; Kirchner et al., 1999]. We hypothesize that this cooling
effect may have overridden the effects of El Nifio on surface ozone that summer, leading to
reduced ozone in the East. With regard to the other El Nifio summers, we find relative
changes of ozone concentrations up to +15% in 1983, 1987 and 1998, and +5% in 2016
(Figure S6).

4 Physical mechanisms for the relationship of El Nifio and U.S. MDA8 ozone

A warm tropical Pacific can trigger diabatic heating in the atmosphere and influence the
extra-tropics through stationary wave propagation. Figure 3a shows the mapped correlation
coefficients of JJA 500 hPa geopotential heights with MAM EI Nifio 1+2 from 1980 to 2016,
displaying positive correlations in the tropics and a wave-chain extending from the tropics to
the extratropics, consistent with previous studies [e.g., Kumar et al., 2003; Wang et al.,
2012]. This atmospheric teleconnection also features a trough over the Atlantic Ocean just
offshore of the eastern United States (Figure 3a). Figure 3b reveals a dipole pattern in sea
level pressure (SLPs) in the tropical Pacific that forms in response to El Nifio warming in the
eastern tropical Pacific. Consistent with the teleconnection trough aloft (Figure 3a), SLPs in
the western Atlantic decrease (Figure 3b).

We find that local meteorological weather in summer also shows a strong dependence on
MAM EI Nifio. Enhanced EI Nifio 1+2 index is associated with significantly cooler
temperatures in the Intermountain West, but only slight warming in the eastern United States
(Figure 3c). El Nifio also appears to induce subsidence in the East, leading to reduced
precipitation as well as decreasing cloud fraction there (Figure 3d-f). We find that El Nifio
has little influence on the zonal wind speed in the lower troposphere (Figure 3g), but
increases the southerly wind speed across the south central states, which brings clean air
from the Gulf of Mexico into the continent (Figure 3h). In contrast, the decreasing SLP in
the western Atlantic (Figure 3b) results in decreased southerly wind speeds in the eastern
coastal regions (Figure 3h), reducing the flux of clean ocean air into this region. These
responses in meridional wind speeds to enhancements in EP EI Nifio are consistent with
those identified by Liang et al. [2015], who compared the influences of EP and CP EI Nifio
conditions on the Great Plains low level jet. We also show that these meteorological impacts
are consistent if we use the Nifio 1+2 index during JFM instead of MAM (Figure S7).

We next investigate whether present climate models can capture the observed links between
El Nifio and regional summertime weather variability in the United States using AMIP
models, which as noted above use observed SSTs as boundary conditions [Gates et al.,
1999]. In general, these models can simulate the hemispheric teleconnection patterns similar
to those observed, but they have difficulty capturing the El Nifio influence on summertime
weather in the eastern United States (Figure S8). More details can be found in Text S1 and
Figure S8-S11.
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5 Relationship of U.S. summertime ozone with other El Nifio indices

El Nifio can be defined using SST anomalies in different tropical Pacific regions. Figure
S12a-d compares the slopes of seasonal mean JJA MDAS8 ozone with different EI Nifio
indices, including Nifio 1+2, Nifio 3, Nifio 3.4 and Nifio 4, in the seasons leading up to and
including summer over 1980-2016. For all these indices, we find positive slopes in the mid-
and southern Atlantic States and negative slopes in the south central states, with Nifio 1+2
yielding the strongest correlations with U.S. summertime ozone. To understand the stronger
link of ozone with Nifio 1+2, we examine the response of U.S. ozone to La Nifia events.
Figure S13 displays the ozone anomalies in five years characterized by low Nifio 3.4 index,
all categorized as CP La Nifia events [Yuan et al., 2013]. The plots reveal a mixed picture,
with for example strong ozone decreases in 1989 but increases in 2011. The Nifio 1+2 index,
however, is relatively insensitive to CP La Nifia events during 1980-2016, as suggested by
Figure S5a. Thus we find that this index is a better metric than Nifio 3.4 to characterize the
influence of ENSO on U.S. summertime ozone air quality over the past three decades.

Since atmospheric circulation patterns vary between EP and CP EI Nifio years [Wang et al.,
2012; Yu et al., 2012a; Liang et al., 2015], we also examine the relationship of U.S.
summertime ozone with these two types of El Nifio (Figure S12e—f). Because EP El Nifio
mainly reflects the SST variability in the Nifio 1+2 region, it is not surprising it displays
similar dipole patterns of correlations with U.S. summertime ozone, compared to those
patterns using Nifio 1+2 (Figure S12a and S12e). The mapped correlation coefficients of
meteorological variables with EP El Nifio are also consistent with these obtained by using
Nifio 1+2 (Figure 3, S14). Since the effects of Nifio 1+2 have been removed when defining
the CP El Nifio [Kao and Yu, 2009; Yu and Kim, 2010], we find the MAM CP El Nifio is
associated a reversed dipole pattern of ozone (Figure S12f), with decreased surface JJA
ozone in the Mid- and southern Atlantic states and increased ozone in the South Central
states. This pattern is related to decreased subsidence and greater cloud faction in the
Atlantic States, as well as reduced southerly ocean flow into the South Central states (Figure
S15), both associated with CP El Nifio.

