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Abstract. Using the empirically-corrected tropospheric 1 Introduction

ozone residual (TOR) technique, which utilizes coincident

observations of total ozone from the Total Ozone MappingThe distribution of ozone in the troposphere is important and
Spectrometer (TOMS) and stratospheric ozone profiles fronof particular interest for a number of reasons. On one hand,
the Solar Backscattered Ultraviolet (SBUV) instruments, ozone photolysis initiates the oxidizing process in the tropo-
the seasonal and regional distribution of tropospheric ozonephere through the formation of the hydroxyl radical, OH.
across the North Atlantic from 1979-2000 is examined. ltsWhile on the other hand, it is a greenhouse gas that can af-
relationship to the North Atlantic Oscillation (NAO) is also fect the radiative properties of the atmosphere and potentially
analyzed as a possible transport mechanism across the Northe climate system (e.g., Fishman et al., 1979a; Gauss et al.,
Atlantic. Monthly climatologies of tropospheric ozone for 2003). After considerable debate in the 1970s, it is now rec-
five different regions across the North Atlantic exhibit strong ognized that tropospheric ozone has both natural and anthro-
seasonality. The correlation between these monthly climapogenic sources: Injection from the stratosphere provides
tologies of the TOR and ozonesonde profiles at nearby sitethe primary natural source, while the anthropogenic source
in both eastern North America and western Europe are highlyis photochemical production in the boundary layer (e.g., see
significant (R values of +0.98 and +0.96 respectively) anddiscussions by Fishman et al., 1979b; Wang et al., 1998; von
help to validate the use of satellite retrievals of troposphericKuhimann et al., 2003).

