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Author response to the Referee comments 

Reply to Referee#1 

The authors are grateful for the review time and for the good suggestions given by the 
referee. We incorporate most (practically all) of those comments into our revised 
manuscript, which has led to substantial improvements. Some sections have improved 
and enriched their scientific information and others have been clarified. 
 
Our responses to all comments are given hereafter. Attached is the draft revised 
manuscript where added information or rewritten paragraphs have been marked in 
yellow.  
 

1. Introduction: There is a recent article on European ozone trends by Logan et al. 
(JGR, 2012) relevant to the topic of this manuscript which could be cited. 
 

We have cited Logan et al. (2012), as well as another recent paper of ozone trends on a global 
scale (Oltmans et al., 2013), in the Introduction section. Logan et al. (2012) is indeed an 
interesting paper that has been also referenced in the first paragraph of Section 3.8. 
 
Logan, J.A., J. Staehelin, I. A. Megretskaia, J.-P. Cammas, V. Thouret, H. Claude, H. De Backer, 
M. Steinbacher, H.-E. Scheel, R. Stübi, M. Fröhlich, R. Derwent, Changes in ozone over Europe: 
Analysis of ozone measurements from sondes, regular aircraft (MOZAIC) and alpine surface 
sites, J. Geophys. Res., Vol. 117, Issue D9, May 2012. 
 
Oltmans, S.J., A.S. Lefohn, D. Shadwick, J.M. Harris, H.E. Scheel, I. Galbally, D.W. Tarasick, B.J. 
Johnson, E.-G. Brunke, H. Claude, G. Zeng, S. Nichol, F. Schmidlin, J. Davies, E. Cuevas, A. 
Redondas, H. Naoe, T. Nakano, T. Kawasato, Recent tropospheric ozone changes - A pattern 
dominated by slow or no growth, Atmos. Environ., 67, 331-351, 2013. 
 
2. Page 28392, line 4: Although there is the relevant reference to the MCAR method, 
a short description would be useful for the reader. 

We have rewritten the part corresponding to the MCAR plots in Section 2.3 as follows: 
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“  
 
“Source-receptor relationships of atmospheric composition can be investigated with backward 
trajectory techniques, tracing forward from a defined geographical origin to arrive at 
measurement sites where the composition may have altered during transport (Fleming et al., 
2012). One of these techniques is the so called as MCAR (Mean Concentrations At Receptor). 
For each pixel of our geographical domain, we select the backward trajectories which arrive to 
IZO and pass over that pixel. The daily mean O3 concentrations of the corresponding days are 
averaged for that pixel. MCAR plots allowed the identification of pathway regions with high 
and low O3.   
 
The methodology has been described by Rodriguez et al. (2011). Monthly MCAR plots of 
surface O3 were determined using daily 5-day backward trajectories calculated at 00:00UTC 
and daily (nocturnal) surface O3 data at IZO for the period 1988-2009.” 
 
We have included the following reference: 
 
Fleming, Z.L., P. S. Monks, A. J. Manning: Untangling the influence of air-mass history in 
interpreting observed atmospheric composition, Atmospheric Research, Volumes 104–105, 
Pages 1–39, 2012. 
 
3. Page 28397, lines 6-10: It can be also mentioned the existence of common 
characteristics in the shape of summertime ozone diurnal cycle (day-time lower ozone 
values due to thermally driven upslope winds) with other high-altitude European 
stations such as Jungfraujoch or Zugspitze (see e.g. Schupbach et al., JGR, 2001). 

 
We have added the following text at the end of Section 3.1.: 
The “ozone valley” in the daytime is a feature also observed in other high mountain stations: 
Mauna-Loa  (Oltmans et al. ,1994)  and Jungfraujoch (Schuepbach et al., 2001). 
 
We have included the following two references in Section 3.1: 
 
Oltmans, S.J., and Levy II.H., Surface ozone measurements from a global network, Atmos. 
Environ., Vol. 28,  No 1, 9-24, 1994. 
 
