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Abstract. Changes in temperature due to variability in me- 1  Introduction

teorology and climate change are expected to significantly

impact atmospheric composition. The Mediterranean is aSeveral meteorological variables, including temperature, pre-
climate sensitive region and includes megacities like Istan<ipitation and atmospheric ventilation impact air quality
bul and large urban agglomerations such as Athens. Thge.g., Jacob and Winner, 2009). Among these variables, tem-
effect of temperature changes on gaseous air pollutant levperature is shown to have the largest effect on ozong (O
els and the atmospheric processes that are controlling themixing ratios (Sanchez-Ccoyllo et al., 2006; Dawson et al.,
in the Eastern Mediterranean are here investigated. Th@007). Q is a product of complex non-linear interactions
WRF/CMAQ mesoscale modeling system is used, coupledhetween nitrogen oxides (N® and volatile organic com-
with the MEGAN model for the processing of biogenic pounds (VOC) in the presence of sunlight (Crutzen, 1994;
volatile organic compound emissions. A set of temperatureSeinfeld and Pandis, 1998). Depending on VOC/N@
perturbations (spanning from 1 to 5K) is applied on a basetios, Oz can be produced or consumed (Sillman and Samson,
case simulation corresponding to July 2004. The results in1995). Temperature increases enhance biogenic emissions
dicate that the Eastern Mediterranean basin acts as a reseif isoprene and other VOCs as well as photochemical activ-
voir of pollutants and their precursor emissions from largeity since most thermal atmospheric reactions show positive
urban agglomerations. During summer, chemistry is a matemperature dependence. Thus, temperature increases in the
jor sink at these urban areas near the surface, and a mingresence of sufficient NJead to increases in{Jevels.
contributor at downwind areas. On average, the atmospheric The Eastern Mediterranean basin acts as a receptor of an-
processes are more effective within the first 1000 m abovenropogenic emissions from Europe, wind-driven dust from
ground. Temperature increases lead to increases in biogeni§gnara desert (Kanakidou et al., 2007, 2011), biogenic hy-
emissions by &3%K™*. Ozone mixing ratios increase al- grocarbons from the surrounding vegetation (Liakakou et al.,
most linearly with the increases in ambient temperatures by>0g7) and sea-salt particles (Athanasopoulou et al., 2008).
1£0.1 ppb K~ for all studied urban and receptor stations | addition, there are two important megacities in the re-
except for Istanbul, where aft0.1 ppb Q K™t increase is gion: Istanbul {12 million inhabitants) and Caire<(16 mil-
calculated, which is about half of the domain-averaged in-jion inhabitants), as well as the large urban agglomerations
crease of ®+0.1ppb QK. The computed changes in |ike Athens (-4 million inhabitants), contributing to the an-
atmospheric processes are also linearly related with tempekhropogenic emissions. The result is complex photochem-
ature changes. istry and transport patterns leading to elevated levels pf O
and particulate matter (PM) in the area (Gerasopoulos et al.,
20064, b; Kanakidou et al., 2011). Ground-based observa-

Correspondence ta¥l. Kanakidou tions and satellite measurements show elevated amounts of
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(Vrekoussis et al., 2007). Gerasopoulos et al. (2005) reportedatural emissions and regional air quality. In the present
high background @ particularly in spring and summer, at- study, we investigate the potential impacts of increases in
tributed to meteorological conditions. These observationsambient temperature on air quality in the Eastern Mediter-
showed that while primary pollutant levels decrease down-ranean. We focus on the levels of @nd its precursors from
wind, secondary pollutants likegare produced photochem- 1-15 July 2004. For this purpose, the US EPA Commu-
ically during transport of precursors downwind from the nity Multiscale Air Quality (CMAQ) chemistry and trans-
large agglomeration centers and from the surrounding report model driven by the Weather Research and Forecast-
gions: Europe, Balkans and north of the Black Sea. Pol-ng model (WRF-ARW) deduced meteorology is used and a
lution transported toward the Mediterranean is affected bynumber of temperature perturbation scenarios are performed.
local meteorological parameters like land-sea breeze circuModels and scenarios are described in Sect. 2. The results are
lations and orographic flows (Lelieveld et al., 2002). In ad- presented and discussed is Sect. 3. The contributions of var-
dition to the near-surface long range transport (LRT) of pol-ious atmospheric processes within the surface layer and the
lutants, the high @ concentrations in the planetary bound- PBL are analyzed. Focus is put on the effects of temperature
ary layer (PBL) are, partly attributed to entrainment from the changes on the biogenic emissions, photochemistry, and the
free-troposphere. These pollution patterns have been obseatmospheric processes. Finally, the conclusions are given in
vationally documented by several experimental studies; howSect. 4.
ever the number of mesoscale modeling studies focusing on
this area remains limited. ]

Chemistry and transport models (CTMs) can serve as fun? Matérials and methods
damental tools to understand the complex and dynamic inter:
actions between meteorology and chemistry at multiple tem-

poral and spatial scales (Kindap et al., 2006; Kallos et al.,, order to produce the meteorological fields necessary for
2007; Van Noije et al., 2004). Earlier modeling studies for 4 CMAQ model, WRF-ARW v3.1.1 has been used (Shar-
the region pointed out the importance of local and regional,, -k and Klemp 12008). The WRF model is widely used by
circulations on air pollutant levels (Melas et al., 1998a, b). he mesoscale modeling community and has proven to give

Poupkou et al. (2008) showed that the Athens urban plume,sistactory results for the Mediterranean region (Borge et
significantly impacts the ©levels over the southern Aegean al., 2008; Im et al., 2010). The initial and boundary condi-

and Mediterranean. Lazaridis etal. (2005) applied the UAM-i5ns have been provided from the National Centers for En-
AERO model to simulate photo-oxidants and PM in the East-i;onmental Prediction (NCEP) orf £ 1° horizontal and 6-h

ern Mediterranean and indicated the importance of photoyemporal resolution, with a vertical extent up to 10 mbar. The
oxidant and fine aerosols dynamics in the area as well agjyations have been carried out on a single domain that
the significant contribution of regional transport to the ob- .o ers the Eastern Mediterranean region on a 30 km spatial
served pollution levels. Vegetation is a strong source of VOC,oqution (Fig. 1). The domain has 58 and 47 grid cells on

emissions in the Mediterranean (Symeonidis et al., 2008)ga5t west and north-south directions, respectively, with 30
Poupkou et al. (2006) found that the biogenic emissions canyertica| layers. The lowest level is 8 m high and the domain
lead to an increase of mean @vels up to 10 ppb in Greece 4, gxtends to-16 km. The model layer thickness increases
during summer while their impact on maximum ozone val- ¢om syrface to the model upper boundary. PBL heights are

ues is more pronounced leading to increases that can reacly|cyjated with the Meteorology-Chemistry Interface Pro-
20 ppb. Similar results for the Eastern Mediterranean are regoggor (MCIP: Otte and Pleim, 2010) and PBL top is gen-

ported by Curci et al. (2009) modeling study for Europe. Re-gra|y within the first 27 layers. The 27th layer corresponds
cen'tly,' Im et al. (2011)' evaluated a larger impact of biogenic; 5 height of about 3km. The remaining 3 layers are very
emissions on the regionalsdevels that can reach 25ppb hick and their width extends from around 3km from sur-

in the extended Istanbul area, where anthropogenic nitrogep, .o to 16 km. The physical options used in this study are
oxide levels are high. These results demonstrate the impofyrg Single Moment 6-class microphysics scheme (Hong

tance of natural emissions ons@vels in the area. CTMS 54 im, 2006), RRTM (rapid radiative transfer model) long-
can also provide useful information on how changing mete-,

