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Anonymous Referee #1 1 

This is an interesting study which investigates the high tropospheric ozone values over the 2 

Mediterranean region using satellite observations and regional air quality modelling with WRF-3 

chem. The interpretation and discussion of the results can be improved. I suggest publication of 4 

the manuscript after taking into account the following comments. 5 

1) Introduction: They authors refer to the specific summer circulation conditions by linking 6 

to the descending branch of the Hadley cell (Bolle, 2002). Then they refer to the theory 7 

of Rodwell and Hoskins (1996) in which though (and in contrast to their previous 8 

sentence) it is proved that the subsidence center in the eastern Mediterranean is 9 

governed by Asian monsoon (and not the Hadley circulation) through the interaction of 10 

eastward propagating equatorially trapped Rossby waves (induced by the Asian 11 

monsoon heating) with mid-latitude westerlies. There are also recent studies on the 12 

influence of South Asian monsoon on summer circulation over Eastern Mediterranean 13 

(see e.g. Tyrlis et al., The summer circulation in the eastern Mediterranean and the 14 

Middle East: influence of the South Asian Monsoon, Climate Dynamics, 2013). I would 15 

suggest more thorough discussion of the dynamical processes of the summer circulation 16 

over Mediterranean. 17 

The discussion was updated with the dynamical process of circulation and it now reads:  18 

[…] “The dynamical processes of the summer circulation over the Mediterranean were 19 

previously attributed to the Hadley cell considered as the driver of the major subtropical dry 20 

zones. Rodwell and Hoskins (1996) argued that during the June-August period, the zonal mean 21 

Hadley circulation has very little motion and cannot explain the dry season of North Africa 22 

and the Mediterranean. Rodwell and Hoskins (1996; 2001) suggested, through numerical 23 

simulations, that the Asian monsoon heating induces an equatorially trapped Rossby wave to 24 

its west that interacts with the mid-latitude westerlies, producing a region of adiabatic 25 

descent and triggering subsidence. Long term analysis of dP/dt (units: Pa.s−1, used to 26 

represent subsidence) shows indeed a positive enhancement over the Mediterranean region ( 27 

Ziv et al., 2004) making the South Asian monsoon a fundamental driver of the summer 28 

circulation over the Eastern Mediterranean (Tyrlis et al., 2013).” 29 

 30 

2) In page 12385, lines 8-9: The authors state that spring is the season known for 31 

stratosphere to troposphere exchange events. This is not absolutely true. The fact that 32 

STE maximises in late winter/early spring does not mean that is the only period that 33 

takes place (see e.g. Stohl et al., Stratosphere–troposphere exchangeâA˘Ta review, ̌  and 34 

what we have learned from STACCATO, J. Geophys. Res., 2003; Zanis et al., An estimate 35 

of the impact of Stratosphere-to-Troposphere Transport (STT) on the lower free 36 

tropospheric ozone over the Alps using 10Be and 7Be measurements J. Geophys. Res., 37 

2003). 38 

We agree. To avoid confusion, we updated this sentence and removed the confusing 39 

expression (also suggested by the second reviewer). The new sentence now reads: 40 
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“Increasing values in spring (MAM) are due to the increase of O3 production from 41 

photochemistry, buildup of winter O3 and its precursors, transport, and/or from O3 of 42 

stratospheric origin integrating into the troposphere.” 43 

3)  In Figure 6 they WRF-chem ozone values are compared with the station data. However 44 

the comparison in Figure 6 mixes the data from the different stations into one 45 

timeseries. I would suggest a more clear presentation of the model evaluation with 46 

EMEP observations for each station separately. This does not mean to add more figures 47 

for each station but maybe a Table with the evaluation scores for each individual EMEP 48 

station. 49 

To avoid the mixing of data in Figure 6b, we removed it and instead we added as suggested a 50 

table with the correlation coefficient of each station. The table added in the manuscript is as 51 

follows: 52 

Table 2. Pearson correlation coefficient, bias and the corresponding mean normalized bias 53 

(MNB) of each EMEP and WRF-Chem ground station data localized in Fig. 2, for the period JJA 54 

2010. 55 

 56 

 57 

4) Mind that in Figure 10 the middle troposphere IASI ozone values are higher than the 58 

respective modeled values resulting in steeper ozone gradient at upper troposphere in 59 

the modeled values. Does this mean that maybe WRF underestimates the downward 60 

transport? 61 

 62 

The WRF-Chem data as shown in Figure 7 are smoothed with the averaging kernels of IASI. It 63 

shows that indeed the model underestimates IASI data below 10 km. This explains why in 64 

Figure 10 (also smoothed) this underestimation can be seen. This may imply that the WRF-65 

Chem underestimates downward transport. The background O3 values in the troposphere are 66 

not only controlled by the downward transport. The fact that the underestimation is 67 

systematic tends to indicate another reason. More detailed analysis is required (that is 68 

beyond the scope of this study) to confirm it. 69 

 70 

5) It should be clarified that the O3-inflow tracer cannot distinguish between horizontal 71 

and vertical transport. Hence it is useful in the study the use of stratospheric tracers 72 

Station 
name 

Corr. Coef. With 
WRF-Chem 

Bias         MNB 
(ppbv)     (%) 

CY02 0.63 -7.78  (-14.2%) 
ES06 0.41 +7.26  (+20.9%) 
ES07 0.77 -7.24   (-13.4%) 
ES10 0.72 +1.43  (+3.6%) 
ES12 0.80 -5.96   (-12.7%) 
ES14 0.78 -2.99   (-6.4%) 
GR02 0.62 -7.38   (-11.3%) 
MK07 0.57 -16.65 (-23.9%) 
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Such\ as Potential Vorticity (PV) and water vapour mixing ratio to distinguish the 73 

transport from the stratosphere. The discussion though in this part is limited lacking of 74 

interpretation of the dynamical transport processes. Why it is shown in Figure 11 only 75 

the layer between 350-250 hPa and not the 4, 6 and 8 km levels for comparability 76 

reasons with Figure 9? Also mind that theoretically the water vapour mixing ratio is a 77 

better transport tracer than relative humidity (which is used in Figure 11). 78 

 79 

We mention in P.12383 L8-10: “Since in this version of WRF-Chem the stratospheric O3 is 80 

controlled by the lateral boundaries, O3 from stratospheric intrusions within the regional 81 

domain would be labeled as O3-INFLOW as well.” 82 

 83 

We agree that this should be emphasized later on too, so we add a sentence before discussing 84 

PV and the water vapor mixing ratio.  85 

 86 

“Since stratospheric intrusions within the regional domain are included in the O3-INFLOW tracer, 87 

it is useful to use other stratospheric tracers to distinguish the transport from the 88 

stratosphere. PV and  Qvap measurements can be used as markers of transport […]” 89 

 90 

As suggested, we replace RH with water vapor mixing ratio (Qvap) measurements from the 91 

model and we also updated Figure 11 with the plots at 4, 6, and 8 and 10 km. 92 

 93 

 94 
Fig. 11. WRF-Chem (a) potential vorticity (PV) at 4, 6 and 8 and 10 km over the Mediterranean 95 

region for JJA 2010. (b) Qater vapor mixing ratio (Qvap) for the same vertical levels and time 96 

period. 97 

 98 
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 99 

6) The fact that the northeastern corner of the modelled domain in panels 9d-f show 100 

anthropogenic contribution between 20 and 40% needs more elaboration and 101 

justification. 102 

 103 

We agree that the contribution of anthropogenic tracer is not negligible, and we attempt to 104 

discuss it as follows: 105 

“The northeastern corner of the modeled domain in panels (d-f) show anthropogenic 106 

contribution between 20 and 40%. This might be due to important vertical transport and 107 

mixing in the free troposphere. These values can be correlated with the O3 residuals plotted in 108 

panels (j-l). These panels show an O3 signature in the north eastern corner of the domain. This 109 

signature is probably related to the emitted O3 precursors from fires sources in the model 110 

domain (Fig. 2) and lifted to the upper troposphere due to convective movements during the 111 

Russian fires of summer 2010. We can also suppose that certain anthropogenic O3 precursors, 112 

like NOx, near the fire sources were also transported with the same convective movements to 113 

the same part of the domain and contributed eventually to the production of anthropogenic 114 

O3 in that region .” 115 

 116 

 117 

7) The section with the conclusions should be elaborated more with discussion in 118 

association with previous published studies. There are a number of published studies 119 

that have looked the high mid-tropospheric ozone values over Eastern Mediterranean. 120 

 121 

We updated the manuscript with a new elaborated conclusion with a discussion of 122 

previous works: 123 

 124 

“[…] Focusing on summer 2010, we use IASI and the regional chemical transport model WRF-125 

Chem to interpret these maxima. A tagging scheme is used to keep track of O3 from 126 

anthropogenic sources in the domain (O3-ANTHRO) and O3 from inflow at the domain boundaries 127 

and stratosphere (O3-INFLOW). Our results show that transport plays an essential role in the O3 128 

budget over the Mediterranean troposphere and that summer O3 maxima over the region are 129 

recorded especially in the eastern part of the basin. Even though high local anthropogenic 130 

emissions are responsible to 60-100% of O3 in the boundary layer (surface-2 km), as 131 

demonstrated by the anthropogenic O3 tracer of the WRF-Chem model, above 2 km, O3 is 132 

mainly transported. Kalabokas et al. (2007, 2013) showed that the highest ozone 133 

concentrations in the low troposphere are associated with large-scale subsidence of ozone-134 

rich air masses from the upper troposphere. However, Zanis et al., (2013) using model 135 

simulations reported, that at the low troposphere, long distance transport and local 136 

photochemical processes dominate. In the free troposphere, WRF-Chem shows that vertical 137 

and lateral transport of O3 take place represented by the O3-INFLOW tracer which is responsible 138 

for 70-100% of O3 at 4, 6 and 8 km. In the Eastern Mediterranean, Roelofs et al. (2003) showed 139 

important contributions to elevated O3 in the middle troposphere by transport from the 140 

stratosphere. More recently, Hess and Zbinden (2013) showed that stratospheric inter-annual 141 

