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Abstract. We investigate the effect of synoptic-scale

weather patterns on observed maximum daily 8-hour average

(MDA8) surface ozone over the eastern United States dur-

ing 1980–2012 in summer (June–August, JJA). Zonally av-

eraged, the relative standard deviation (SD) of daily MDA8

JJA ozone shows a bimodal structure, with peaks at 28–32

and 40–45◦ N, and we show that those regions are most influ-

enced by the variability in daily weather. We apply empirical

orthogonal functions (EOFs) to understand the causes of this

structure. The first three leading EOF patterns explain 53 %

of the total variance in detrended surface ozone, displaying

(1) a widespread response of ozone in the eastern United

States associated with north–south movement of jet wind lat-

itude, (2) a north–south pattern linked to the Bermuda High

system when its west boundary is located along the east

coast, and (3) an east–west pattern characteristic of a west-

ward extension of the Bermuda High and an enhanced Great

Plains low level jet (GPLLJ). The northern peak of ozone

relative SD can be explained by polar jet activity, while the

southern peak appears related to variability in the Bermuda

High and GPLLJ. We define a new metric polar jet frequency

as the total number of days the jet traverses the Midwest

and northeast each summer. In the Midwest and northeast,

we find that the correlation coefficient r between detrended

mean JJA MDA8 ozone and the polar jet frequency ranges

between −0.76 and −0.93 over 1980–2012 depending on

the time period selected, suggesting that polar jet frequency

could provide a simple metric to predict ozone variability in

future climate regimes. In the southeast, the influence of the

Bermuda High on mean JJA MDA8 ozone depends on the

location of its west edge. For those summers when the aver-

age position of the west edge is located west of ∼ 85.4◦ W,

a westward shift in the Bermuda High west edge increases

ozone in the southeast by ∼ 1 ppbv deg−1 in longitude. For

all summers, a northward shift in the Bermuda High west

edge increases ozone over the entire eastern United States

by 1–2 ppbv deg−1 in latitude. None of the synoptic patterns

identified in this study show a significant trend from 1980

to 2012, confirming that the observed ozone decrease over

the eastern United States during this time period is mainly

caused by emission controls. Our work underscores the im-

pact of synoptic patterns on ozone variability and suggests

that a combination of changing local and synoptic meteorol-

ogy together with trends in background ozone will determine

the influence of climate change on US ozone air quality in fu-

ture decades. The observed relationships of US surface ozone

and synoptic circulations in this study can also be used to val-

idate models of atmospheric chemistry.

1 Introduction

Ozone is an important air pollutant with potentially large im-

pacts on public health in industrialized and developing re-

gions around the world (Jacob and Winner, 2009; Berman et

al., 2012). Both emissions and weather affect surface ozone

air quality. High ozone pollution episodes are correlated with

high temperatures, low wind speeds, clear skies, and stagnant

weather (Camalier et al., 2007; Jacob and Winner, 2009, and

references therein), and synoptic-scale weather patterns, with

characteristic lengths of ∼ 1000 km, can play a large role in

controlling ozone variability (Turner et al., 2013; Zhu and
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Liang, 2013; Logan, 1989). A key issue is to what extent

long-term shifts in weather patterns affect surface ozone and

whether such shifts may work against ongoing regulatory ef-

forts to control ozone pollution, as has been suggested (e.g.,

Leibensperger et al., 2008). Here we diagnose the synoptic-

scale meteorological drivers of ozone air pollution in the

eastern United States, a region where emissions of ozone

precursors have declined dramatically since the 1980s (NEI,

http://www.epa.gov/ttn/chief/trends/index.html#tables). Sev-

eral observational studies report significant decreases in sur-

face ozone in recent years (e.g., Leibensperger et al., 2008;

Bloomer et al., 2009; Cooper et al., 2012). For example,

Cooper et al. (2012) found that afternoon surface ozone de-

creased by 0.45 ppbv a−1 in the eastern United States from

1990 to 2010. In our study, we test whether there are statisti-

cally significant trends in synoptic-scale meteorology in the

east over the recent decades and, if so, whether such trends

have either offset or enhanced the ozone air quality gains

from emission reductions. Our work has relevance for ozone

air quality in the coming decades, when a climate penalty

could undercut regulatory efforts to control pollution (Wu et

al., 2008; Wang et al., 2013; Turner et al., 2013).

Previous research linking synoptic-scale circulation to

ozone air quality in the northeastern United States has mainly

focused on the influence of cyclone frequency (Eder et al.,

1993; Vukovich et al., 1995; Hegarty et al., 2007). The

cold fronts that accompany cyclones crossing the south-

ern Canada/Great Lakes regions sweep across the north-

east, pushing polluted air to the Atlantic and poleward

(Leibensperger et al., 2008). In their observational study,

Leibensperger et al. (2008) reported a significant decrease

in summertime cyclone frequency in southern Canada over

1980–2006, which may have worked against efforts to im-

prove ozone air quality in the northeast. This study appeared

to confirm earlier reports of a recent decline in midlatitude

cyclone frequency (e.g., McCabe et al., 2001). Climate mod-

els have suggested that cyclone frequency could continue to

decrease under a future climate change regime (Mickley et

al., 2004; Wu et al., 2008; Turner et al., 2013) though large

uncertainties exist in these projections (Lang and Waugh,

2011).

More recent work has linked ozone air quality in the east-

ern United States to the position of the polar jet. Barnes and

Fiore (2013) found a strong dependence of surface ozone

standard deviation (SD) on the mean June–July–August

(JJA) latitude of the polar jet over eastern North America.

Changes in the latitude of the polar jet correspond to changes

in the storm tracks that cyclones follow as they traverse North

America (Hudson, 2012; Archer and Caldeira, 2008), which

can have implications for ventilation of ozone pollution in

the eastern United States. Using a model, Barnes and Fiore

(2013) determined that the variability of US surface ozone

followed the robust poleward shift of the polar jet under fu-

ture climate change scenarios.

Ozone pollution in the eastern United States is also no-

tably influenced by the behavior of the quasi-permanent

Bermuda High. The Bermuda High intensifies in summer,

and its west boundary can extend deep into the southeast

United States (Li et al., 2011). In their observational study,

Fiore et al. (2003) found that southeast stagnation and in-

creased ozone pollution are linked to westward extension of

the Bermuda High, a result consistent with Eder et al. (1993).

In their investigation of the impact of the Bermuda High on

US air quality, Zhu and Liang (2013) tracked the difference

in sea level pressure (SLP) between the Gulf of Mexico and

the southern Great Plains. Using this difference as an index,

they found that the strength of the Bermuda High is closely

related to that of the Great Plains low level jet (GPLLJ),

a fast-moving current of air that brings clean maritime air

to the Gulf states but carries ozone pollution northward to

the northeast. The role of Bermuda High in US ozone pol-

lution has been analyzed in many studies (e.g., Eder et al.,

1993; Fiore et al., 2003; Hogrefe et al., 2004; Hegarty et

al., 2007), but only Zhu and Liang (2013) have performed

a quantitative analysis of this role over a timescale longer

than a decade. Using National Centers for Environmental

Prediction (NCEP) and ERA-40 Reanalysis data, both Li et

al. (2011) and L. Li et al. (2012) diagnosed a strengthen-

ing of the summertime Bermuda High and a westward shift

of its west edge over 1948–2007. Analysis of an ensemble

of models from the Coupled Model Intercomparison Project

(CMIP5) reveal that the Bermuda High west edge is expected

to shift westward by ∼ 5◦ by 2100 due to the stronger ther-

mal contrast between land and ocean (W. Li et al., 2012; Li

et al., 2013). The consequences of such a shift on US ozone

air quality have not yet been examined.