. J 11~ wave radiation scheme (Mlawer et al., 1997), Dudhia short-
orology may affect the pollutant concentrations (Tsigaridis e radiation scheme (Dudhia, 1989), NOAH land surface
et al., 2005; Dawson et al., 2007; Liao et al., 2009) as well

' ! ] model (Chen and Dudhia, 2001), Yonsei University Plane-
as the physmal and chemical processes leading to these CO{Ery Boundary Layer scheme (Hong et al., 2004) and Kain-
centration changes (Hogrefe et al., 2005; Goncavles et algyitsch cumulus parameterization scheme (Kain, 2004). Ad-
2008), by employing scenarios that have perturbed meteOgitionally, nudging has been applied for temperature, wind

rology and/or emissions. and moisture parameters towards the NCEP reanalysis for all

The Mediterranean region is very sensitive t0 changesysqel grids. The nudging coefficients are set to 0.0063 s

in climate (IPCC, 2007). Thus, future changes in climate o, oach variable and forcing every 6 h has been applied.
and local meteorology can have significant impacts on the

.1 Meteorological model
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Fig. 1. NOy emissions in the model domaita) spatial distribution of emissions integrated over the 15-day simulation period (tors-grid
and (b) diurnal profile of emissions (kgh'). The lines A—A and B—B show the cross-sections of Istanbul-Finokalia and Thessaloniki-
Athens-Finokalia, respectively.

2.2 Emissions (NMVOC) and particulate matter (P}d and PM5). Emis-
sions for a number of sources such as road transport, indus-
The emission inventory used here is a compilation of regionafrial and residential combustion and cargo shipping are cal-
and smaller scale emission inventories. The most importangulated based on detailed information gathered from official
anthropogenic emission sectors in Greece as well as in theources of the municipality of Istanbul.
large urban agglomerations of Athens, Greece and Istanbul, Finally the above mentioned individual emission invento-
Turkey have been quantified using real activity information ries have been merged in order to meet the needs of this study
as well as high resolution digital maps utilizing bottom-up for a 30 km resolution grid. All PM and NMVOC species
methodologies. are speciated into Carbon Bond 5 (CB5) species (Yardwood
The emission inventories for all anthropogenic sourceset al., 2005). The vertical distribution of emissions is cal-
have been originally compiled at 10 km resolution for Greececulated based on the Selected Nomenclature for Air Pollu-
and at 2 km resolution for Athens (Markakis et al., 2010a, b).tion (SNAP) codes provided by Simpson et al. (2003). A
These inventories have been mainly based on the bottom-ugample of the spatial distribution of the daily N@missions
approach using activity information and statistics for traffic sSummed over all the sectors and averaged over the studied
loads on major roads, fuel consumptions of vehicles, off-roadperiod are presented in Fig. 1a. This figure clearly depicts
vehicles, various ship types, and stack measurements in irthe elevated emissions over Istanbul and Athens. The ship-
dustries. The remainder of the domain shown in Fig. 1a isping routes also stand out, pointing to a potentially signifi-
covered by the emission inventory of French National Insti- cant environmental impact of ship emissions in the region.
tute for Industrial Environment and Risks (INERISitths: ~ The mean diurnal variability of the emissions over the model
/Iwiki.met.no/cityzen/page2/emissignsThis inventory is a  domain is shown in Fig. 1b that demonstrates the clear peaks
re-gridded product of the emissions of the European Mon-in the morning and evening rush hours, which are dominated
itoring and Evaluation Programme (EMEP) databasep( by the road-traffic sector.
Ilwww.ceip.atj. Emissions within each.8” x 0.5° EMEP The biogenic emissions have been calculated using the
grid cell have been reallocated to @0x 0.1° lon/lat grid  Model of Emissions of Gases and Aerosols from Nature
using the high resolution (300 m) global land cover databaquEGAN) module of the WRF-CHEM 3.1.1 online-coupled
of GlobCover fittp://ionial.esrin.esa.int/ meteorology-chemistry model (Grell et al., 2005). Detailed
The Istanbul inventory (Im, 2009; Im et al., 2010) is the description of the MEGAN model is provided in Guenther et
first high resolution emission inventory developed for this al. (2006). This online version of MEGAN in WRF-CHEM
city (2km resolution) and covers gridded and hourly re- model uses the same methodology with the offline version of
solved emission rates for carbon monoxide (CO),xN€§ul- MEGAN model 2.04 (Qian et al., 2010). MEGAN calculates
fur oxides (SQ), ammonium (NH), non-methane VOCs 134 biogenic species, which are then mapped to 20 major
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groups, including isoprene, monoterpenes, sesquiterpeneapplications have been reported in the literature characteriz-
oxygenated compounds, and other VOCs from terrestriaing episodic events (San Jose et al., 2002; Goncavles et al.,
vegetation and nitrogen oxide (NO) from soils. CO emis- 2009) as well as long-term (Zhang et al., 2006) and climato-
sions are also estimated by the model. The input files needelbgical simulations (Hogrefe et al., 2005). The atmospheric
to run the MEGAN model include modified emission factors, processes examined in IPR are horizontal and vertical trans-
satellite-derived vegetative cover, including Leaf Area Indexport, emissions of primary species, gas-phase chemistry, dry
(LAI) and Plant Functional Type (PFT) fractions, as well as deposition, cloud processes and aerosol processes. Trans-
climatological temperature and solar radiation for each gridport is calculated as the sum of advection and diffusion, hor-
cell. The WRF-CHEM model is modified to calculate all 20 izontally (HTRA) and vertically (VTRA). Aerosol processes
MEGAN biogenic emission rates for each time step of the (AERO) include the effect of particle formation, condensa-
meteorology simulation. The emission rates are then contion, coagulation and aerosol thermodynamics. Cloud pro-
verted to CB5 chemical species in order to be merged withcesses (CLDS) are defined as the net effect of aqueous chem-
the anthropogenic emissions for use in the CTM simulationsistry, below- and in-cloud mixing, cloud scavenging, and wet
Mapping of individual NMVVOCs to CB5 species has been deposition. The weighted contributions of each process on
based on the assignment matrixes and molecular weights d&3, NOx and VOC levels have been estimated using Eq. (1),

scribed in Yardwood et al. (1999, 2005). where PCis the individual contribution of the processind
% PG is the relative contribution of that process to the sum
2.3 Chemistry and transport model of the contributions from all the processes (Goncalves et al.,
2009).

