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Abstract

We present a modeling study of the long-range transport of pollution from Europe,

showing that European emissions regularly elevate surface ozone by as much as

20 ppbv in summer in northern Africa and the Near East. European emissions cause

50–150 additional violations per year (i.e., above those that would occur without Eu-5

ropean pollution) of the European health standard for ozone (8-h average >120µg/m
3

or ∼60 ppbv) in northern Africa and the Near East. We estimate that 19 000 additional

mortalities occur annually in these regions from exposure to European ozone pollu-

tion and 50 000 additional deaths globally; the majority of the additional deaths occurs

outside of Europe. Much of the pollution from Europe is exported southward at low10

altitudes in summer to the Mediterranean Sea, northern Africa and the Near East, re-

gions with favorable photochemical environments for ozone production. Our results

suggest that assessments of the human health benefits of reducing ozone precursor

emissions in Europe should include effects outside of Europe, and that comprehensive

planning to improve air quality in northern Africa and the Near East likely needs to15

address European emissions. We also show that the tropospheric ozone column data

product derived from the OMI and MLS instruments is currently of limited value for air

quality applications as the portion of the column above the boundary layer and below

the tropopause is large and variable, effectively obscuring the boundary layer signal.

1 Introduction20

Ozone has been associated with increased risk of premature mortality in a large num-

ber of epidemiological daily time-series studies (Levy et al., 2001; Thurston and Ito,

2001; Anderson et al., 2004; Bell et al., 2004; Gryparis et al., 2004; Bell et al., 2005;

Ito et al., 2005; Levy et al., 2005; Bell et al., 2006). The adverse health effects of expo-

sure to high ozone have been known for some time (Kleinfield et al., 1957; Challen et25

al., 1958). The highest ambient concentrations are found in areas near urban/industrial
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centers and biomass burning activities where short-lived maxima are often observed

that can be harmful to human health (e.g., Young et al., 1964; Hallet 1965; Stockinger

1965). Consequently, many industrialized nations have adopted ozone control strate-

gies with the intent to keep ambient ozone below levels considered unhealthy to hu-

mans. For example, the current European standard is 120µg/m
3

(∼60 ppbv) taken as5

an 8-h average.

The long-range transport of ozone and its precursor compounds allows pollution from

one region to impact air quality in regions thousands of kilometers downwind. Recent

research has focused on the intercontinental transport of ozone and its precursors

between the industrialized regions of eastern Asia, North America, and Europe (e.g.,10

Auvray and Bey, 2005; Berntsen et al., 1999; Collins et al., 2000; Fiore et al, 2002a;

Jacob et al., 1999; Jaffe et al., 1999; Prather et al, 2003; Stohl et al., 2003; Trickl

et al., 2003; Wild et al., 2004). Several modeling studies have shown that pollution

from one region can directly elevate the ozone in another, where the contribution of

inter-continental transport is generally less than about 10% of the total ozone (e.g.,15

Auvray and Bey, 2005). However, Li et al. (2002) attributed 20% of the violations of the

European ozone standard during summer 1997 to North American sources.

European pollution has a much greater direct impact on air quality in downwind pop-

ulated regions than pollution from either North America or eastern Asia as it is largely

exported near the surface over land to the Arctic and Russia in winter and to northern20

Africa and the Middle East in summer (e.g., Duncan and Bey (2004) and references

therein). (In contrast, pollution from North America and eastern Asia is typically ex-

ported to the Atlantic and Pacific Oceans, respectively.) Trace gas composition in the

Mediterranean is particularly influenced by European pollution because of northerly

flow that predominates in summer and conditions favorable to the photochemical pro-25

duction of ozone (Lelieveld et al., 2002; Stohl et al., 2002; Roelofs et al., 2003). Duncan

and Bey (2004) used a chemistry and transport model (CTM) to show that the long-

range transport of ozone generated from European pollution caused the European

standard for ozone to be exceeded regularly during the summer of 1994 over much
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of northern Africa (i.e., countries bordering the Mediterranean Sea) and the Near East

(i.e., Israel, Lebanon, Syria, Jordan, Palestine and Iraq), regions with about 200 million

inhabitants; they found that European sources contributed 5–20 ppbv ozone to these

regions as a monthly mean.

The purpose of our study is to quantify the impact of European pollution on ozone5

in northern Africa and the Near East and to estimate its significance for air quality

and human health. We use the Global Modeling Initiative’s (GMI) tropospheric CTM

to simulate the nonlinear photochemistry of ozone precursors and the concomitant

generation of ozone in and downwind of Europe for 2001. In Sect. 2, we briefly describe

the GMI CTM and the meteorological fields used to drive its transport. We present a10

model evaluation in Sect. 3. In Sect. 4, we use the GMI CTM to assess the impact

of European pollution on ozone in northern Africa and the Near East. In Sect. 5,

we estimate the number of premature mortalities associated with European ozone.

A summary of conclusions is given in Sect. 6.

2 Global Modeling Initiative’s Troposphere CTM15

In this manuscript, we describe aspects of the GMI CTM and several new features that

are relevant to this study. More detailed descriptions of the tropospheric chemistry and

transport processes in the GMI CTM are given in Ziemke et al. (2006) and Duncan et

al. (2007). We use model version 2.3.5.