ozone. Distinct springtime interannual variability over North  To obtain a better understanding of the global tropospheric
Atlantic Region 5 (eastern North Atlantic-western Europe) ozone budget, it is important that a clear picture of its
is particularly evident and exhibits similar variability to the global distribution be obtained. To this end, several ob-
positive phase of the NAO (R=+0.6b~<0.01). Positive servational techniques have been developed using informa-
phases of the NAO are indicative of a stronger Bermuda-tion from satellite measurements (e.g., Fishman et al., 1990;
Azores high and a stronger Icelandic low and thus fasterKim and Newchurch, 1996, 1998; Hudson and Thompson,
more zonal flow across the North Atlantic from west to east.1998; Ziemke et al., 1998, 2000; Fishman and Balok, 1999;
This flow regime appears to be causing the transport of tro-Thompson et al., 2003; Fishman et al., 2003). In this study,
pospheric ozone across the North Atlantic and onto Europewe use the data set described in Fishman et al. (2003) to ex-
The consequence of such transport is the impact on a dowramine how an important regional aspect of the tropospheric
wind region’s ability to meet their ozone attainment goals. ozone distribution is influenced by long-range transport and
This link between the positive phase of the NAO and in- how this transport may vary from year to year. In particular,
creased tropospheric ozone over Region 5 could be an imit has been shown that during the summer over the North At-
portant tool for prediction of such pollution outbreaks. lantic the amount of photochemically-generated ozone trans-
ported from North America appears to be greater than the
amount injected from the stratosphere (Parrish et al., 1993),
supporting the speculation that transport of pollution off the
North American continent can have a strong effect on down-
Correspondence tal. K. Creilson wind regions. Li et al. (2002b) found that the spring tropo-
(J.K.Creilson@larc.nasa.gov) spheric 0zone maximum seen at Bermuda is primarily due to
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boundary layer transport from eastern North America and nolcelandic region can quickly (2—3 days) transport,Nfollu-
injection from the stratosphere, as previously thought (Olt-tion directly across the North Atlantic and onto Europe. The
mans and Levy, 1992, 1994; Moody et al., 1995). strong low that was seen over Iceland during this event di-
It is of particular concern that pollution from North Amer- rected the flow of air and, even though this was a case study
ica may be impacting the overall air quality of Europe (Jon- of one episode, highlights the strong transport mechanism
son et al., 2001; Li et al., 2002a; Prather et al., 2003). Oneassociated with the Icelandic low. Seasonal Relationships
of the goals of the current study is to determine if this long- involving the phase of the NAO and both surface ozone in
range transport of tropospheric ozone can be observed in thiklace Head Ireland (Li et al., 2002a) and pollution transport
TOR data base, and whether or not a relationship can be ege the Arctic (Eckhardt et al., 2003), as well as between the
tablished between the amount of ozone transport and prevaiNAO and Saharan dust build-up in the Caribbean (Moulin et
ing meteorological parameters that exhibit significant inter-al., 1997), have been discovered.
annual variability. Using the tropospheric ozone residual (TOR) database de-
The North Atlantic Regional Experiment (NARE) specifi- scribed in Fishman et al. (2003), the integrated result of in-
cally focused on the magnitude of the pollution coming off of tercontinental transport and in situ photochemical produc-
the east coast of North America and the amount found ovetion of tropospheric ozone from 1979-2000 is examined and
the adjacent North Atlantic Ocean (Parrish et al., 1993, 1998ijts relationship to the North Atlantic Oscillation is studied.
Berkowitz et al., 1996). Parrish et al. (1993) speculated thafThis investigation examines the impact that the NAO has
this pollution may be getting transported across the North At-on the seasonal distribution of tropospheric ozone at several
lantic and impacting Europe. Chemical transport models andsites across the North Atlantic. We begin with a discussion
tracer studies have estimated that the flux of ozone and othesibout the prevailing meteorology across the North Atlantic,
trace gases from North America to the North Atlantic Oceanfollowed by a discussion of the distribution of tropospheric
can be high (Chin et al., 1994; Atherton et al., 1996; Liang etozone across this region, its relationship with the NAO and
al., 1998; Li et al., 2002a) and under the right meteorologicalavailable ozonesonde profiles on both sides of the Atlantic,
conditions can be seen thousands of kilometers downwind oind continue by examining the strongest relationship found
its sources (Stohl and Trickl, 1999; Li et al., 2002a; Stohl etin the data and why it may be occurring.
al., 2002, 2003). Quantitative estimates of this flux of ozone
from eastern North America to the North Atlantic have been
approximated to range from 1.0 to 1.6 Gmol/day (Chin et al.,2 North Atlantic Circulation and the North Atlantic Os-
1994; Berkowitz et al., 1996). While flux estimates for the  cillation
entire North American boundary layer have been estimated
to range from 3.8 Gmol/day (Liang et al., 1998) to as muchThe prevailing atmospheric flow off of North America is
as 6 Gmol/day (Li et al., 2002a). from west to east. This flow regime transports air parcels
Previous studies identified episodes of long range transcontaining anthropogenic pollution off of the continent and
port of North American tropospheric ozone towards Europeout into the North Atlantic Ocean. Three dominant mecha-
(Parrish et al., 1993; Stohl and Trickl, 1999; CENR, 2001; nisms assist in this movement of air: Frontal lifting via the
Li et al., 2002a; Reeves et al., 2002; Stohl et al., 2002).warm conveyor belt process; convection over continental ar-
Most of these studies focus on the warm conveyor belt pro-€as that lifts air parcels into the free troposphere where they
cess associated with cyclonic pressure systems where tr@re transported by the westerlies; and direct westerly move-
pospheric ozone is lifted into the free troposphere over thenent of boundary layer air. Once out over the North Atlantic
eastern continental U.S. and transported via the westerlie©cean, the large scale features that govern this region help
across the North Atlantic and onto Europe (Berkowitz et al.,determine its fate.
1996; Cooper et al., 2002; Reeves et al., 2002). Berkowitz In the midlatitudes, the large-scale circulation over the
et al. (1996) found during NARE that the main synoptic North Atlantic is primarily governed by three features: 1)
scale transport mechanism was associated with these eashe Icelandic low, 2) the semi-permanent Bermuda-Azores
ward moving cyclonic systems. This process coupled withhigh, and 3) the Northeasterly trade winds (Aguado and Burt,
direct westerly flow off the North American continent act as 1999). Across the northern part of the North Atlantic (north-
the primary mechanisms of ozone transport onto the Northward of 30 N), the Icelandic low and the Bermuda- Azores
Atlantic. Once into the North Atlantic, the movement of this high dominate. The northeasterly trade winds run south of
ozone can come under flow patterns that are modulated bthis area (20N) towards the equator.
the North Atlantic Oscillation (NAO). In the mid-latitudes, The NAO index is determined by the strength and location
the NAO is the leading mode of variability across the North of the Icelandic low and the Bermuda-Azores high. Hurrell
Atlantic and dictates the strength and pathways of the west{1995) defines the NAO index as the difference in sea level
erly movement of air across this region. Stohl et al. (2003)pressure between a station in either Lisbon, Portugal (ex-
discovered that the combination of synoptic systems ovetended winter index) or Ponta Delgada, Azores (monthly and
eastern North America and a strong low situated over theseasonal indices), and a station in Stykkisholmur/Reykjavik,
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Positive Phase of the North Atlantic Oscillation