Schuepbach, E., T. K. Friedli, P. Zanis, P. S. Monks, and S. A. Penkett, State space analysis of 
trends and seasonalities of lower free tropospheric ozone (1988 – 1997) at the high elevation 
site at Jungfraujoch, J. Geophys. Res., 106(D17), 20,413 – 20,427, 2001. 
 
 
4. Page 28398, lines 27-29: I think that a note comparing the ozone seasonal cycle at 
Izana with the respective one at other high altitude European stations (Jungfraujoch, 
Zugspitze, Sonnblick) could be added. 
 
This is a good suggestion. In Figure 4a we have introduced a comparison of the O3 annual 
course at Izaña station with those of other high mountain stations: Mauna-Loa, Zugspitze-
Schneefernerhaus, Jungfraujoch and Sonnblick. 
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The following text has been included in Section 3.2: 
 
Figure 4a shows non detrended monthly means for surface O3 at IZO, Mauna-Loa (Oltmans et 
al., 1994), Zugspitze-Schneefernerhaus (Nienerowski, 2004), Jungfraujoch (Logan et al., 2012), 
and Sonnblick (Federal Environment Agency Austria). Data from Mauna-Loa and the alpine 
stations have downloaded from the World Data Centre for Greenhouse Gases (WDCGG; 
http://ds.data.jma.go.jp/gmd/wdcgg/). IZO shows characteristics intermediate to those 
recorded at Mauna-Loa and the alpine stations. Rodriguez et al. (2004) compared the O3 
annual course at IZO with that observed at Mauna-Loa, noting that in summer O3 monthly 
means sharply decrease in the latter, while high O3 events (daily mean values of 60-70 ppbv) 
are recorded at IZO. However, the typical continental annual cycle, with a broad 
spring/summer maximum observed in the alpine stations, is not seen at IZO where the annual 
cycle peaks in late spring (May-June). This is an indication that IZO is not affected by 
photochemical production from regional emissions in summer. 
 
 
5. Page 28400, lines 8-10: The authors state that "It is noticeable the fact that 
trajectories from the Sahel, and those originated over North Africa and the 
Mediterranean Basin, travel at mid-high altitudes, mainly in July and August." It would 
be better to specify that these low-level trajectories originate from Northwest Africa and 
Western Mediterranean. 
 
We have changed this sentence as follows: 
 
"It is noticeable that in July and August low-level trajectories originate from Western Sahara, 
while trajectories from the Sahel, and those originated over Western North African countries 
and the Mediterranean Basin travel at mid-high altitudes.” 

http://ds.data.jma.go.jp/gmd/wdcgg/
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6. Page 28401, lines 23-25: The authors state that " There is not a clear relationship in 
winter, spring and autumn, probably due to the short variation range of 210Pb values." 
Do you mean that it is related with the comparison if the 210Pb lifetime versus the 
atmospheric transport timescale in winter, spring and autumn? Please clarify. 

 
We agree. This sentence is not clear. 210Pb is a good tracer of air masses originating in the 
continental boundary layer (CBL) or near the ground.  Since Izana is mainly impacted by 
Saharan CBL air masses in summertime, it is only in this season when we expect a significant 
variation in the range of 210Pb values. In Autumn (mainly December), and Spring (mainly April) 
the impact of the low-level Saharan outbreaks is very limited. The top of the Saharan Air Layer 
(SAL) just reaches the level of IZO (around 2400 m asl) during Saharan intrusions. For this 
reason we can find in spring and autumn signature of the Saharan CBL with relatively high 
values of 210Pb, but not as clearly as seen in summer, and with smaller variation in 210Pb 
values than observed in summer. 
 
 
This comment has helped us to improve Figure 8b adding 210Pb-O3 fits for spring and autumn 
in order to clarify this point. 
 