We simulate conditions appropriate for 2001. The meteorological fields are from the20

Goddard Modeling and Assimilation Office (GMAO) GEOS-4 data assimilation system

(GEOS-4-DAS) (da Silva et al., 2005). Features of the circulation, such as anticy-

clones, are realistically represented because of the data constraints on meteorological

analyses from GEOS-4. The fields have been regridded to 42 vertical levels with a lid

at 0.01 hPa. The horizontal resolution is 2
◦

latitude × 2.5
◦

longitude.25

The tropospheric chemical mechanism includes 82 species, 223 chemical reactions,

and 49 photolysis reactions. It includes a detailed description of O3-NOx-hydrocarbon

1916
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chemistry, updated with recent experimental data (e.g., Sander et al., 2006). The

GMI CTM transports 34 of the 82 species in the chemical mechanism. The chemical

mass balance equations are integrated using the SMVGEAR II algorithm (Jacobson,

1995). Photolysis frequencies are computed using the Fast-JX radiative transfer algo-

rithm (M. Prather, personal communication, 2005). The algorithm treats both Rayleigh5

scattering as well as Mie scattering by clouds and aerosol. The model simulates the

radiative and heterogeneous chemical effects of sulfate, dust, sea-salt, organic carbon

and black carbon aerosol on tropospheric photochemistry. Monthly-averaged aerosol

surface area distributions were obtained from the Goddard Chemistry Aerosol Radia-

tion and Transport (GOCART) model for 2001 (Chin et al., 2002). The aerosol fields10

were coupled to the GMI CTM as described by Martin et al. (2003).

The global, base fossil fuel emission inventory is the EDGAR inventory (NOx,

CO) for 2000 (Olivier et al., 2001) and non-methane hydrocarbons (NMHC) from

Piccot et al. (1992). The base inventory is augmented by regional inventories

from the European Monitoring and Evaluation Program (EMEP) database inven-15

tory for Europe (http://webdab.emep.int;Verstrengetal.,2005), Environmental Protec-

tion Agency (EPA) 1999 National Emission Inventory (http://www.epa.gov/ttn/chief/net/

1999inventory.html) for the United States, Big Bend Regional Aerosol and Visibility

Observational (BRAVO) Study (Kuhns et al., 2003) for Mexico, Streets et al. (2003) for

eastern Asia, except China, and Streets et al. (2006) for China. The annual anthro-20

pogenic emissions from Europe are ∼6 Tg N of NOx, 78 Tg CO, and 4 Tg C of NMHC.

We define the European region with two boxes: i. 10
◦
W–25

◦
E and >38

◦
N, and ii.

10
◦
W–60

◦
E and >44

◦
N. This region includes all of Eastern Europe, several nations in

the Former Soviet Union (e.g., Ukraine), and the most populated regions of western

Russia.25

The emissions of NOx, NMHCs, and CO from international shipping are included in

this study, as high-traffic shipping lanes are found near Europe in the North Atlantic

Ocean and Mediterranean Sea. However, the impact of these emissions on tropo-

spheric chemistry is uncertain. Chen et al. (2005) reported that NOx destruction in
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ship plumes is high and that nitric acid loss is high based on observations during the

ITCT 2002 field campaign. Several studies have shown that CTMs that do not account

for rapid in-plume destruction of NOx over-predict the hydroxyl radical and ozone (Ka-

sibhatla et al., 2000; Davis et al., 2001; Song et al., 2003; von Glasow et al., 2003);

this problem is especially egregious in low-NOx environments where ozone production5

efficiency is high due to its nonlinear dependence on NOx (Liu et al., 1987; Lin et al.,

1988).

We “pre-process” shipping NOx before emitting its oxidation products (ozone and

nitric acid) to the model grid box. In-plume processes (e.g., particle scavenging) are

highly uncertain, so our calculated ozone (Eozone; Eq. 1) and nitric acid (ENitricAcid; Eq. 2)10

production rates are observationally-based approximations:

Eozone = ENOx ∗ 10 ∗ (JNO2/0.0095)2 (1)

ENitricAcid = ENOx (2)

where JNO2 (s
−1

) is the photolysis rate of NO2 and ENOx is the emission rate of NOx.

The factor, 0.0095 s
−1

, is the average JNO2 value at noon and the factor, 10, is the15

ozone production efficiency during the ITCT 2002 field campaign (Chen et al., 2005;

G. Chen, personal communication, 2006). If JNO2 is greater than 0.0095 s
−1

, we set it

equal to 0.0095 s
−1

. The factor, JNO2/0.0095, is squared to limit ozone production at

high latitudes in winter. We limit our approximations to ±60
◦

latitude as ice reflectance

enhances JNO2. Chen et al. (2005) reported in-plume nitric acid concentrations six20

times lower than their box model. We do not reduce ENitricAcid by six simply for the con-

servation of mass of nitrogen; most nitric acid will deposit anyway. We “pre-process”

NOx emissions from ships in model boxes containing open sea only (i.e., boxes without

other emission sources). Our approximation gives an annual production of ozone from

shipping NOx of 4.4 Tg ozone, which is less than 0.2% of total tropospheric production.25

Global, annual emissions of NOx from shipping are ∼6.5 Tg N (Eyring et al., 2005 and

references therein).
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We find that in summer, shipping emissions contribute ∼1 ppbv to surface ozone

in the major shipping lanes, except 1–5.5 ppbv in the North Atlantic, upwind of Eu-

rope. Over land, the contribution is ∼1 ppbv in extreme Western Europe and generally

<0.5 ppbv in the rest of Europe. The contribution is up to 1 ppbv in the Mediterranean

Sea and <0.5 ppbv in northern Africa and the Near East. In winter, the contribution5

is far less (<0.3 ppbv) over the North Atlantic and Mediterranean Sea. In spring and

fall, the contribution is 1–2 ppbv over the North Atlantic and <0.5 ppbv over Europe and

countries bordering the Mediterranean Sea.