RAUSEIAN AIVERE

Fig. 1. Graphical representation of the positive phase (1a) and negative phase (1b) of the North Atlantic Oscillation (NAO). For this study,

the focus of this figure is on the following: Differences between the strength and location of both the Icelandic low and Bermuda/Azores

high, the position and strength of the westerlies, and climate impacts of the two phases of the NAO. The figure is courtesy of Dr. R. Dickson
(www.ices.dk/globec/data/bf4/naomap.htm).
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Iceland. During the positive phase of the NAO (top image in Backscattered Ultraviolet (SBUV) instruments from 1979—
Fig. 1), the Icelandic low and the Azores high are relatively 2000. During this period, nearly eighteen years of monthly
strong. This increased difference between the two pressuraverages over most of the globe from°H50to 50° S have
systems sets up a greater north-south pressure gradient duelieen calculated (data available at http://asd-www.larc.nasa.
the difference in pressure between the low and the high andgov/TOR/data.html). A description of the technique can
the associated meridional variation in mass balance betweebe found in Fishman and Balok (1999) and Fishman et
the subtropical mid-latitudes (Bermuda-Azores high) and theal. (2003). The seasonal distributions shown in Fig. 2 rep-
higher latitudes (Icelandic low). The gradient produces anresent the 1979—-2000 TOR climatologies across the North
enhanced zonal (west to east) flow, causing air to move mordétlantic. Each 2 latitudex1.25 longitude pixel (TOMS
quickly and with less impedance from west to east across thgrid size) shown represents an average~df600 points
North Atlantic. During the negative phase (bottom image in (~90 daysx~18years). This density of data points is able
Fig. 1), the Icelandic low and the Azores high both weakento show the seasonal variability of tropospheric 0zone across
causing the circulation across the North Atlantic to be alteredthe North Atlantic with areas of higher tropospheric ozone
(i.e., less zonal, more meridional). This altered flow is lessevident in the spring and summer seasons. Further regional
conducive to transport of air parcels making it directly from analysis of the seasonal data is completed by binning the
the North American continent to Europe, which is more thandata into the five regions shown in Fig. 3 (Oxford Atlas of
likely due to the increased north-south (meridional) flow pat-the World, 2000). Figure 4 shows the monthly climatology
tern that sets up. of each of these five regions and illustrates both the strong
Studies of the NAO’s influence have focused primarily seasonality and regional differences that might be linked to
on the winter and spring seasons when the westerlies ari situ production or transport into a particular region. The
faster and its relationship to changes in North American andegions were chosen because they represent a cross section
European climate (temperature and precipitation anomaliespf the North Atlantic and are in the midlatitudes (between
have been noted (Hurrell, 1995; Rogers, 1997). Some o080 and 48N); two of the areas (Regions 1 and 5) are in
the stronger relationships discovered have linked the poselose proximity to excellent ozonesonde profile climatolo-
itive phase of the NAO with above normal temperaturesgies (Wallops Island and Hohenpeissenberg, respectively),
across western Europe and below normal precipitation acrosghich span the same time period and thus could be used
central and southern Europe (Hurrell, 1995; Hurrell et al.,for validation. The seasonal TOR values for each region are
2003; Visbeck et al., 2001). However, the NAO displays defined by 81 TOMS grid points centered on each location
considerable monthly and interannual variability (Hurrell, shown in Fig. 3 and are summarized by season in Table 1.
1995) and its effects have been observed in all seasons. R&or all seasons except summer, the data show that higher
cently, relationships between the NAO and “other” atmo- amounts of TOR are present over the North Atlantic than
spheric phenomena, such as total ozone (Appenzeller et algver the adjacent coasts of eastern North America and west-
2000; Braesicke et al., 2000), carbon monoxide (Eckhardt eern Europe. Such a distribution would be consistent with the
al., 2003), and tropospheric ozone (Li et al., 2002a), havehypothesis that slower photochemical generation of ozone is
been studied. Li et al. (2002a) found that when the springtaking place during the non-summer seasons, but that rapid
NAQO is positive there is an increase in surface ozone at Maceeneration of boundary-layer ozone during the summer over
Head Ireland and they concluded that the increase was duthe eastern United States dominates the observed TOR dis-
to westerly transport of North American pollution across the tribution.
North Atlantic. In addition, Eckhardt et al. (2003) found
that there is a strong relationship between the positive phasg.2 Ozonesonde Analysis and Validation
of the NAO and surface concentrations of carbon monoxide
(CO) in the Arctic; this finding was most pronounced dur- For validation, we compared the TOR over the eastern U.S.
ing the winter and spring. They also noted that both Northand western Europe (Regions 1 and 5 in Fig. 3) with cli-
American and European pollution contributed to the build-up matological ozonesonde profiles from Wallops Island, Vir-
in the Arctic during the positive phase of the NAO. ginia (USA) and Hohenpeissenberg (Germany), respectively.
Ozonesonde data were obtained from an archive maintained
at NASA Langley Research Center (V. Brackett, NASA
3 Tropospheric Ozone Data Langley Research Center, personal communications, 2002).
Most of the data in this archive (including the two stations
3.1 Tropospheric Ozone Residual (TOR) Technique andused in this analysis) came from the World Ozone and Ultra-
Seasonal Depictions violet Data Center (WOUDC), Environment Canada (http:
Ilwww.woudc.org/indexe.html). Monthly and seasonal cli-
Fishman et al. (2003) present a summary of the globalmatological values of the integrated ozone in the troposphere
distribution of TOR using coincident measurements from for these two stations were calculated. These integrals were
the Total Ozone Mapping Spectrometer (TOMS) and Solarderived using the definition of the thermal tropopause, which
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Fig. 2. Climatological depictions of tropospheric ozone residual (TOR) across the North Atlantic obtained from the empirical correction
technique (Fishman et al., 2003). The four panels correspond to NH winter (December—February), spring (March—May), summer (June—
August), and autumn (September—November).