We have rewritten this part as follows: 
 
The relationship between surface O3 and 210Pb is shown in Fig.8b. In summer we obtain a 
logarithmic fit with a good correlation which resembles the O3-PM10 fit in the same season. 
Prospero et al. (1995) had reported preliminary results of O3 and 210Pb relationship for 
summer-time. However, in spring (mainly in April) and autumn (mainly in December), when 
Saharan low-level intrusions over the Canary Islands occur (Alonso-Pérez et al., 2007), IZO is 
only slightly impacted by the top of the Saharan Air Layer (SAL). So, we can see Saharan CBL 
signature with relatively high values of 210Pb, although the O3-210Pb relationship is not as 
clear as that seen in summer. In winter, no correlation between surface O3 and 210Pb is 
found. 
 
The new Figure 8b is the following: 
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7. Page 28403, liens 3-5: The authors state that "So, it is noteworthy that in 10% 
of days in winter and autumn, backward trajectories have been impacted by 
uppertroposphere air masses with PVU > 1. " A plausible justification could be also 
downward transport from the stratosphere to the troposphere followed by mixing with 
tropospheric air which would decrease the PV of the air mass. 
 
We agree. We have rewritten this sentence as follows: 
 
“So, it is noteworthy that in 10% of days in winter and autumn, backward trajectories have 
been impacted by upper-troposphere air masses with PV>1pvu. Some of them might even be 
affected by previous stratospheric intrusions mixed with upper-troposphere air masses.”  
 
8. Page 28403, lines 15-17: Please provide some references to justify the use of 1 and 
1.6 pvu as thresholds to identify the impact of STT transport (see for example Stohl 
et al., Atmos. Env., 2000; Akritidis et al., Meteor. Atmos. Phys., 2010). A common 
threshold for dynamical tropopause is the 2 pvu. 
 
Some references were already provided in Section 2.4. (“Potential vorticity”) to justify the 
stratospheric-PV theshods. We have included Stohl et al. (2000) and Akritidis et al. (2010). 
 
Stohl, A., N. Spichtinger-Rakowsky, P. Bonasoni, H. Feldmann, M. Memmesheimer, H.E. Scheel, 
T. Trickl, S. HuKbener, W. Ringer, M. Mandl, The influence of stratospheric intrusions on alpine 
ozone concentrations, Atmospheric Environment 34, 1323-1354, 2000. 
 

Akritidis, D., P. Zanis, I. Pytharoulis, A. Mavrakis, Th. Karacostas, A deep stratospheric intrusion 
event down to the earth’s surface of the megacity of Athens, Meteorol. Atmos. Phys., 109:9–
18, DOI 10.1007/s00703-010-0096-6, 2010. 
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The corresponding paragraph in Section 2.4 has been rewritten as follows: 
 
“The dynamical tropopause is typically defined with a PVU value ranging from 1PVU (Shapiro 
et al., 1987) to 2PVU (Appenzeller et al., 1996; Parrish et al., 2000). The dynamical tropopause 
is defined by WMO (1957) as the 1.6PVU iso-surface. This value is used by some authors to 
identify the tropopause and the signature of stratospheric air (Stohl et al., 2000; Cristofanelli et 
al., 2006), while other authors consider two threshold values for the dynamical tropopause, 2 
and 1.5 PVU, for deep stratospheric intrusion analysis, as Akritidis et al. (2010). It is assumed 
that PV > 1PVU are typical values of tropospheric regions that have been impacted by 
stratospheric intrusions. Beekman et al. (1994) made use of the positive correlation of PV with 
O3 in separating tropospheric O3 sources on the basis of high and low PV. However, we should 
note that diabatic heating can reduce the PV values without changing O3. So, PV must be 
viewed as a bottom-indicator of air masses with upper troposphere/lower stratosphere (UTLS) 
signature.” 
 
9. Page 28404, lines 25-27: The threshold value of 8 mBq/m3 for an air mass with 
stratospheric signature which was suggested by Reiter et al. (1983) and applied also 
in other studies (see e.g. Stohl et al., Atmos. Env., 2001) is an arbitrary value that 
was resulted for Central Europe but maybe different from one place to another. Apart 
from this approach, there have been many studies in which different thresholds of 7Be 
activity were used for identifying air masses of stratospheric origin based on statistical 
criteria (see e.g. Elbern et al., Atmos. Env. 1997 ; Gerasopoulos et al., Atmos. Env., 
2001). I would suggest that some discussion for the threshold value of Be-7 should be 
added. 

