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Abstract: Ozone concentrations in the Mediterranean area regularly exceed the maximum
levels set by the EU Air Quality Directive, 2008/50/CE, a maximum 8-h mean of 120 µg·m−3,
in the summer, with consequences for both human health and agriculture. There are a
number of reasons for this: the particular geographical and meteorological conditions in
the Mediterranean play a part, as do anthropogenic ozone precursor emissions from around
the Mediterranean and continental Europe. Ozone concentrations measured on-board the
Italian Research Council’s R. V. Urania during summer oceanographic campaigns between
2000 and 2010 regularly exceeded 60 ppb, even at night. The WRF/Chem (Weather
Research and Forecasting (WRF) model coupled with Chemistry) model has been used
to simulate tropospheric chemistry during the periods of the measurement campaigns, and
then, the same simulations were repeated, excluding the contribution of maritime traffic in
the Mediterranean to the anthropogenic emissions inventory. The differences in the model
output suggest that, in large parts of the coastal zone of the Mediterranean, ship emissions
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contribute to 3 and 12 ppb to ground level daily average ozone concentrations. Near busy
shipping lanes, up to 40 ppb differences in the hourly average ozone concentrations were
found. It seems that ship emissions could be a significant factor in the exceedance of the EU
directive on air quality in large areas of the Mediterranean Basin.
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1. Introduction

The Mediterranean Basin has a number of characteristics that favor boundary layer (BL) ozone
formation, especially in the summer. During the summer, the Mediterranean is under the descending
arm of the Hadley circulation and, therefore, enjoys long periods of anticyclonic weather, with high
temperatures and intense sunshine. These conditions favor both O3 formation and the natural production
of VOC [1]. The presence of major urban and industrial centers on the coasts and the general north to
south BL flow [2] mean that anthropogenic O3 precursors are abundant.

Elevated concentrations of O3 have been observed at inland sites [3], coastal sites [4–6] and during
intensive field campaigns [2]. Measurements over the sea, performed on-board a cruise liner over two
summers [7] and on-board the Italian Research Council’s R. V. Urania (as described here) also found high
O3 concentrations. Local circulation patterns also enhance O3 levels. The often steep coastal orography,
particularly in the Western Basin, produces local circulation patterns, which carry polluted coastal air
over the sea at night, where it remains until morning, when the breeze off the sea carries it back over
land [1,7–9]. In the Eastern Mediterranean Basin, increasing urbanization is leading to the creation of
mega-cities, such as Istanbul and Cairo, which are having an impact on regional air quality [10,11].

Ozone produced in the boundary layer can be advected upwards to the free troposphere. For example,
in Italy, polluted air from the Po Valley has regularly been detected on Monte Cimone, in the
Apennines [3,12,13]. Increasing O3 concentrations in the free troposphere over the Mediterranean is
of concern, because its effect as a greenhouse gas is greater in the free troposphere than it is in the
boundary layer; generally speaking, the capacity of O3 to trap heat in the atmosphere increases from the
ground to the tropopause [14]. Furthermore, recently, Richards et al. [15] showed that ozone formation
in the lower troposphere was significantly influenced by local NOx and VOC emission. Another factor
that may begin to contribute to O3 production in the region is increasing temperatures [16]; a recent study
by Im and Kanakidou [11] estimated that for each 1 K rise in temperature, average O3 concentrations
would increase by 1 ppb.

The Mediterranean has a number of major ports and, because of the presence of the entrance to the
Suez Canal, is also a major thoroughfare for international maritime traffic. Emissions from shipping have
come under scrutiny in recent years, particularly because of the influence their SOx, NOx and particulate
matter can have on air quality in coastal areas and port towns [17–25]. Abundant emissions from
shipping can also lead to acidification and eutrophication, via nitrate deposition to coastal waters and
land [26,27]. This study however focuses specifically on the impact of ship emissions on summertime
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O3 concentrations and covers a longer period than most previous studies, which have concentrated on
shorter periods or specific campaigns.

Maps of emissions over the Mediterranean Sea (see Figure S1) show quite clearly the major routes
used by maritime traffic, with high densities between Gibraltar and the entrance to the Suez canal, in
the Adriatic, around the ports of southern France and eastern Spain and through the Aegean to the
Dardanelles and Bosphorus.