Few chemistry–climate studies to date have documented

either the model capability in capturing the synoptic patterns

important to ozone or the sensitivity of modeled ozone to

these patterns. For example, using the GFDL-AM3 model,

Rasmussen et al. (2012) evaluated only the relationship of

ozone with local temperature and not with synoptic patterns.

Turner et al. (2013), however, found that this model under-

estimates the dependence of ozone in the northeast United

States on cyclone frequency. To our knowledge, no model

study has examined the effect of the westward extent of the

Bermuda High on calculated levels of ozone in the south-

east United States. As noted by Fiore et al. (2009) and Par-

rish et al. (2014), chemical transport models (CTMs) and

chemistry–climate models (CCMs) have difficulty in simu-

lating observed ozone variability on both seasonal and multi-

year timescales, and at least part of this difficulty may be due

to model deficiencies in the representation of synoptic pat-

terns and their impact on surface ozone.

In this study, we seek to refine our understanding of the

role of synoptic-scale meteorology on the interannual varia-

tion of surface ozone pollution in the eastern United States

from 1980 to 2012. We will also look for possible trends

in the meteorological drivers of ozone and examine the po-
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tential implications for future trends in light of ongoing cli-

mate change. We will first apply empirical orthogonal func-

tions (EOFs) to decompose the daily variability of surface

JJA maximum daily average 8-hour (MDA8) ozone in the

eastern United States over 1980–2012. By examining cor-

relations between the EOF spatial patterns and key meteo-

rological variables such as geopotential height or zonal and

meridional wind speed, we can interpret the causes of these

patterns. As we will see, ozone variability in the east is con-

trolled by different modes of synoptic-scale circulation, in-

cluding the polar jet, GPLLJ, and Bermuda High. Our study

aims to answer the following questions:

1. What is the percent contribution of synoptic meteorol-

ogy (vs. local meteorology) to the observed variability

in US surface ozone?

2. Have trends in synoptic meteorology either offset or en-

hanced the ozone air quality gains from emission reduc-

tions over the eastern United States in recent decades?

3. What are the implications of changing synoptic me-

teorology for ozone air quality under future climate

regimes?

2 Ozone and meteorological observations

Hourly surface ozone concentrations from 1980 to 2012 are

obtained from the EPA Air Quality System (EPA-AQS, http:

//www.epa.gov/ttn/airs/airsaqs/). We converted the hourly

ozone data to MDA8 ozone and then interpolated onto

2.5◦× 2.5◦ resolution by averaging all observations within

each grid cell. For part of this study, MDA8 ozone from the

EPA Clean Air Status and Trends Network (CASTNET, http:

//epa.gov/castnet/) from 1990 to 2012 is also used. CAST-

NET sites are mainly located in rural regions, where the an-

thropogenic influence is less (Cooper et al., 2012).

The meteorological data used in this study consist of wind

speed, geopotential height, and SLP from the NCEP Reanal-

ysis 1 with a 2.5◦× 2.5◦ grid resolution (Kalnay et al., 1996).

To remove the effects of intraseasonal variability in meteo-

rology on daily ozone values, we obtain the detrended daily

anomaly in each grid cell by subtracting the 30-day mov-

ing average in that cell from the daily means as in Tai et

al. (2010, 2012). For the seasonal ozone values, the 7-year

moving average is subtracted from the seasonal means. The

choice of 7 years is arbitrary, but we find that it produces

good correlations between surface ozone and meteorological

patterns. With ozone observations available only since 1980,

it is not appropriate to apply more complicated detrending

methods. In detrending surface ozone, our intent is to remove

the influence of changing anthropogenic emissions of ozone

precursors. Emissions of natural ozone precursors, however,

are highly dependent on the interannual variability in mete-

orology, and their influence on ozone is preserved in the de-

trended time series. As discussed in Sect. 8 and Table 2, we
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Figure 1. Latitudinal variation of zonal mean ozone standard devia-

tion (a, c) and relative standard deviation (b, d) from CASTNET (a,

b) and AQS (c, d), averaged between 100 and 65◦W longitude and

binned to 2◦ intervals in latitude. All values are for JJA mean MDA8

ozone. The different colors denote different 5-year time intervals

except for the most recent interval, which is 8 years in length.

find no significant trends in these meteorological patterns.

We focus on JJA ozone, as summer is the season of highest

ozone concentrations for most of the United States.

Throughout this study, we use p < 0.05 as the threshold for

statistical significance in our calculations. More specifically,

unless otherwise specified, all correlations reported here are

statistically significant at the 0.95 confidence level.

3 Spatial patterns of temporal variability in daily JJA

surface ozone in the eastern United States

As a first step, we investigate patterns of SD in observed

summertime daily surface ozone in the eastern United States

in summer. Anthropogenic emissions show much less daily

variability than regional meteorology, so the ozone SD helps

diagnose those regions where synoptic meteorology plays a

large role in controlling ozone levels. Both CASTNET and

AQS are used in this evaluation. Sites reporting less than

50 % of potential data in any given month are not counted to-

ward our analysis for that summer. We include all sites with

at least one summer of observations, resulting in a network of

1670 sites for AQS over 1980–2012 and 72 sites for CAST-

NET over 1990–2012 in the eastern United States.

Figure 1 reveals a north–south bimodal structure in the

zonally averaged variability of daily surface ozone across the

eastern United States for a range of time spans. To calculate

ozone variability, we proceed as follows. First, we calculate

the ozone SD and relative daily SD for each site in each sum-

mer. The relative SD is obtained by dividing the ozone SD

by the mean JJA MDA8 ozone for that summer. Second, we

www.atmos-chem-phys.net/15/10925/2015/ Atmos. Chem. Phys., 15, 10925–10938, 2015
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average both kinds of ozone SD over each 2◦ latitude bin

across the eastern United States for each time span. The rela-

tive ozone SD can isolate much of the effect of different NOx

emission levels by normalizing with mean JJA ozone.

As shown in Fig. 1, both the absolute SD and the rel-

ative SD exhibit a bimodal structure over a range of time

spans in the AQS and CASTNET data sets. Peaks in abso-

lute SD appear between 29–35 and 39–43◦ N, while peaks in

the relative SD appear between 28–32 and 40–45◦ N. From

1980 to 2012, the magnitudes of both kinds of SD dimin-

ish due to reductions in the emissions of ozone precursors.

The northern peak of SD decreases more rapidly than the

southern one (Fig. 1a and c), and this result can be explained

by the more dramatic NOx decreases in the north (Russell

et al., 2012). These results are consistent with Bloomer et

al. (2009), who found that the ozone-temperature slopes de-

creased in all ozone percentiles after implementation of the

2002 NOx controls and that these decreases were greatest

for ozone in the higher percentiles. Our finding that the rel-

ative SD declines over time (Fig. 1b and d) is also consis-

tent with Bloomer et al. (2009), as high levels of ozone drop

more rapidly than mean ozone does. We also examine the

sensitivity of the bimodal structure to the AQS site types (ru-

ral, suburban, and urban) and find that the relative SD shows

a clear bimodal structure for all time spans and site types

(Fig. S1 in the Supplement). The trend in emissions changes

only the magnitude of relative SD, with decreases at all lati-

tudes, but it does not erase the bimodal structure. Our results

suggest that the ozone relative SD provides a useful metric

to gauge the influence of meteorological variability on ozone

even as anthropogenic emissions change over time. The per-

sistence of the bimodal structure in relative SD throughout

the time period at all AQS site types and at all CASTNET

sites increases our confidence that these peaks signify the

influence of meteorology and not that of high emissions of

anthropogenic precursors.