 
We have added the following references in Section 3.6: 
 
Zanis, P., Schuepbach, E., Gäggeler, H. W., Hübener, S., Tobler, L. Factors controlling beryllium-
7 at Jungfraujoch in Switzerland, Tellus B, Vol. 51, 4, 789-805, 1999. 
 
Bonasoni, P., F. Evangelisti, U. Bonafe, F. Ravegnani, F. Calzolari, A. Stohl, L. Tositti, O. 
Tubertini, T. Colombo, Stratospheric ozone intrusion episodes recorded at Mt. Cimone during 
the VOTALP project: case studies, Atmospheric Environment, Vol. 34, 9, 1355–1365, 2000. 
 
Stohl, A., N. Spichtinger-Rakowsky, P. Bonasoni, H. Feldmann, M. Memmesheimer, H.E. Scheel, 
T. Trickl, S. Hübenere, W. Ringer, M. Mandl, The influence of stratospheric intrusions on alpine 
ozone concentrations, Atmospheric Environment, Vol. 34, 1323–1354, 2000. 
 
Gerasopoulos, E., P. Zanis, A. Stohl, C.S. Zerefos, C. Papastefanou, W. Ringer, L. Tobler, S. 
Hübener, H.W. Gäggeler, H.J. Kanter, L. Tositti, S. Sandrini, A climatology of 7Be at four high-
altitude stations at the Alps and the Northern Apennines, Atmospheric Environment, 35,  
6347–6360, 2001. 
 
Cristofanelli, P., P. Bonasoni, L. Tositti, U. Bonafè, F. Calzolari, F. Evangelisti, S. Sandrini, and A. 
Stohl (2006), A 6-year analysis of stratospheric intrusions and their influence on ozone at Mt. 
Cimone (2165 m above sea level), J. Geophys. Res., 111, D03306, doi:10.1029/2005JD006553, 
2006. 
 
The paragraph concerning the 7Be threshold has been rewritten as follows: 
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“Reiter et al. (1983) suggested a 7Be threshold value of 8 mBq/m3, above which an air mass 
probably has stratospheric signature. This value has been used by several authors to identify 
stratospheric intrusions in high mountain stations (Zanis et al. 1999; Stohl et al., 2000, 
Bonasoni et al., 2000; Cristofanelli et al., 2006) although it is not possible to consider 7Be as an 
unambiguous stratospheric tracer (Zanis et al., 1999; Stohl et al., 2000). Gerasopoulos et al. 
(2001) found at four high-altitude alpine stations that high 7Be values (above 6 mBq/m3) 
correspond to air masses from the north and high altitudes, as it is characteristic for 
stratospheric intrusions. Reiter et al. (1983) showed that the range of 7Be values > 7.4mBq/m3 
corresponds to direct stratospheric intrusions near the station, without a long advection path. 
The third quartile of 7Be data series at IZO is 8.2 mBq/m3, and stratospheric air mass 
intrusions normally reach the ground after considerable mixing with tropospheric air. 
Therefore a threshold value of 8mBq/m3 is reasonable to estimate the impact of UTLS air 
masses at IZO.” 
 
 
10. Page 28407, lines 27-29. The authors state that " The results identify a main 
contribution from pollution episodes over North America in winter, with backward 
trajectories heights below 4 km, whereas in spring aged air masses (previously 
transported from North America) are found over North Atlantic at high altitudes (above 
4–5 km)." I understand and I agree with what but the authors should also mention that 
these height values are median values and there is a large overlap in the altitude range 
between A3 and B3 in Figure 13. 
 