We use the Synoz (synthetic ozone) method of McLinden et al. (2000) to simulate the

stratosphere to troposphere flux of O3 with a prescribed global mean cross-tropopause10

O3 flux, 550 Tg/y as recommended by Olsen et al. (2001). The tropopause height is

diagnosed in the model using the criterion of Synoz equal to 150 ppbv. Above the

tropopause, we remove relatively long-lived species (e.g., CO, C2H6, etc.) assuming a

100-day lifetime. Using a similar methodology as the Synoz method, we simulate the

cross-tropopause flux of a synthetic nitrogen species using the Nodoz method devel-15

oped by Peter Connell (Lawrence Livermore National Labs, personal communication).

The annual downward flux across the tropopause is thought to be about 0.5 Tg N/y

as reactive nitrogen (NOy). Assuming this flux and a NOx/NOy ratio of 0.2 near the

tropopause in the lower stratosphere, the annual NOy flux as NOx is 0.1 Tg N/y and as

HNO3 is 0.4 Tg N/y.20

3 Model evaluation

Evaluations of the GMI CTM can be found in several papers, including Schoeberl et

al. (2006), Ziemke et al. (2006), Duncan et al. (2007), and Strahan et al. (2007).

In Sect. 3.1, we evaluate the model’s ability to simulate surface ozone over Eu-

rope for 2001 using observations from the EMEP network (www.nilu.no/projects/CCC/25

onlinedata/ozone/index.html). Unfortunately, there is a paucity of surface observations

in northern Africa and the Near East; we discuss the potential use of the tropospheric
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column ozone (TCO) data product from the Aura OMI and MLS instruments (Ziemke et

al., 2006) to evaluate the spatial coverage and magnitude of model ozone in these re-

gions. The ability of the model to reproduce observations reasonably well, as we show

here, lends confidence in its use as a tool to study the impact of European pollution on

air quality in northern Africa and the Near East.5

3.1 Surface ozone stations

There are 67 EMEP measurement stations with data for the summer 2001. The sta-

tions are concentrated in northern and central Europe; there are few stations in south-

eastern Europe. We present statistical information in this section, using the following

quantitative measures of model performance: R is the linear correlation coefficient be-10

tween model and observations and the bias is the mean of the difference between the

model and observed ozone divided by the observed ozone.

Figure 1 shows a comparison of the model surface ozone as monthly means (1300–

1700 local time) for 2001 for a subset of EMEP observations; we chose these stations

for their geographical coverage of the continent, as well as for their representative-15

ness of a range of altitudes. The model simulates the seasonal variation of ozone at

most stations quite well, including the maximum ozone observed at higher latitude sta-

tions (e.g., NO15 in Scandinavia) in spring and the maximum at most other stations in

summer, when photochemical production is high. The average correlation (R2
) is 0.90

(median=0.93) for the 67 stations, with all but 4 stations having correlations greater20

than 0.70. The average annual mean model bias is 11% (median=9.4%) with a range

from −6.9% to 44%; the range of biases is higher in summer as discussed below. In

general, the largest biases occur near coastlines and mountainous regions. This result

is expected as ozone in these regions is influenced by sub-grid processes, such as

sea breezes and complex transport in and around mountains. About two-thirds of the25

stations lie in model boxes containing, to some degree, coasts and/or mountains.

We present averages for the afternoon, when high ozone events predominantly oc-

cur, because ozone in the first model level is more comparable to surface observations

1920
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during the day than at night as the boundary layer is well-mixed (Jacob et al., 1993a

and references therein). There are two important nighttime sub-grid processes that are

not resolved in most CTMs, including the GMI CTM. First, the titration of ozone by NO

is common in the shallow nocturnal boundary layer in polluted regions. Due to spatial

averaging over the model grid, nighttime ozone tends to be biased high in our simu-5

lation. However, titration is not a permanent loss for ozone since NO2, the product of

the reaction, will most likely photolyze after sunrise leading to the production of ozone.

Second, the model’s first layer does not capture the observed vertical gradient at night

that results from the deposition of ozone at the surface.

A comparison of maximum 8-h average data for each day for a subset of the stations10

is shown in Fig. 2 for June–August 2001. The CTM simulates the day-to-day variability

in summer quite well at most stations, including the duration and frequency of episodic

high-ozone events. The average correlation (R2
) is 0.54 (median=0.57) for the 67

stations (Table 1). Similarly to the monthly average ozone in Fig. 1, the largest biases

typically occur at stations near coastlines (where the model tends to overestimate) and15

mountainous regions (where the model tends to underestimate the observations).

The model ozone is higher than observations at 48 of the 67 stations during summer,

when photochemical production is the dominant source of ozone; the average bias for

all stations is 9.9% (median=9.5%) for June–August with a range of −18% to 56% (Ta-

ble 1). A high bias during summer is common in CTMs in polluted regions (e.g., Auvray20

and Bey, 2005; Murazaki and Hess, 2006) and may be related to the spatial averag-

ing of emissions (e.g., the nonlinear dependence of ozone production on NOx Liu et

al., 1987; Lin et al., 1988). The bias typically decreases in CTMs with finer resolution

grids or sub-grid urban chemistry parameterizations (e.g., Sillman et al., 1990; Jacob

et al., 1993b; Liang and Jacobson, 2000; Park et al., 2004; Wild and Prather, 2006).25

Despite this, Fiore et al. (2003) showed that CTMs with coarse resolutions are able

to adequately capture synoptic-scale processes that influence surface ozone, which

our CTM does as shown in Fig. 2. Another possible reason for the high bias is the

uncertainty associated with biogenic emissions over Europe (e.g., Fiore et al., 2005;

1921
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Guenther et al., 2006); this uncertainty is particularly relevant since the number of

ozone molecules produced per carbon oxidized is high for isoprene relative to most an-

thropogenic NMHCs (Chameides et al., 1992). There are 25 Tg C/y of isoprene emitted

in the European region, far exceeding the 4 Tg C/y from anthropogenic sources.