www.atmos-chem-phys.org/acp/3/2053/ Atmos. Chem. Phys., 3, 2053—2066, 2003



2058 J. K. Creilson et al.: Intercontinental transport of tropospheric ozone

Table 1. Seasonal mean TOR, TOR range, and TOR-NAO correlation for each of the five regions shown in Fig. 3 for the 1979-2000 time
period. Significant correlations are highlighted. All TOR values are in Dobson Units (DU).

December—February
Region 1 2 3 4 5

Mean TOR 26.4 27.8 30.8 30.0 28.7
Range-High ~ 30.5(1979) 30.1(1979) 34.9(1989) 33.7(1990) 31.5(1992)
Range-Low  22.5(1999) 25.4(1987) 28.1(1999) 26.4(1980) 26.2 (1982)

R:TOR-NAO -0.21 0.27 0.49 0.38 0.14
March—May

Region 1 2 3 4 5

Mean TOR 37.9 39.3 39.0 37.6 33.6

Range-High  41.5(1998) 42.7(1991) 42.8(1999) 42.4(1991) 38.0 (1990)
Range-Low  34.7(1983) 36.1(1985) 36.0(1979) 34.7(1980) 28.9 (1980)
R:TOR-NAO 0.20 0.01 0.22 0.30 0.61

June—August

Region 1 2 3 4 5

Mean TOR 45.1 40.8 41.8 41.7 38.1
Range-High ~ 47.2(1980) 42.6(1998) 44.9 (1999) 44.3(1999) 41.5(1999)
Range-Low  42.9(1997) 355(1997) 37.6(1992) 39.5(1989) 35.0 (1997)
R:TOR-NAO  —0.08 0.12 ~0.09 0.41 0.35

September—November
Region 1 2 3 4 5

Mean TOR 33.7 34.3 34.9 34.6 31.0
Range-High ~ 39.0(1998) 38.5(1990) 37.8(1990) 37.3(1998) 34.3 (1992)
Range-Low  31.4(1999) 32.1(1987) 31.4(1985) 32.2(1983) 29.0 (1987)
R:TOR-NAO 0.09 0.40 -0.28 0.03 0.13

is determined when the lapse rate becomes less than 2 K/knozonesondes with an average monthly difference never ex-
These profiles were then used to compare against the TOReeding 4.8 DU (January difference). Figures 6a and b are
values adjacent or coincident to these two locations. Theselots showing the monthly-averaged profiles derived from
two data sets were chosen due to their long records that covarzonesonde measurements compared with the amount de-
the same time period as the TOR data set and their relativeived utilizing the TOR technique for Region 1 and Region
proximity to the TOR in Regions 1 and 5. These monthly 5 respectively. As can be seen in the relationships (Figs. 6a
ozonesonde climatologies were used to compare against trend b), the integrated amount of tropospheric ozone (TOR)
monthly TOR climatologies for the 1979-2000 time period. over these regions succinctly captures the variability within
Earlier work has shown that ozonesondes can be used asthe monthly averaged ozonesonde profiles with a correlation
validation for the amount of tropospheric ozone column datacoefficient (R-value) of +0.98 for Wallops Island/Region 1
retrieved from satellites (Fishman et al., 1990; Hudson andFig. 6a) and an Rvalue of 0.96. A similarly strong re-
Thompson, 1998; Ziemke et al., 1998, 2000; Fishman andationship (R=+0.96, R=0.93) is also seen for Hohenpeis-
Balok, 1999; Thompson et al., 2003). senberg/Region 5 (Fig. 6b). Similar results were seen at Wal-
lops (R=+0.98; R=0.96) and Hohenpeissenberg (R=+0.94;
Figure 5 compares the monthly climatological TOR cycles R2=0.88) when a comparison was made between the monthly

in Regions 1 and 5 with the observations from Wallops IS- ozonesonde data and the TOR located at the coincident pixel
land and Hohenpeissenberg, respectively. At Wallops 'S|a”d$versus the 99 pixel region).