Because the daily variability in anthropogenic emission is

much smaller than that in weather, the bimodal distribution

of ozone SD implies that ozone in the northern and south-

ern edges of the eastern United States is especially sensitive

to weather variability. The northern peak of relative SD in

the CASTNET data has previously been reported by Barnes

and Fiore (2013), who suggested that the polar jet wind lat-

itude played a role in formation of this peak. We will revisit

the Barnes and Fiore (2013) result in Sect. 5 and propose a

mechanism linking the polar jet and surface ozone variabil-

ity. We will also demonstrate that the southern peak of ozone

SD can be explained by the east–west shift of Bermuda High

west edge.

To facilitate explanation of the spatial patterns of ozone

variability, we divide the eastern United States into four re-

gions, comprising the Midwest, northeast, south-central, and

southeast (Fig. 2).

100W 90W 80W 70W
25N

30N

35N

40N

45N

50N

Midwest Northeast

South
central Southeast

Figure 2. US regions used to study the variability of JJA surface

ozone over 1980–2012.

4 Use of empirical orthogonal functions to diagnose

drivers of daily ozone variability

We next examine the spatial patterns of ozone temporal vari-

ability in the eastern United States through the use of EOFs,

which are often applied to analyze the variability of atmo-

spheric variables (Eder et al., 1993; Fiore et al., 2003; Weaver

and Nigam, 2008; Li et al., 2013). In our case, we use S

(n×p) to represent the detrended daily MDA8 surface ozone

concentration in the eastern United States over 1980–2012,

where S refers to the ozone concentrations over n daily time

steps in p grid boxes. The ozone in each grid box is de-

trended but not standardized. The temporal covariance be-

tween different grid boxes can be written mathematically as

A= STS. The EOF spatial loadings are given by the eigen-

vectors of A, and the corresponding eigenvalues reflect the

portion of total variance explained by each EOF. Here we

find that the first three EOF patterns can individually explain

24, 18, and 11 % of the variance in surface ozone in the east-

ern United States, for a total of 53 %. Because we are in-

terested in the role of synoptic-scale meteorology on surface

ozone, we examine the correlations of each EOF spatial pat-

tern with key meteorological variables such as geopotential

height and zonal and meridional wind speed. As we shall see,

the use of daily ozone in this EOF analysis provides a clearer

picture of the synoptic-scale meteorological variables con-

tributing to ozone variability.

The first EOF pattern (EOF1), which explains 24 % of the

total variance in daily MDA8 ozone, displays a broad region

of low ozone concentration across the eastern United States,

with particularly low values in the upper Midwest and north-

east (Fig. 3a). Consistent with previous studies (Eder et al.,

1993; Fiore et al., 2003; Leibensperger et al., 2008), we find

that EOF1 is associated with a low pressure system crossing

the Great Lakes region and accompanied by a cold front car-

rying clean air from Canada. Figure 3b shows that the neg-

ative correlation of the principal components time series for

the first mode (PC1) and daily 500 hPa geopotential height is

centered just southwest of the Great Lakes region, indicating

that the polar jet in this mode extends further south than its
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Figure 3. EOF loadings of daily JJA MDA8 ozone from 1980 to 2012 and their correlations with selected meteorological variables. (a) shows

the spatial loadings of the first EOF pattern (EOF1) and the correlations r between the principal components time series for the first mode

(PC1) and (b) shows daily mean 500 hPa geopotential heights and (c) daily mean 500 hPa wind speeds. Composite 500 hPa wind anomalies

associated with positive PC1 are shown as black arrows in (c). (d) is the same as (a) but for the second EOF pattern (EOF2). Also shown

are the correlations between PC2 and (e) daily mean 850 hPa meridional wind speed and (f) daily mean 850 hPa geopotential height. The

composite 850 hPa wind anomalies with positive PC2 are shown as black arrows in (f). (g) is the same as (a) but for the third EOF pattern

(EOF3). Correlations are shown between the PC3 and (h) 850 hPa wind speeds and (i) 850 hPa geopotential heights. (i) also shows the

composite 850 hPa wind anomalies associated with positive PC3 (black arrows). White areas indicate either missing data or grid boxes where

the correlation is not significant at the 0.05 level.

climatological mean position and forms a trough. As a con-

sequence, cold, clean air is transported to the eastern United

States in this mode, and polluted air is pushed off the con-

tinent. This type of jet activity, closely associated with cold

front passage, plays an important role in pollutant ventilation

in the Midwest and northeast (Leibensperger et al., 2008; Ja-

cob and Winner, 2009). The resulting drop in temperature

lengthens the lifetime of peroxyacetyl nitrate and reduces the

biogenic emission of isoprene, which together also decrease

ozone production. Figure 3c shows the correlation between

PC1 and daily mean 500 hPa wind speeds, as well as the

composite 500 hPa wind anomaly when EOF1 is expressed

most strongly (i.e., when the PC1 scores are positive and

ozone levels are low). The cyclonic anomalous winds, cen-

tered over Lake Michigan, sweep over nearly all the eastern

United States. The magnitude of this wind pattern oscillates

over time, in synchrony with the development and dissipation

of cyclonic activity.

The second EOF pattern (EOF2), which explains 18 % of

the total variance in JJA daily MDA8 ozone, exerts a sig-

nificant northeast–southwest contrast in the eastern United

States. Figure 3d implies that ozone levels over the Gulf

states are anti-correlated with those in the northeast in this

mode, with decreased ozone over the Gulf states accompa-

nied by increased ozone over the northeast and vice versa.

Figure 3e reveals a strong positive correlation of PC2 with

the daily meridional wind speed, with the greatest correlation

centered in a swath extending northward from the southern

Great Plains toward the Great Lakes. Figure 3f shows the cor-

relation of PC2 and 850 hPa geopotential heights. The corre-

lation changes from negative in the Midwest and Texas to

positive in the eastern United States, with the change in sign

co-located with the strongest correlations of PC2 and merid-

ional transport. The composite wind anomaly associated with

the positive PC2 reveals strong onshore winds from the Gulf

of Mexico, bringing clean maritime air into the southern

Great Plains. As these winds move northeastward, they likely

carry aged polluted air from the Midwest to the northeast.

This mechanism, also identified by Fiore et al. (2003), ac-

counts for the northeast–southwest EOF pattern in Fig. 3d.

The 850 hPa geopotential height is sometimes used to diag-

nose the Bermuda High (e.g., Li et al., 2011). The pattern

of wind anomalies in Fig. 3f implies that surface ozone in

the deep south is lowest when the western boundary lies at

www.atmos-chem-phys.net/15/10925/2015/ Atmos. Chem. Phys., 15, 10925–10938, 2015
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∼ 85◦W longitude and that either the westward or eastward

shifts in this boundary increase ozone in this region. As we

shall see in Sect. 6, EOF2 is associated with westward ex-

pansion of the Bermuda High.