The influence of shipping emissions on air quality in the Mediterranean is likely to increase as global
maritime traffic increases. Furthermore, as legislation regarding industry and transport on land continues
to curtail emissions from these sources, the relative importance of emissions from ships will increase.

The Italian Research Council’s R. V. Urania has undertaken a series of summer oceanographic
campaigns to study the Hg cycle in the Mediterranean beginning in the summer of 2000. During
these campaigns, O3 concentrations were measured continuously. The campaign in 2005 was mostly
performed in the Adriatic, and it was noted that the average O3 concentration for the whole period was
just over 60 ppb (including nighttime values) [28]. This prompted this investigation into one of the
possible causes of high O3 levels over the Mediterranean.

The WRF/Chem(Weather Research and Forecasting (WRF) model coupled with Chemistry)
model [29] has been used to simulate atmospheric composition over the periods of six of these campaigns
between 2000 and 2010, using the EMEP (European Monitoring and Evaluation Programme) emissions
database. The data from the campaigns has been used to ascertain the reliability of the model output, and
the WRF/Chem simulations have been rerun excluding the emissions from shipping in the anthropogenic
emission inventory. Comparison of the results of the two simulations gives insight into the scale of the
impact that Mediterranean maritime traffic has on O3 concentrations in the region.

2. Measurements

Measurements from six oceanographic campaigns and from EMEP network monitoring stations have
been used for comparison with the modeled O3 concentrations. From 2000, an almost yearly series
of oceanographic campaigns, primarily to study Hg cycling in the Mediterranean marine BL (MBL),
surface and column water, sediments and the exchange of Hg species between the atmosphere and the
sea surface have been performed aboard the R. V. Urania by the CNR-IIA (Italain Research Council
Institute of Atmospheric Pollution Research) [30–34]. In addition to Hg species, a number of gas and
aerosol phase atmospheric species were measured. The campaign periods, their start and end ports,
are summarized with a brief description of the area covered in Table 1. The routes are shown in
Figure 1. During the campaigns, ozone concentrations were measured using a Teledyne-API model
400A UV ozone analyzer. The analyzer was calibrated every 24 h using an internal permeation source,
and employing a sampling flow rate of 0.8 l min−1 over a five-minute period gave a detection limit of
0.6 ppb. The same instrument was used in all measurement campaigns.

The EMEP monitoring station data used for comparison with model output were located in the middle
resolution modeling domain, the position of which varied according to the campaign route taken in the
year in question; see Section 3.1. The stations used are shown in Figure 1 and listed in Table S1 (see
Hjellbrekke et al. [35] for details).
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Table 1. The oceanographic campaign periods and approximate routes.

Year Start End Route

2000
Palermo Civitavecchia Strait of Messina, South of Crete,
14 July 9 August Sicily, Gulf of Naples, Sardinia

2003
Palermo Livorno Strait of Sicily, towards Crete,
5 August 28 August Ionian Sea, Naples, Alboran Sea

2005
Naples Naples Sicily, Ionian Sea, Adriatic Sea
17 June 3 July Gulf of Trieste

2006
Civitavecchia Messina Sicily, Eastern Mediterranean,

4 July 20 July Ionian Sea

2009
Civitavecchia Messina Corsica, Sardinia, Naples,

4 June 30 June Strait of Sicily, Ionian Sea

2010
Naples Palermo Strait of Messina, Ionian sea,

27 August 12 September Gulf of Taranto, Eastern
Mediterranean, Strait of Sicily

Figure 1. The Med-Oceanor campaign routes over the years and the sites of the European
Monitoring and Evaluation Programme (EMEP) stations used in the model validation.

3. Modeling

3.1. Modeling Domains

Three model domains were used to model each oceanographic campaign period. The largest domain
(81 × 81 km grid cells) remained the same in all of the simulations. The finest scale domain (9 × 9 km
grid cells) was chosen to include the area covered by the oceanographic campaign, and the intermediate
domain (27 × 27 km grid cells) was chosen to encompass the fine domain and to provide a buffer between
the coarse and fine domains. The coarse domain and two examples of the nested domains are shown in
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Figure 2, while all model domains are shown in Figures S2–S6. The domains extended vertically to
50 hPa with 28 levels.