O3 variability drives significantly the O3 variability in the middle troposphere, between 30o 142 
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and 90oN but not the overall trend which is largely affected by transport processes. The 143 

increase in O3 seen by the model and the IASI instrument in the eastern part of the 144 

Mediterranean basin suggests that stratosphere to troposphere exchange (STE) events 145 

contribute to elevated ozone in the upper free troposphere. This is further shown in the WRF-146 

Chem simulations that predict elevated potential vorticity (PV) and water vapor mixing ratio 147 

(Qvap) over the same region. This result is in agreement with many previous studies e.g. 148 

Butkovic et al. (1990); Varotsos and Cracknell (1993); Kalabokas and Bartzis (1998); Kalabokas 149 

et al. (2000, 2007); Kouvarakis et al.(2000); Lelieveld et al.(2002); Sprenger and Wernli (2003); 150 

Papayannis et al. (2005); Gerasopoulos et al. (2006a); Akritidis et al. (2010); Zanis et al. (2013); 151 

Doche et al. (2014) that have shown the occurrence of STE events in the eastern 152 

Mediterranean region in summer. Since O3 maxima have the potential to strongly impact 153 

regional air quality and climate (e.g. Hauglustaine and Brasseur, 2001), the present study 154 

further demonstrate the importance of quantifying and analyzing O3 and its sources at 155 

different altitudes in the atmosphere. Quantifying long term trends and a distinction between 156 

the different sources is crucial. This should be possible with observations and model runs over 157 

longer time scales with additional tracers to identify all O3 sources.” 158 

 159 

8) The authors may consider that there is another similar study about summer ozone over 160 

Mediterranean from IASI under discussion in ACPD (Atmos. Chem. Phys. Discuss., 14, 161 

13021–13058, 2014). 162 

 163 

This reference was added in the section discussion and conclusions of the manuscript. 164 

“A complementary study by Doche et al. (2014) using IASI data at 3 km height, also showed 6 165 

years recurrent O3 summer maxima in July to the east of the basin.” 166 

 167 

 168 

Anonymous Referee #2 169 

 170 

Received and published: 23 June 2014 171 

 172 

This paper reports on the summer ozone maximum in the Mediterranean region using the 173 

thermal infrared space-borne instrument IASI and the model WRF-Chem results with 174 

additionally ground based EMEP stations. Authors investigate the 0-10km range within the 175 

2008-2013 summer periods with a focus in 2010. They conclude on an ozone maximum, which is 176 

greater in the eastern basin (30E) than westward (15E). From WRF-Chem, they point out, the 177 

anthropogenic emissions strongly contribute to the maximum within the 0-1km altitude, 178 

whereas above 4km the transport from outside the domain is predominant. They investigate 179 

hypothesis on stratosphere to troposphere exchanges to explain the ozone enhancement in the 180 

east compared to the central basin around 15E. 181 

 182 

The paper is well in the scope of ACP on a very interesting topic. It should be accepted if the 183 

paper is revised and improved. Material and methodology are well appropriated. 184 
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Nevertheless, text should be more accurate and justifications are sometime insufficient.  185 

Results supported by fig 10, 11 and discussions on STE in particular are not enough convincing. 186 

Revised the conclusions and do not forget to provide recommendations. 187 

 188 

- In the paper, could you explain the reason why you investigated 2010 as an example? 189 

Is it anomalous? Is it better documented: : : In figure 1 you qualify “it is representative”: : 190 

: the June-July 2010 difference at 30_E is atypical and you mention Russian forest fires in 191 

2010. Justify more clearly and rigorously, please, that would help. 192 

 193 

When the model was run, we chose summer 2010 as a typical summer simply because it is the 194 

year of the anthropogenic emission inventory in the model.  It turned out to be atypical 195 

because it is also the summer of the Russian heat wave, which was also interesting to discuss 196 

in the paper. We agree that stating that summer is “typical” or “representative” is not very 197 

appropriate, so we removed those 2 words in the manuscript, and discuss summer 2010 in 198 

section 2.1 when we introduce the model as follows: 199 

 200 

[…]We focus our analysis on summer 2010, which corresponds to the year of the 201 

anthropogenic emission inventory used in the model. During July-August 2010, the Russian 202 

heat wave occurred that caused severe fires with high O3 and O3 precursors’ emissions that 203 

were probably transported to the Mediterranean region, and will be further investigated in 204 

this study.” 205 

 206 

- Could you also modify the text in order to provide the exact years used for IASI. It is 207 

specified too late in the text, only in your figure 4, 5 and conclusions. 208 

 209 

Text was changed. We added the exact years for IASI earlier: in the abstract, the introduction 210 

and section 3. 211 

 212 

- Description of your model should be given in the section 2.2 and not lately. The regional 213 

context of the study is unclear to me and should be improved. For example, the Figure 2 214 

should provide : the exact model domain with the Mediterranean region you are 215 

studying (model and IASI) and you refer to in the text. Take care your text agree with the 216 

description and keep it constant. the EMEP stations you include in the study (what you 217 

did). highlight the two regions you point out is the abstract : the eastern part of the 218 

basin and the middle of the basin. Note “middle of the basin” is not specified or 219 

mentioned elsewhere in the text. The two transects provided in figure 4 are too difficult 220 

to see. 221 

 222 

All the information about the model is now included in section 2. We thank you for the 223 

suggestion of improving figure 2. Below is an update of figure 2 with: the whole WRF-Chem 224 

domain, the region used in this study, the EMEP stations as well as the 15 and 30E transects as 225 

follows: 226 
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 227 
Fig 2. (a) The enlarged WRF-Chem model run domain. (b) IASI and WRF-Chem domain used in 228 

this study. White dots correspond to the location of the EMEP ground stations and the orange 229 

strips correspond to longitudinal transects at 15oE and 30oE used in Figures 5 and 10. 230 

 231 

We add the following phrase to make clear that the transects we are choosing represent mid 232 

and east of the basin: 233 

“we analyze longitudinal transects of 1° width along 15oE (representing the middle of the 234 

basin) and 30oE (representing the east of the basin), and marked in orange in Fig. 2.” 235 

 236 

 237 

- P12379, L2 : add “Thermal” before “infrared”. 238 

This suggestion was added to the manuscript.  239 

 240 

- P12379, L6 : Specify exact period, “Six years (2008-2013)”… 241 

This suggestion was added to the manuscript. 242 

 243 

- P12380, L2 : Cairo, Istanbul and Athens you cited are located in the eastern part of the 244 

Mediterranean basin. Thus “surrounded” is not appropriated.  245 

True. Instead of the word “basin” we now have “the eastern part of the basin”  246 

 247 

- P12380, L7 : Would it be better to replace “region” by “circulation”??? 248 

This paragraph was elaborated, upon the suggestion of referee 1, to investigate in more detail 249 

the dynamical process from the Asian monsoon, it now reads: 250 

 251 

[…] “The dynamical processes of the summer circulation over the Mediterranean were 252 

previously attributed to the Hadley cell considered as the driver of the major subtropical dry 253 

zones. Rodwell and Hoskins (1996) argued that during the June-August period, the zonal mean 254 

Hadley circulation has very little motion and cannot explain the dry season of North Africa 255 

and the Mediterranean. Rodwell and Hoskins (1996; 2001) suggested, through numerical 256 

simulations, that the Asian monsoon heating induces an equatorially trapped Rossby wave to 257 

its west that interacts with the mid-latitude westerlies, producing a region of adiabatic 258 

descent and triggering subsidence. Long term analysis of dP/dt (units: Pa.s−1, used to 259 
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represent subsidence) shows indeed a positive enhancement over the Mediterranean region ( 260 

Ziv et al., 2004) making the South Asian monsoon a fundamental driver of the summer 261 

circulation over the Eastern Mediterranean (Tyrlis et al., 2013).” 262 

 263 

- P12380, L10 : The heat wave induces conditions in favour of severe fires: : : and the fires 264 

causes high O3 precursor emissions. The link between the Rossby wave and the climate 265 

extreme events with the Russian 2010 heat wave example remains in the context of your 266 

paper unclear to me…Please clarify. 267 

 268 

This paragraph was updated; see the answer of your previous comment. 269 

 270 

The reason why we included the Russian 2010 heat wave is just to be able to introduce it, as it 271 

is an important event that occurred in the year that we chose to model. It has an effect on the 272 

tropospheric WRF-Chem and IASI O3 data. We separate this “link” between the Rossby wave 273 

and the Russian fires. We discuss the dynamics separately and then and we include, at a later 274 

stage, at the end of section 3, when discussing that July 2010 has the highest recorded IASI O 3 275 

column, a note about the Russian fires. 276 

 277 

 278 

- P12380, L12 : Could be better to replace “in Europe” by “for the European Union”.  279 

This suggestion was added to the manuscript. 280 

 281 

 282 

- P12381, L12 : Expression “Mediterranean atmosphere” should be more accurate, from  X 283 

to X altitude or hPa, because your title is on tropospheric O3 and definition of 284 

troposphere is not given… 285 

In this study we use the [0-8] km O3 IASI column to assess the 2008-2013 seasonal variation. 286 

We show the averaging kernels from the surface up to 16 km. We use the [4-8] km O3 IASI 287 

column to compare with the model, we use the WRF-Chem model at the surface, 2, 4, 6, and 8 288 

km. and finally we show the latitude altitude plots [0-10] km for both IASI and WRF-Chem to 289 

assess stratospheric intrusions. Since we are using different combinations of columns and 290 

profiles, we choose not to be specific in the introduction, and thus we use “Mediterranean 291 

troposphere” (instead of Mediterranean atmosphere), and discuss the details in the 292 

corresponding sections. 293 

 294 

 295 

- P12381, L24-26, the text “most of Europe” is inaccurate… Please modify the whole 296 

sentence. I expect the model domain is over Europe and the study focus on …  297 

 298 

The sentence was changed and it now reads: 299 

“The model domain shown in Fig. 2a is over Europe and the Mediterranean basin, the latter 300 

being the focus of this study (Fig. 2b). The horizontal resolution is of 50 km x 50 km and the 301 

vertical resolution is of 28 levels between the surface and 10 hPa.”  302 
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 303 