The third EOF pattern (EOF3) explains 11 % of the to-

tal variance in JJA daily MDA8 ozone and is characterized

by increased ozone in the eastern coastal region coupled

with decreased ozone in the Great Plains (Fig. 3g). PC3 cor-

relates with the daily 850 hPa wind speeds in a swath ex-

tending from the southern Great Plains to the Great Lakes

(Fig. 3h). The positive correlation in the south likely repre-

sents the influence of GPLLJ, which ventilates Texas and the

central United States, replacing polluted air with clean air

from the Gulf. Here we define the GPLLJ as the meridional

wind speed at 850 hPa averaged over the region represented

by the black rectangle of Fig. 3h (26.25–36.25◦ N, 101.25–

96.25◦W). The daily correlation of JJA MDA8 ozone and

GPLLJ is negative in the southern Great Plains but positive

in the Great Lakes region, mid-Atlantic states, and southeast

as shown in Fig. S2, which suggests that the GPLLJ con-

tributes to the observed EOF3 pattern in the south but not

in the north. Figure 3i displays the correlation of the PC3

with daily 850 hPa geopotential height, revealing a strong

positive relationship in the Gulf region and a negative re-

lationship in the northeast. Comparison of Fig. 3e and f for

EOF2 with Fig. 3h and i for EOF3 suggests that the Bermuda

High has extended further west in the EOF3 case. Figure 3i

also gives the composite wind anomaly associated with pos-

itive PC3, revealing anti-cyclonic anomalous winds centered

over Arkansas, Mississippi, and Louisiana. The anomalous

winds are consistent with the enhanced GPLLJ wind speeds

to the west of the anticyclone (Fig. 3h). This transport pattern

brings clean maritime air into Texas and polluted air from the

Midwest to the mid-Atlantic states. It also fosters stagnant

conditions in Louisiana/Mississippi, increasing ozone there

as well.

The negative correlation of PC3 and geopotential height

in the northeast exists not just at 850 hPa but also at 500 hPa

(not shown), indicating that the reduced ozone in this region

is linked to a stronger polar jet. The EOF3 weather pattern

thus connects the GPLLJ in the southern Central Plains with

polar jet activity in the northeast. Our result is consistent with

Weaver and Nigam (2008), who found that the GPLLJ wind

speed appears to be influenced by large-scale circulation pat-

terns.

As a test of our approach, we repeat the EOF analysis

using mean JJA MDA8 ozone fields instead of daily mean

fields. The top three EOF patterns for the 1980–2012 time

period using seasonal mean ozone are similar to those we

derive using daily mean ozone (Fig. S3). However the link

between EOF3 and 850 hPa geopotential height in this anal-

ysis is much weaker than what we find using daily ozone

data (Fig. S3i vs. Fig. 3f), and thus the analysis fails to iden-

tify the influence of the Bermuda High on ozone air quality

(Fig. S3). As we discuss in Sect. 6, the failure arises because

the influence of the Bermuda High on ozone varies nonlin-

early with the location of the Bermuda High west edge, and

the monthly mean EOF analysis obscures this nonlinear re-

lationship. However, the daily data set with its abundance of

observations can more easily reveal this fine structure in the

EOF analysis.

In the following sections, we take advantage of informa-

tion gleaned from the EOF analysis to develop a set of met-

rics that quantify the relationships between surface ozone and

synoptic patterns. Such relationships can be implemented in

a simple model and readily applied to archive meteorolog-

ical output from climate models. Although we have so far

focused on daily ozone data, we now turn to seasonal mean

ozone data. Patterns of many synoptic circulations are noisy

on daily timescales, making it challenging to define the met-

rics needed for our simple model. Such circulations include

cyclone frequency (Leipensperger et al., 2008), jet wind lat-

itude (Barnes and Fiore, 2013), and the Bermuda High west

edge (Li et al., 2011, 2012). The wind speed of the GPLLJ is

easier to characterize on daily timescales, and we discuss the

effects of daily GPLLJ wind speeds and surface ozone in the

Supplement (Fig. S2).

5 The polar jet as an indicator of seasonal JJA surface

ozone concentration in the eastern United States

The EOF1 pattern of daily ozone variability reveals the influ-

ence of the polar jet on surface ozone variability in the north-

east and Midwest in the United States (Fig. 3a–c). Here we

test three polar jet indices to explore their utility in predicting

surface ozone. Care must be taken in constructing an index,

as precursor emissions have varied greatly over the past three

decades. For example, ozone levels have declined in response

to the ∼ 40 % drop in US power plant NOx emissions be-

ginning in 2002 (Kim et al., 2006; Bloomer, 2008; Bloomer

et al., 2009). Such rapid changes in emissions make it chal-

lenging to remove their effects on ozone concentrations. As

a check on our detrending method, we therefore report the

correlation of detrended JJA MDA8 ozone concentration and

the three indices over three time periods: 1980–2012 (the en-

tire period), 1993–2012 (the last 20 years), and 2003–2012

(the last 10 years), all summarized in Table 1.

We define the first polar jet index as the mean JJA wind

speed at 500 hPa pressure level averaged over the Midwest

and northeast, as defined in Fig. 2. Figure 4 shows the time

series of mean JJA MDA8 ozone concentrations spatially

averaged over these two regions together with the normal-

ized JJA mean 500 hPa polar jet wind speed, illustrating a

significant negative correlation between these two variables.

The normalization transforms the data to yield zero mean

and unit variance but preserves potential trends in the wind

speeds. The correlation coefficient r using detrended data is

−0.70 over 1980–2012 and increases for more recent time

periods (r =−0.79 for 1993–2012 and r =−0.82 for 2003–
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Table 1. The correlation coefficients r of regionally detrended1

mean JJA MDA8 ozone concentration and different meteorologi-

cal factors in the Midwest and northeast over different time periods.

See text for definitions of these factors. All correlations are statisti-

cally significant at the 0.05 level.

Meteorological factors Time frame

1980–2012 1993–2012 2003–2012

Jet frequency −0.76 −0.87 −0.93

500 hPa wind speed −0.70 −0.79 −0.82

Jet latitude 0.66 0.74 0.85

1980–2010 1993–2010 2003–2010

Cyclone frequency2
−0.69 −0.58 −0.74

1 Data are detrended by subtracting the 7-year moving average from the original data.
2 The 1980–2010 time series of JJA cyclone frequencies is from Turner et al. (2013),

calculated over the Great Lakes (70–90◦W, 40–50◦ N) using NCEP Reanalysis 1 from

the MAP Climatology of Mid-latitude Storminess and a cyclone tracking algorithm.

Cyclone frequencies for 2011 and 2012 are not available.
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Figure 4. Time series of mean JJA MDA8 surface ozone (ppbv),

normalized 500 hPa wind speed, and polar jet frequency, averaged

over the combined Midwest and northeast regions (Fig. 2). See text

for further details on diagnosis of polar jet. The normalization of

wind speed and jet frequency transforms the data to yield zero mean

and unit variance. The black solid line denotes the linear trend of

ozone over 1980–2012. The correlations of these jet metrics and

MDA8 ozone when these data are detrended are inset.

2012). These correlations also increase over time from 0.7

to 0.9 when computed by decade. The increasing correla-

tion r in more recent decades can be partly explained by the

greater number of available observations per unit time, which

decreases the uncertainty in the calculated relationship be-

tween surface ozone and the polar jet indices. In addition, the

smaller correlations in the earlier time periods may reflect the

challenges in detrending surface ozone, as described above

(Kim et al., 2006; Bloomer, 2008; Bloomer et al., 2009).