The CMAQ model version 4.7 has been used to simulate PC
the atmospheric transport and the chemistry of the pollutant$o PG = ————— x
(Byun and Schere, 2006). CMAQ is a widely used model to 2_;absPG)

simulate the atmospheric composition (Hogrefe et al., 2001)n the present study, we evaluate the major atmospheric pro-
Unal et al., 2005; Kindap et al., 2006; Odman et al., 2007; Imcessegi): HTRA, VTRA, DDEP, and CHEM that determine

et al., 2010). The boundary and initial conditions have beeno; mixing ratios.

extracted from the Transport Model version 4 (TM4-ECPL)

global chemistry- transport model. TM4-ECPL originates 2.4 Simulations

from the TM4 model (van Noije et al., 2004) to which emis-

sions, Chemistry and carbonaceous aerosol modules have number of scenarios have been simulated in order to eval-
been modified as described in detail by Myriokefalitakis et Uate the model system performance and the response in iso-
al. (2008, 2010, 2011) and references therein. TM4-ECPLPrene emissions, £and its precursors concentrations to tem-
model is able to simulate gas phase chemistry coupled wittPerature changes in the Eastern Mediterranean. All simula-
the major primary and secondary aerosol components includtions have been conducted for a 15-day period between 1-
ing sulfate, nitrate and organic aerosols. The TM4-ECPL15 July 2004. The period was chosen based on the avail-
species have been mapped into CB5 species to be consiste#ility of isoprene measurements at the Finokalia air quality
with the other chemical input data, using the assignment facstation in Crete. A spin-up period of 11 days has been used
tors described in Yardwood et al. (2005). The AERO5 mod-for all simulations, starting from 20 June 2004. However,
ule has been employed as the aerosol mechanism in CMAdhe model results from this period have not been used in the
(Foley et al., 2010). This module also calculates sea_sa|fnodel evaluations. The performed scenarios are as follow-
emission fluxes based on land-sea fractions in each grid celln9:

along with wind speed and relative humidity (Gong, 2003;
Zhang et al., 2005). Yamartino scheme for advection (Ya-
martino, 1993) and asymmetric convective model (ACM2)
scheme (Pleim, 2007) for vertical diffusion have been used 2. Scenario S1 has been applied to estimate the possible
in the study. The aqueous cloud chemistry has also been ac- impact of a homogeneous increase of air temperature

100 (1)

1. The base case simulation (S0) has been conducted using
the corresponding June and July 2004 meteorology.

counted for in the simulations (Foley et al., 2010). The hori- by 1K in the whole domain, both horizontally and ver-
zontal and vertical resolution of the CMAQ model is identi- tically. This has been achieved in two steps: first, the
cal to that of the WRF model, as described above. MEGAN code was modified so that for each time step

The Integrated Process Analysis (IPR) tool of the CMAQ when the biogenic emissions are calculated, the surface
system has been employed to identify the dominant physical  temperature is increased by 1K compared to the tem-

processes for 3 species/groups(@MVOCs and NQ), at peratures in SO. Second, the Meteorology-Chemistry
the surface (first model layer extending up to 8 m) and in the Interface Processor (MCIP: Otte and Pleim, 2010) out-
whole PBL, which extends up te2.6 km that corresponds puts, which are used as the meteorological inputs for the

to the first 27 layers. Note that the PBL varies spatially and CMAQ model, are modified to have increased temper-
temporally (hourly) as presented in Fig. S1. IPR analysis atures by 1K throughout the modeling domain. Note

Atmos. Chem. Phys., 11, 3843864 2011 www.atmos-chem-phys.net/11/3847/2011/
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thaj[ or_1|y the effect of tgmpgrature changeg on b'OQen'_cTabIe 1. Air quality stations used to evaluate the model results.
emissions is evaluated in this study. Potential changes in

anthropogenic emissions with temperature due to evap-

orative VOC emissions have been neglected. Stations La(tlt;c)ie Long'té)d € (mgltusu:?e

3. Scenario S2: same as S1 but for a 2K increase. IST

4. Scenario S3: same as S1 but for a 3K increase. Sarachane 41.05 29.01 16

5. Scenario S4: same as S1 but for a 4K increase. ATH1

6. Scenario S5: same as S1 but for a 5K increase. ?gé;?crfkew ;77_579 22337892 22:)50

7. Scenario S6 has been used to investigate the impact of  ATH2
a realistic temperature field from a warmer year on the —
chemical composition in the area. For this purpose, the 'Il:ﬁsalal;‘omakedones 3%3814 23;;076 165550
temperature field of the SO scenario has been replaced i '
by the temperature field of the year 2007. The replace-  THES
ment has been conducted at the NCEP input datato the  psnaroma 40.59 23.03 363
WRF model. This enabled the simulation of the im- Neochorouda 40.74 22.88 229
pact of this temperature change to the meteorological
fields driving atmospheric transport and chemistry in FKL
the CMAQ model and to the biogenic emissions. In- Finokalia 35.20 25.40 250
deed, although there are no computed changes in soil
properties (temperature and moisture), deposition ve-
locities and wind speeds in scenarios SO to S5, thes@yuring summer 2004 (Liakakou et al., 2007) have been used
parameters change in scenario S6 (Table S1 in the Suy, evaluate isoprene simulations in the model. In addition,
plement). The MEGAN module takes into account the o, simulations have been evaluated using observations at Fi-
air temperature and the incoming radiation. In scenariosyokalia (Liakakou et al., 2007), at Sarachane monitoring sta-
SO0 S5, only the 2m temperature input to the MEGAN tion from the Air Quality Network of Istanbul Metropolitan
module has been modified. However in S6, the wholeyynicipality (http:/www.havaizleme.gov.tr/Default. hjmin
meteorology is computed after perturbing the air tem- athens from the National Air Pollution Monitoring Network
peratures, thus also impacting the radiation. Thereforeof the Hellenic Ministry of Environment Energy and Climate
both parameters affect the biogenic emissions. In adchange, and in Thessaloniki from the Air Quality Monitor-
dition, CMAQ internally recalculates the precipitating jhg Network of the Region of Central Macedonia. These
and non-precipitating cloud fractions using the ambientstations have been attributed to the model grid boxes. Ob-
air temperature, which leads to changes in cloud coverseryations from stations located in the same model grid have
and relative humidity in each scenario (Table S1) thatpeen first averaged to better represent the conditions in that
affect the photodissociation rates and wet removal of thegrig and then compared with the model results. Urban core
atmospheric trace constituents. Figure S2 in the Supplesations have not been included because the resolution of the
ment shows the difference of the new temperature fieldsyodel is not able to resolve spatially highly variable surface
of each scenario from the base scenario, averaged ov&fmissions. Based on the classification, 5 station groups are
the domain at each model layer. generated (see Table 1 and Fig. S3).