The model simulates reasonably well the number of violations of the health standard5

for ozone at most stations, despite the model’s general high bias (Table 1). Averaging

over the 67 stations, the model and observations show about 15 violations in June, July

and August. However, the model does not perform well at a number of high altitude and

coastal/near coastal stations. The largest under-predictions of violations typically occur

at high altitude stations (e.g., ES09, ES15, FR12), where the stations are in the free10

troposphere while the average model box heights put the stations in the boundary layer.

Ozone at high-altitude stations in Europe tends to be higher on average than ozone

at stations below 1000–1200 m due to titration and deposition; however, variability is

higher at stations below 1000–1200 m, especially in polluted regions in summer (e.g.,

Reiter et al., 1987; Wunderli and Gehrig, 1990; Chevalier et al., 2007). The largest15

over-predictions tend to occur at stations near coasts (e.g., ES08, LT15, NL09).

In summary, our model evaluation with EMEP observations shows that the model’s

daily maximum 8-h average surface ozone is generally 10% higher in summer than

observations over Europe, though 1) the model captures the temporal and spatial vari-

ation of surface ozone quite well and 2) the number of violations of the health standard20

for ozone in the model is biased a little low (∼4%). We cannot extrapolate the high bias

of surface ozone in Europe to northern Africa and the Near East as 1) the photochemi-

cal environment in these regions is different than in Europe (e.g., lower local emissions,

more sunlight) and 2) there is no evidence that the model’s surface ozone in summer

in the Northern Hemisphere midlatitudes is systematically biased high as compared to25

ozonesondes [Jennifer Logan, Harvard University, personal communication].
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3.2 Tropospheric column ozone

We show in this section that the TCO product of Ziemke et al. (2006), which is derived

from observations from space, is of limited use for air quality applications, including

in observation-sparse regions such as northern Africa and the Near East. Ziemke et

al. (2006) compared TCO observations with those of the GMI CTM. (However, dif-5

ferent emission sources and meteorological fields were used than in the simulations

presented in this manuscript.) They found that the two agreed well both spatially and

seasonally, including for the South Atlantic maximum, to within ∼10%. The simulated

ozone was typically higher from 30–40
◦

latitude in both hemispheres, particularly the

Northern Hemisphere (+20%), and too low over the Warm Pool (−20%) in all seasons.10

Ozonesonde data support the finding that the simulated TCO from 30–40
◦
N was too

high. In general, we find similar results for the simulation of the GMI CTM presented

here as shown in Fig. 3a, b for July; we use the same definition of the tropopause

(2 K/km) as Ziemke et al. (2006).

The TCO product is not likely to be useful directly for air quality applications, such as15

in the present study, based on the following considerations. First, the sensitivity of the

OMI instrument to the boundary layer is relatively lower than it is to the mid and upper

troposphere (Bhartia et al., 1996). Second, the boundary layer (<3 km) contributes

<30% to the TCO as estimated in our model simulation for the study region (Fig. 3c),

with a weak seasonal variation. Therefore, it will be difficult to isolate the variability in20

the portion of the column in the boundary layer from that portion in the rest of the tropo-

sphere, especially given the large day-to-day variability in the TCO in the extra-tropics

associated with stratosphere-troposphere exchange, photochemical production, and

tropopause height variations (de Laat et al., 2005). In general, we find that the mid

and upper troposphere ozone effectively obscures the weaker boundary layer signal25

(Fig. 3d). On a global scale, the contribution of the boundary layer is generally lower in

the Southern Hemisphere than the Northern Hemisphere and the contribution is higher

in winter than summer in the Northern Hemisphere. The contribution in areas where
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photochemical production is important in the boundary layer (e.g., biomass burning re-

gions and industrial regions in summer) is higher than in non-polluted regions, but still

typically <30%.

4 Impact of European emissions on surface ozone pollution

In this section, we show that European pollution regularly impacts air quality in north-5

ern Africa and the Near East. We present the results of two GMI CTM simulations, the

base simulation for 2001 (RUN1) and a second simulation (RUN2) without European

anthropogenic emissions (i.e., CO, NOx and NMHC, and aerosols). In RUN2, all an-

thropogenic sources (i.e., industry and transportation, including ships and aircraft) are

removed, but the natural and biogenic emissions are not. We refer to the difference in10

ozone concentrations between the two runs as the perturbation caused by European

emissions.

Figure 1 shows monthly-averaged surface ozone for both RUN1 and RUN2. Clearly,

European pollution has a large impact on ozone at the European stations from spring

through fall when ozone is often twice as high, especially in southern Europe (e.g.,15

CH04, ES10). Interestingly, the summer maximum seen in RUN1 is replaced by a

late winter/early spring maximum in RUN2 at all stations; a spring maximum has been

observed at many remote Northern Hemisphere stations, though the origin of the phe-

nomenon is not well understood (e.g., Monks, 2000).