As shown in Fig. 3a–c, greater wind speeds aloft signify a

southward shift of the polar jet and faster ventilation, which

inhibits ozone accumulation.

The second polar jet index is the polar jet frequency, here

defined as the total number of days the jet traverses the Mid-

west and northeast each summer. To locate the polar jet po-

sition on each day, we first divide the region between 25 and

60◦ N into 2.5◦ longitude bands and then identify the grid box

within each band with the greatest 500 hPa wind speed. For

each summer, we sum up the total number of days the polar

jet crosses each grid box. Figure 4 also shows the normal-

ized time series of JJA mean polar jet wind frequency in the

Midwest and northeast. Its correlation r with detrended JJA

ozone concentration is −0.76 over 1980–2012, and this anti-

correlation strengthens in more recent years, with r =−0.87

for 1993–2012 and r =−0.93 for 2003–2012. Our result im-

plies that a greater frequency of the polar jet wind traversing

the Midwest and northeast corresponds to a lower JJA ozone

concentration there.

For the third polar jet index, we track the mean JJA jet

latitude over time. Following Barnes and Fiore (2013), we

define this index as the latitude of the JJA seasonal mean

maximum in zonal wind speed at 500 hPa over the Midwest

and northeast. We find that a poleward shift of the polar jet

latitude increases ozone concentrations in these two regions.

The correlation r of the detrended polar jet latitudes with de-

trended ozone concentrations is 0.66 over 1980–2012 and,

like the other indices proposed here, strengthens in more

recent decades, with r = 0.74 for 1993–2012 and 0.85 for

2003–2012.

Summertime cyclone frequency has been previously

linked to ozone variability in the northeast (Leibensperger

et al., 2008; Turner et al., 2013). We find that the three new

polar jet indices perform as well as or even better than cy-

clone frequency in predicting JJA ozone variability in this re-

gion. As a test, we calculate the correlation of detrended JJA

MDA8 ozone concentrations averaged over the Midwest–

northeast with the detrended cyclone frequency over the

Great Lakes from Turner et al. (2013). The calculation yields

correlations of −0.69 for 1980–2010, −0.58 for 1993–2010,

and −0.74 for 2003–2010, as shown in Table 1. Calcula-

tion of cyclone frequency typically requires use of a complex

storm tracking algorithm and meteorological fields with high

temporal frequency (e.g., 6 hourly). An advantage of our ap-

proach using polar jet indices to diagnose ozone air quality

is that construction of these indices requires only daily mean

winds at 500 hPa. Thus, this approach makes it significantly

easier to project the influence of climate change on ozone,

using output routinely archived from climate model simula-

tions. In Sect. 8, we discuss potential trends in polar jet ac-

tivity and the implications for surface ozone.

6 Westward extension of the Bermuda High and the

impact on seasonal JJA surface ozone

The EOF2 and EOF3 patterns of JJA surface ozone suggest

that the extent of the Bermuda High influences JJA ozone
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Table 2. Linear trends of the synoptic patterns examined in this study over the eastern United States for different time periods.

Behavior of the polar jet in the Bermuda High Wind speed of the Great

midwest–northeast United States west edge2 Plains low level jet4

Jet frequency Jet wind speed Jet latitude1 BH-Lon3 BH-Lat4

(count a−1) (m s−1 a−1) (deg a−1) (deg a−1) (deg a−1) (m s−1 a−1)

1948–2012 −0.011 −0.0023 −0.023 −8.2× 10−3
−0.015 3.2× 10−3

1980–2012 −0.020 −0.027 0.040 0.085 −0.016 −7.3× 10−5

1980–2006 −0.099∗ −0.067∗∗ 0.083 0.21 −0.032 −0.026

1 Positive values denote northward shift of polar jet; 2 the Bermuda High west edge is defined as the cross point of the 1560 gpm isoline and the 850 hPa

wind ridge line;
3 longitude of Bermuda High west edge; 4 latitude of Bermuda High west edge; 5 wind speed is averaged over the region denoted by the red rectangle in

Fig. 7;
∗∗ indicates the trend is significant (p < 0.05); ∗ indicates the trend is significant (p < 0.10).

variability in the eastern United States. The Bermuda High

induces a strong transport of clean air from the Gulf, which

can redistribute the pollutants inland (e.g., Fig. 3d and g); the

Bermuda High can also create stagnation in regions under

high surface pressure (e.g., Fig. 3g). To quantify the influ-

ence of the Bermuda High on ozone variability in the east,

we build on the work of Li et al. (2011) and introduce a new

definition of the Bermuda High west edge. The west edge,

generally defined as a latitude–longitude point, serves as an

index of the spatial extent of this quasi-permanent high pres-

sure system, and we will examine the relationships between

this index and surface ozone in the east.

Li et al. (2011) defined the Bermuda High west edge in

summer as the cross-point of the JJA mean 1560 gpm iso-

line and the 850 hPa wind ridgeline. The ridgeline refers

to the roughly zonal line north of which the easterly trade

winds turn westerly, and it can be written mathematically as

u= 0 and ∂u/∂y ≥ 0. Use of the seasonal mean geopoten-

tial height and ridgeline yields smoother fields and avoids

the noisy irregularity inherent in data of finer temporal res-

olution. Figure S4 shows the interannual variation of JJA

1560 gpm contour lines at 850 hPa and the climatological lo-

cation of Bermuda High west edge over 1980–2012. Using

the west edge as an index of the spatial extent of the Bermuda

High, Li et al. (2011) reported a westward shift of Bermuda

High west edge from the mid-20th century (1948–1977) to

the 1978–2007 period. L. Li et al. (2012) subsequently ar-

gued that this westward shift could explain the enhanced

variability of summer precipitation in the southeast United

States observed in the recent decades.

Here, however, we show that the spatially uniform trend in

sea level pressure over much of this region in recent decades

reduces the utility of the Li et al. (2011) index of Bermuda

High behavior in explaining synoptic-scale circulation. Fig-

ure S5a reveals a uniform decrease of sea level pressure of

∼ 4 hPa a−1 over much of the United States and adjacent wa-

ters of the Atlantic Ocean from 1980 to 2012, which in turn

led to a uniform decrease of geopotential height (not shown)

over this region. The spatial uniformity of these trends im-

plies little change in the horizontal gradients of geopoten-

tial height and thus little change in synoptic-scale circula-

tion. We find that the longitude of Bermuda High west edge

(BH-Lon), as defined by Li et al. (2011), shows a strong

negative relationship with the JJA mean SLP averaged over

the Bermuda High region (100–40◦W, 20–40◦ N), with r of

−0.65 from 1948 to 2012 (Fig. S5b). Our result suggests that

∼ 40 % of the variability in BH-Lon is caused by spatially

uniform changes in sea level pressure or geopotential height,

which would have little or no direct effect on circulation pat-

terns.