This paragraph has been rewritten as follows: 
 
“The results identify a main contribution from pollution episodes over North America in 
winter, with backward trajectories heights below 4km, whereas in spring aged air masses 
(previously transported from North America) are found over North Atlantic at slightly higher 
altitudes (above 4--5km), although there must be stated that there is substantial overlap in the 
ranges of altitude in both seasons (Figures 13 and 13b).” 
 
11. Page 28408, lines 28-29: Shouldn’t be 0.58 instead of 0.54 according to Table 5? 
 
No. The ratio 0.54 corresponds to the mean O3/CO (0.53 + about 0.1 SD) value associated to 
identified long-range transport of air masses from North America in spring with a good 
correlation of hourly O3-CO (>0.75) and for O3>P75th (See new Table 5; Type 3). This 
represents the upper ratio O3/CO ratio of aged air masses, while 0.58 is the  “climatological” 
mean O3/CO ratio for O3>P75th in Spring (see Table 4) 
 
12. Section 3.7: The authors should also take into account in their discussion on O3- 
CO relationship that there is an O3/CO seasonal cycle in the baseline (background) 
atmosphere. I am not sure if I understood well but if this O3/CO seasonal cycle in 
background atmosphere is not considered, maybe could lead to speculative 
conclusions. 
 

Thank you for this comment. Yes, we have taken into account in our discussion of the O3-CO 
relationship that there is an O3/CO seasonal cycle. In fact O3/CO ratios observed during long-
range transport events are compared with “climatological” O3/CO ratios obtained for each 
season with hourly O3-CO data pairs, which represent the baseline O3/CO ratios. However, 
this comment has motivated us to try to further clarify the content of Section 3.7 as a whole. 
We have reorganized the Section, exchanging Tables 4 and 5, and we have completed the 
information in the new Table 5. We have refined the discussion and emphasized aspects that 
were more hidden before, while making the section more readable.  



8 
 

 
13. Figure 11: Why the authors use a different color scale among the 4 plots? In Figure 
caption please denote what is the percentage number in red. 
 
Please, see answer to question 14. 
 
14. Figure 13: Why the authors use a different color scale among the 3 plots? Please 
also clarify what are the arbitrary units for the residence time. 
 
The backward trajectories residence times for each season shown in Figures 11 (the four 
seasons) and 13 (winter and spring) correspond to days that meet some criteria. These criteria 
are met in a number of days which is different for each season, so that the residence times 
cannot be compared between different seasons. These residence times only identify the 
preferred geographic regions over which pass air masses that meet those criteria. 
Furthermore, the residence times have been corrected by a central convergence effect factor, 
which is proportional to  the distance of the grid cell from receptor. So, the numbers in color 
scales of Figures 11 and 13 don’t  strictly correspond to the number of trajectories in each 
season expressed in percentage (or probability), and this is the reason to use arbitrary units 
(physically meaningless units). We have to take into account that residence time analysis is 
only a qualitative method.  
 
 
15. Figure 15: The fact that a negative phase of NAO results in higher tropospheric 
ozone amounts in winter over the whole north Atlantic it is not very clear from Figure 
15. I would suggest to add in Figure 15 plots of the ozone differences between NAO+ 
and NAO-. 
 

We have followed this suggestion and included the plots of ozone (TOR) differences between 
NAO>+0.5 and NAO<-0.5. At this point we call your attention to the recalculation of TOR in 
terms of NAO + and NAO- conditions, as was suggested by Referee # 2. Basically we have 
recalculated the values of TOR for winter and spring using monthly average values of TOR in 
months of each of the two seasons that meet NAO> +0.5 or NAO<-0.5. 
 
The new Figure 15 is the following: 
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We have taken the opportunity to include the following article, recently published, which is 
very timely to confirm certain aspects of our discussion in Section 3.8. 
 
Pausata, F. S. R., L. Pozzoli, E. Vignati, and F. J. Dentener, North Atlantic Oscillation and 
tropospheric ozone variability in Europe: model analysis and measurements intercomparison, 
Atmos. Chem. Phys., 12, 6357–6376, 2012. 
 