Figure 4a–b shows the July mean surface ozone for RUN1 and RUN2, including20

the difference between the two simulations (Fig. 4c). The average surface ozone in

RUN1 is about 60–70 ppbv in the Mediterranean basin, similar to the range of obser-

vations collected from 0–2 km during the Mediterranean Intensive Oxidant Study (MI-

NOS) field campaign in August, 2001 (Lelieveld et al., 2002; Traub et al., 2003). The

maximum perturbation (20–30 ppbv) occurs over the Mediterranean Basin and adja-25

cent regions, including northern Africa (Fig. 4c). The impact of European emissions on

surface ozone is widespread, enhancing ozone levels from the North Atlantic to East

Asia and from the Arctic Circle to tropical Africa.
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Ozone over northern Africa and the Near East is 5–20 ppbv higher on average due

to European emissions of ozone precursors. The long-range transport of European

pollution occurs at low altitudes (<5 km) from Europe south across the Mediterranean

Sea. This can be seen in Fig. 5, which shows a vertical cross-section (15
◦
E) in July

of the difference in the model ozone between RUN1 and RUN2. The export of the5

plume from Europe at low altitudes complicates its detection from space as discussed

in Sect. 3.2.

Figure 6 shows the monthly-averaged ozone perturbation near the surface for Jan-

uary and October 2001. In contrast to summer (Fig. 4), the perturbation in winter

is negative over all of Europe, with the greatest negative perturbations (<−10 ppbv)10

co-located with high NOx emissions over northwest Europe; this occurs because the

titration of ozone by NO is more important than the photochemical production of ozone

at this time of year. In fact, the ozone perturbation is negative (<−1 ppbv) over much

of the Northern Hemisphere (>40
◦
N) because of European emissions. In this sense,

Europe exports “negative ozone” to the mid and high latitudes during winter. However,15

northern Africa and the Near East show a modest (∼1 ppbv) positive perturbation. The

changeover from a negative to a positive ozone perturbation, the zero perturbation

line, is found in the Mediterranean Sea in January (Fig. 6a). The zero perturbation

line moves northward into southern Europe through spring and vice-versa in autumn

(Fig. 6b). In these transition times, the perturbation is negative typically over England20

and the Benelux region, regions with the highest NOx emissions.

Additional violations of the European health standard for ozone due to European

pollution typically occur from March through October in the Mediterranean Sea region.

Figure 7a shows the number of additional violations in July, when there are at least 10

additional violations over Egypt, including the heavily populated Nile River valley, much25

of the northern African and eastern Mediterranean coasts, including Israel, Jordan

and Turkey. In fact, for many heavily populated regions, additional violations occur

almost every day in June, July, and August. For the entire year (Fig. 7b), the number

of additional violations ranges from 50–150 in these same regions. As shown in the
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figure, additional violations are found in much of the Middle East as well, including the

Arabian peninsula, Iraq, Iran, Pakistan, and even as far downwind as China.

Our estimate of the number of additional violations may be high as our model surface

ozone tends to be biased high in Europe in summer as discussed above; however there

are few, if any, observations of surface ozone in northern Africa and the Near East with5

which to evaluate our model bias in these regions.

5 Impact of European emissions on human mortality

In this section, we estimate the impacts of ozone associated with European emis-

sions, presented above, on premature human mortality. We follow the methods of

West et al. (2006) in estimating the number of premature mortalities in the Northern10

Hemisphere, due to ozone from European emissions. We do not estimate the effects

of changes in particulate matter concentrations on mortality, but note that particulate

matter has been strongly related with mortality (Pope et al., 2002). An assessment

of the total burden of European air pollutant emissions on premature human mortality

would need to also include particulate matter. We also acknowledge the potential for15

European emissions to impact quality of life (e.g., from increased illness) and the econ-

omy (e.g., from an increased number of sick days of employees or reduced crop yield)

though we do not estimate these impacts here.

The equation for the change in human mortalities (∆Mort) due to a change in ozone

concentration (∆O3) used in the epidemiological studies and in this study is:20

∆Mort = −y0

(

e−β∆O3 − 1
)

P op (3)

where y0 is the baseline mortality rate for a given population, β is the mortality coef-

ficient determined by the epidemiological studies (the fraction of additional mortalities

per ppbv of ozone), and Pop is the total population. We use the β for 8-h daily maxi-

mum ozone determined by Bell et al. (2004), who use a large database of 95 cities in25

the United States and a distributed lag method. We select this β because it is not sub-

ject to the publication bias that may affect meta-analyses of the existing literature; using
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the β from recent meta-analyses (Bell et al., 2005; Ito et al., 2005; Levy et al., 2005)

would give ∼30% more mortalities. While this value of β was determined in the United

States, similar results have been found in Europe (Gryparis et al., 2004) and in some

of the relatively fewer studies conducted in less industrialized nations (Borja-Aburto et

al., 1998; Kim et al., 2004; O’Neill et al., 2004).5

The distribution of population is taken from the LandScan database (Oak Ridge,

2005) for the 2003 population, which is then mapped onto the grid used for atmospheric

modeling. Values of y0 are derived from the World Health Organization (2004) for the

total non-accident baseline mortality in each of fourteen world regions. Changes in

mortality are calculated on each day and in each model grid cell using the change in10

8-h ozone concentration between RUN1 and RUN2, using the appropriate population

and y0 for each cell. We assume a low-concentration threshold of 25 ppbv, below which

changes in ozone are assumed to have no effect on human mortality.

Table 2 shows the changes in population-weighted annual average 8-h daily max-

imum ozone concentrations and in premature mortality in several regions of the15

Northern Hemisphere. Here we see that when removing European emissions, the

population-weighted ozone decrease is actually greater in the Near East than in Eu-

rope itself, with substantial decreases also in the Former Soviet Union and northern

Africa (considering the portion of Africa in the Northern Hemisphere), in agreement

with Figs. 4 and 6. Note that the European region extends to 60
◦
E, which includes20

about 68% of the population of the Former Soviet Union. Therefore, RUN2 includes re-

ductions in emissions for most of the industrialized regions of the Former Soviet Union,

including all of Belarus and Ukraine and parts of Russia and Kazakhstan.