To better characterize the influence of the Bermuda High

west edge on synoptic-scale circulation and thus surface

ozone concentration, we proceed as follows. First, we cal-

culate the scaling factors in each year by dividing the 1948–

2012 time series of mean JJA 850 hPa geopotential heights

averaged over the Bermuda High domain (40–100◦W, 20–

40◦ N) by the climatological mean height at that pressure

level for this region (1564 gpm). Second, we divide the

850 hPa geopotential height in each grid box by the scal-

ing factor in that year. As in Li et al. (2011), we then locate

the Bermuda High west edge at the cross-point of the ad-

justed 1560 gpm isoline and the 850 hPa wind ridgeline. This

strategy is similar to that used by Li et al. (2013), in which

the effect of thermal expansion is removed before calculating

trends in the Bermuda High west edge under future climate

regimes. We claim our approach allows for more skillful in-

terpretation of trends in circulation patterns, because the hor-

izontal gradient in geopotential height determines the circu-

lation field rather than the isolines themselves. Removing the

spatially uniform changes in geopotential heights allows the

Bermuda High west edge to better reflect variability in the

wind field. As evidence of this skill, our definition of BH-Lon

shows better capability in interpreting the interannual vari-

ability of GPLLJ than the previous definition. Li et al. (2011)

calculated a correlation r between BH-Lon and GPLLJ over

1948–2012 of −0.28; our method yields r =−0.59. Below

we refer to this new definition as the scaled BH-Lon and the

definition in Li et al. (2011) as the unscaled BH-Lon. For

Atmos. Chem. Phys., 15, 10925–10938, 2015 www.atmos-chem-phys.net/15/10925/2015/



L. Shen et al.: Influence of synoptic patterns on surface ozone variability 10933
B

H
 L

on
 (d

eg
)

unscaled
scaled

1950 1960 1970 1980 1990 2000 2010

95
W

85
W

75
W

65
W

Longitude of the west edge of Bermuda High

Figure 5. Time series of the longitude of the west edge of the

Bermuda High (BH-Lon) in JJA from 1948 to 2012. The black curve

represents the unscaled BH-Lon, as defined by the cross-point of the

1560 gpm isoline and the 850 hPa wind ridge line (Li et al., 2011).

The red curve represents the scaled BH-Lon, in which the geopo-

tential height field for each summer is scaled by the 1948–2012 av-

erage height over the Bermuda High region. The dashed lines show

the linear trends of BH-Lon from 1980 to 2012 for the scaled and

unscaled cases. See text for further details.

our analysis of the influence of the Bermuda High on surface

ozone, we use the scaled BH-Lon.

Using the new definition for BH-Lon, we find that the

westward shift in the Bermuda High from the mid-20th cen-

tury to more recent decades is much diminished compared

to that reported by Li et al. (2011). Figure 5 shows the time

series of Bermuda High west edges using these two differ-

ent definitions. From 1948–1977 to 1978–2007, the Bermuda

High west edge moved westward by 4.8◦ according to Li

et al. (2011) but only 1.2◦ in this study. Over the more re-

cent 1980–2012 time period, the BH-Lon trend is 0.35◦ a−1

(p < 0.001) without scaling but shows no significant trend us-

ing the definition in this study.

The skill of the Bermuda High west edge in explaining

the variability of regional ozone concentration is sensitive to

the choice of geopotential isoline in the definition of this in-

dex. Using the scaled BH-Lon, we first explore the interan-

nual variability of a range of different isolines at 850 hPa,

from 1540 to 1575 gpm in 5 gpm increments, eight time se-

ries of the Bermuda High west edges in all. We find that the

1560 gpm BH-Lon exhibits the largest variability among all

isolines as shown in Fig. S6, with a SD of ∼ 4◦ over 1980–

2012. As the 1560 gpm BH-Lon migrates west and east, it

affects the horizontal gradient of geopotential heights in the

lower troposphere, signifying its importance in modulating

the regional climate in the southeast. As we shall see, the

sign and magnitude of the influence of the Bermuda High

west edge on US surface ozone varies from east to west. The

1980–2012 climatological median of 1560 gpm BH-Lon is

85.4◦W. For simplicity, we thus define two regimes for the

location of the western edge of the Bermuda High: the West

Regime to the west of 85.4◦W and the East Regime to the

east of this longitude. In the West Regime, the 1560 gpm BH-

Lon is associated with enhanced influence of the Bermuda

High on the southeast. In the East Regime, the 1560 gpm

BH-Lon is located to the east of 85.4◦W, corresponding to

a reduced Bermuda High influence on the southeast.

For the 17 summers in the West Regime during the 1980–

2012 time period, we again test the utility of using different

geopotential isolines at 850 hPa in our index for the Bermuda

High, this time to determine which choice best predicts sur-

face ozone variability. We find that using the 1555 gpm iso-

line yields the best correlation of Bermuda High west edges

with mean JJA MDA8 ozone averaged across the south-

east. For the West Regime summers, we therefore define the

Bermuda west edge with this isoline of geopotential height.

Figure 6a and b show the response of mean JJA MDA8 ozone

across the eastern United States to westward and northward

shifts of the adjusted BH-Lon for the 17 West Regime sum-

mers. As the 1555 gpm BH-Lon extends westward, surface

ozone increases at a rate of ∼ 1 ppbv deg−1 across much of

the south, with the greatest positive response in the south-

east. The correlations of 1555 gpm BH-Lon and JJA MDA8

ozone is ∼ 0.7 in the southeast (Fig. S7a). A westward shift

of the Bermuda High during West Regime summers strength-

ens the anticyclonic circulation over the southeast and re-

duces the moisture flux from the Gulf to the land. These

conditions lead, in turn, to more frequent stagnation in the

southeast, with enhanced clear skies and warmer tempera-

tures, thereby increasing ozone production and accumula-

tion. Figure 6b shows that as the latitude of the Bermuda

High (BH-Lat) shifts northward during West Regime sum-

mers, mean JJA MDA8 ozone concentrations increase at a

rate of ∼ 2 ppbv deg−1 across the southeast, with a positive

correlation between ozone and BH-Lon ranging from 0.6 to

0.7 (Fig. S7b). A northward shift in BH-Lat subjects this re-

gion to high surface pressures accompanied by warmer tem-

peratures and increased stagnation, again enhancing surface

ozone production and accumulation as in the westward shift

of BH-Lon.

For the 16 summers in the East Regime, the definition

of the Bermuda High west edge using the 1565 gpm isoline

shows the best predicative capability and is used to define

the Bermuda west edge. In contrast to the West Regime,

Fig. 6c indicates that a westward shift of BH-Lon in this

regime leads to reduced mean JJA MDA8 ozone at a rate

of 1–2 ppbv deg−1 across the east. The correlation between

1565 gpm BH-Lon and ozone is about −0.7 in the southeast

(Fig. S7c). In this regime, a westward shift in BH-Lon sig-

nifies that the western flank of the Bermuda High extends

further inland, enhancing the transport of clean air from the

Gulf along the eastern seaboard. Figure 6d displays the re-

sponse of mean JJA MDA8 ozone to the northward shift

of BH-Lat in the East Regime, revealing a strong positive

ozone response in the Midwest and northeast, in sharp con-

trast to the West Regime. There we find a positive correlation

of r = 0.40 (p value < 0.12) between the JJA mean BH-Lat

www.atmos-chem-phys.net/15/10925/2015/ Atmos. Chem. Phys., 15, 10925–10938, 2015



10934 L. Shen et al.: Influence of synoptic patterns on surface ozone variability

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

Ozone and longitude of BH west edge

West Regime

(a)85.4W

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Ozone and latitude of BH west edge

West Regime

(b)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

East Regime

(c)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ● ●

● ●

East Regime

(d)

−3 −2 −1 0 1 2 3
ppbv/deg

Figure 6. Relationship between the mean JJA MDA8 ozone in the

eastern United States and the location of the Bermuda High west

edge over the 1980–2012 time period. The plots show the slopes of

anomalous ozone vs. longitude (BH-Lon) or latitude (BH-Lat) of

the west edge, with the ozone anomalies calculated as the residuals

of a 7-year moving average in the AQS data for each grid box. Pos-

itive values indicate increasing ozone with westward or northward

shifts of the longitude of the Bermuda High west edge. (a and b)

show results for those summers when the west edge was located in

the West Regime, with the 1560 gpm isoline crossing the 850 hPa

wind ridge line west of 85.4◦W. (c and d) show results for the East

Regime, when the 1560 gpm isoline crossed the 850 hPa wind ridge

line east of 85.4◦W. The location of 85.4◦W is denoted by the blue

arrow in (a). Red and black dots indicate those grid boxes where

the slope is significant at the 0.10 level. For more details on the

definition of the Bermuda High west edge for each regime, see text.

and geopotential height at 500 hPa for these 16 summers in

the East Regime. This result suggests that a northward shift

in BH-Lat in the East Regime is sometimes accompanied by

a poleward shift in the polar jet latitude, which further en-

hances surface ozone in the northeastern United States.