- It would be also interesting to specify the number of model levels relevant to the [0-304 

10km] layer you studied. 305 

This was included in the WRF-Chem/IASI comparison section: “the averaging kernels 306 

associated with each IASI measurement and its apriori profile are applied to the interpolated 307 

modeled profile (of around 7 layers between 4 and 10 km)” 308 

 309 

The [0-10] km corresponds to around 19 levels (not added to the manuscript), because when 310 

we compare WRF-Chem and IASI we are using the [4-10] km column and not the [0-10] km. 311 

 312 

- P12382, L22 : cite “Stratospheric impact on tropospheric ozone variability and trends:  313 

1990–2009” by Hess and Zbinden, acp 2013. From this reference, you could see that the 314 

transport from lateral boundary conditions is an important term and that should be 315 

evaluated individually. As far as I understood your O3inflow include this term, Linox and 316 

STE. Please revised the text and indicate in your conclusions that to refine with more 317 

accuracy your hypothesis on STE, this evaluation would be an interesting point to 318 

investigate and solve. 319 

 320 

The reference was added in the discussion and conclusion section (which is listed as the 321 

answer for a later comment). Indeed the O3-INFLOW includes transport from lateral boundaries, 322 

LiNox and STE.  323 

 324 

- P12382, L25, “inflow” is here too imprecise, check with reference. 325 

“inflow” was replaced with “transport”.  326 

 327 

- P12383, L12 : “Given that their contribution to the total budget in comparison with 328 

INFLOW and ANTHRO (please keep constant your labelling and modify here!) tracers is 329 

very small, they are not analysed in this study.”Could you justify or at least evaluate the 330 

range of this “very small” contribution before you conclude on the O3 from fires discard 331 

from your study. Is seems to contradict to what you said P12380, line 10 on Russian fires 332 

in 2010… Note that they take place in late July and your figure 5 shows a great June-July 333 

enhancement on that specific year for the 30_E transect.  334 

 335 

The labeling was modified to be uniform in the whole manuscript. The wording was changed 336 

since we discuss later on the residual ozone (from fires and biogenic sources) and we relate 337 

that to the Russian fires (as you also suggest in a later comment). The sentence now reads: 338 

 339 

“Given that their contribution to the total budget in comparison with O3-INFLOW and O3-ANTHRO 340 

tracers is small (<10%), they are analyzed together in this study as “residuals” to the total 341 

budget and their contribution is defined as 100%-(O3-ANTHRO%+O3-INFLOW%).” 342 

 343 

- P12383, L16 : Please specify the EMEP instrumentation used. 344 

The following sentence is added when introducing the EMEP data: “All ozone measurements 345 

within EMEP are done by UV monitors.” 346 



10 

 

 347 

- P12383, L18 : In the legend the red line is not legible, adapt the colour to the red line 348 

used and your black symbol is also difficult to see. Please mention you EMEP stations are 349 

within 78m-1332m height and show up on each panel after the station name. That 350 

makes a great difference if you compare O3 at the surface with the O3 at _1000m 351 

height. It would it be interesting to show the six stations separately to improve the 352 

comparison (a table with the six stations would be convenient). 353 

We assume that this comment is about Fig 6. We update the figure with the suggestion 354 

provided. The new figure is now as follows: 355 

 356 
Fig. 6. O3 time series of EMEP and WRF-Chem data at the surface for the stations localized in 357 

Fig. 2, for the period JJA 2010. 358 

 359 

As suggested also by the first referee, we updated the manuscript with the following table. Fig 360 

6B is therefore not necessary so we removed it. We also changed Fig 6A and the legend to 361 

make it more legible. The text was updated accordingly. 362 

 363 

Table 2. Pearson correlation coefficient, bias and the corresponding mean normalized bias 364 

(MNB) of each EMEP and WRF-Chem ground station data localized in Fig. 2, for the period JJA 365 

2010. 366 

Station Corr. Coef. With Bias         MNB 
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name WRF-Chem (ppbv)     (%) 

CY02 0.63 -7.78   (-14.2%) 
ES06 0.41 +7.26  (+20.9%) 

ES07 0.77 -7.24   (-13.4%) 
ES10 0.72 +1.43  (+3.6%) 
ES12 0.80 -5.96   (-12.7%) 
ES14 0.78 -2.99   (-6.4%) 
GR02 0.62 -7.38   (-11.3%) 
MK07 0.57 -16.65 (-23.9%) 

 367 

 In fact when we compare the model to the station data, we are comparing them at the same 368 

altitude, because first EMEP stations are ground based stations and the altitude recorded in 369 

Table 1 is the one above the mean sea level. Second the model takes into consideration the 370 

orography at 50 km resolution. The only discrepancy comes from the fact that the resolution 371 

of the model is coarser than reality, so if the station is located on an elevation and the 372 

surrounding is not, then the altitude taken by the model will be the one averaged of the 373 

50x50 km around the station. Also, from the table one can see that the altitude is not really 374 

correlated with the correlation coefficient. The location of the station is a more significant 375 

factor controlling the agreement between modeled and observed O3 concentrations. 376 

 377 

We specified in the text that the EMEP stations are ground based stations and that the 378 

altitude in table 1 is the one above mean sea level (caption to Fig 2 and in text). 379 

 380 

- P12384, L16 : Why do you provide the averaging kernel for the specific June 2010, your 381 

are studying the 2008-2013 period with a focus on summer 2010. Explain why. 382 

 383 

We mention in the legend that it is a “Typical O3 averaging kernel over the Mediterranean”. 384 

We chose this one (though it is a random observation during that day) in particular during 385 

summer 2010 because it is the year we use for the model run. The justification for the choice 386 

of summer 2010 was treated in a previous comment. We change the word “Typical” to 387 

“Random” to make it more appropriate. 388 

 389 

- P12384, L26 add partial before “tropospheric O3 column”. 390 

This suggestion is now updated in the manuscript. 391 

 392 

 393 

- P12384, L21 “on several pollutants”: which one? 394 

The following expression was added for clarification of the pollutants measured by the IASI 395 

instruments during a case study of China pollution event: “(e.g. carbon monoxide, ammonia, 396 

sulfur dioxide and ammonium sulfate aerosols)” 397 

 398 

 399 

- P12385, L1-2: A bit too trivial here, revise and condense using the informations on 400 

season and month from lines 5-6. 401 
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The text was changed. Line 1-2 now reads: 402 

“The data were averaged seasonally and daytime observations were used […]” 403 

 404 

- P12385, L9: please refer also to the “A Lagrangian “1-year climatology of (deep) 405 

crosstropopause exchange in the extratropical Northern Hemisphere“ study from H. 406 

Wernli and M. Bourqui, JGR 2002 who wrote : “Generally, the cross-tropopause mass 407 

fluxes are largest in winter and smallest in summer. The most pronounced seasonal 408 

variability occurs in the southern part of the midlatitudes (30_–45_N) where the STE 409 

winter values are 2–3 times larger than the summer ones… Clarify. 410 

 411 

Figure 7 in the suggested paper shows indeed that there are considerable STE mass fluxes in 412 

winter, but also in spring for the Med region, and much less in summer.  413 

We agree that this part and the references are outdated and (as also suggested by the first 414 

referee) we removed this controversial sentence. 415 

 416 

 417 

- P12385, L15-17 : Is that your definition of the eastern and middle Mediterranean region? 418 

That should have been provided before… 419 

This was answered in a previous comment, with the description of Fig 2. 420 

 421 

- P12385, L18-22: Should be specified that this result is a 0-8km partial O3 column and 422 

may be valuable to clarify in the introduction (P12381, L12-18) the partial layers you will 423 

investigate? 424 

 425 

These last 2 comments were taken into consideration in the following completing sentence in 426 

the introduction: 427 

[…] we analyze six years (2008-2013) of IASI tropospheric [0-8] km O3 column seasonal 428 

variation above the whole Mediterranean basin as well as at 15oE and 30oE, representative of 429 

what we henceforth refer as “middle of the basin” and “east of the basin” respectively. 430 

 431 

and we added also in P12385, L18-22 the specification that it is the [0-8] km column. 432 

 433 

 434 

- Figure 6 (a) : I could not find the CY2 station, should it be GR02?: : : Please check and 435 

modify. 436 

Indeed it is called CY02 but reported previously (typo) as CY01, this was corrected.   437 

 438 

- P12386, L11 : The model underestimates… Yes, from your fig 6b. But from 6a,  I have the 439 

feeling the E06 (at 78m) and ES10 (at 23m) is in better agreement with an overestimate 440 

in July for these two stations, which stations are the closest to the surface. I noticed the 441 

Stations ES07 and MK 07 are above 1km. Furthermore, your Fig 8 highlight the difference 442 

between the modelled WRF-Chem O3 concentrations at the surface and 1km. Therefore 443 

may be interesting to provide the six individual results in a table instead of Fig 6b as said 444 
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previously. A table was provided with the corresponding individual results instead of Fig 445 

6b. 446 

See previous comment. The stations are ground based stations and the altitude is the one 447 

above the mean sea level and same as the altitude reported in the model.  448 

 449 

A table was also provided instead of Fig 6b. 450 

 451 

- P12386, L14 : Suppress “which is around 0.5_ by 0.5_” as already given in the section  2.2 452 