Figure 2. The largest modeling domain (black) and examples of the nested grids, for 2003
in yellow and for 2005 in red, displayed in GoogleTM Earth. The two horizontal white lines
in the smallest 2003 domain are the cross-sections at roughly 34 and 39◦N described in
Section 4.4. See Figures S2–S6 for all model domains.

3.2. Physics, Chemistry and Initialization

The non-hydrostatic mesoscale chemical transport model, WRF/Chem, offers a number of
parametrization options to represent atmospheric physics (a detailed description of these can be found
in Skamarock et al. [36]). In this study, the Purdue–Lin scheme, which includes six classes of
hydrometeors (cloud water and ice, rain, snow, graupel and water vapor) was used for microphysics. The
Mellor–Yamada–Janjic (MYJ) scheme was used for Planetary Boundary Layer (PBL) parametrization;
this scheme describes vertical sub-grid-scale fluxes due to eddy transport in the whole atmospheric
column, while the horizontal eddy diffusivity is calculated with a Smagorinsky first order closure. The
Eta surface layer scheme and the Noah land surface model (four soil layers) were used. The Kain–Fritsch



Atmosphere 2014, 5 942

scheme was used for cumulus parametrization and the rapid radiative transfer model (RRTM) and Dudhia
schemes for long and shortwave radiation, respectively.

The choice of parametrizations was made after repeated simulations of the 2005 oceanographic
campaign period using different combinations of parametrizations, to assess how the choice influenced
both model output and simulation time. The combination used proved to be the most appropriate for
these studies. However, it should be pointed out that the simulations performed apply specifically to
the Mediterranean summer and that the combination of parametrizations above may not be the most
appropriate in other cases.

The RADM2 (Regional Acid Deposition Model, version 2) mechanism [37] and the Madronich
photolysis scheme [38] were used in all of the simulations. Photolysis rate constants were recalculated
every 30 min.

NCEP FNL (final) Global Operational Analyses, obtained from the Research Data Archive (RDA),
provided on a 1◦ by 1◦ grid at six hourly intervals, were used to provide meteorological input data.
The data are converted to WRF input on the appropriate domains using the WRF Preprocessing System
(WPS). Boundary and initial conditions for chemical species concentrations for the largest domain were
taken from the idealized profile provided by WRF/Chem. The model was allowed to spin-up for five
days before the beginning of the observation period under study.

3.3. Emissions

Anthropogenic emissions were obtained from the EMEP Centre for Emission Inventories and
Projections [39]. The emissions used in EMEP models [40] for the specific years corresponding to
the measurement campaigns were used. As in Schürmann et al. [41], a day-night temporal profile was
applied to the emissions following Simpson et al. [42].

The EMEP emissions were chosen because of their specificity to the European region, their
availability for individual years and also the results obtained by Marmer et al. [43] in a comparison of
shipping emission inventories for the Mediterranean Sea. Marmer et al. [43] found that in their modeling
study, the EMEP inventory gave the best match with the major part of the measurements with which they
compared their simulations, particularly in the Western Basin.

The online option to estimate biogenic emissions using the approach described by
Guenther et al. [44,45] and Simpson et al. [46] was used. The alternative option using the
biogenic emission fluxes calculated using MEGAN (Model of Emissions of Gases and Aerosols from
Nature) [47] was also used for the 2005 campaign simulations.

3.4. In-Plume Chemistry and Artificial Plume Dilution

The perturbation caused by ship emissions to BL photochemistry over oceans began to be
investigated in detail in the late 1990s [48,49]. The direct inclusion of ship emissions in
Chemical Transport Models (CTMs)will result in the instantaneous dilution of the emissions within
the volume of the grid cell. In coarse resolution models, this leads to a false impression
of the chemical composition in the model cell, because the chemistry occurring within the
expanding plume, where the chemical composition is different from the air in the rest of the
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cell, is not taken into account (see Charlton-Perez et al. [50], Huszar et al. [51] and
Vinken et al. [52]). This can lead to errors in the simulation of NOx and OH concentrations and
in the simulated ozone production efficiency [50] and, over the open sea, leads to an overestimate of
the O3 concentration.