7 Variability in the Great Plains low level jet and

implications for seasonal JJA surface ozone

Here we examine more closely the role of the GPLLJ on

ozone in the West and East Regime summers. We find that

the response of surface ozone to variability in the GPLLJ

depends in part on the location of the Bermuda High west

edge. Figure 7a shows the slopes of the linear relationships

of mean JJA MDA8 ozone concentrations to the GPLLJ wind

speed for summers in the West Regime over 1980–2012. As

before, we define the GPLLJ wind speed as the meridional

wind speed at 850 hPa over the southern Great Plains, as

indicated in the red rectangle of Fig. 7a. The plot displays

significant positive slopes of ∼ 4 ppbv m−1s in the south-

east and negative slopes in the southern Great Plains. The

enhanced GPLLJ ventilates the southern Great Plains, coin-

cident with the westward shift of the Bermuda High west
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Figure 7. Slopes of anomalous JJA MDA8 ozone vs. GPLLJ in the

summers when the Bermuda High is characterized by the (a) West

Regime and (b) East Regime during 1980–2012. Ozone concentra-

tions have been detrended as described in text. The West Regime

refers to the summers when the west edge of the Bermuda High

is located to the west 85.4◦W, while the East Regime is when the

west edge is located east of this longitude. See text for further de-

tails. Dots indicate grid boxes where the slope is significant at the

0.10 level.

edge and greater stagnation in the southeast under higher

surface pressures. The correlation coefficient r of GPLLJ

and MDA8 ozone is as high as 0.7 for some grid boxes in

the southeast, reflecting the good predictive capability of the

speed of the GPLLJ for ozone variability in the West Regime.

However, in the East Regime, the influence of the Bermuda

High on the eastern United States is reduced. Ventilation by

the GPLLJ then becomes the dominant influence on surface

ozone across much of the east, and we find negative slopes of

mean JJA MDA8 ozone concentration and the GPLLJ wind

speed over most of the domain (Fig. 7b). In the shorter time

frame of 1993–2008, Zhu and Liang (2013) found that the

GPLLJ could bring clean maritime air to the Gulf states while

transporting ozone pollution from the Midwest to the north-

east and promoting greater stagnation in the southeast. Our

study suggests that the influence of the GPLLJ can be decom-

posed into two parts, according to the location of Bermuda

High west edge. In the West Regime, GPLLJ ventilates the

south-central states and the westward shift of Bermuda High

leads to stagnation in the southeast, consistent with Zhu and

Liang (2013). In the East Regime, the influence of Bermuda

High is largely reduced and the ventilation by GPLLJ is dom-

inant over the eastern United States.

8 Percent variability in mean seasonal JJA MDA8

ozone explained by synoptic patterns and trend

analysis

In this section, we quantify the percentage of interannual

variability in mean JJA MDA8 ozone that can be explained

by the combination of the synoptic patterns identified in this

study. We look in particular to see where surface ozone is

best explained by these patterns. This step is essential to

demonstrate (1) the importance of synoptic-scale meteorol-

ogy to surface ozone and (2) the need to test the sensitivity
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Figure 8. (a) Coefficients of determination (R2) for the linear regression of mean JJA MDA8 ozone concentration on the meteorological

variables describing the polar jet frequency and the Bermuda High west edge from 1980 to 2012. Ozone concentrations have been detrended

as described in text. Right-hand panels show the time series of observed (black) and regressed (blue) mean JJA MDA8 ozone concentrations

averaged over the Midwest, northeast, south-central region, and southeast. Ozone values have again been detrended in these panels. The

correlation coefficient r between the observed ozone and regressed meteorology is shown inset for each region.

of modeled ozone to changing meteorological patterns, es-

pecially in chemistry–climate studies. We also examine the

observed meteorological data for trends in the key synoptic

patterns. Previous studies have reported sometimes contra-

dictory results regarding such trends (e.g., Leibensperger et

al., 2008; Turner et al., 2013). Improved knowledge of exist-

ing trends in synoptic-scale patterns will allow us to assess to

what degree the observed decline in US surface ozone can be

attributed to cuts in precursor emissions or to meteorology. If

trends in synoptic patterns important to ozone levels have in-

deed occurred and can be traced to ongoing climate change,

such information would benefit policymakers as they plan

ahead for future air quality. While future cuts in emissions of

ozone precursors could greatly improve air quality, it is not

known to what extent policymakers should take the “climate

penalty” into account.

We first construct a multiple linear regression model

to correlate mean JJA MDA8 ozone and three indices of

synoptic-scale circulation: the JJA polar jet frequency and

the mean JJA longitude and latitude of the Bermuda High

west edge. The model is of the form

ozone = Jet-freq+1555 gpm

BH-Lon× I(west)+1555 gpm BH-Lat

× I(west)+1565 gpm BH-Lon× I(east)

+1565 gpm BH-Lat× I(east), (1)

where “ozone” refers to mean JJA MDA8 ozone in ppbv for

each grid box, “Jet-freq” is the JJA jet frequency in the Mid-

west and northeast in count grid−1 summer−1, “I(West)” and

“I(East)” are indicators of West Regime and East Regime

based on the Bermuda High west edge, 1555 and 1565 gpm

are the isolines used to calculate Bermuda High west edge,

and “BH-Lon” and “BH-Lat” are the mean JJA longitudes

and latitudes of the Bermuda High west edge as determined

for the relevant regime, with both longitudes west and lati-

tudes north assigned positive values. We use a stepwise pro-

cedure to delete terms in Eq. (1) based on the Akaike In-

formation Criterion (Venables and Ripley, 2003). Figure 8a

compares the model predictions for mean JJA MDA8 ozone

with observations over the 1980–2012 time period across the

eastern United States. We find the greatest coefficients of de-

termination (R2) in the Midwest and parts of the northeast

and southeast, where the polar jet and the Bermuda High

west edge together explain 50–80 % of the interannual vari-

ability of mean JJA MDA8 ozone. Time series of observed

and predicted mean JJA MDA8 ozone reveal that these two

synoptic patterns explain 71 % of the total variance in the

Midwest, 59 % in the northeast, 53 % in the south-central,

and 59 % in the southeast (Fig. 8b–d).