(and it is but in km) and just mention the ground resolution difference contribute to  the 453 

discrepancy with the other possible reasons… 454 

 455 

This expression was deleted and the phrase is updated as follows: 456 

“The biases reported may be due to the resolution of the model resulting in a grid of around 457 

50 km around the EMEP rural sites which may include other surface O3 contributions.” 458 

 459 

- P12386, L18-20 : It is unclear what your correlation refer to (range and mean value). Is 460 

that for individual rural EMEP sites vs WRF-Chem??? Clarify 461 

 462 

Yes, it is the correlation between EMEP and WRF-Chem, these correlation are now clearer as 463 

they are reported in the new Table 2. We also make this clear by stating it explicitly: 464 

“Table 2 shows the individual O3 correlation between WRF-Chem and the EMEP for each of 465 

the stations used in this study during JJA 2010. The model simulates the surface O 3 with a 466 

correlation ranging from 0.41 (ES06) to 0.80 (ES12) and a mean value of 0.52.” 467 

 468 

- P12387, L9-11 : As you provide on fig 7 the IASI and WRF-Chem results in DU for the 0-4 469 

O3 partial column, why this summer mean bias is provided in ppbv? Is the difference less 470 

over land than over sea??? More comments are expected on that difference (line 7). 471 

Thanks for your careful reading as the ppbv is a typo. It should be “DU”. This was corrected in 472 

the manuscript. 473 

We precise that the WRF-Chem model columns shown on the figure 7 are smoothed with the 474 

averaging kernel of IASI. Averaging kernels are variable, and particularly depend on surface 475 

properties. This means that when the model is smoothed with the AK then compared to IASI, 476 

the surface type (land/sea) should not matter. But this does not mean that the surface type 477 

has no influence on the O3 comparison. There can be physical reasons, e.g. convection 478 

stronger over land surfaces, etc... However, in Fig. 7, we do not see a difference between land 479 

and sea and therefore we do not discuss this issue in the manuscript.  480 

 481 

- P12387, L17-20 : Please clarify “We analyzed the IASI columnar total error relative  to 482 

measurement for the [4–10]km integrated partial column”, I do not understand what  483 

you meant here… Revised and clarify the who le lines 17-20. 484 

 485 

This sentence was changed to make it simpler: 486 

 “We analyzed the IASI total retrieval error for the [4–10] km partial column” 487 

 488 
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As a side note: the total retrieval error contributions come from the limited vertical sensitivity 489 

(smoothing error), from the measurement noise and from uncertainties on fitted and fixed 490 

parameters (Hurtmans et al., 2012). 491 

 492 

- P12387, L25 : Please note that your summer maximum occurs at 1km and careful take it 493 

into account in your EMEP comparison at _1km with WRF-Chem surface. 494 

The issue of stations altitude was treated in a previous comment. 495 

 496 

- P12388, L3 : “the entire model study …10 hPa” : this should be removed from this  497 

section and included in section 2.2. What “the entire model study” means. Keep the  498 

labelling steady or explain the difference. 499 

 500 

This sentence was condensed and now reads: “In order to investigate possible sources of high 501 

O3, we run the model with 2 different tracers of pollution: O3-ANTHRO and O3-INFLOW as described 502 

in section 2.1.  O3-ANTHRO (Fig. 8 d-f) assesses the possible anthropogenic contribution of O3 at 503 

different altitudes, while O3-INFLOW (Fig. 8 g-i), provides an estimate of transport of O3 including 504 

the stratosphere.” 505 

 506 

The sentence : “the entire model study …10 hPa” was removed since it is already mentioned 507 

in section 2.1: “The model domain shown in Fig. 2a is over Europe and the Mediterranean 508 

basin, the latter being the focus of this study (Fig. 2b). The horizontal resolution is of 50 km x 509 

50 km and the vertical resolution is of 28 levels between the surface and 10 hPa.” 510 

 511 

 512 

 513 

- P12388, L4 : To what I understood, these residuals plots should reveal the O3 from 514 

biogenic sources and O3 from fires… This seems in contradiction with what is said on  515 

P12383 L 12-14. 516 

 517 

The residual plots represent the ozone from biogenic and fire sources. We make it clear by 518 

stating it twice in the text. 519 

 520 

We change  P12383 L 12-14, so it reads: 521 

“Two more tracers are available to complete the O3 budget: O3 from biogenic sources and O3 522 

from fires. Given that their contribution to the total budget in comparison with O3-INFLOW and 523 

O3-ANTHRO tracers is small (<10%), they are analyzed together in this study as “residuals” to the 524 

total budget and their contribution is defined as 100%-(O3-ANTHRO%+O3-INFLOW%).” 525 

 526 

We change P12388 L4: “The residual plots plotted in panels (j-l) represent the completion of 527 

the O3 budget, and represent the O3 contribution from fires and biogenic sources. These plots 528 

show that the residual contribution is between 0 and 10% inferring that the O3-ANTHRO and O3-529 

INFLOW are responsible of 90 to 100% of the total O3 budget over the model domain, at the 530 

different altitudes of Fig. 8 and 9. 531 

 532 
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- P12388, L5 : Provide evaluation in the text instead of “most”, too imprecise.  533 

The wording is changed, it now reads: 534 

“These plots show that the residual contribution is between 0 and 10% inferring that the O 3-535 

ANTHRO and O3-INFLOW are responsible of 90 to 100% of the total O3 budget over the model 536 

domain, at the different altitudes of Fig. 8 and 9.” 537 

 538 

- P 12389, L 13-14 : the extended domain…  includes the Russian fires ??? Still the  same, 539 

your domain (here extended) is not rigorously defined. You must define this clearly and 540 

rigorously in section 2. 541 

 542 

The exact model domain is now more rigorously presented in Figure 2 and also discussed in 543 

section 2. 544 

 545 

 546 

- Figure 10 : Replace “along” which is confusing by “at” and add after “15_ E” “(left)” and  547 

“30_ E” “(right)”. Remove from the figure caption : “The Eastern part of the basin : : 548 

:events” Could you add in the text or figure the altitude of your seasonally-averaged 549 

coldpoint, quartiles tropopause or the dynamical tropopause at 2pvu with statistics  on 550 

the quartiles to be more meaningful: : : I have the feeling your 100ppbv is more above 551 

8km than between 6-8km (also on fig 9c). 552 

The suggestions for the caption were implemented. We also added on the plot the dynamical 553 

tropopause height. 554 
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 555 
Fig.10. Mean latitude-altitude cross sections of IASI-O3 (a-b) and modeled-O3 (c-d) averaged 556 

over JJA 2010 at 15oE (left) and 30oE (right). Black line corresponds to the dynamical 557 

tropopause height. 558 

 559 

 560 
Fig_A: O3 from IASI and WRF-Chem (smoothed with the IASI AK) at 7 and 8 km. 561 

 562 

Fig_A shows that at 8 km values of 100 ppbv are reached for IASI and WRF-Chem at around 563 

38.5 E. 564 

 565 
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 566 

- Undoubtedly you have more ozone at 30_E than at 15_E. Nevertheless, I am not 567 

convinced by your concluding remark because below 8km I can’t see any typical STE 568 

features as described in the figure 5a and 5 from Zanis et al. 2014 showing O3 values 569 

much higher that 100ppbv in July-August within 1998-2009. Moreover your 2010 JJA-570 

average include a June low O3 anomaly at 30_E.  The highest PV values you cite 0.8 to 571 

1.4 pvu in the east-basin and the lowest are 0.6-0.9 in the midbasin (15_E) appears as 572 

typical tropospheric PV values. STE events should provide higher values, is that the effect 573 

of the 3-month averaging?: : : To me the June 2010 doesn’t seem to be so typical and 574 

probably lessen you result in 10 b and 10 c. Your O3inflow is not an exclusive tracer on 575 

O3 from STE and you mentioned from Pfister al al (2013) the transported plumes over 576 

large distance might not be well resolved from the model. To improve may be valuable 577 

to provide if possible where, when and how frequent the maximum PV-values are 578 

occurring in your model after the tropopause position has been clarified. STE events are 579 

not shown so clearly on fig 10 at least it could be transients or shallow events. I 580 

recommend concluding more carefully on the impact of STE and using “suggest” which 581 

seems to me more appropriated. Figure 11 and Page 12289 L 21 : Provide the longitudes 582 

in Fig 11a-b. After the figure 10, this figure doesn’t help much to conclude on STE. The 583 

layer you investigate is _8-10km whilst the fig 10 is within 0-10km 584 

 585 

This is how Fig. 10 looks like without the month June. One can note that there is little 586 

difference between this plot and the plot we had in our paper, inferring that the month of 587 

June does not change much the overall shape of Fig. 10  588 

 589 

 590 

We also updated Fig 11 with the potential vorticity and water vapor mixing ratio at different 591 

altitudes, which makes it clearer to see that in particular at 8 and 10km we have higher PV 592 

values to the east. We discuss the results and compare it to other studies. The conclusion was 593 

changed and updated with a discussion with previous studies. We use the word “suggest” for 594 

STE.  595 

The updated part of the conclusion now reads:  596 

“[…] Focusing on summer 2010, we use IASI and the regional chemical transport model WRF-597 

Chem to interpret these maxima. A tagging scheme is used to keep track of O3 from 598 

anthropogenic sources in the domain (O3-ANTHRO) and O3 from inflow at the domain boundaries 599 

and stratosphere (O3-INFLOW). Our results show that transport plays an essential role in the O3 600 

budget over the Mediterranean troposphere and that summer O3 maxima over the region are 601 

recorded especially in the eastern part of the basin. Even though high local anthropogenic 602 

emissions are responsible to 60-100% of O3 in the boundary layer (surface-2 km), as 603 

demonstrated by the anthropogenic O3 tracer of the WRF-Chem model, above 2 km, O3 is 604 

mainly transported. Kalabokas et al. (2007, 2013) showed that the highest ozone 605 

concentrations in the low troposphere are associated with large-scale subsidence of ozone-606 

rich air masses from the upper troposphere. However, Zanis et al., (2013) using model 607 

simulations reported, that at the low troposphere, long distance transport and local 608 

photochemical processes dominate. In the free troposphere, WRF-Chem shows that vertical 609 
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and lateral transport of O3 take place represented by the O3-INFLOW tracer which is responsible 610 

for 70-100% of O3 at 4, 6 and 8 km. In the Eastern Mediterranean, Roelofs et al. (2003) showed 611 

important contributions to elevated O3 in the middle troposphere by transport from the 612 

stratosphere. More recently, Hess and Zbinden (2013) showed that stratospheric inter-annual 613 