2.5 Model performance metrics

] 3 Results and discussion
The model performance has been analyzed by comparing the

model results for the lowest model layer with surface obser-3.1  Model evaluation

vations at various locations in the model domain. A number

of statistical parameters have been calculated to serve as methe model-calculated isoprene and terpene (monoterpenes

rics for how well the model reproduces the observations on aand sesquiterpenes) emissions, summed over the 15-day sim-

daily basis. The statistical parameters applied are correlatiomlation period are presented in Fig. 2. The south west-

coefficient(r), mean normalized bias (MNB) and index of ern parts of Greece, Turkey, and the Black Sea are charac-

agreement (IOA). More information is provided in the sup- terized by relatively high isoprene and terpene emissions.

plementary material. For the 15-day simulation period, the model-calculated
Isoprene observations at Finokalia, Greece (monitoringdomain-wide isoprene emissions of 177 tons, largely exceed

station of the University of Crete; Mihalopoulos et al., 1997) those of monoterpenes (49 tons) and sesquiterpenes (4 tons).

www.atmos-chem-phys.net/11/3847/2011/ Atmos. Chem. Phys., 11, 38422011
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Fig. 2. (a)lsoprene andb) terpene emissions (kg grid) summed over the 15-day simulation period for the base case scenario (S0).

Table 2. Comparison of model-calculated (S0) surface hourly and daily mean isoprene and ozone mixing ratios with observations for the
station groups.

Hourly Variation ‘ Daily Variation

Parameters Species IST ATH1 ATH2 THES FIﬁtLIST ATH1 ATH2 THES FKL
Correlation Isoprene - - - - - - - - 0.5

Ozone 0.4 0.3 0.3 0.7 0.3 0.9 0.8 0.9 0.5 0.4
Mean Normalized Isoprene - - - - - - - - - 90.7
Bias (%) Ozone 61 11 18 9 48 6.1 12.2 135 71 475
Index of Isoprene - - - - - - - - 0.3
Agreement Ozone 0.6 0.5 0.6 0.8 0.40.9 0.7 0.7 0.6 0.4

a- andB-pinenes are calculated to be the major monoter-ground station in the Eastern Mediterranean. Earlier studies
pene species (57%)-caryophyllene contribute by 60% to for the Eastern Mediterranean including comparison between
the total sesquiterpene emissions. Note, however, that unebserved and simulated isoprene concentrations are very lim-
certainties of a factor of 3-5 are associated with the bio-ited. Poupkou et al. (2010) applied the BEM model coupled
genic emission estimates (Simpson et al., 1999; Smiatek andith the CAMx chemistry and transport model (ENVIRON,
Steinbrecher, 2006; NATAIR, 2007). These uncertainties2006) for Europe in 30 km spatial resolution for the summer
may originate from a number of sources including the plant-in 2003. They evaluated BEM/CAMXx calculated isoprene
specific emission potentials, the vegetation type and the ass@oncentrations with the available EMEP network data and
ciated biomass, the impact of various climate parameters likdound agreement within a factor of 2—4, depending on loca-
temperature, radiation, humidity and greenhouse gases, artibn. In our study, the WRF-MEGAN/CMAQ model (S0)
chemical processes that determine the emissions of VOC iverestimates the isoprene mixing ratios at FKL by a factor
the canopy (Guenther et al., 2006; Arneth et al., 2007; Poupef 2 (91%), which results in a low IOA value of 0.3 (Ta-
kou et al., 2010). For July 2003, Steinbrecher et al. (2009)ble 2). The isoprene temporal variation is captured moder-
used different modeling approaches in order to estimate thately with a correlation coefficient of 0.5 (Fig. 3, Table 2).
biogenic emissions over Europe and calculated difference$n the present study, the temporal variation of daily megn O
of a factor of 1.3 for the isoprene emissions and a factor ofmixing ratios calculated by the CMAQ model agree moder-
3.3 for the terpene emissions. For the same period, Poupkoately with observations at FKLr & 0.4) and THES £ = 0.5)

et al. (2010) found a good agreement in total isoprene emisand much better at IST- & 0.9) and ATH ¢ = 0.8—0.9)
sions (a factor of 1.2) between the Biogenic Emission Model(Table 2). Figure 4 shows the comparison of calculated daily
(BEM) and the MEGAN model (Guenther et al., 2006). mean Q mixing ratios with available observations at all sta-

Due to the above-mentioned high uncertainties in biogenictlon groups. Particularly at IST and ATH2, temporal vari-

emissions, simulated isoprene concentrations may also dif{;b'“(tjyt'r? suggessfl{[!ly reproduceoi_(: 293 tOIT tth?. other
fer significantly from observations, particularly in remote and, the mixing ratios are overestimated at afl stations, rang-

regions such as Finokalia (FKL), which represents a back-"9 from 7.4% (THES) to 47.9% (FKL). As seen in Table 2,

Atmos. Chem. Phys., 11, 3843864 2011 www.atmos-chem-phys.net/11/3847/2011/
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® Obs 4 SO The mean surface distributions ogONOy, CO and OH
mixing ratios and the molar VOC/NQratios (calculated

Aol 3 i as the ratio of NMVOCs to N¢) are presented in Fig. 5.
366 | Lower O3 mixing ratios are calculated for IST~(9 ppb)
Z 2 than for Athens {50 ppb) due to the &titration by high
= 200 4 " NOx emissions taking place in this megacity, as clearly seen
S in Fig. 1. The impact of the Athens urban plume on the
2] 100 4 A " A southern Aegean Sea air quality (Fig. 5a) is demonstrated
Lom o Aa b = A n in agreement with the findings of Poupkou et al. (2009). It
0 . ) ': = ) " : i is also clear that shipping emissions are an important anthro-

pogenic source of NQin this region (Fig. 5b), in agreement
Y7 3/7 5/7 7/7 97 11/7 13/7 15/7  \jth earlier studies (Athanasopoulou et al., 2008). Poup-
kou et al. (2008) calculated the maritime transport emis-
Fig. 3. O.b'served_ (squar_es) an_d m0(_jelled (triangle) daily mean isojgns contribution to @levels at approximately 20 ppb on
prene mixing ratios at Finokalia station (FKL). the coastlines of southern and western Greece, while in the
regions influenced by high amounts of nitrogen oxides emit-