However, a GEOS-Chem model study of the effect of including non-linear chemistry for ship
emissions [52] indicates that the impact of dilution is less significant over more heavily polluted areas,
such as the North Sea; the authors state “suggesting that accounting for non-linear in-plume chemistry
is most relevant for pristine, unpolluted areas”.

Ship plume dilution also depends on a the combination of BL stability, the plume’s buoyancy (it is
hotter than the surrounding air) and the ship’s course relative to the wind speed and direction [53]. These
factors influence both plume rise, which can be 2–10-times the actual stack height, and the shape of the
plume (see Chosson et al. [53] and the references therein).

The simulations described here all concern the Mediterranean Basin. The Mediterranean BL is
influenced by many other emission sources besides shipping, and during the summertime, when
the oceanographic cruises took place, BL outflow from continental Europe is a major source of
anthropogenic emissions to the region [2]. Therefore, considering the non-pristine’ state of the
Mediterranean BL, the emissions were interpolated directly into the modeling domain, and sub-grid
scale parametrizations were not used. However, two emission height scenarios were used to investigate
the possible effects of plume rise; see Section 3.5.

3.5. The Simulations Performed

The introduction of the emissions into the modeling domain mirrors the approach used by
Huszar et al. [51], where the emissions from the EMEP database were interpolated directly on to
the model grid. Two emission height cases were investigated for the shipping emissions to ascertain
how much emission injection height influenced the simulation results. In the EMEP unified model,
all emissions from SNAP (Selected Nomenclature for Air Pollution) Sector 8 (other mobile sources
and machinery, which includes shipping) are assumed to be emitted in the first model layer (0–92 m).
The WRF/Chem simulations described here, given the synoptic conditions prevailing during the periods
investigated, generally had five vertical levels from sea level to roughly 400 m a.s.l. over the open
Mediterranean. This is a fairly typical height of the Mediterranean BL under summertime anticyclonic
conditions. Two emission height scenarios have been used: the Em_low scenario, where the emissions
are emitted into the first model level, and the Em_hi scenario, where the emissions are distributed
between Levels 2 (≈30–90 m, 50%), 3 (≈90–160 m, 25%) and 4 (≈160–250 m, 25%).

4. Results and Discussion

4.1. Model Validation

Model results have been compared to the O3 data obtained during the oceanographic campaigns.
The mean bias (MB), correlation coefficient (R), root mean square error (RMSE) and index of agreement
(IOA) were used to assess the comparison, as defined in Chang and Hanna [54] and Willmott et al. [55].
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Using the relation RMSE2 = RMSE2
u + RMSE2

s [55], the unsystematic fraction of RMSE (UF) is
defined as:

UF =
RMSE2

u

RMSE2 (1)

The UF provides an estimate of the percentage of the RMSE not due to systematic errors.
Comparison with measurements from land-based monitoring sites was performed for the sites that

were within the middle domain (27 km by 27 km resolution). For these measurements, similarly to
Zhang et al. [56] (based on US-EPA guidelines [57]) the mean normalized bias (MNB), normalized
gross error (NGE) and the accuracy of the unpaired predicted to observed peak hourly O3 concentration
ratio (AUP) have been calculated.

The skill of the WRF/Chem model using the RADM2 mechanism in reproducing meteorological
and air quality parameters has been assessed in a number of previous studies [29,41,58–61]; thus, the
principal aim of this study is to assess the impact of shipping emissions on O3 concentrations, and
therefore, the priority was to test the model’s performance in reproducing measured O3.

4.2. Ozone Concentration Validations

A number of studies of ozone using WRF/Chem have recently been performed. For example,
for regions in the U.S. [29,60,62–65], Mexico City [58,66], for regions in Europe [41,59,67] and in
China [61].

The summary of the statistical measures to assess the model’s performance in reproducing the
observations during the oceanographic measurement campaigns is presented in Table 2. The agreement
between the modeled concentrations and the observations are on par with those from previous studies.