O3 variability drives significantly the O3 variability in the middle troposphere, between 30o 614 

and 90oN but not the overall trend which is largely affected by transport processes. The 615 

increase in O3 seen by the model and the IASI instrument in the eastern part of the 616 

Mediterranean basin suggests that stratosphere to troposphere exchange (STE) events 617 

contribute to elevated ozone in the upper free troposphere. This is further shown in the WRF-618 

Chem simulations that predict elevated potential vorticity (PV) and water vapor mixing ratio 619 

(Qvap) over the same region. This result is in agreement with many previous studies e.g. 620 

Butkovic et al. (1990); Varotsos and Cracknell (1993); Kalabokas and Bartzis (1998); Kalabokas 621 

et al. (2000, 2007); Kouvarakis et al.(2000); Lelieveld et al.(2002); Sprenger and Wernli (2003); 622 

Papayannis et al. (2005); Gerasopoulos et al. (2006a); Akritidis et al. (2010); Zanis et al. (2013); 623 

Doche et al. (2014) that have shown the occurrence of STE events in the eastern 624 

Mediterranean region in summer. Since O3 maxima have the potential to strongly impact 625 

regional air quality and climate (e.g. Hauglustaine and Brasseur, 2001), the present study 626 

further demonstrate the importance of quantifying and analyzing O3 and its sources at 627 

different altitudes in the atmosphere. Quantifying long term trends and a distinction between 628 

the different sources is crucial. This should be possible with observations and model runs over 629 

longer time scales with additional tracers to identify all O3 sources.” 630 

 631 
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 632 
Fig_B. Mean latitude-altitude cross sections of IASI-O3 (a-b) and modeled-O3 (c-d) averaged 633 

over July and August 2010 at 15oE (left) and 30oE (right). Black line corresponds to the 634 

dynamical tropopause height. 635 

 636 

 637 

 638 

 639 
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 640 
Fig. 11. WRF-Chem (a) potential vorticity at 4, 6 and 8 and 10 km over the Mediterranean 641 

region for JJA 2010 and (b) water vapor mixing ratio for the same vertical levels and time 642 

period. 643 

 644 

 645 

 646 

References to add : 647 

 648 

Liu et al., JGR 2011: “Influence of interannual variations in transport on summertime  649 

abundances of ozone over the Middle East”. 650 

A large number of useful references are provided by Zanis et al. 2014: : : 651 

 652 

We added the following sentence with the reference in the introduction: “ Liu et al., (2011) 653 

showed with long term model analysis that the dominant sources of O 3 in the Middle East 654 

(including the Mediterranean) are the transport from Asia and local production.”  655 

This reference and many others from Zanis et al., are now included in the manuscript, 656 

particularly in the discussion and conclusions section (see previous comment). 657 

 658 

 659 

Take into account and refer to a study submitted recently to acpd by Doche et al, 2014 660 

on “Summertime tropospheric ozone variability over the Mediterranean basin observed with 661 

IASI” 662 

 663 

This reference was added in the discussion and conclusions:  664 
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“A complementary study by Doche et al. (2014) using IASI data at 3 km height, also showed 6 665 

years recurrent O3 summer maxima in July to the east of the basin.” 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 
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Abstract 708 

Over the Mediterranean region, elevated tropospheric ozone (O3) values are recorded, especially 709 

in summer. We use the thermal Infrared Atmospheric Sounding Interferometer (IASI) and the 710 

Weather Research and Forecasting Model with Chemistry (WRF-Chem) to understand and 711 

interpret the factors and emission sources responsible for the high O3 concentrations observed in 712 

the Mediterranean troposphere. Six years (2008-2013) of IASI data have been analyzed and show 713 

consistent maxima during summer, with an increase of up to 22% in the [0-8] km O3 column in 714 

the eastern part of the basin compared to the middle of the basin. We focus on summer 2010 to 715 

investigate the processes that contribute to these summer maxima. Using two modeled O3 tracers 716 

(inflow to the model domain and local anthropogenic emissions), we show that between the 717 

surface and 2 km, O3 is mostly formed from anthropogenic emissions and above 4 km, is mostly 718 

transported from outside the domain or from stratospheric origins. Evidence of stratosphere to 719 

troposphere exchanges (STE) in the eastern part of the basin is shown, and corresponds with low 720 

water vapor mixing ratio and high potential vorticity.  721 

1 Introduction 722 

Tropospheric ozone (O3) is a greenhouse gas, air pollutant, and a primary source of the hydroxyl 723 

radical OH, the most important oxidant in the atmosphere (Chameides and Walker, 1973; 724 

Crutzen, 1973). Previous observations and studies have shown that tropospheric O3 over the 725 

Mediterranean exhibits a significant increase during summer time, especially in the east of the 726 

basin (Kouvarakis et al., 2000; Im et al., 2011; Gerasopoulos et al., 2005, 2006a; Richards et al., 727 

2013; Zanis et al., 2014). Meteorological conditions such as frequent clear sky conditions (Fig. 728 

1a) and high exposure to solar radiation (Fig. 1b) in summer enhance the formation of 729 
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photochemical O3 due to the availability of its precursors. These precursors include carbon 730 

monoxide (CO), peroxyl radicals generated by the photochemical oxidation of volatile organic 731 

compounds (VOCs) and nitrogen oxides (NOx = NO + NO2). Locally, the eastern part of the 732 

basin is surrounded with megacities such as Cairo, Istanbul, and Athens that are large sources of 733 

local anthropogenic emissions. The geographic location of the basin makes it a receptor for 734 

anthropogenic pollution from Europe both in the boundary layer (Fig. 1c) and the mid-735 

troposphere (Fig. 1d). The threshold O3 value for air quality standards for the European Union (of 736 

daily maximum of running 8-hour mean values of 60 ppbv) is exceeded on more than 25 days per 737 

year at a large number of stations across Europe, many of which are located to the south of 738 

Europe in the Mediterranean basin (EEA, 2012). The dynamical processes of the summer 739 

circulation over the Mediterranean were previously attributed to the Hadley cell considered as the 740 

driver of the major subtropical dry zones. Rodwell and Hoskins (1996) argued that during the 741 

June-August period, the zonal mean Hadley circulation has very little motion and cannot explain 742 

the dry season of North Africa and the Mediterranean. Rodwell and Hoskins (1996; 2001) 743 

suggested, through numerical simulations, that the Asian monsoon heating induces an 744 

equatorially trapped Rossby wave to its west that interacts with the mid-latitude westerlies, 745 

producing a region of adiabatic descent and triggering subsidence. Long term analysis of dP/dt 746 

(units: Pa.s−1, used to represent subsidence) shows indeed a positive enhancement over the 747 

Mediterranean region ( Ziv et al., 2004) making the South Asian monsoon a fundamental driver 748 

of the summer circulation over the Eastern Mediterranean (Tyrlis et al., 2013). High O3 values in 749 

the Mediterranean troposphere in the literature are attributed to different sources: Lelieveld et al. 750 

(2002) showed that in the upper troposphere, Asian pollution is transported from the east by the 751 

monsoon across the Mediterranean tropopause into the lower stratosphere. Liu et al., (2011) 752 

showed with long term model analysis that the dominant sources of O3 in the Middle East 753 
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(including the Mediterranean) are the transport from Asia and local production. On the other 754 

hand, Gerasopoulos et al. (2005) have shown that the mechanism that controls surface O3 755 

seasonal variability in the eastern basin during summer is mainly the transport from Europe. 756 

Galani et al. (2003) detected with lidar measurements an increase of 10% of tropospheric O3 757 

between 4.5 and 6.5 km due to stratosphere to troposphere exchange events (STE). Zbinden et al. 758 

(2013) using aircraft data from MOZAIC (Measurements of OZone and water vapour by in-759 

service AIrbus airCraft programme) over 15 years (1994–2009), showed that the tropospheric O3 760 

columns in the east of the Mediterranean, reached a maximum reaching 43.2 DU during June-761 

July. This recorded maximum exceeds the maximum recorded for Beijing for the same period, 762 

for example. Model calculation using WRF-Chem (Weather Research and Forecasting model 763 

coupled with Chemistry) and EMEP (European Monitoring and Evaluation Programme) MSC-W 764 

(Meteorological Synthesizing Centre-West) models of the Eastern Mediterranean during heat 765 

waves in 2007 showed that the daily maximum near surface O3 is mostly sensitive to 766 

anthropogenic emissions of O3 precursors (Hodnebrog et al., 2012). Im et al. (2011) found that 767 

the near surface ozone mixing ratios increases almost linearly with temperature by 1.0±0.1 ppb 768 

O3 per Kelvin. STE processes can affect the tropospheric O3 budget and impact air quality if 769 

transported to the boundary layer (Fiore et al., 2002). Stratospheric intrusions have been detected 770 

in the Mediterranean region, especially to the east side (Galani et al., 2003; Zanis et al., 2014), 771 

because it lies to the south of the North Hemisphere polar jet flowing over mid-latitudes (Stohl et 772 

al., 2000; Gerasopoulos et al., 2001). Understanding the factors that contribute to the O3 maxima 773 

is important for developing control measures and prevents pollution build up. In this study we 774 

analyze O3 and its sources at different altitudes in the Mediterranean troposphere. Section 2 775 

introduces the model and observations data sets used in this study. In section 3, we analyze six 776 

years (2008-2013) of IASI tropospheric [0-8] km O3 column seasonal variation above the whole 777 
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Mediterranean basin as well as at 15oE and 30oE, representative of what we henceforth refer as 778 