= 0bs 450 (a) =0bs 450 (b) ted from the sea transport activities, thg Encentrations
32 . s g0l sairte, were suppressed. On the other hand, due to the higher
s g 27 .. F0] " BRI NMVOC and lower NQ emissions in Athens (annually 93
L T - and 78ktons, respectively: Markakis et al., 2010a), than in
“ ol : = Istanbul (annually 77 and 305 ktons, respectively: Im, 2009),
O e i S O G il o Wl Sl higher VOC/NQ ratio and Q mixing ratios are calculated
o - o © in Athens (Fig. 5e). The OH distribution indicates a higher
100 70 . oxidative capacity of the Athens atmosphere than over Istan-
sk FT PR E e Y bul. This can be attributed to higher NMVOC emissions and
£ SR Cme LRt B in general, faster thermal reactions in the troposphere, since
L 1 most of them show positive temperature dependence. Due
B % o o na 57| A S to warmer temperatures, this results in more and faster react-

ing organic compounds in the atmosphere and leads to more

= 0bs 450 (@) intensive chemical activity over Athens.
o The model-calculated molar CO/N@atios are compared
it Rl with the observations from measurement networks at IST,
° ‘;Z L ’ ATH and THES. The CO/NQratio is an indicator of emis-
= ] sion composition and air mass ageing. Due to the short
S L R e lifetime of NO, compared to CO, low CO/NQratios indi-

cate high contribution by local emissions whereas high ra-
Fig. 4. Observed (square) and modelled (triangle) surface dailytios point to important contribution of transported air masses.
mean @ mixing ratios at(@) IST, (b) ATH1, (c) ATH2 (d) THES  The distribution of CO/N® molar ratios at surface, com-
and(e) FKL station groups (For station details, see Table 1). puted for simulation SO and averaged over the simulation pe-

riod, is depicted in Fig. 5f. The model-calculated CONO

. ratios increase from below 50 in the large agglomerations to

ho_urly variations are not captured as_well as the daily Valabove 150 downwind, due to influence from the surround-
ations. These differences can be attributed to many sources

L ) L ; . ihg region, which is consistent with the observed pattern
of uncertainties, particularly the emissions and their spatial . . oo
; . . . (Kanakidou et al., 2011). The low ratio in Istanbul indicates
resolution that imply a potentially underestimateg t@ra-

tion by reactions with NG\ In addition, isoprene mixing significant local influence whereas in Athens, regional influ-

. : : ence is much stronger. Finally, Finokalia is subject to the
ratios are overestimated by a factor of 2 at FKL, which also . . : .
. . L largest regional influence. The model highly underestimates
has an impact on the{production. The overestimation of the CO/NGQ ratio in Istanbul by a factor of 4 (2.9 vs. 15.5)
Oz at FKL can be partially due to underestimategr®moval y , A

" o . . whereas in Athens agreement is much better (14.2 vs. 14.6).
through dry deposition within the corresponding grid cell that . i
. In Istanbul, the large difference can be attributed to the uncer-
is covered largely by water. The better performance of the

_ ot : tainty in the road-transport emissions. At THES, the model-
model (I0A =0.9) for the Istanbul region is attributed to the calculated CO/NQ molar ratio is in good agreement with

updated high resolution anthropogenic emissions inventorxhe observations with a slight overestimation (24.9 vs. 21.2).
developed recently for Istanbul and adopted here (Im, 2009)Due to the lack of observations at FKL for the studied pe-

riod, the model-calculated ratio is compared with the annual
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Fig. 5. Modelled distributions of mean surfaga) O3, (b) NOy, (c) CO, (d) OH mixing ratios, ande) molar VOC/NG and (f) molar

CO/NOQ ratios in the base case scenario (SO) averaged over the 15-day simulation period.

average ratio provided by Kanakidou et al. (2011). At FKL DDEP is the major sink (48%). HTRA and CHEM have rela-
the model calculates a CO/NQ@atio of 125 whereas mea- tively very low contributions to @levels. On the other hand,

surements provide values between 100 and 300. in the entire PBL, the calculations show that chemistry is a
more important source term (7%) than at surface. VTRA is
3.2 Process analyses still the major source term (43%) and DDEP the major sink

term (29%). HTRA is an important sink of4d21%) since

The IPR analysis calculates the mass concentration fluxe®s is exported horizontally out of the domain.

from each atmospheric process that affects the concentration The IPR analyses are employed for individual station
of the individual species. These flux values are then dividedgroups within the surface layer and PBL, as well as each ver-
by the sum of the absolute values for each process to gdical layer within the PBL, in order to better understand the
the % contribution of the respective process. The presentifferent physical and chemical processes affecting the atmo-
IPR analysis focuses on the relative contributions of HTRA, spheric composition in these cities. Note however that the
VTRA, DDEP and CHEM processes tg©@oncentrations at  surface layer is rather thin (8 m) and, therefore, it is expected
different vertical levels in PBL. For the whole modeling do- to be strongly affected by deposition (DDEP and convection
main (not shown here), the SO simulation results show tha{VTRA) processes, more than the overlaying layers. Thus,
VTRA is the major source term of surface; @0%) and  the process analysis is performed both for the surface layer

Atmos. Chem. Phys., 11, 3843864 2011 www.atmos-chem-phys.net/11/3847/2011/



U. Im et al.: The impact of temperature changes on summer time ozone 3855

Table 3. Relative per cent contributions of individual atmospheric processeg,tdlOx and NMVOC levels in the base case scenario (S0)
for individual station group (See Table 1 for station details). HTRA stands for horizontal transport, VTRA for vertical transport, DDEP for
dry deposition, CHEM for gas-phase chemistry and CLDS for cloud processes and aqueous-phase chemistry.

Station Groups
IST ATH1 ATH2 THES FKL

Surface PBL Surface PBL Surface PBL Surface PBL Surface PBL

Ozone

HTRA 6.5 27.9 15.9 496 -2.3 447 6.1 22.2 -5.4 427
VTRA 43.5 22.1 34.1 -37.2 50.0 -37.7 43.9 19.2 49.9 49.4
DDEP -16.2 -5.3 -345 -12.8 —-43.4 -12.2 —-48.7 -50.0 -444 -7.3
CHEM —33.8 —44.7 —-15.5 0.4 —-4.3 5.4 -1.3 8.7 -0.2 0.6
NOx

HTRA -1.1 -105 -0.6 —6.3 0.3 34 0.2 0.4 -1.4 -23.3
VTRA —-47.8 -37.4 —-47.4 —-36.0 —-47.9 -39.1 —47.9 —42.3 —-46.4 -16.8
DDEP -0.9 -0.9 -0.6 —-0.6 -0.7 -0.7 -1.8 -1.7 -1.5 -1.1
CHEM -0 -0.6 —-1.4 -7.1 -1.4 -10.2 -0.3 —-6.0 -0.7 —-8.4
EMIS 50.0 50.0 50.0 50.0 46.7 46.6 49.8 49.6 50.0 50.0
CLDS -0.1 -0.5 -0 -0 -0 -0.1 -0 -0 0 -0.5
VOC