Table 2. Comparison of the hourly model results and the ozone concentrations measured
aboard the R. V. Urania; see Section 3.3 for the definition of the Em_low and Em_hi emission
scenarios. The results for 2003 consider only the first half of the campaign; see Section 4.2.
MB, mean bias; IOA, index of agreement; UF, unsystematic fraction.

Year
MB (ppb) R RMSE (ppb) UF IOA
low hi low hi low hi low hi low hi

2000 −3.7 0.7 0.51 0.59 11.0 9.6 0.59 0.68 0.69 0.76
2003 4.0 3.7 0.32 0.31 14.7 14.7 0.47 0.48 0.55 0.54
2005 3.0 4.6 0.55 0.56 13.8 13.5 0.80 0.69 0.73 0.72
2006 9.9 −8.8 0.24 0.19 14.5 14.3 0.33 0.40 0.48 0.49
2009 7.8 7.9 0.30 0.29 14.9 15.3 0.55 0.56 0.53 0.52
2010 −0.7 −1.2 0.39 0.38 10.7 10.9 0.73 0.73 0.63 0.63

Table 2 includes the results from the two emission height scenarios (Em_hi and Em_low) mentioned
in Section 3.4. The differences between these are discussed further below (see Section 4.3); however,
as can be seen from Table 2, the difference in the results in the first model layer are not very large. The
model does not consistently over- or under-estimate the ozone concentrations; the bias in some years is
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negative and others positive. Generally the model reproduces the measured O3 concentrations reasonably
well; furthermore, the UF value does not show evidence of significant systematic errors.

Figure 3 shows the modeled and measured O3 concentrations for the oceanographic campaigns.
The rapid decreases in O3 seen in the measurements occur when the R.V. Urania is directly influenced
by plumes from ships passing close by or when the ship is stationary to take water column and sediment
samples, and the wind direction carries the ships own exhaust towards the O3 analyzer. When this
occurs, the high levels of NO decrease the O3 concentration, forming NO2. This titration effect means
that the correlation between the daily minimum observed and modeled O3 concentrations was generally
poor. The modeled and measured maximum daily values were better correlated, as were the daily mean
values, with values of R over 0.6 in some cases (Table S2).

Figure 3. Measured and modeled O3 concentration ( ppb) during the oceanographic
campaigns (model values from the Em_hi scenario).

Some technical difficulties with the data collection occurred for short periods during the campaigns
in 2000 (from 28 July to 6 August) and 2003 (around 18 August). These periods have been excluded
from the observation/model comparison. The direct influence of other ships on O3 concentrations was
particularly clear during the second period of the 2003 campaign (from 19 to 27 August, Naples -the
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Strait of Gibraltar-Livorno) when some of the lowest O3 concentrations recorded during any of the
Med-Oceanor campaigns were measured, below 20 ppb at times. The mean observed O3 concentrations
for the first (5–16 August) and second periods are 65.6 ppb and 50.4 ppb respectively; such a difference
is not evident in any of the other Med-Oceanor campaigns. The metrics reported in Table 2 refer to the
first eleven days of the 2003 campaign.

The model comparison with the land-based measurement stations gave results essentially similar to
the comparison with the MBL measurements. The results of the comparison are reported in Table S3
and Figures S7–S12 and summarized in Figure 4. Generally, the model reproduces the land-based
measurements according to the criteria set out in Zhang et al. [56] (±15% for MNB, <35% for NGE
and ±20% for AUP). The model slightly underestimates peak O3 concentrations in a number of stations,
particularly for the 2009 simulation.

Figure 4. Statistical metrics of hourly ozone concentration in the EMEP sites in the different
simulations. The right-hand panels represent all data.