“middle of the basin” and “east of the basin” respectively.  In section 4 we focus on summer 779 

2010, as an example year, and validate the WRF-Chem model simulation with surface O3 and 780 

IASI data, and then use the WRF-Chem model to assess the sources of O3 in the troposphere. In 781 

section 5, we use IASI and WRF-Chem free tropospheric O3 data to investigate potential 782 

stratosphere to troposphere exchange events. Discussion and conclusions are given in section 6. 783 

 784 

2 Model and observational data 785 

2.1 WRF-Chem model 786 

In this study, we use the regional chemistry transport model WRF-Chem, Version 3.2 (Grell et 787 

al., 2005) to assess the O3 budget and spatio-temporal variability of O3 over the Mediterranean 788 

during summer 2010. The model domain shown in Fig. 2a is over Europe and the Mediterranean 789 

basin, the latter being the focus of this study (Fig. 2b). The horizontal resolution is of 50 km x 50 790 

km and the vertical resolution is of 28 levels between the surface and 10 hPa. The meteorological 791 

initial and boundary conditions are based on the National Centers for Environmental Prediction 792 

(NCEP) Final (FNL) analyses with analysis nudging for wind, temperature, and humidity applied. 793 

Fields are provided every 6 hours with 1° horizontal resolution and 27 vertical levels from the 794 

surface up to 10 hPa. The chemical initial and boundary conditions, spatially and temporally 795 

varying (6 hours), are constrained by global chemical transport simulations from MOZART-796 

4/GEOS-5 with 1.9° x 2.5° horizontal resolution (Emmons et al., 2010a). The WRF-Chem gas-797 

phase chemical mechanism is that from Model for Ozone and Related Chemical Tracers, version 798 

4 (MOZART-4) (Emmons et al., 2010a), which is coupled to the aerosol scheme Goddard 799 

Chemistry Aerosol Radiation and Transport (GOCART) model (Chin et al., 2002). The model 800 

also includes anthropogenic and fire emissions that are calculated off-line. The anthropogenic 801 
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emissions used within the WRF-Chem model were developed in the frame of the ECLIPSE 802 

European project using the Greenhouse gas and Air pollution Interactions and 803 

Synergies (GAINS) model. In addition to the ECLIPSE V4.0 anthropogenic emissions, ship 804 

emissions from the RCP 6.0 scenario (Fujino et al., 2006; Hijioka et al., 2008) were used. 805 

Biomass burning emissions are obtained from the Fire Inventory from NCAR (FINN V1) 806 

(Wiedinmyer et al., 2011). Biogenic emissions are calculated online from the Model of Emissions 807 

of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006). The WRF-Chem 808 

simulation outputs are saved every 2 hours from 1 June 2010 until 31 August 2010.  809 

In this study, we use a tagging method for O3 (Emmons et al., 2012), which has been applied in 810 

global models for diagnosing contributions for individual sources to O3 (e.g. Lamarque et al., 811 

2005; Pfister et al., 2006, 2008; Emmons et al., 2010b; Wespes et al., 2012), and in other global 812 

and regional chemical transport models (Ma et al., 2002; Hess and Zbinden, 2013). Recently, this 813 

scheme was used for the first time in the WRF-Chem model to quantify the contribution of 814 

transport on surface O3 over California (Pfister et al., 2013). Here, we apply this scheme to keep 815 

track of the contribution of O3 within the WRF-Chem domain. To determine O3 sources, tagged 816 

NOx is traced through the odd nitrogen species (e.g. PAN, HNO3, organic nitrates) to account for 817 

NOx recycling (Emmons et al., 2012). Two separate tracer runs were conducted with the same 818 

emissions, initial, and boundary conditions. In the first one, O3-ANTHRO tracer accounts for the 819 

anthropogenic regional tagged NOx, while the second one O3-INFLOW tracer accounts for tagged O3 820 

as well as all nitrogen species at the lateral boundaries of the regional model domain. O3-INFLOW 821 

tracer includes O3 and O3 precursors from all natural (including lightning and stratospheric O3) 822 

and anthropogenic sources outside the regional modeling domain. Within the regional modeling 823 

domain, O3-INFLOW undergoes transport and chemical processes, but is not produced from sources 824 

other than from reactions including the tagged species. Since in this version of WRF-Chem the 825 
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stratospheric O3 is controlled by the lateral boundaries, O3 from stratospheric intrusions within 826 

the regional domain would be labeled as O3-INFLOW as well. More details about the tagging 827 

scheme are provided in Emmons et al. (2012). Two more tracers are available to complete the O3 828 

budget: O3 from biogenic sources and O3 from fires. Given that their contribution to the total 829 

budget in comparison with O3-INFLOW and O3-ANTHRO tracers is small (<10%), they are analyzed 830 

together in this study as “residuals” to the total budget and their contribution is defined as 100%-831 

(O3-ANTHRO%+O3-INFLOW%). We focus our analysis on summer 2010, which corresponds to the 832 

year of the anthropogenic emission inventory used in the model. During July-August 2010, the 833 

Russian heat wave occurred that caused severe fires with high O3 and O3 precursors’ emissions 834 

that were probably transported to the Mediterranean region, and will be further investigated in 835 

this study. 836 

2.2 EMEP data 837 

The EMEP (European Monitoring and Evaluation Programme) O3 hourly data 838 

(http://ebas.nilu.no/) are used to validate the WRF-Chem model at the surface. All ozone 839 

measurements within EMEP are done by UV monitors. In this study, measurements at 8 ground 840 

rural background sites during the summer of 2010 are used. Details on the EMEP observation 841 

system can be found in Hjellbrekke et al. (2012). The geographic locations of the 8 stations used 842 

for validation are plotted in Fig. 2 and the corresponding details are listed in Table 1. Two more 843 

station data were available, GR01-Aliartos (38.37oN, 23.11oE) and IT01-Montelibretti (42.1oN, 844 

12.63oE). We disregarded the data from these stations because they show strong diurnal variation 845 

of 80-90 ppbv amplitude, and recurrent near zero O3 concentrations throughout the period of the 846 

study, and were thus considered unreliable. 847 

 848 

2.3 IASI satellite measurements 849 
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On board of the MetOp platforms, IASI was launched in October 2006 (IASI-1) and September 850 

2012 (IASI-2). It has been sounding operationally the atmosphere since June 2007 (IASI-1) and 851 

January 2013 (IASI-2). IASI is a nadir looking Fourier transform spectrometer that probes the 852 

Earth’s atmosphere in the thermal infrared spectral range between 645 and 2760 cm-1, with a 853 

spectral resolution of 0.5 cm-1 (apodized) and 0.25 cm-1 spectral sampling. Global distributions of 854 

O3 vertical profiles are retrieved in near real time using a dedicated radiative transfer and retrieval 855 

software for the IASI O3 product, the Fast Optimal Retrievals on Layers for IASI (FORLI-O3) 856 

(Hurtmans et al., 2012). The IASI FORLI-O3 observations are selected for scenes with cloud 857 

coverage below 13%, and with RMS of the spectral fit residual lower than 3.5 x10 -8 W/cm2.sr.cm-858 

1. Details about the chemical components that can be measured by IASI can be found in Clerbaux 859 

et al. (2009), Coheur et al. (2009), Turquety et al. (2009), and Clarisse et al. (2011). IASI has the 860 

highest O3 sensitivity in the mid to upper troposphere (Safieddine et al., 2013). Figure 3 shows 861 

the partial column averaging kernel function for two specific observations above land and sea 862 

during June 2010. It can be seen that the sensitivity to the O3 profile is maximal around 4-10 km 863 

for both observations. IASI sensitivity near the surface is usually limited above the sea, as seen 864 

on the right panel of Fig. 3, and better over land as seen in the left panel, and with corresponding 865 

better thermal contrast (7.8o above land, and 1.2o above sea). In fact, IASI is able to detect several 866 

pollutants (e.g. carbon monoxide, ammonia, sulfur dioxide and ammonium sulfate aerosols), 867 

especially when large thermal contrast is combined with stable meteorological conditions leading 868 

to the accumulation of pollutants near the surface (Boynard et al., 2014). 869 

3 Tropospheric O3 seasonal variation as seen by IASI  870 

To investigate the seasonal behavior of tropospheric O3 above the Mediterranean, we plot in Fig. 871 

4 the [0-8] km partial tropospheric O3 column as seen by IASI, during 2008 to 2013. The data 872 

were averaged seasonally and daytime observations were used since the information content of 873 
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IASI-O3 data is shown to be higher during the day (Clerbaux et al., 2009). We observe a similar 874 

tropospheric O3 seasonal behavior each year. The weakest values are observed in winter (DJF) 875 

and autumn (SON), when solar activity is minimal. Increasing values in spring (MAM) are due to 876 

the increase of O3 production from photochemistry, buildup of winter O3 and its precursors, 877 

transport, and/or from O3 of stratospheric origin integrating into the troposphere. The [0-8] km 878 

column reaches a maximum in summer (JJA) due to high photochemical O3 production, 879 

horizontal transport into the region, or stratosphere to troposphere exchange, all of which will be 880 

investigated in detail in the following sections. Richards et al. (2013) detected a similar spatial 881 

distribution with the Global Ozone Monitoring Experiment-2 (GOME-2) during summers of 882 

2007 and 2008, with values exceeding 32 DU at the east of the basin for the [0-6] km O3 column. 883 