HTRA -1.6 -134 -0.7 —-8.7 0.9 5.1 0.6 2.2 0.9 51
VTRA —-458 —-33.3 —-47.9 -39.7 —-48.1 —47.3 —-46.6 —43.3 —-48.1 —-47.3
DDEP —-2.5 -2.4 -1.4 -1.4 -1.9 -1.7 -2.8 —-2.6 -19 -1.7
CHEM -0 -0.4 -0 -0.2 -0.1 -0.9 -0.6 -4.1 -0 -0.9
EMIS 50.0 50.0 50.0 50.0 49.1 45.0 49.4 47.7 49.2 45.0
CLDS -0.1 -0.5 -0 -0 -0 -0.1 -0 -0 -0 -0

alone and for the entire PBL. The IPR results for each sta-As presented in Fig. 6, the contributions of all HTRA, VTRA
tion group presented in Table 3 show that at the surface layeand CHEM are more pronounced in the first000 m above
VTRA is the major source term for all station groups, con- the surface. At FKL, HTRA is a sink term up to around
tributing more than 40% except at ATH1 (34%) and at ATH2 1000 m, and a source term above 1000 m.i$transported
(50%). DDEP and CHEM are sink terms of @t all sta- downwards FKL within the first 1000 m and upward above.
tion groups. Where chemical destruction of ® dominant, At IST, VTRA is a source for @in the first 100 m, whereas
DDEP becomes less pronounced (IST and ATH1). These stabetween 100 and 500 m, it is a sink fog 6ince Q is carried
tion groups are located in the emission hot spots apdsO away from IST and towards higher altitudes. The IST area
titrated rapidly by fresh NO emissions. In the entire PBL, is a region where ®is chemically destroyed by fresh NO
VTRA is still a major source of @at FKL, IST and THES. emissions throughout the entire PBL. The effect is particu-
However, at both ATH1 and ATH2, VTRA becomes a sink larly significant in the first 100-200 m above ground, where
with height, suggesting an updraft of the air parcels carry-in addition to the domestic combustion, traffic and shipping
ing the pollutants to higher altitudes. At these two stationemissions are extremely effective.3 @ horizontally trans-
groups, HTRA becomes very effective in the PBL carrying ported to both ATH1 and ATH2. While HTRA is effective
O3 to the station groups. CHEM is more pronounced in thein the first 21000 m of PBL over ATH1, ®is advected away
PBL than at the surface layer, particularly at the IST, wherefrom ATH2 in the first 20 m whereas there is ag i@flux to
removal through chemical destruction (titration by NGs the station group at higher altitudes.
even higher £44.7%) than at the surface layer§3.8%), As presented in Table 3, local emissions (EMIS) are the
and at ATH1. At both ATH1 and ATH2, CHEM is a sink at  majn sources of N@and NMVOCs at all station groups,
the surface layer and becomes a weak sourcesofi@nthe  \hereas VTRA is the dominant sink, different from the
entire PBL is considered. case for @. VTRA leads to the mixing of the air masses
HTRA can be as significant as VTRA within the entire from the surface with above through turbulence and con-
PBL. Since dry deposition occurs at the surface layer onlyyvection. VTRA transports high £from above downwards,
its contribution is smaller when analyzing the whole PBL. and surface emissions and precursors {N@d NMVOCSs)
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Fig. 6. Process contributions tog&oncentrations in station groups for each vertical layer of the PBL: First row presents horizontal transport
(HTRA), second row vertical transport (VTRA) and third row chemistry (CHEM). Units are ppb/15 days of simulation.
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Fig. 7. Circulation vectors alonda) Istanbul-Finokalia (A-A") axis andb) Thessaloniki-Athens-Finokalia (B-B*) axis at 12:00 UTC,
2 July 2004.

upwards. HTRA is more effective in the entire PBL com- Finokalia axis (A-A‘) while the second cross-section cuts
pared to the surface layer for both jl@&d NMVOC. DDEP  across Thessaloniki-Athens- Finokalia axis (B-B*) (Fig. 1).
is not an important sink term for these species as it is forln both cross-sections, northerly flow is prevailing in the
Os. Generally, all station groups are subject to more effectivemodeling domain. The horizontal winds are stronger in the
contribution of HTRA in the entire PBL than at the surface A-A' cross-section which is closer to the axis of the Etesian
layer that results in a relative decrease of VTRA impact onwinds (Fig. 7a) compared to the winds in the B-B* cross-
all species. section (Fig. 7b). In Istanbul (Fig. 7a), the air parcels move
A snapshot of the horizontal and vertical circulation pat- upward unpl around 850 mbar. Thls. pattern 1S consistent
tems in the area is given in Fig. 7 showing the CirculationWlth t_he existence of the two co_nvectwe cell_s drlyen by the
vectors, along with potential terﬁperatures in the two cross-heat island effect of the mege_lcny, as.descrlbeq in Ezber et
section's. The first cross-section cuts across the Istanbuel' (2007). The upward motion carries the air pollutants
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Fig. 8. Simulated(a) total isoprene emissiongb) mean ozone(c) mean molar VOC/NQ ratio, (d) mean PAN,(e) mean molar
O3 vs. VOC/NQ, and(f) mean VOC vs. N for each station group and the domain; for the simulation period of 15 days.

emittefj over Istanbul to higher altitudes, fa_cilitating their Table 4. Domain mean changes with respect to base case simula-
long distance transport. Although the updraft is stronger ovekiop, in response to scenarios. Emission changes are integrated over
Athens, where it is enhanced by the topography (Fig. 7b)he 15-day simulation period. Concentration changes are the mean
part of the air parcels carrying the city’s pollutant emissions changes over the same period.
are captured in the sea breeze circulation and are transported
back to the city (vertical recirculation, Melas et al., 2005).
However, some of the air parcels are lifted to higher altitudes
from where they can be transported southwards. Polluted air
masses finally subside over Crete. It should be noted that !'soprene Emissions (tons) 163 445 627 80.6 98075

i . Monoterpene Emissions (tons) 5.1 123 187 25.7 3350.7
a 30km spatial resolution may not be enough to accurately sesquiterpene Emissions (tons) 0.8 21 33 47 6402
resolve the local circulations in the area. Our results are Ozone (ppb) 10 19 28 37 45 04
consistent with previous studies: Gerasopoulos et al. (2005, \"l‘gé((‘:)’;‘g) g'_g ‘i‘_é ‘ié (2"_; g'_é :g:i
2006b) analysing 7-year observations of ftbm Finokalia
have identified transport from Europe as the main mecha-
nism that controlled @levels, particularly in summer. Sim-
ilarly, Vrekoussis et al. (2007) showed that northerly trans-
port was a major contributor to nitrate (NDlevels, along
with Os, during summer. They have proved that intrusion