The premature ozone-related mortalities resulting from European emissions are

shown in Fig. 8. This distribution of mortalities is the result of the spatial distribution25

of the change in ozone, the population distribution, and the baseline mortality rates in

different regions. The figure shows that the greatest density of premature mortalities

occurs in regions along the Mediterranean with the greatest population density, in par-

ticular, in Egypt, Israel, Lebanon, Jordan, and Algeria. Parts of these regions have a
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greater density of population than in Mediterranean Europe. Algeria also has a greater

baseline mortality rate than Western Europe, while Egypt, Jordan, Israel and Lebanon

have baseline mortality rates roughly equal to or less than those in Western Europe.

We estimate that the total burden of European emissions on ozone-related mortality

in the Northern Hemisphere is about 51 000 premature mortalities per year (Table 2).5

Of these, roughly 37% percent occur in the European source region itself, with the

majority of the premature mortalities outside of this source region. This finding that Eu-

ropean emissions actually cause more ozone-related mortalities outside of the source

region is consistent with other recent findings using another global CTM (West et al.,

2008
1
), and will be discussed further below. Roughly 21% of the mortalities are in10

Africa, and 16% are in the Near East. Interestingly, there are also fairly large numbers

of premature mortalities in South Asia, East Asia, and even in North America; while

the change in ozone concentration is small in these regions, the numbers of people

exposed are large. We find that European emissions decrease mortalities in some re-

gions of England and Benelux, due to the increased titration of ozone by reaction with15

fresh NO emissions.

Figure 9 shows that the greatest number of premature mortalities per million people

in the population occurs in the regions bordering the Mediterranean Sea, where the

change in ozone is the greatest. Among the regions in Table 2, the premature mor-

talities per million people are greatest in Europe. In Fig. 9, some discontinuities are20

seen at national boundaries; for example, Tunisia is markedly lower than the bordering

Algeria. This occurs because the WHO (2004) defines baseline mortality rates in world

regions, and Tunisia is in a WHO region that has a much lower baseline mortality rate

than Algeria.

In general, the uncertainty in ozone-related mortality calculations, such as those25

presented here, is fairly substantial (West et al., 2006; West et al., 2007). Here we

are interested in particular in the percentage of total mortalities that occur outside

1
West, J. J., Naik, V., Horowitz, L. W., and Fiore, A. M.: Effect of regional NOx emission

controls on long-range ozone transport, in preparation, 2008.
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of Europe, for which two sources of uncertainties are particularly important. First,

for lack of better information, we apply a β determined in United States throughout

the Northern Hemisphere. Populations in other world regions may have a different

susceptibility to ozone mortality as the general causes of death often differ substantially

between regions, and in particular, between the industrialized and developing nations.5

To attempt to account for these differences in causes of death, we limit the calculation

to only cardiovascular and respiratory (CR) mortalities, using the β determined by Bell

et al. (2004) for CR mortalities and the appropriate baseline mortality rates for CR

mortalities. In doing so, we find that European emissions cause about 33 500 ozone-

related CR mortalities annually, and that the majority of these (57%) are still outside of10

the European source region.

Second, some epidemiological studies of ozone-related mortality, all in temperate

regions, have found different results in summer than in winter (Gryparis et al., 2004; Ito

et al., 2005; Levy et al., 2005), while other studies have found no significant difference

between seasons (Bell et al., 2004). Since other regions affected by European emis-15

sions do not experience the same seasonal difference in ozone as the United States

and Europe, we used a low-concentration threshold of 25 ppbv in the above results,

rather than distinguishing between seasons. We test the sensitivity of our results to this

approach first by increasing the low-concentration threshold, which will exclude more

winter days in Europe. Raising the threshold to 40 ppbv gives 37 700 premature all-20

cause mortalities in the Northern Hemisphere, with 66% of these mortalities outside of

Europe. Second, we exclude the winter months, focusing on the period of April through

October and using a 25 ppbv threshold. Doing so, we find that that European emissions

cause 44 800 premature mortalities in the Northern Hemisphere, with a slight majority

(51%) of these mortalities in Europe itself. If ozone truly does not affect mortality in the25

winter in Europe, this last estimate would be more accurate for impacts in Europe, but

may underestimate European impacts elsewhere in the Northern Hemisphere, where

ozone does not follow the same seasonal pattern.
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6 Conclusions

In this study, we used the GMI CTM to assess the impact of European pollution on

surface ozone in 2001. The ability of the model to reproduce observations reasonably

well, despite its limitations discussed in Sect. 3.1, lends confidence in its use as a tool

to study the impact of European pollution on air quality in northern Africa and the Near5

East.

We show that European pollution regularly and significantly elevates surface ozone

above the European health standard (i.e., 8-h average of 120µg/m
3

or ∼60 ppbv) in

northern Africa and the Near East, especially in summer when prevailing winds favor

transport from Europe to these photochemically productive regions. In July, European10

pollution elevates average surface ozone in northern Africa by 10–20 ppbv and by 5–

10 ppbv in the Near East. For perspective, European pollution elevates surface ozone

by typically 10–30 ppbv over southern Europe and 10–20 ppbv over northern Europe.