the TOR products underestimate the ozonesonde-derived v
ues by 1.9-8.2DU per month with the average value be- Figure 6c¢ highlights the covariance between the gradients
ing 4.4DU (~11%). The comparison between Region 5 observed in the two sets of climatological measurements.
and the Hohenpeissenberg data is similarly good with theThis plot confirms that the average monthly differences in

average value for the TOR being 2.2DU higher than thethe TOR between these two locations is in good agreement

Atmos. Chem. Phys., 3, 2053—-2066, 2003 www.atmos-chem-phys.org/acp/3/2053/
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Fig. 3. North Atlantic Study Area (8th Oxford Atlas of the World, 2000).The following are the five numbered regions shown in the study area
above: Region 1: Wallops Island, VA (37.8l, 75° W), Region 2: Bermuda (33N, 64.4 W), Region 3: Azores (389N, 27.5 W),Region
4: Lisbon (38.2 N, 9.8° W), and Region 5: Southwest France (4N} 1.2 W).

with the same quantities derived from ozonesonde profiles 50
(R=+0.87, B=0.76). This strong correlation suggests that
regional variations observed in the TOR fields can be ana- 45|
lyzed on shorter time scales to provide insight into the in-
terannual variability of TOR and its potential relationship to
other physical parameters.

3.3 Meridional Differences across the North Atlantic

Referring back to Fig. 4, we note that each of the five regions
exhibits a distinct seasonal variability with highest amounts
in the late spring/early summer timeframe and lesser amounts 25 . S
in the winter season. There appears to be higher amounts in
the western Atlantic earlier in the year and greater amounts in 182 3745

the eastern Atlantic as the year progresses. The peak for Re- Study Regions

gions 1-4 occur in the early summer while the Region 5 peak

occurs in the mid-summer. It is interesting to note the rapidFig. 4. Monthly climatological distribution of tropospheric ozone
increase through the mid to late spring in each region andor the five regions shown in Fig. 3. The numbers in the legend and
then a subsequent leveling off or even dropping off during the®" the profiles correspond to the numpered regions i.n Fig. 3and are
early summer. The distribution for Regions 3 and 4 exhibit a™om West to east. All TOR values are in Dobson Units (DU).
distinct leveling off during the late spring/early summer pe-

riod, possibly due to the onset of the Bermuda-Azores high.

Region 2 (Bermuda) shows the strongest spring increase anern U.S. during the summer. Region 5 shows a later peak
then followed by a sharp drop-off from June to July, also and then gradual decrease towards the winter, which could
coinciding with the Bermuda-Azores high. Region 1 showsbe consistent with either a climatologically later in situ pho-
continued high TOR during most of the summer which is tochemical production period or with changes in transport
consistent with the strong production processes in the easpatterns.

www.atmos-chem-phys.org/acp/3/2053/ Atmos. Chem. Phys., 3, 2053—2066, 2003
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Fig. 5. Monthly climatological tropospheric ozone for Regions 1
and 5 and monthly climatological ozonesonde profiles for Wallops
Island USA (W) and Hohenpeissenberg, Germany (H). All tropo-
spheric ozone values are in Dobson Units (DU).

Figure 4 also highlights the progression of the TOR
through the spring. It shows that the TOR over Region 1
moves from approximately 31 DU to 38 DU to 45 DU, an in-
crease of 45% (14 DU) across this three month period. While
the TOR over Region 5 moves from approximately 32 DU to
34 DU to 37 DU, a 16% (5 DU) increase for this same period.
The eastern U.S. has been shown to be an area where tropo-
spheric ozone is photochemically-produced and thus should
likely experience an increase in the amount of tropospheric 20
ozone due to increased photochemistry, once precursors are 3
present (usually following the winter season) and an increase g
in insolation (evident during springtime) occurs.