Species (Units) Change in Scenarios
S1 S2 S3 sS4 S5 S6

from the free troposphere and mass transfer in lower altitudes
from polluted Europe, were significant sources in the Eastern
Mediterranean.
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3.3 Scenario analyses In the scenario S6, an increase of domain meanb®

0.42ppb is calculated. The highest change is calculated
The effect of temperature changes on isoprene emissions it IST (+3.6 ppb) whereas for ATH1, the mean ® en-
depicted in Fig. 8a. This figure shows a quasi-linear positivehanced by 1.54 ppb, at ATH2 0.84 ppb and THES 0.97 ppb.
response of isoprene emissions to increase in temperatur@t FKL, O3 levels decrease by 0.05 ppb. The domain-mean
Domain-wide, increases of ambient temperatures by 1 to 5 Kmolar VOC/NQ, ratio decreases by 3.7%. The smallest ef-
lead to 9t 3% K1 increases in isoprene emissions. A simi- fects occur in the hotspot areas of IST and ATH1 (0.4 and
lar pattern is also seen at the individual station groups, vary4.4%, respectively), whereas other station groups experience
ing from 74+ 1.7%K"! at ATH2 to 106 +4.7%K™' at  larger decreases—(11.8% in FKL, —13.4% at ATH2 and
IST. Table 4 provides the changes in domain-wide biogenic—15.4% at THES). PAN also decreases by 0.05 ppb domain
emissions (isoprene, monoterpenes and sesquiterpenes) awitle, whereas FKL and IST experience a PAN decrease of
ozone, NQ and VOC mixing ratios relative to the base 0.04 ppb, ATH1 0.09, ATH2 0.07 and THES 0.08 ppb. The
case scenario, for the 15-days simulation period. Terpenghanges in S6 are also due to the changes in meteorological
emissions demonstrate a similar pattern to isoprene emisyariables, such as wind, soil properties and deposition veloc-
sions, having the largest response to the 2K increase iities that lead to different transport and deposition patterns
temperature. (Table S1).

Scenario S6 provides a domain wide decrease of isoprene The spatial distributions of changes in isoprene emissions
emissions by 4.1% (Table 4) due to the lower temperaturesand resulting @, VOC/NC ratios and PAN mixing ratios at
applied over land compared to SO. However, for the wholethe surface in scenarios S5 and S6 are presented in Fig. 9.
domain, an average increase of 0.07 K exists at the surfac&his figure clearly shows the large changes in the Athens ur-
At Finokalia, 10% lower isoprene emissions are calculatedban plume in scenario S5 compared to the base case (S0) due
compared to SO, whereas higher isoprene emissions are cab a homogeneous warming in the atmosphere. On the other
culated at the other station groups (1.8% to 7.7%). Terpendand, due to the different modified meteorological fields in
emissions also decrease in scenario S6. the S6 scenario, the changes are more scattered around the

The increase in isoprene emissions together with pho-domain. The largest changes around Athens are due to the
tochemistry enhanced by the higher temperatures an@énhancement of NMVOC emissions by increasing tempera-
the higher photolysis rates due to decreased cloud covetures, thus producing mores@ownwind.

(90% K1) result in higher @ mixing ratios correspond- The impact of a 5 K temperature increase (S5) on the ver-
ing to a domain-mean increase by9& 0.1ppb GK~1 tical distribution of Q at FKL, IST and ATH1 stations is
(Fig. 8b). CMAQ calculates a correction factor to the clear- presented in Fig. 10. The figure shows that in the emis-
sky photo dissociation rates based on the cloud cover that, asion hot spots IST and ATH1, there is a significant change
presented in Table S1, changes in each scenario. Thereforg Oz mixing ratios with height compared with the down-
increase in temperature leads both to faster thermal reactionsind site FKL, where the change is less pronounced. This
and higher photo dissociation rates, resulting in more intensean be attributed particularly to the intensity of the traffic
chemistry. All station groups experience a quasi linear pos-emissions in the urban sites where they destroy ozone. The
itive response to temperature changes fgrmaixing ratios;  impact over IST is larger than over ATH1 due to the very
that is 0.4£0.1ppb QK1 at IST, 1+ 0.1ppb QK1 at large NG emissions. The @mixing ratios are very simi-
ATH1, 1.1+ 0.1 ppb QK1 at ATH2, 0.9+ 0.1 ppb QK1 lar (~72 ppb) around 4000 m at all stations, indicating a high
at THES and 1.20.2ppb QK~1 at FKL. The domain free-tropospheric @background over the entire region. The
mean VOC/NQ molar ratio decreases by (t90.3% K1 difference in simulated @mixing ratios between scenarios
(Fig. 8c), although both NQand VOC mixing ratios are en- S5 and SO, averaged over the PBL is calculated to be 5.1 ppb
hanced with increasing temperatures. This is because thior FKL, 3.6 ppb for IST and 5.3 ppb for ATH1. However,
rate of increase in NP mixing ratios is calculated to be these changes are not uniform throughout the vertical extent
much faster than that of VOCs. The NO from soil activ- of the model (Fig. 10).

ity is also increasing as calculated by the MEGAN model The budget term responses of surface and PBlLinQhe

and contributes to the NOmixing ratios. Regarding the sta- model domain and at IST, ATH1 and FKL for each scenario
tion groups, FKL, ATH1 and ATH2 experience VOC/NO are depicted in Fig. 11. At the surface layer and for the model
ratio decreases by 1290.8, 1.4+ 0.5 and 2.4 0.7% K1, domain (Fig. 11a), the changes in the mass fluxes associated
respectively; whereas IST and THES experience increases iwith various processes for the different scenarios are almost
VOC/NOy ratios by 0.4+ 0.3 and 0.4£0.2% K1, respec- linear with the temperature increases, except for S6. The
tively. PAN mixing ratios decrease by 0.830.01 ppb K?! largest change in VTRA is calculated for S6 (1.68 ppb for
on average in all simulations and at all station groups, asl5 days of simulation), which leads to a change very similar
well as in the whole domain (Fig. 8d). This change is due toto S5 (1.66 ppb for 15 days of simulation), where the tem-
the enhanced decomposition of PAN to N@hich can then perature is increased by 5K. The HTRA is a source term at
form Oz (Sillman and Salmon, 1995; Dawson et al., 2007). all stations considering the surface layer, except for ATH2
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(g) PAN (ppb) (h) PAN (ppb)

Fig. 9. Spatial differences between simulations S5 and S0 (S5-S0; left panel) and between simulations S6 and SO (S6-S0; right panel)
averaged over the 15-day simulation period(e: b) isoprene emissiongc, d) surface ozone(e, f) surface molar VOC/NQratios andg,
h) surface PAN.