We estimate that European pollution causes 20–30 and 10–25 additional violations

of the European health standard in July in northern Africa and the Near East, respec-15

tively. That is, more than half of the days in July exceed the health standard because of

the long-range transport of European pollution. High levels of ozone, above the thresh-

old for the health standard and 2.5–3 times higher than background, were measured

in the boundary layer over the Mediterranean Sea in summer 2001 during the MINOS

field campaign and attributed to European pollution (Lelieveld et al., 2002). Annually,20

there are between 50 and 150 additional violations of the health standard in northern

Africa and the Near East because of European pollution. European emissions elevate

ozone throughout most of the year in these regions (e.g., by 2–10 ppbv in October),

though minimally in winter. In fact, European emissions actually decrease ozone over

most of Europe and latitudes higher than 40
◦
N in winter, due to titration of ozone by25

NO and low photochemical production of ozone. However, this is not necessarily ben-

eficial for human health as ozone concentrations are low in winter; that is, almost no

violations of the health standard occur at latitudes greater than 40
◦
N in winter.
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While the contribution of European pollution to ozone in northern Africa and the

Near East is high (Fig. 4c), it becomes even more important when one considers that

the ozone in these regions in our simulation without European pollution (i.e., RUN2)

is closer to the health standard than in Europe itself (Fig. 4b); this occurs as the pho-

tochemical environment in northern Africa and the Near East is more conducive (e.g.,5

ample sunlight) to ozone production as compared to the typical environment in Europe.

Consequently, the exported European pollution has a large impact on surface ozone in

northern Africa and the Near East, especially since the long-range transport of ozone

and its precursors from Europe occurs near the surface.

We show that European pollution has a significant impact on human health outside10

of Europe’s borders despite the uncertainty associated with this estimate of additional

deaths (e.g., the limited understanding of the effect of ozone on mortality outside the

United States and Europe) and the limitations of the model simulation as discussed

in Sect. 3.1. We estimate that 50 000 additional deaths occur annually due to ozone

produced from European pollution, with 19 000 of those deaths occurring in northern15

Africa and the Near East and the majority of deaths attributed to European ozone

occurring outside of Europe. About 9500 additional deaths also occur far downwind in

South and East Asia; while the contribution from European ozone is small (<5 ppbv in

July), large populations are exposed. While we focused on the year 2001, European

pollution likely impacts air quality in northern Africa and the Near East in other years20

as well, as southward flow from Europe at low altitudes typically occurs each year,

especially in summer (Duncan and Bey, 2004).

Our results indicate that pollution control strategies within European countries, im-

plemented to minimize local violations of the health standard for ozone, would also

help to abate ozone pollution in countries in northern Africa and the Near East, with25

benefits for public health in these regions. The Task Force on Hemispheric Transport of

Air Pollution (http://www.unece.org/env/tfhtap/) recently sponsored a CTM study to bet-

ter understand the impact of the long-range transport of pollution on air quality in four

major industrialized regions (i.e., Europe, East Asia, South Asia, and North America),
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but not northern Africa and the Near East. Our results show that air quality in northern

Africa and the Near East would benefit from an international approach to managing air

quality.
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Table 1. Statistical Comparison of the Model’s Daily Maximum 8-h Averages with those of

EMEP Ozone Observations
a

for June, July and August 2001.

Station ID Lat deg Lon deg Alt m ∆
b

% R2c
Violations

d

Obs Mod

AT02 47.8 16.8 117 1.9 0.42 27 10

AT04 47.7 13.2 851 11.0 0.45 27 39

AT05 46.7 13.0 1020 13.5 0.18 23 41

BE01 49.9 5.2 430 13.5 0.74 17 25

BE32 50.6 6.0 295 −1.6 0.77 20 14

BE35 50.5 5.0 160 2.9 0.75 22 14

CH02 46.8 7.0 510 −3.7 0.64 22 8

CH03 47.5 8.9 540 −1.0 0.56 28 13

CH04 47.1 7.0 1130 −4.6 0.74 37 23

CZ01 49.7 16.0 737 18.6 0.60 19 25

CZ03 49.6 15.1 534 20.7 0.66 16 26

DE01 54.9 8.3 12 8.8 0.73 10 16

DE02 52.8 10.8 74 −0.3 0.81 14 10

DE03 47.9 7.9 1205 −4.8 0.78 35 22

DE04 49.8 7.1 480 9.5 0.72 25 25

DE05 48.8 13.2 1016 10.6 0.45 34 43

DE07 53.2 13.0 62 13.1 0.45 3 9

DE08 50.7 10.8 937 1.0 0.74 29 29

DE09 54.4 12.7 1 12.7 0.60 2 9

DK05 54.7 10.7 10 17.4 0.53 2 12

EE09 59.5 25.9 32 10.2 0.29 0 1

EE11 58.4 21.8 6 12.2 0.43 2 5

ES07 37.2 −3.5 1265 1.9 0.40 24 11

ES08 43.4 −4.9 134 55.9 0.30 0 23

ES09 41.3 −3.1 1360 −18.4 0.56 54 7

ES10 42.3 3.3 23 −2.8 0.51 44 39

ES11 38.5 −6.9 393 37.0 0.63 2 15

ES12 39.1 −1.1 885 3.8 0.46 28 39

ES13 41.3 −5.9 985 −7.6 0.56 27 9

ES14 41.4 0.7 470 −1.6 0.46 18 4

ES15 39.5 −4.4 1241 −12.5 0.64 47 11

ES16 43.2 −7.7 506 1.8 0.64 9 8
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Table 1. Continued.