Hohenpeissenberg Ozonesonde (DU)

15

-
o
L

3.4 Latitudinal Variability of Seasonality over the North
Atlantic

[3,]
L

Figure 7 shows the monthly zonal TOR climatology from
approximately 80W to 20° E. Five zones are shown in 5-
degree bands from south to north betweeh@@nd 45 N.
The legend symbols for each profile represent the midpoint 57 : : : :
of the 5-degree latitude bands (22 for 20285 27 for 25— -5 0 5 10 15 20

3(° N; etc). Analysis of this figure shows some interesting Region 1-Region 5 TOR (DU)

features. All five bands display strong increases through the

early to mid springtime period (March—April) with the lower

!atitude bands (22 and 27) Ievc.—:‘Ii.ng off or actually decr.easingFig' 6. Monthly averaged scatter plots (1979-2000) between 6a)
in May (band 22). The remaining three bands continue toRegion 1 TOR and ozonesonde profiles from Wallops Island; 6b)
increase into early summer with latitude band 42 having theregion 5 TOR and ozonesonde profiles from Hohenpeissenberg;
latest peak (July). Interestingly, latitude band 37 shows theand 6c) Relationship between the difference in TOR between Re-
greatest TOR values-44 DU in June). The rapid increase gion 1 and 5 and the difference in ozonesonde profiles between
through the spring and into early summer is consistent withWallops Island and Hohenpeissenberg. All values are in Dobson
the northward progression of the springtime sun and the subUnits (DU).

sequent increased photochemical activity. A drop-off in the

TOR at band 32 after June is consistent with the climato-

logical onset of the Bermuda high and the ozone destruction

o
L

Wallops-Hohenpeissenberg Ozone

- R=+0.87
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for five adjacent latitude bands: 20-°28, 25-3C N, 30-35 N,

35-40 N, and 40-43N. The longitudinal range for these bands is fjg g springtime depiction showing the interannual variability and

from 80°W to 20° E. The number shown on each line represents itive relationship between springtime tropospheric ozone resid-

which band it is; with the number being the approximate midpoint |, anomaly for Region 5 and the springtime Hurrell NAO index

of each of the bands. All TOR values are in Dobson Units (DU). (R=+0.61) from 1979-2000. The data gap from 1994-1997 is due
to a combination of either TOMS SBUV observations not being

) available (Fishman et al., 2003).
processes in the planetary boundary layer that accompany it
(Oltmans, 1981; Oltmans and Levy, 1992, 1994). The rela-
tive maximum in the TOR seen at the Iowgr latitudes (bands ided by the Climate Analysis Section, NCAR, Boulder, CO,
22, 27, and to a lesser extent in band 32) in the October an ) .

. . . : SA, Hurrell (1995) and is available at www.cgd.ucar.edu/
November timeframe is the subject of an on-going study. The_. L

: . . jhurrell/nao.html. For the majority of the years from 1979—
amounts and rate of increase of TOR are consistent with th% - . .
000, the largest positive anomalies of tropospheric ozone

regional profiles seen in Fig. 4 and with the ozonesonde pro; . . -
files used in the analysis shown in Figs. 5 and 6. (1986, 1990, 1992) correspond to years with a highly posi

tive NAO index. The magnitude of the variability in the TOR
appears to be greater than in the NAO index however the sign
and extent of the variability of the TOR and NAO appear to
be very similar.

An example of the Region 5 springtime TOR variability
Several researchers have shown seasonal linkages betwe#hFig. 8 can be seen by comparing a highly positive NAO
transport of atmospheric constituents (i.e., ozone, dust) andear (1990) with a highly negative NAO year (1980). The
the phase of the NAO (Moulin et al., 1997; Li et al., 2002a; Years 1990 and 1980 were chosen because they contained
Eckhardt et al., 2003). These analyses have focused on tH&€e greatest and least average springtime amounts of tropo-
phase of the NAO in determining relative strengths and possispheric ozone respectively. Figures 9a and b highlight the
ble transport pathways. In addition to the seasonal TOR valmagnitude of the TOR over Region 5 for the springs of 1990
ues derived for each region by season (see Table 1), conten@nd 1980 respectively. Examination of the spring 1990 and
poraneous correlations between the phase of the NAO and tht980 depictions show that there is a greater amount of tro-
amount of tropospheric ozone in each region were calculateospheric ozone over this region during the positive NAO
for each season and are also shown in this table. From Tablgear than during the negative NAO year; the 1990 average
1, the strongest TOR-NAO relationship (level of significance is 38.5 DU whereas the 1980 average is 30.3, a 27% differ-
exceeding 01) shown is between the TOR over Western Euence. Our analysis also shows that the relationship breaks
rope (Region 5) in the Spring and the positive phase of théjOWl’] over the JJA and SON time periods, consistent with
NAO in the same season. Since this relationship is clearlyjthe weak correlations seen in Table 1. This breakdown also
the strongest and other researchers have seen similarly strofgincides with the times of the year when the westerlies are
relationships (Li et al., 2002a), we focus on the interdepen-not as strong and would have less of an influence than in win-
dence between the TOR and the NAO in this section. ter and spring.