The comparison between the modeled and measured O3 concentrations also reveals that the model
does not reproduce the amplitude of the day-night variation in concentration well. This is very possibly
due to difficulties in accurately modeling the temporal evolution of the boundary layer. If the nighttime
boundary layer is too high in the model, both the rate at which O3 is deposited, and the rate at which it is
titrated by species emitted at the surface would be underestimated. The daytime underestimate of the O3

maximum may also be ascribed to the model’s failure to correctly represent boundary layer dynamics, as
the mixing down of O3 rich air plays an important role in the increase of the daytime O3 concentration.
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4.3. The Influence of Ship Emission Height in the Model

As described in Section 3.3, two shipping emission injection height scenarios have been studied with
the model. The first, the Em_low scenario, simply introduces ship emissions into the first model layer,
while the Em_hi scenario distributes emissions between the second, third and fourth model layers (that
is, between 30 and 250 m) to estimate the possible changes in model output accounting for plume rise
(see Section 3.3). The results in Table 2 show that the comparison between the modeled and measured O3

concentrations in both instances is very similar. The difference between the emission height scenarios is
most clearly seen in the first model layer, whereas the difference in the scenarios over the first six model
layers (roughly the height of the Mediterranean summertime MBL) is actually only a few percent for
O3, NO or NO2. The differences in the average concentrations over the highest resolution domain (9 km
by 9 km) and over the whole simulation period is shown as a percentage in Figure 5 for 2005 and 2009,
calculated as: ∣∣∣∣ [XEm_hi]

[XEm_low]
− 1

∣∣∣∣× 100 (2)

where X is O3, NO or NO2 (note the modulo). The results for the other campaigns are included in
Figure S13. As can be seen, the difference between the emission scenarios is more marked in the first
model layer, especially for NOx concentrations, while it is rarely more than 5% over the full height of
the MBL. The exception to this is the simulations for the year 2000, where the difference between the
simulations reaches almost 5% for O3 and almost 10% for NO2.

Figure 5. Concentration difference (calculated as Equation (2)) for O3, NO and NO2 in the
first model layer and in the Mediterranean boundary layer (MBL).

4.4. The Influence of Ship Emissions

Versions of the EMEP emission inventory for the years of oceanographic campaigns were prepared
in which all of the SNAP sector 8 emissions over the Mediterranean Sea were removed.

The Em_Hi scenario simulations described previously were rerun, for exactly the same periods and
on exactly the same domains. An overview of the results is presented in Table 3 where the difference
(in %) between the concentrations of O3, NO and NO2 for simulations with (Tot_Emiss) and without
(No_ships) shipping emissions are shown.
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Table 3. The influence (%) of shipping emissions on the average concentrations of O3, NO
and NO2 in the first six layers. The values refer to the highest resolution domains (9 km by
9 km), calculated as (Tot_Emiss − No_Ships)/Tot_Emiss × 100%.

Year
Whole Domain Mediterranean Sea

O3 NO NO2 O3 NO NO2

2000 5.5 11.2 11.9 6.2 20.0 23.2
2003 7.0 10.3 11.0 8.2 24.9 28.9
2005 4.5 6.9 7.4 8.2 25.0 27.7
2006 5.3 12.2 13.1 8.3 26.9 30.9
2009 9.1 20.2 21.8 11.6 42.6 46.0
2010 7.7 15.9 13.8 9.8 30.1 32.7

Roughly speaking, removing the emissions from ships results in a decrease in the modeled average
O3 concentration over the whole of the highest resolution domains (9 km by 9 km) of between 4.5% and
9.1%. The decrease over the Mediterranean Sea itself was between 6.2% and 11.6% for the periods
simulated. These values are significant given the size of the domain and the lengths of time involved;
however, the effect of shipping emissions is clearly not uniform over the whole domain.

While Table 3 gives the average differences over the whole domain (and just the Mediterranean),
Figure 6 shows the simulated time averaged impact of shipping emissions for 2005 (left) and 2006 (right).
Figures for the other years are included in the supplementary file (Figures S14–S19). Not unexpectedly,
the greatest impact is found over the sea where the maritime traffic is most intense.

Figure 6. The average O3 concentration difference in the first model layer for 2005 (Left)
and 2006 (Right). Absolute difference (ppb) in the lower panel and percentage in the
upper panel.
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The 2006 campaign covered a significantly wider geographical area than the 2005 campaign, and the
difference in the modeled O3 concentration along the shipping lane between the Strait of Sicily towards
the entrance to the Suez Canal is clearly visible.