and FKL. The temperature increases enhance the amoumtansport. The contribution of HTRA is enhanced with in-
of O3 transported to or from the station groups due to in- creasing temperatures in the PBL, as it is the case for the sur-
creased production of £ On the other hand, consider- face layer. @ removal at the surface layer through HTRA in-
ing the entire PBL, ATH2 also becomes a receptor af O creases linearly by 0.020.01 ppb K1 over the simulation

www.atmos-chem-phys.net/11/3847/2011/ Atmos. Chem. Phys., 11, 38422011



3860 U. Im et al.: The impact of temperature changes on summer time ozone

——FKLSO — — FKLS5 ——ISTSO the largest differences occur at IST group, whereas within the
entire PBL, FKL experiences the largest changes for VTRA.
DDEP is a major sink term for all stations and scenarios,
expect for S6, where the removal through dry deposition de-
creases compared to base case scenario. Chemistry is a ma-
jor sink term in emission hot spots of IST and ATH1. At the
surface layer, for both station groups, a loss aftrough
chemistry is calculated, IST being the largest affected group.
On the other hand, scenario S6 leads to decreased removal
of Oz in IST. A similar pattern is seen for the PBL, where
loss through chemistry increases with increasing tempera-
tures. The @ production through chemistry increases in
PBL for all other station groups. The circulation pattern
analysis together with the IPR analyses supports the previ-
ous observation-based findings that suggest the importance
of transport for the air pollutant levels in the region.
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4  Conclusions
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Ozone (ppb) The summer time @concentrations and the processes gov-
erning these levels in the Eastern Mediterranean have been
Fig. 10. Change of @ with altitude in base simulation (SO: solid studied using the WRF/CMAQ modeling system coupled
lines) and plus 5 simulation (S5: dashed lines) for FKL, IST and yith the MEGAN model for the biogenic emission calcula-
ATH1 station groups for the simulation period of 15 days. tions for the summer in 2004. The impact of ambient tem-
perature on @concentrations and the involved processes has
been investigated through temperature perturbations. The
period, whereas this increase is 048.06 ppb Kl in the  model system is able to simulate the observed isoprene con-
PBL (Fig. 11b). The contribution of VTRA on £is  centrations at Finokalia station with an overestimation by a
enhanced by 0.380.03ppb K at the surface layer and factor of two, which is within the uncertainty margin reported
0.10+0.06 ppb K in the PBL. The results point that in previous studies for Europe, and better than the factor of 4
temperature increases also enhance the dry depositiop of Qhat represents an average limit of uncertainty in calculations
by 0.37+0.03ppb K due to increases in ozone mixing of isoprene emissions in Europe.
ratios. The largest change in DDEP is calculated for S5 (O3 concentrations are also satisfactorily simulated par-
(1.84ppb). Less @is removed by CHEM when temper- ticularly at Istanbul and Athens station groups, whereas
atures increase—0.05+0.01 ppb K™ at the surface layer the model performed moderately for Finokalia and Thessa-
and—0.7240.10 ppb K™ in the entire PBL). This suggests [oniki station groups. The horizontal resolution of the model
that although chemical production of30s enhanced in (30 kmx 30 km) imposes limitations in its ability to simulate
higher temperatures, destruction still dominates over producthe sharp gradients in the emissions between the urban cen-
tion leading to a net destruction ofs0 Scenario S6 is an  ters and the surrounding rural locations. As a consequence,
exception, where more{Js removed compared to the base urban center modelled emissions might be underestimated
case (0.04 ppb at the surface layer and 1.7 ppb in the PBL)whereas those in the surrounding location might be overesti-
The results indicate that the largest changes in VTRA for themated. This is expected to result in an underestimationgof O
15 days of simulation occur in S6 (5.4 ppb). The responsesitration by NQ, in the urban centers and an overestimation
are again linear with the temperature increases, except fai the close-by surrounding regions. There is and@eres-
S6. timation of 48% at Finokalia station, which might be related
Results of the IPR analyses conducted for FKL, IST andto underestimation of dry deposition in the particular model
ATH1 on vertical basis are also presented in Fig. 11. Over-grid cell that is largely covered by water. At other locations,
all, the figure shows that scenario S6 behaves differentlythe model overestimates the observations by 10% on average,
with respect to budget terms ofs@han the other scenarios. which is acceptable given the coarse resolution of the model.
At the surface layer, the largest difference in HTRA occurs  On a regional basis, the IPR results show that transport is
at ATH2 for scenario S6. Considering the entire PBL, thelargely responsible for the devels in the Eastern Mediter-
largest change is calculated at ATH1 in scenario S6. All scetanean basin. Chemistry plays a minor role in downwind ar-
narios for the other station groups show similar results foreas but is a major sink at urban cores near the surface. On the
VTRA at the surface layer. Considering the surface layer,other hand, chemistry is a source term within the PBL with a
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Fig. 11. Differences of mass fluxes between the perturbation simulations and the base case simulation for the surface layer (left panel) and
for the entire PBL (right panel) ifa, b) model domain{c, d) IST; (e, f) ATH1 and(g, h) FKL (units are ppb over the simulation period of
15 days).

more pronounced effect compared to the surface layer. Théhe impact of local emissions over the coastal urban agglom-
IPR results show that £and its precursors are carried from erations.

hlgh altitudes and subside over the Mediterranean basin. The |soprene emissions andg@oncentrations respond almost
precursor emissions are transported away from the sourcegearly to temperature increases. The increase in ambi-
through both horizontal and vertical transport whereas theyent temperatures leads to a domain wide increase of iso-
chemically destroy @by reacting with NO in the urban ar- prene emissions by 93%K-1. An ozone increase of
eas. VOCs are transported away from these sources and legdo+ 0.1 ppb QK1 is calculated for the whole model do-

to production of Q at further downwind areas.{@hen sinks  main. Simulated PAN concentrations are decreasing with in-
over the Mediterranean basin due to subsidence. The cirClcreasing temperatures, which in return results in increasing
lation patterns produced by the WRF model also agree withyO, levels that produce more:O

the findings of the CMAQ/IPR analyses, clearly showing the A6, gh forecasted meteorological fields would provide
northerly transport and the subsidence over Crete. They alsg, e reajistic responses of air pollutants to changes in cli-
point to the involvement of local circulations in amplifying mate, the results of the present study clearly show that the

www.atmos-chem-phys.net/11/3847/2011/ Atmos. Chem. Phys., 11, 38422011



3862 U. Im et al.: The impact of temperature changes on summer time ozone

ozone levels in the Eastern Mediterranean are subject to inBudhia, J.: Numerical study of convection observed during the
crease with the increasing isoprene emissions in a warmer fu- winter monsoon experiment using a mesoscale two-dimensional
ture climate. Relatively small changes (&:9.1 ppb QK1 model, J. Atmos. Sci., 46, 3077-3107, 1989.

as computed here) might contribute to summer time exceeENVIRON: User's Guide CAMx-Comprehensive Air Quality
dences at the downwind areas in the Eastern Mediterranean. Model with Extensions, Version 4.30, ENVIRON International
While developing air pollution mitigation options, possible __ Corporation. 415.899.0700, 2006.
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