We find no significant trend of the identified synoptic pat-

terns over the eastern United States for the 1980–2012 pe-

riod (Table 2). Our results thus support the conclusion of

Cooper et al. (2012) that the observed decrease in afternoon

surface ozone from 1990 to 2010 was likely caused by tight-

ening emission controls and not by trends in meteorology.

Our work is consistent with Bloomer et al. (2010), who found

that surface ozone at five CASTNET sites in the eastern

United States declined from 1989 to 2007 despite a warming

trend (∼ 0.5 ◦C decade−1) in daytime temperatures. Consis-

tent with the Leibensperger et al. (2008) trend analysis of JJA

cyclones crossing Canada, we find a significant decrease of

the polar jet frequency (−0.099 count a−1, p < 0.1) and polar

jet wind speed (−0.067 m s−1 a−1, p < 0.05) over the 1980–

2006 time period. However, we find no significant trend in

these variables over the extended time period of 1980–2012.

Turner et al. (2013) reported more frequent midlatitude cy-

clones crossing the eastern United States since 2006; con-
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sistent with that result, we find increased polar jet frequency

since then. Reasons for these short-term variations in polar

jet indices are unknown; the variations may be simply caused

by natural variability.

9 Discussion and conclusions

We investigate the effect of synoptic meteorology on the

daily and interannual variability of JJA surface ozone in the

United States by using observations from EPA-AQS and the

NCEP/NCAR Reanalysis. We identify a bimodal structure in

the zonally averaged SD of daily JJA MDA8 ozone over the

east, with peaks occurring in the 30–35 and 39–43◦ N latitude

bands, roughly corresponding to the northeast/Midwest and

the deep south/Gulf Coast regions. This pattern of variability

identifies those regions where surface ozone is the most af-

fected by daily meteorological variability. The pattern is also

consistent with the day-to-day variability of detrended daily

JJA MDA8 ozone in the eastern United States diagnosed with

EOF. The first three leading EOF patterns consist of (1) a

widespread response of ozone in the eastern United States

associated with north–south movement of jet wind latitude,

(2) a north–south pattern associated with the Bermuda High

system with its west boundary being located in the coastal

regions, and (3) an east–west pattern linked to the westward

extension of the Bermuda High and enhanced low level jet

transport. EOF3 is also associated with a trough in the polar

jet wind over the northeast. Our results reveal that the north-

ern peak of ozone variability in the eastern United States

can be explained by the polar jet wind activity and associ-

ated cold fronts, while the southern peak can be explained by

east–west shifts in the Bermuda High west edge and associ-

ated activity of the GPLLJ. None of the three identified syn-

optic circulations show significant trends in the 1980–2012

time frame. Our result supports the conclusion in Cooper et

al. (2012) that the observed decreasing ozone trend is mainly

caused by emission control.

We find that a higher frequency of the polar jet wind

traversing the Midwest and northeast corresponds to lower

surface ozone concentrations. The correlation coefficient r of

detrended mean JJA MDA8 ozone and polar jet frequency is

−0.76 over 1980–2012, −0.87 over 1993–2012, and −0.93

over 1993–2012. The strong interannual correlation of sur-

face MDA8 ozone with polar jet frequency recommends its

use as a relatively simple metric to diagnose the effect of cli-

mate change on ozone. Previously, the relationship between

surface ozone and cyclone frequency has been used to pre-

dict ozone variability (Leibensperger et al., 2008; Turner et

al., 2012) but calculation of this relationship requires finely

time-resolved (≤ 6 hourly) fields of sea level pressure and

other variables. In contrast, only the daily mean wind field

at 500 hPa is needed to calculate the polar jet frequency.

Climate models routinely archive daily mean meteorologi-

cal fields, but not fields of higher temporal resolution. For

this reason, the polar jet frequency could prove to be a use-

ful metric to predict future ozone air quality in multi-model

climate projections such as the CMIP5.

We also demonstrate that the influence of the Bermuda

High on surface ozone depends on the location of its west

edge. In East Regime summers, when the mean longitude

of the Bermuda High west edge is east of 85.4◦W, west-

ward movement of the Bermuda High decreases mean JJA

MDA8 ozone in the eastern United States by 1–2 ppbv deg−1

in longitude. This influence is due to enhanced flux of clean

maritime air onto land as the western flank of the Bermuda

High approaches the continent. In West Regime summers,

when the mean longitude of the Bermuda High west edge is

west of 85.4◦W, westward movement of the Bermuda High

west edge increases ozone by ∼ 2 ppbv deg−1 in longitude

in the southeast. In this regime, the Bermuda High extends

far inland, strengthening the anticyclonic circulation over the

southeast and reducing the flux of clean maritime air. As a

consequence, the southeast experiences greater air mass stag-

nation, clear skies, and higher temperatures, all of which fa-

vor ozone production and accumulation. Our work goes be-

yond Zhu and Liang (2013) by showing that the response

of surface ozone to variability in the GPLLJ depends on the

location of the Bermuda High west edge. As with polar jet

frequency, the influence of the Bermuda High on US surface

ozone in a future atmosphere could be easily diagnosed from

climate model projections.

Afternoon surface ozone decreased at a rate of

0.45 ppbv a−1 over the eastern United States during the

1990–2010 period (Cooper et al., 2012). Previously, the

trends in surface temperature had been explored as a pos-

sible driver of this trend (Cooper et al., 2012). We extend

this work by searching for trends in the synoptic-scale

meteorological patterns identified here as key influences on

US surface ozone. We do not find statistically significant

trends for either the polar jet frequency or the extent of the

Bermuda High over 1980–2012, confirming the hypothesis

of Cooper et al. (2012) that the observed decrease in

afternoon surface ozone across the east is mainly due to

stricter emission controls. Future climate change, however,

may bring large changes in the synoptic patterns described

here. For example, in their model study, Barnes and Fiore

(2013) detected a ∼ 2◦ poleward shift of the JJA polar jet

wind in the northeastern United States in the Representative

Concentration Pathway 4.5 (RCP4.5) over the 21st century.

For a similar time frame in RCP4.5, Li et al. (2013) calcu-

lated a ∼ 5◦ westward shift of the Bermuda High west edge

due to stronger thermal contrast between land and ocean,

a consequence of climate change previously suggested by

W. Li et al. (2012). Our results suggest that such trends, if

realized in the future atmosphere, could seriously degrade

ozone air quality over the eastern United States.

Our work identifies the synoptic patterns that strongly in-

fluence the variability of US surface ozone, and it provides a

set of metrics that may be used to evaluate the skill of CTMs
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and CCMs in capturing this influence. By testing the sensi-

tivity of modeled ozone to the synoptic patterns we identify

here, a clearer picture of the causes of model discrepancies

should emerge.

This work quantifies the sensitivity of ozone air quality in

the eastern United States to the major patterns in synoptic-

scale circulation. However, local meteorological conditions

(e.g., Bloomer et al., 2007) and background ozone levels

(e.g., Fiore et al., 2002; Wu et al., 2008; Wang et al., 2009)

also influence ozone variability in the east, and future climate

change could alter these other factors as well. A complete

picture of ozone air quality in the coming decades in this re-

gion thus requires consideration of all three factors and quan-

tification of their percent contributions to potential change.

Our work confirms that the influence of regional meteorol-

ogy on surface ozone is strong and that future climate change

could offset the air quality gains made by planned reductions

of ozone precursor emissions (e.g., NRC, 1991; Wu et al.,

2008; Wang et al., 2013).

The Supplement related to this article is available online

at doi:10.5194/acp-15-10925-2015-supplement.
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