As seen in Figure 6, the difference in O3 concentrations between Tot_Emiss and No_ships simulations
can be as high as 10 ppb (between 5% and 10%) or more in coastal areas; it should be borne in mind that
these are differences in the average concentrations over the whole simulation period. Figure 7 illustrates
the difference (Tot_emiss − No_ships) in the maximum simulated O3 concentrations during the 2003
campaign (other years are included in Figures S20–S24).

Figure 7. The difference (ppb) in the maximum O3 concentrations between the Tot_emiss
and No_ships simulations for the 2003 measurement campaign.

The 2003 campaign covered the widest area of all of the oceanographic campaigns. The greatest
differences in the O3 concentrations between the simulations, over 50 ppb, occur around the Alboran
Sea and in the Strait of Sicily. The coastal areas of North Africa also exhibit significant differences
between Tot_emiss and No_ships simulations. The Spanish Mediterranean coastline and Sicily are also
noticeably different in the two simulations.

The vertical profile of the impact of ship emissions on the O3 concentration is illustrated, for the two
latitudinal sections (indicated in Figure 2), in Figure 8. The upper panel of Figure 8 shows the difference
in O3 concentration, in ppb, for the section passing through Southern Spain, across Corsica, Northern
Calabria, Greece to the western side of Turkey. The contribution to O3 concentrations from shipping is
clearly seen to be highest in the Balearic Sea; in fact, Valencia is a major Mediterranean container port.
However, there is also a significant contribution in the Tyrrhenian and Ionian Seas. Although the absolute
concentrations in the Aegean Sea (≈22◦ and 27◦E along this section) are high, the contribution to these
concentrations from shipping appears to be low. This is possibly due to the relatively high emissions
from other sources in the region, both Athens and Istanbul being nearby.
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Figure 8. The vertical profile of the difference Tot_Emiss−No_ships (in ppb) to the O3

concentration along ≈39◦N (top) and ≈34◦N (bottom). The values are the average for the
whole simulation period (5 to 27 August 2003).

The southerly cross-section shown in Figure 8 (lower panel) begins in Northern Morocco and meets
the Mediterranean on the Gulf of Hammamet in Northern Tunisia, crosses the southern part of the Strait
of Sicily and the southernmost Ionian Sea, then passes directly across Crete. At ≈15◦E, both the absolute
O3 and the contribution from shipping are high; this is the southern entrance to the Strait of Sicily.
Again, it can be seen that although absolute values are high to the eastern end of the cross-section
(off the western coast of Crete), the contribution from shipping is less than in other areas. In this case,
this may well be because the major shipping lanes (toward Suez) are to the south of Crete, and boundary
layer flow during summer anticyclone conditions tends to be from north to south [2].

The noticeable O3 differences over North Africa from roughly −5◦ to 1◦E are due to the morphology
of the North African coastline near the Moroccan-Algerian border. Where the Rif mountains in
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North-East Morocco, the Middle Atlas (Morocco) and the Tell Atlas (Algeria) mountain ranges converge,
there is a lower lying area. This allows the intense ship emissions in the Alboran Sea (the Mediterranean
approach to the Gibraltar Strait) to make their way inland and influence O3 concentrations, by more than
10%, over 250 km inland. Large areas of the low-lying parts of the western coast of Tunisia are affected
by ship emissions (in this case, from the Strait of Sicily), the average O3 concentration decreases by
5 to 10 ppb in these areas, ≈10%–20% when ship emissions are excluded. Where these decreases in O3

concentrations occur over land, the vertical scale of the impact is far greater than over the sea, because of
the height of the daytime boundary layer over land, as can be seen in Figure 8 (lower row) over Morocco,
Algeria and Tunisia.

Comparison of the two simulations along the routes followed by the R.V. Urania shows on a number of
occasions that the local contribution to O3 makes a significant difference. Figure 9 shows the simulation
results from three periods during the 2000, 2005 and 2006 campaigns where the difference due to the
exclusion of the shipping emissions in the predicted O3 concentrations is particularly noticeable.