6 Conclusions

This study investigates the effect of El Nifio-Southern Oscillation (ENSO) on maximum
daily 8-hour average (MDAB) surface ozone over the eastern United States in summer (June-
August, JJA) from 1980 to 2016. Using Nifio 1+2 to characterize ENSO variability, we find
that ENSO can induce a dipole pattern in surface ozone concentrations, with increased
ozone in the mid- and southern Atlantic states and decreased ozone in the south central
states. This dipole pattern should be a robust feature, which we obtained through three
independent methods: (1) the second empirical orthogonal function (EOF) pattern of JJA
ozone residuals after removing the effects of local meteorology, (2) correlation of JJA ozone
with Nifio 1+2 index in the seasons leading up to and including summer, and (3) JJA ozone
anomalies in typical El Nifio years. On average, every standard deviation increase in the
Nifio 1+2 index is associated with an increase of 1-2 ppbv ozone in the mid- and southern
Atlantic states and a decrease of 0.5-2 ppbv ozone in the south central states. We find that
variation in surface ozone can be predicted as much as 4 months in advance, which would be

Geophys Res Lett. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen and Mickley

Page 8

useful for air quality management. We also show that the summertime ozone responds
differently to the EP and CP EIl Nifio events. However, for reasons that are unclear, U.S.
summertime ozone is relatively insensitive to central Pacific La Nifia events; this may
explain why Nifio 1+2 is a better metric than Nifio 3.4 to characterize the ENSO influence
on U.S. summertime ozone.

El Nifio influences the extra-tropical climate and ozone air quality in the eastern United
States through the propagation of stationary waves. This teleconnection can lead to low SLP
anomalies in the western Atlantic and greater subsidence, less precipitation, and increased
solar radiation in the mid- and southern Atlantic States, enhancing ozone concentrations
there. In the south central states, southerly flow intensifies in El Nifio years, which in turn
enhances the flux the moisture and clean air into the continent, decreasing ozone
concentrations in this region. On average, models participating in the Atmospheric Model
Intercomparison Project (AMIP) fail to simulate the influence of El Nifio on JJA
meteorological variability in the eastern United States, implying that such freely running
chemistry-climate models may not be able to capture the observed effects of EI Nifio on U.S.
air quality. In response to greenhouse-gas warming, extreme El Nifio events may occur more
frequently [Cai et al., 2015], highlighting the need to consider its influence when planning
future air quality management.
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Key Points

. Summertime ozone air quality in the eastern United States is related to sea
surface temperature anomalies mainly in the eastern Pacific.

. El Nifio can increase ozone in the mid and south Atlantic states but decrease
ozone in the South Central by altering atmospheric circulation.

. Nifio 1+2 can be used to predict the summertime ozone air quality in the
eastern US by as much as 4 months in advance.
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EOFs of JJA ozone residuals with SSTs/teleconnections
(a) Ozone EOF1 (b) Ozone EOF2
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Figure 1.
(a—b) Empirical orthogonal function (EOF) loadings of JJA seasonal mean ozone residuals

from 1980 to 2016 after removing the effects of surface air temperature, specific humidity,
and north-south and east-west wind speeds. (c—d) Correlations between the principal
components time series for the first and second mode (PC1, PC2) with sea surface
temperatures. (e-f) Same as (c—d), but for the 500-hPa geopotential heights. All data are
detrended by removing the 7-year moving average. The dashed contour lines enclose regions
in which the correlations reach statistical significance (p<0.05).
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Slopes of JUA MDA8 ozone with Nino1+2
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Figure 2.
Slope of JJA AQS ozone with standardized Nifio 1+2 index in (a) Jan-Feb-Mar, (b) Mar-

Apr-May and (c) Jun-Jul-Aug for 1980-2016. (d—f) Same as (a—c), but for the 1990-2016
timeframe. (g—i) Same as (d—f), but using the ozone observations in CASTNET. All data are
detrended by subtracting the 7-year moving averages. Grid boxes with statistically
significant correlations (p <= 0.1) are stippled in (a—f) or circled in (g—i). The black and red
rectangles in (a) are used to define the ozone dipole pattern as discussed in Figure S4.
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Correlations of MAM Nino 1+2 with JJA met fields
(b) SLP
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Figure 3.
Correlation of MAM Nifio 1+2 with JJA atmospheric teleconnections, including (a) 500 hPa

geopotential heights and (b) sea level pressures, from 1980 to 2016. (c—h) Same as (a—b), but
for other meteorological variables over the United States. Positive values denote subsidence
in Panel (d), eastward wind in Panel (g) and northward wind in Panel (h). All data are
detrended by removing the 7-year moving average. Dashed contour lines enclose regions in
which the correlations reach statistical significance (p<0.10).
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