Station ID Lat deg Lon deg Alt m ∆
b

% R2c
Violations

d

FI09 59.8 21.4 7 9.8 0.72 0 2

FI37 62.6 24.2 180 1.1 0.37 0 0

FR08 48.5 7.1 775 −7.2 0.81 38 22

FR09 49.9 4.6 390 11.1 0.78 16 27

FR10 47.3 4.1 620 28.7 0.73 7 20

FR12 43.0 −1.1 1300 −6.5 0.68 30 2

FR13 43.4 0.1 236 20.2 0.61 7 3

FR14 47.2 6.5 746 24.7 0.59 14 22

GB02 55.3 −3.2 243 37.1 0.59 0 6

GB06 54.4 −7.9 126 21.8 0.35 0 0

GB13 50.6 −3.7 119 32.3 0.47 4 14

GB14 54.3 −0.8 267 21.9 0.60 4 10

GB36 51.6 −1.3 137 −1.5 0.71 3 4

GB38 50.8 0.2 120 14.5 0.61 11 18

GB43 51.2 −4.7 160 22.5 0.65 1 10

GB45 52.3 −0.3 5 −3.1 0.80 10 6

HU02 47.0 19.6 125 0.4 0.69 31 7

IT01 42.1 12.6 48 1.9 0.59 64 61

IT04 45.8 8.6 209 −13.2 0.40 39 8

LT15 55.4 21.1 5 23.6 0.50 1 24

NL09 53.3 6.3 1 41.1 0.57 2 16

NL10 51.5 5.9 28 3.5 0.65 13 10

NO01 58.4 8.3 190 37.5 0.20 0 9

NO15 65.8 13.9 439 −8.7 0.48 0 0

NO39 62.8 8.9 210 20.2 0.08 0 0

NO41 61.3 11.8 440 −2.7 0.31 0 0

PL02 51.8 22.0 180 5.4 0.18 6 0

PL03 50.7 15.7 1603 10.8 0.50 25 28

PL04 54.8 17.5 2 6.1 0.41 3 4

PL05 54.2 22.1 157 5.7 0.25 1 0

RU18 54.9 37.8 150 21.3 0.23 0 0

SE02 57.4 11.9 10 3.5 0.50 4 5

SE11 56.0 13.2 175 11.7 0.51 3 12

SE12 58.8 17.4 20 20.7 0.75 1 7

SI08 45.6 14.9 520 25.7 0.29 35 59

AVG
e

9.9 0.54 15.5 14.9

MED
f

9.5 0.57 11.0 10.0

a
Station descriptions are at www.nilu.no/projects/CCC/sitedescriptions/index.html.

b
The bias (%) is the mean of (model-observed)/observation for the time period; the number of

daily observations coincident with the model output are between 86 and 92.
c
R is the linear correlation coefficient between the model and observations.

d
Number of violations of the 8-h European ozone standard (∼60 ppbv).

e
Average of 67 stations.

f
Median of 67 stations.
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Table 2. Decreases in ozone (the population-weighted annual average 8-h daily maximum)

when European emissions are removed, including premature mortalities per year, in each of

eight Northern Hemisphere regions.

Premature Premature

Region
a

Pop. ∆O3 mortalities mortalities

(millions) (ppbv) (/yr) (/million/yr)

Europe 688.9 6.0 18 800 27.3

Northern Africa 626.4 4.1 10 700 17.1

Near/Middle East
b

408.6 7.0 8400 20.5

Former Soviet Union
c

98.7 4.5 1700 17.7

South Asia
d

1267.1 0.8 3800 3.0

East Asia
e

1518.5 1.4 5800 3.8

Southeast Asia
f

361.9 0.4 300 1.0

America 578.7 0.9 1400 2.4

Total Northern Hemisphere 5548.8 2.5 51 000 9.2

a
Regions are defined in only the Northern Hemisphere.

b
Turkey, Cyprus, Israel, Jordan, Syria, Lebanon, countries on the Arabian Peninsula, Iraq, Iran,

Afghanistan, and Pakistan.
c
East of 60

◦

E; west of 60
◦

E and north of 44
◦

N is considered part of the “Europe” region.
d
India, Bangladesh, Sri Lanka, Nepal, and Bhutan.

e
Japan, Mongolia, China, Taiwan, North Korea, and South Korea.

f
Myanmar, Thailand, Laos, Vietnam, Cambodia, Singapore, Philippines, Malaysia, Brunei, and

the Northern Hemisphere portion of Indonesia.
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Fig. 1. Monthly-average ozone (13:00–17:00 LT; ppbv) at selected EMEP stations for 2001 for

RUN1 (i.e., the base simulation; red), RUN2 (i.e., the base simulation, except without European

pollutant emissions; green), and the observations (black).
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Fig. 2. Observed (black) and modeled (red) maximum 8-h average ozone (ppbv) for June, July,

and August 2001 at selected EMEP stations.
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Fig. 3. The (a) model (2001) and (b) observed (2005) TCO (DU) for July. (c) The portion of the

model TCO (DU) <3 km and (d) the portion >3 km.
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Fig. 4. Monthly-average surface ozone (1–24 h; ppbv) for July 2001 for the (a) RUN1 (i.e., base

simulation), (b) RUN2 (i.e., the base simulation without European emissions), and (c) difference

between RUN1 and RUN2.
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Fig. 5. Vertical cross-section at 15
◦

E of the difference in model ozone (ppbv) in July between

RUN1 and RUN2.
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Fig. 6. Same as Fig. 4c, except for (a) January and (b) October 2001. The zero contour is

shown as a red line.
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Fig. 7. Number of additional violations of the European health standard for ozone in (a) July

and (b) over the entire year, resulting from European pollution in 2001.
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Fig. 8. Premature mortalities (per year) due to emission reductions in Europe. Black boxes

represent regions with increased premature mortalities.
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Fig. 9. Premature mortalities per million people (per year) in the population of each grid cell.

Black boxes represent regions with increased premature mortalities.
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