16. Table 4. Please denote how many cases are included for each type.  
 

The number of cases has been included in former Table 4 (now Table 5) 
 
 

Reply to Referee#2 

 

Our responses to all comments are given hereafter. We thank the Referee for his 
comments, especially that concerning the TOR data in positive and negative NAO 
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phases. Attached is the draft revised manuscript where added information or rewritten 
paragraphs have been marked in yellow.  
 
 
1. My main comment relates to the use of TOMS TOR data to look at the effect of the 
NAO on ozone, please could you clarify (in the text and the figure 15 caption) which 
years of TOMS TOR data have been used. In section 2.6.3 you state the data ranges 
from 1979-2000, whereas in Figure 16 you only plot the NAO index starting in 1988, 
which is fine since that is when the IZO data starts, but if you have NAO data back to 
1979 and have used TOR data from this date then please confirm this. As it stands, 
comparing what you have plotted in Figure 15 with the NAO index in Figure 16 then 
you have only 1 year of data for which the NAO < -0.5 (1996), and it is dangerous to 
draw conclusions based on 1 year of data which could be an anomalous year. The 
NASA Langley TOR dataset extends up to and including 2005, this data should be 
included in your analysis and will provide further years for which the criteria NAO < -0.5 
is satisfied. 
 
Thank you for this question. Indeed TOR data corresponding to the period 1988-2005 
were used in our analysis shown in the ACPD manuscript. Unfortunately no TOR data 
are available in 1996. So, we had only two winters with NAO<-0.5 (2001 and 2005). 
However, and in order to improve the representativeness of this statistics, we have 
changed the strategy for averaging seasonal TOR data by using monthly TOR data 
corresponding to positive and negative NAO phases on a monthly basis, instead of a 
seasonal basis. We think we have improved the TOR data representativeness in the 
negative phase of the NAO, for which less data exist. 
 
We have added the following text explaining the data used in each case: 
 
“The TOR seasonal average value for each phase of the NAO within the period 1988-
2005 was obtained by averaging for each season the TOR monthly mean values of 
those months in which NAO > +0:5 (positive NAO) or NAO <-0.5 (negative NAO). 
Thus, to calculate the TOR mean value corresponding to winter of positive NAO phase 
seventeen months of ten years were used, for winter of negative NAO phase, three 
months of three years, for spring of positive NAO phase, twelve months of nine years, 
and for spring of negative NAO phase, eleven months of nine years. It should be noted 
that no TOR data are available in 1994, 1995 and 1996, and in much of the years 1993 
and 1997.” 
 
 
Figure 15 has been re-plotted with the new criteria. TOR differences between positive 
and negative phases have been included as suggested by Referee#1. 
 
 
We have taken the opportunity to cite the following article, recently published, which is 
very timely to confirm certain aspects of our discussion in Section 3.8. 
 
Pausata, F. S. R., L. Pozzoli, E. Vignati, and F. J. Dentener, North Atlantic Oscillation 
and tropospheric ozone variability in Europe: model analysis and measurements 
intercomparison, Atmos. Chem. Phys., 12, 6357–6376, 2012. 
 
On the other hand, Figures 15 and 16 cannot be compared now in terms of NAO, since 
NAO index information in Figure 16 corresponds to seasonal NAO means, while in 
Figure 15 we have used monthly NAO means.  
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2. Figures 4, 7, 8, 9 and 13 are referred to in the text by figure part (Figure 4a, Figure 
4b etc..), the figures themselves should be updated to include these labels as it is 
unclear which parts of the figures are being referenced, figure 13 it particularly 
confusing. 
 
Done 
 
3. Figures 5 and 6. Please use a thicker line for the map as it is very difficult to make 
out. 
 
Done 
 
4. Figure 11. The quality of the plots in the second column of this figure is very bad. 
The axes lines need to be thicker, and it is almost impossible to see the line for P25th, 
please use choose a different color to plot this line. 
 