Figure 8 depicts the interannual variability of the spring- To examine this springtime relationship in greater detail,
time TOR anomaly in Region 5 versus the Hurrell NAO in- we divided the common MAM definition of spring into two
dex in the spring from 1979-2000. NAO index data is pro- month periods (March—April, March—May, April-May) and

4 Relationship between Region 5 Springtime Tropo-
spheric Ozone and the NAO
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Fig. 9. Interannual depiction contrasting the magnitude of tropospheric ozone (TOR) during spring (MAM) of a positive NAO year (1990)
(9a) and spring of a negative NAO year (1980) (9b), including the corresponding sea level pressure (SLP) and 850mb wind (u and v)
streamlines for April of 1990 (9c) and 1980 (9d) (data from NCEP/NCAR Reanalysis). The units for 9a and 9b are Dobson Units (DU),
while the units for 9c and 9d are millibars (mb).

then correlated it with a two-month average NAO index. This5 Factors to Consider for Strong Springtime Relation-
analysis shows that the April-May time period (R=+0.62) ship

drives the high overall correlation shown in Table 1 for Re-

gion 5. The stronger relationship during this two-month pe-5.1  prevailing Meteorology

riod is consistent with both a greater increase of TOR over
this period in this region and a greater amount of ozone avail-
able in regions that are further west that could be transporte
into this region.

everal factors could be responsible for the positive relation-
hip between the amount of tropospheric ozone seen in Re-
gion 5 and the phase of the NAO during the spring. The
A composite TOR analysis of the springs with the top four first factor deals with the potential transport of tropospheric
most positive and top four most negative NAO indices is 0zone and/or its precursors across the North Atlantic. Dur-
shown in Fig. 10; where the “positive” NAO depiction in- ing a positive NAO year, the Azores high and the Icelandic
cludes 1986, 1989, 1990, and 1992 and the “negative” NAOlow are relatively strong. Figures 9c and d show the average
years include 1980, 1981, 1984, and 1988. Figure 10 showsea level pressure pattern and the 850 mb winds during April
the result when taking the difference (positive NAO-negative of both 1990 (Fig. 9¢) and 1980 (Fig. 9d) over the North
NAO) of this compositing effort over Region 5. As evidenced Atlantic respectively. The sea level pressure and 850 mb
by the positive TOR anomaly, the amount of TOR is strongerwind data are from the NCEP/NCAR Reanalysis (Kalhay
during the positive phase than during the negative phase bgt al., 1996) and are available at http://www.cdc.noaa.gov/.
approximately 6 DU (19% increase), consistent with what isWhat is evident in Fig. 9c is the very strong Bermuda-Azores
seen in Figs. 9a and b. high (>1027 mb) that persists throughout the month of April
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1990. The circulation that sets up between this high pres-
sure system and the low pressure to the north (Icelandic low)
creates a strong zonal flow across the North Atlantic with the .,
axis of strongest winds centered along the M3atitude belt.
This pathway would enable air parcels that are moving west
to east to get channeled through this area on its way towards:o
Europe. The other variable that is seen on this figure is the
850 mb winds. An analysis of these winds shows that the tra-
jectory coming off the North American continent has a west- "
erly component essentially all the way down to the top of the
boundary layer. Similar analyses of the winds and pressure_ _
regimes up through the free troposphere also show a similar ** e 2 <0
westerly component to the flow. This pressure regime is ev- T T T

ident during positive phases of the NAO (Fig. 1a), allowing
for a more direct movement of air across the North Atlantic.

S_UCh a sefup would provide an eff|C|e_nt pathway for po_IIu- Fig. 10. Depiction showing the composite difference in Region 5
tion to be transported from North America to Europe. During +oR petween four most positive NAO springs (1986, 1989, 1990,

negative phases of the NAO (Fig. 1b), the Azores high and/or 992) and four most negative NAO springs (1980, 1981, 1984,
the Icelandic low are weaker and may set up in a less favor49gs).

able location for transport to the west; such a situation is seen
in Fig. 9d. The flow becomes more meridional (north-south)
causing the strong zonal flow to be altered and thus the pathin the North Atlantic midlatitudes during March (2—-3 PVU)
way across the North Atlantic is altered. This pathway is lessand much less in April (1.5 to 2.5 PVU) and May (1-2 PVU).
conducive to direct westerly transport. Also during this period there is a strong ridge seen over the
A 15-year (1979-1993) tracer simulation (Eckhardt et al.,central and eastern North Atlantic, due to the positive NAO,
2003) found that more North American springtime air pollu- which helps to keep the higher PV in the high latitudes, less-
tion is transported across the North Atlantic during the posi-ening the chance for STE. The lower PV in the mid-latitudes
tive phase of the NAO, ultimately increasing pollution levels during April and May also coincides with the stronger in-
in the Arctic. The current study can be viewed as an ex-crease of TOR and its stronger relationship with the NAO
tension of Eckhardt et al. (2003) as a means to quantify thdas discussed earlier). Conversely, a cursory analysis of a
amount of pollution transported as a function of the strengthspring with low ozone and a negative NAO (1980) shows a