To investigate further the higher values detected to the east of the basin, we analyze longitudinal 884 

transects of 1° width along 15oE (representing the middle of the basin) and 30oE (representing the 885 

east of the basin), and marked in orange in Fig. 2. 886 

Figure 5 shows that during the period of 2008 to 2013, the summers in the east of the basin, 887 

notably at 30oE (plotted in red) are marked by elevated tropospheric [0-8] km O3 values. The 888 

difference between the two O3 columns at the 2 different longitudes was highest (4.7 DU-22 %) 889 

during June 2012. The highest recorded values were up to 30 Dobson units (DU) in July 2010 at 890 

30oE. This period coincides with  the 2010 Russian heat wave (Schubert et al., 2011) that caused 891 

severe fires with high O3 precursors emissions (R’Honi et al., 2013). Further discussion is 892 

provided in section 4.2 893 

 894 

 895 

 896 

 897 
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4 O3 budget from the WRF-Chem model during summer 2010 898 

From this section onwards, we focus our analysis on summer 2010, the year of  the anthropogenic 899 

emission inventory used in the model. We evaluate the model then we discuss the O3 budget at 900 

different altitude levels in the Mediterranean troposphere.  901 

4.1 Model evaluation: comparison to EMEP and IASI 902 

The model is evaluated by comparing O3 concentrations with surface O3 data from the EMEP 903 

stations (section 2.2), then free tropospheric O3 data from IASI (section 2.3). 904 

4.1.1 Comparison to EMEP surface monitoring stations 905 

Linear spatial interpolation was applied to WRF-Chem data in order to correlate the model 906 

outputs and the EMEP data that were averaged every 2 hours to coincide with the model run 907 

output data. Figure 6 shows the individual time series of the data of the 8 stations used for the 908 

validation. Table 2 shows the individual O3 correlation and bias between WRF-Chem and the 909 

EMEP for each of the stations used in this study during JJA 2010. The model simulates the 910 

surface O3 with a correlation ranging from 0.41 (ES06) to 0.80 (ES12) and a mean value of 0.52. 911 

Figure 6 and Table 2 show that the model reproduces reasonably well the average amplitude of 912 

the daily cycle seen in the observation. For all stations except ES06 and ES10, the model 913 

underestimates the ground observation during the summer period with a mean normalized bias 914 

between -23.9% to -6.4%. The biases reported  may be due to the resolution of the model 915 

resulting in a grid of around 50 km around the EMEP rural sites which may include other surface 916 

O3 contributions. Other possible reasons include difficulties in simulating local flow patterns due 917 

to topography and land-sea circulation, as well as uncertainties in emissions and NOx 918 

concentrations (Pfister et al., 2013). Our results compare well with the study by Tuccella et al. 919 

(2012) that compared WRF-Chem to 75 EMEP stations over Europe during 2007, and found that 920 

hourly O3 exhibit a correlation with observations ranging from 0.38 to 0.83. The largest 921 
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discrepancy observed, with modeled O3 values larger than 80 ppbv, is for the station ES06-922 

Mahon (39.87oN, 4.32oE), which might be due a particular uncertainty in the model emissions or 923 

dry deposition over this area. 924 

4.1.2 Comparison to IASI observations 925 

Averaged data for summer 2010 are used for the comparison of WRF-Chem and IASI O3 [4-10] 926 

km free tropospheric column. The modeled profile is first linearly interpolated to the time and 927 

location of the retrieval. Then, the averaging kernels associated with each IASI measurement and 928 

its apriori profile are applied to the interpolated modeled profile (of around 7 layers between 4 929 

and 10 km). Figure 7 shows the spatial distribution of the [4-10] km integrated IASI and WRF-930 

Chem model O3 column along with the relative differences. We chose to analyze this part of the 931 

atmosphere in particular because IASI has a better sensitivity between 4 and 10 km over both 932 

land and water as shown in Fig. 3. The model reproduces well the spatial patterns seen by IASI 933 

during summer (JJA) 2010, with a correlation coefficient of about 0.93 and a summertime mean 934 

bias of 6.1 DU (25%) (not shown). The model underestimation of the [4-10] km O3 column might 935 

due to the difficulties in resolving the high O3 concentrations observed in transported plumes 936 

over large distances (Pfister et al., 2013). On the other hand, the high discrepancies seen over 937 

northern Africa, might be due to IASI poor spectral fits above surfaces with sharp emissivity 938 

variations particularly above the desert (Hurtmans et al., 2012), leading to a possible 939 

overestimation of the real profile. We analyzed the IASI total retrieval error for the [4–10] km 940 

partial column and we found that it is on average around 7% in the model domain, and between 7 941 

and 12% where the discrepancies between the model and IASI are the highest. 942 

4.2 Origins of boundary layer O3 over the Mediterranean 943 
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Modeled O3 concentrations are illustrated in Fig. 8 (a-c) at the surface, 1 and 2 km during JJA 944 

2010. At the surface, modeled O3 exhibits the highest values downwind the European continent. 945 

At 1 and 2 km the whole eastern part of the basin is characterized by high O3 mixing ratios. In 946 

order to investigate possible sources of high O3, we run the model with 2 different tracers of 947 

pollution: O3-ANTHRO and O3-INFLOW as described in section 2.1. O3-ANTHRO (Fig. 8 d-f) assesses the 948 

possible anthropogenic contribution of O3 at different altitudes, while O3-INFLOW (Fig. 8 g-i), 949 

provides an estimate of transport of O3 including the stratosphere. The residual plots plotted in 950 

panels (j-l) show the completion of the O3 budget, and represent the O3 contribution from fires 951 

and biogenic sources. These plots show that the residual contribution is between 0 and 10% 952 

inferring that the O3-ANTHRO and O3-INFLOW combined are responsible of 90 to 100% of the total O3 953 

budget over the model domain, at the different altitudes of Fig. 8 and 9. The surface shows a high 954 

contribution for the anthropogenic emission tracer (O3-ANTHRO > 85%), with almost zero 955 

contribution of the inflow tracer. This shows the importance of local emissions to the O3 surface 956 

concentration. At 1 km, the highest contribution is also for the anthropogenic tracer (up to 75-957 

80%), whereas the result is mixed at 2 km between the 2 tracers (around 50-60% for O3-ANTHRO 958 

and 40-50% for O3-INFLOW), suggesting that up to 50% of the O3 available at 2 km is being 959 

transported. The rest of the O3 plotted in the residual plots (panels j-l) and decreasing with 960 

altitude is suggested to be from fire sources, as the extended domain (Fig 2a) used in the study 961 

includes parts of the region hit by the Russian fires of summer 2010.  962 

 963 

4.3 Origins of free tropospheric O3 over the Mediterranean 964 

O3 concentrations at 4, 6 and 8 km in Fig. 9 (a-c) show that the eastern part of the basin is subject 965 

to much higher O3 values, reaching up to 100 ppbv between 6 and 8 km (see further discussion in 966 

section 5). The anthropogenic contribution decreases with altitude, whereas the O3 inflow 967 
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contribution increases. The northeastern corner of the modeled domain in panels (d-f) show 968 

anthropogenic contribution between 20 and 40%. This might be due to important vertical 969 

transport and mixing in the free troposphere. These values can be correlated with the O3 residuals 970 

plotted in panels (j-l). These panels show an O3 signature in the north eastern corner of the 971 

domain. This signature is probably related to the emitted O3 precursors from fires sources in the 972 

model domain (Fig. 2) and lifted to the upper troposphere due to convective movements during 973 

the Russian fires of summer 2010. We can also suppose that certain anthropogenic O3 precursors, 974 

like NOx, near the fire sources were also transported with the same convective movements to the 975 

same part of the domain and contributed eventually to the production of anthropogenic O3 in that 976 

region. Panels (g-i) show that 70 to 100% of the available O3 between 4 and 8 km does not come 977 

from local sources. The high values are likely due to long-range transport of pollution from 978 

outside the study region or transport of air masses from the stratosphere that we will discuss in 979 

the following section. The low values recorded in the residual plots in panels (j-l) show that the 980 

O3 budget in the free troposphere over this region is controlled almost exclusively by local 981 

anthropogenic sources and transport. 982 

 983 

5 WRF-Chem and IASI detection of stratosphere-troposphere exchange events 984 

Figures 4, 5 and Fig. 9 (a-c) showed that the eastern part of the Mediterranean basin in summer is 985 

subject to high O3 mixing ratios at 4, 6 and 8 km. In order to further investigate the sources and 986 

processes responsible for these enhancements, modeled and observed IASI O3 vertical profiles in 987 

the troposphere were examined, during summer 2010, to try to detect possible stratosphere to 988 

troposphere exchange (STE) events. 989 

Figure 10 shows the tropospheric O3 vertical distributions along 15°E (mid-Mediterranean) and 990 

30oE (eastern Mediterranean) for IASI (panels a and b) and WRF-Chem, smoothed with the IASI 991 
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averaging kernels (panels c and d) for JJA 2010. Between 4 and 8 km, panels (b) and (d) show 992 

higher values of O3 in the eastern part of the basin (30oE) with concentrations ranging between 50 993 

and 100 ppbv for IASI and 40 to 100 ppbv for WRF-Chem (WRF-Chem underestimates IASI as 994 

shown in Fig. 7). 995 

Since stratospheric intrusions within the regional domain are included in the O3-INFLOW tracer, it is 996 

useful to use other stratospheric tracers to distinguish the transport from the stratosphere.  The 997 

potential vorticity (PV) and the water vapor mixing ratio (Qvap) measurements can be used as 998 

markers of transport from the upper troposphere-lower stratosphere (UTLS) to the troposphere: 999 

elevated O3 and PV, and low Qvap values, would indicate that high free troposphere values are 1000 

due to downward transport from the UTLS (Holton et al., 1995). Here, we study PV and Qvap at 1001 

4, 6, and 8 and 10 km calculated from the WRF-Chem model run parameters. Figure 11 shows 1002 

that starting 4 km, higher PV and lower Qvap values start to develop to the east of the basin. At 8 1003 

and 10 km, the highest PV values (1.5 to 2 pvu) (potential vorticity unit, 1pvu =10-6 m2 K kg-1 s-
1004 