Figure 9. Examples of the difference in O3 concentration with and without ship emissions
along the route of the R.V. Urania, for (a) 2000, (b) 2005 and (c) 2006. The MB between
observed and modeled values is also reported. The mean bias (MB) between observed and
modeled (Tot_Emiss scenario) values is also reported.

(a) MB = −3.7 ppb (b) MB = 3.0 ppb

(c) MB = 9.9 ppb
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In Figure 9 the horizontal line at ≈61 ppb is the mixing ratio equivalent of 120 µg·m−3 at the
atmospheric temperatures and pressures encountered during the oceanographic campaigns. This is the
current EU directive on air quality (2008/50/CE) standard for the maximum daily 8-h mean concentration
of O3.

The figures also report the mean bias between observed and modeled results for the campaigns, and
while the mean bias was relatively high, particularly in 2006, it can be seen that the O3 concentration
difference between the simulations with and without shipping emissions is greater. Longer term
modeling studies of coastal regions near to major shipping lanes or ports would help in better defining
the extent the impact of ship emissions on local and regional air quality. There are a number of possible
causes behind the differences between model results and observations. For the inputs to the model, the
boundary conditions (including the upper BC) and emissions are both potential sources of error. The
diurnal distribution of emissions is a particular problem: road traffic, for example, has quite different
cycles in the various countries in the modeling domain, and this can lead to inappropriate temporal
profiles being used for a given emission sector [68]. The physics parametrizations within the model, and
also the model resolution, could also influence the results. In fact the representation of the boundary
layer and its variation over land, and particularly in coastal areas, greatly influences the modeled
concentrations of air pollutants. The ability of the model to capture the nuances of local-scale circulation
patterns in orographically complex coastal areas is another possible source of error. This is rather a
pertinent point in the case of many coastal areas of the Mediterranean. Increasing the model resolution
may improve the model output from this point of view; however, this increases the calculation time.
These points will be investigated in further studies in part to improve the work described here and in
part to continue the series of simulations with the data from the oceanographic campaigns undertaken in
2011, 2012 and 2013, plus the campaign planned for 2015.

5. Conclusions

Ozone concentrations have been simulated using the WRF/Chem model for the periods of six
oceanographic research campaigns, which took place in the Mediterranean Basin between 2000 and
2010. The results of the comparison between the modeled and measured O3 concentration show
a reasonable agreement, on par with those from other previous similar studies.

The lower correlation between the model and shipboard measurements was in part due to the sporadic
interception of relatively fresh ship plumes, which caused noticeable decreases in the O3 concentration as
a result of titration by NO. Certainly, during the 2003 cruise campaign, which arrived almost at the Strait
of Gibraltar, there was a noticeable effect on O3 close to the major shipping lanes in the Alboran Sea.
Simulations performed to investigate the influence of emission height for ship plumes on the production
and distribution of O3 indicate that average O3 concentrations are not greatly influenced by the way the
emissions are distributed throughout the lowest model layers.

The average measured O3 concentrations during the Med-Oceanor series of oceanographic
measurement campaigns was 50–60 ppb; comparing simulations performed with and without shipping
emissions showed differences of ≈3 to 12 ppb on the average concentrations of O3 over the
campaign periods.
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Ship emissions mostly influence marine and coastal areas as a result of the low summer time
Mediterranean MBL height and the steepness of much of the Mediterranean coastline. However, the
simulations with and without ship emissions showed differences in O3 tens and even hundreds of km
inland over the flatter coastal areas of North Africa.

This suggests that ship emissions could contribute to the O3 budget above the boundary layer, where,
due to its role as a short-lived climate forcer, it may have an impact on the regional radiation budget.
To assess this possibility is beyond the scope of this paper, but given that ship emissions also include
black carbon, an investigation into the potential impact of ship emissions on regional climate may
well be merited.

Along the routes taken by the R.V. Urania, the simulations indicate that ship emissions may contribute
to the exceedance of the EU 8 h average concentration limit of 120 µg·m−3.

As maritime traffic is projected to increase in the coming years and as legislation leads to diminishing
emissions from land-based sources, the relative contribution of shipping to total O3 precursor emissions
will increase. Shipping emissions are likely to play an important role in local and regional air quality in
Mediterranean coastal areas and beyond for the foreseeable future.
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