Dobson Units (DU)

of the NAO. chance for more active exchange. Thus, given the relatively
lower PV at the tropopause during April and May and the
5.2 Stratosphere-Troposphere Exchange (STE) fact that this is the period when the TOR-NAO relationship

is the strongest, it appears that the greatest contribution of the
Another factor to be considered when discussing the originncreased tropospheric ozone over this region and the strong
of enhanced tropospheric ozone, especially during the springelationship between the TOR over western Europe and the
is how much ozone of the observed enhanced ozone is conphase of the NAO is tropospheric in nature.
ing from the stratosphere. Although the relationship between Recent research has attempted to climatologically
the NAO and ozone over this region can help to explain thecharacterize the seasonal and interannual variability of
transport of ozone or its precursors, spring is a season whestratospheric-tropospheric exchange events (James et al,
the polar front and jet are further south and can experienc003; Sprenger and Wernli, 2003). Sprenger and Wernli
fluctuations, frequently being found in the central midlati- (2003) have constructed a 15-year northern hemisphere cli-
tudes (Vaughan and Price, 1991). We have conducted amatology of cross-tropopause exchange for the 1979-1993
analysis of the distribution of potential vorticity (PV) dur- time period. This period happens to cover the majority of
ing a spring with a high NAO index to examine the possi- our studies’ time period (1979-2000). The bulk of the study
bility of a relationship between the intensity of stratosphere-focuses on the winter and summer time periods, however
troposphere exchange (STE) and the positive phase of theome generalizations can be drawn between this study
NAO. PV data were obtained from an archive at NASA Lan- and our study. A composite of cyclone frequency during
gley Research Center (B. Pierce, NASA Langley Researchihe winter across the North Atlantic (most active cyclone
Center, personal communication, 2003). Using the 2 PV conperiod) shows that there is a strong relationship between the
tour at the tropopause as a determination of whether the ainegative phase of the NAO and cyclone frequency; while the
is of stratospheric versus tropospheric origin, and looking atcomposite of the positive phase of the NAO shows fewer
the spring of 1992, a spring when we have both enhance@vents overall across the North Atlantic study area. Similarly
tropospheric ozone and available PV data, higher PV is seestrong relationships are seen between the negative NAO and
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positive exchange of mass flux due to STE. The study also A strong relationship was discovered between the amount
shows that anticyclones are more closely associated wittof tropospheric ozone over western Europe and the phase of
the positive phase of the NAO. These relationships wouldthe NAO. During the spring (March—April-May) from 1979—
strengthen our notion that the increase in tropospheric 0zon2000 over this region, increases in tropospheric ozone over
we are seeing in Region 5 during a positive NAO spring isthis region were strongly correlated with a positive phase
not a result of relatively more stratospheric ozone invadingof the NAO with the April-May relationship showing the
the troposphere. We understand that these composites ddirgest contribution. The positive NAO leads to an increase
the NAO are constructed during the winter months andin the westerly winds across the North Atlantic, thereby aid-
our strongest relationship is observed during the springing transport of anthropogenic pollution from North America
However, the cause and effect relationship between the NAQo Europe.
and these two variables (cyclone frequency and mass flux) The impact of North American tropospheric ozone being
should be similar whether it's the winter or spring. transported across the North Atlantic could be significant.
A methodology for identifying STE from TOMS and other European ozone standards are stricter than standards set in
satellite measurements was recently described by Wimmerthe United States and this increased ozone could be inhibit-
et al. (2003). A natural extension of this work would be to ing the receiving regions from meeting their standards. As
see if the Wimmers et al. (2003) analytical technique couldcountries continue to grow, the significance of the impact on
be applied to our region of study to provide some insight intodownwind countries from high pollution sources will con-
the interannual variability of STE in the North Atlantic. tinue to be a major issue. The ability to forecast the tendency
Our initial findings suggest that a positive NAO Index is for pollution episodes based on the phase of the NAO would

not a situation in which STE should be enhanced (in fact,be an important planning tool. Also, future satellite missions
there appears to be an anti-correlation). We believe that thisvith finer resolution coupled with chemical transport models
kind of analysis needs to be pursued in considerably morare also going to be important tools in helping to determine
detail but that such a study is beyond the present scope dhe amounts and impact of long-range transport on pollution.
this paper.
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