1), and the lowest Qvap values (0-0.10 g.kg-1) are recorded to the east of the basin, in comparison 1005 

with low PV values in the mid and to the west of the basin (0.5-1), with high Qvap values (0.1-1006 

0.15). The high PV/low Qvap values to the east are in accordance with Fig. 9 and 10, strongly 1007 

suggesting that this part of the basin is subject to transport from the UTLS into the free 1008 

troposphere. In fact, at 30oE and around 37oN-39oN (panels b and d of Fig. 10) both IASI and the 1009 

model suggest a stratospheric intrusion. It corresponds to PV values between 1.4 and 2 pvu at 8 1010 

km and Qvap values around 0.05 g.kg-1. In a recent study, Zanis et al. (2014) using 12 year 1011 

climatology (1998-2009) of the ERA-interim reanalysis, also detected frequent events of STE 1012 

with PV ranging between 0.4 and 1.4 pvu and specific humidity values between 0.01 and 2 g.kg-1 1013 

between 700 and 250 hPa during July and August to the east of the basin, in accordance with our 1014 

results for summer 2010 at 4, 6 and 8 km.  1015 
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6 Discussion and conclusions 1016 

Six years of tropospheric O3 observations provided by the IASI mission above the Mediterranean 1017 

are shown. Tropospheric [0-8] km O3 columns shows a consistent seasonal behavior over the 1018 

period 2008-2013 with pronounced maxima in summer with higher values to the east of the 1019 

basin. A complementary study by Doche et al. (2014) using IASI data at 3 km height, also 1020 

showed 6 years recurrent O3 summer maxima in July to the east of the basin. Since IASI has a 1021 

lower sensitivity in the lower troposphere and above the sea, anthropogenic emission contribution 1022 

to the boundary layer O3 is not well captured by the instrument. However, IASI is able to detect 1023 

in the free to upper troposphere, where its sensitivity is the highest, high tropospheric O3 values 1024 

to the east of the basin during the 6 years. Focusing on summer 2010, we use IASI and the 1025 

regional chemical transport model WRF-Chem to interpret these maxima. A tagging scheme is 1026 

used to keep track of O3 from anthropogenic sources in the domain (O3-ANTHRO) and O3 from 1027 

inflow at the domain boundaries and stratosphere (O3-INFLOW). Our results show that transport 1028 

plays an essential role in the O3 budget over the Mediterranean troposphere and that summer O3 1029 

maxima over the region are recorded especially in the eastern part of the basin. Even though high 1030 

local anthropogenic emissions are responsible to 60-100% of O3 in the boundary layer (surface-2 1031 

km), as demonstrated by the anthropogenic O3 tracer of the WRF-Chem model, above 2 km, O3 is 1032 

mainly transported. Kalabokas et al. (2007, 2013) showed that the highest ozone concentrations 1033 

in the low troposphere are associated with large-scale subsidence of ozone-rich air masses from 1034 

the upper troposphere. However, Zanis et al., (2013) using model simulations reported, that at the 1035 

low troposphere, long distance transport and local photochemical processes dominate. In the free 1036 

troposphere, WRF-Chem shows that vertical and lateral transport of O3 take place represented by 1037 

the O3-INFLOW tracer which is responsible for 70-100% of O3 at 4, 6 and 8 km. In the Eastern 1038 
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Mediterranean, Roelofs et al. (2003) showed important contributions to elevated O3 in the middle 1039 

troposphere by transport from the stratosphere. More recently, Hess and Zbinden (2013) showed 1040 

that stratospheric inter-annual O3 variability drives significantly the O3 variability in the middle 1041 

troposphere, between 30o and 90oN but not the overall trend which is largely affected by transport 1042 

processes. The increase in O3 seen by the model and the IASI instrument in the eastern part of the 1043 

Mediterranean basin suggests that stratosphere to troposphere exchange (STE) events contribute 1044 

to elevated ozone in the upper free troposphere. This is further shown in the WRF-Chem 1045 

simulations that predict elevated potential vorticity (PV) and water vapor mixing ratio (Qvap) over 1046 

the same region. This result is in agreement with many previous studies e.g. Butkovic et al. 1047 

(1990); Varotsos and Cracknell (1993); Kalabokas and Bartzis (1998); Kalabokas et al. (2000, 1048 

2007); Kouvarakis et al.(2000); Lelieveld et al.(2002); Sprenger and Wernli (2003); Papayannis 1049 

et al. (2005); Gerasopoulos et al. (2006b); Akritidis et al. (2010); Zanis et al. (2013); Doche et al. 1050 

(2014) that have shown the occurrence of STE events in the eastern Mediterranean region in 1051 

summer. Since O3 maxima have the potential to strongly impact regional air quality and climate 1052 

(e.g. Hauglustaine and Brasseur, 2001), the present study further demonstrate the importance of 1053 

quantifying and analyzing O3 and its sources at different altitudes in the atmosphere. Quantifying 1054 

long term trends and a distinction between the different sources is crucial. This should be 1055 

possible with observations and model runs over longer time scales with additional tracers to 1056 

identify all O3 sources. 1057 
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Table 1: List of geographic location of the EMEP O3 monitoring ground stations used in this 1340 

study, with the corresponding altitude above mean sea level. 1341 

 1342 

Code Station name Latitude (oN) Longitude (oE) Altitude (m) 

CY02  Ayia Marina                      35.04   33.06   532 

ES06  Mahón 39.87  4.32   78 

ES07                           Víznar   37.30 -3.53 1265 

ES10  Cabo de Creus                      42.32    3.32 23 

ES12                            Zarra   39.08 -1.10 885 

ES14  Els Torms                          41.39  0.73 470 

GR02  Finokalia                          35.31   25.66   250 

MK07                         Lazaropole 41.32 20.42   1332 

 1343 

 1344 

Table 2. Pearson correlation coefficient, bias and the corresponding mean normalized bias 1345 

(MNB) of each EMEP and WRF-Chem ground station data localized in Fig. 2, for the period JJA 1346 

2010. 1347 

Station name 
Corr. Coef. With 

WRF-Chem 

Bias       MNB 

(ppbv)     (%) 

CY02 0.63 -7.78  (-14.2%) 

ES06 0.41 +7.26  (+20.9%) 

ES07 0.77 -7.24   (-13.4%) 

ES10 0.72 +1.43  (+3.6%) 

ES12 0.80 -5.96   (-12.7%) 

ES14 0.78 -2.99   (-6.4%) 

GR02 0.62 -7.38   (-11.3%) 

MK07 0.57 -16.65 (-23.9%) 

 1348 

 1349 

 1350 
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 1351 

Fig.1. An example of the ECMWF (European Centre for Medium-Range Weather Forecasts) 1352 

Reanalysis (ERA-Interim) for the period June-July-August (JJA) 2010 for: (a) total cloud 1353 

coverage, (b) 12:00 UTC solar radiation reaching the surface and (c) wind speed and direction 1354 

averaged from the surface to 750 hPa and (d) wind speed and direction averaged from 750 to 400 1355 

hPa. 1356 

 1357 
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Fig. 2. (a) The enlarged WRF-Chem model run domain. (b) IASI and WRF-Chem domain used 1358 

in this study. White dots correspond to the location of the EMEP ground stations and the orange 1359 

strips correspond to the longitudinal transects used in Figures 5 and 10. 1360 

 1361 

 1362 

Fig. 3. Random O3 averaging kernels over the Mediterranean: the functions are for the [surface-1363 

3], [4-6], [6-9], and [10-12] km partial columns characterizing a retrieval for an observation 1364 

chosen randomly above land (Greece, left panel) and above the sea (right panel) during June 1365 

2010. 1366 
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 1367 

Fig. 4. Six years seasonal variation of [0-8] km integrated IASI O3 column over the 1368 

Mediterranean region for winter, spring, summer and autumn. White pixels correspond to a filter 1369 

applied on poor spectral fits, because of emissivity issues in the FORLI radiative transfer above 1370 

the Sahara desert.  1371 
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 1372 

Fig. 5. Six years monthly variation of the integrated [0-8] km IASI O3 column averaged over 1373 

[30oN-45oN] at 15oE (in black) and 30oE (in red). Higher summer values are observed to the east 1374 

of the basin at 30oE. 1375 

 1376 

 1377 

 1378 

 1379 
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 1380 

Fig. 6. O3 time series of EMEP and WRF-Chem data at the surface for the stations localized in 1381 

Fig. 2, for the period JJA 2010. 1382 

 1383 

Fig. 7. Average [4-10] km O3 column for JJA 2010 from IASI and WRF-Chem and their relative 1384 

difference (%). White pixels correspond to a filter applied to poor spectral fi ts above the Sahara 1385 

desert.  1386 
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 1387 

Fig. 8. WRF-Chem spatial distributions of (a-c) O3 mixing ratios (ppbv), (d-f) O3 anthropogenic 1388 

tracer relative contributions (%), (g-i) O3 inflow tracer relative contribution, and (j-l) the residual 1389 

(100%-(O3-ANTHRO%+O3-INFLOW%) ) averaged over the period JJA 2010 at the surface, 1 km and 2 1390 

km. Note that the colorbar for the residual plots is different. 1391 
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 1392 

Fig. 9. Same as Fig. 8 but for 4, 6 and 8 km. 1393 

 1394 

 1395 
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 1396 

Fig.10. Mean latitude-altitude cross sections of IASI-O3 (a-b) and modeled-O3 (c-d) averaged 1397 

over JJA 2010 at 15oE (left) and 30oE (right). Black line corresponds to the dynamical tropopause 1398 

height. 1399 
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 1401 

Fig. 11. WRF-Chem (a) potential vorticity (PV) at 4, 6, 8 and 10 km over the Mediterranean 1402 

region for JJA 2010 and (b) water vapor mixing ratio (Qvap) for the same vertical levels and time 1403 

period. 1404 
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