Done 
 
5. Page 28399, line 28 states ‘(3) transport from North America, is defined much better 
in this season.’ Should read ‘Transport from North America is more well defined in this 
season’ 
 
Done 
 
6. Page 28401, line 13, ‘A 67% of the hourly ....’ Remove the ‘A’ 
 
Done 
 
7. Page 28410, lines 23-24, ‘travelling most of them at levels’, should read ‘most of 
them travelling at levels ...’ 

 
Done 
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in winter, spring and autumn. Aged air masses in com-
bination with inputs from the upper troposphere observed
in spring, summer and autumn might be identified by
O3/CO ratios from ∼ 0.55 to 0.62ppbvppbv−1. In summer-
time high O3 values are associated with O3/CO ratios >
0.65ppbvppbv−1, normally the result of STT processes in
regions neighbouring the Canary Islands (North Africa, and
the corridor extending from Great Britain to the Canaries).

Summarizing, tropospheric O3 recorded in the subtropical
North Atlantic is the result of the interaction between trans-
port of photochemical produced O3 within the North Amer-
ican CBL, the in-situ photochemical O3 produced within the
FT during its transport over the North Atlantic, and the “natu-
ral” O3 intrusions from the lower stratosphere over the North
Atlantic and North Africa. However, we cannot discern the
relative contribution of each main source quantitatively. For
this, further studies are needed which might be supported
with photochemical model simulations.

Finally, the role played by the NAO in the O3 content over
the North Atlantic, and specifically at IZO has been analyzed.
The predominant high positive phase of NAO changes ap-
preciably from 1995–1996. Since this date the NAO alter-
nates between negative or neutral phases and positive phases.
This change in the pattern of atmospheric circulation over the
North Atlantic results in an increased flow of the westerlies in
the mid-latitude and subtropical North Atlantic, thus favour-
ing the transport of O3 and its precursors from North Amer-
ica, and a higher frequency of storms over North Atlantic,
with a likely higher incidence of STT exchange processes in
mid latitudes. This resulted in an increase of tropospheric O3

in the subtropical North Atlantic region after 1996 that has
been reflected in surface O3 records at IZO.

Averaged TOR data in winter for years with NAO<−0.5
shows higher tropospheric O3 amounts on most of our study
region, and clearly in the Eastern North Atlantic compared
to years with NAO>+0.5. In spring there is a significant
increase in tropospheric O3 in a band that stretches across
the eastern North Atlantic (over the Canaries), North Africa,
the western Mediterranean basin, and southern countries of
Eastern Europe in years with negative phase of NAO. These
results are confirmed by surface O3 at IZO. Years with
NAO<−0.5 show surface O3 values systematically higher
than those for years with NAO>+0.5. The highest differ-
ences between the two phases of NAO are observed in spring
(∼ 3ppbv), and the lowest in autumn (∼ 1ppbv). This is
an important issue in O3 trend analysis since changes in the
phase of the NAO could mask changes in emission of O3 pre-
cursors that have occurred in the last twenty years. O3 trends
over the subtropical North Atlantic region must be properly
interpreted taking into consideration phases of NAO. There
is still considerable uncertainty in the prediction of NAO, but
some studies suggest an intensification of the positive phase
of NAO in a scenario of global warming (Gillett et al., 2003),
which would impact on the content of tropospheric O3 over

the North Atlantic through the atmospheric mechanisms an-
alyzed in this work.
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Gases (http://ds.data.jma.go.jp/gmd/wdcgg/).
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Güsten, H., Heinrich, G., Mönnich, E., Sprung, D., Weppner, J.,
Ramadan, A. B., Ezz El-Din, M. R. M., Ahmed, D. M., and Has-
san, G. K. Y.: On-line measurements of ozone surface fluxes, II,
surface level ozone fluxes onto the Sahara desert, Atmos. Envi-
ron., 30, 911–918, 1996.

Hegarty, J., Mao, H., and Talbot, R.: Synoptic influences on spring-
time tropospheric O3 and CO over the North American export
region observed by TES, Atmos. Chem. Phys., 9, 3755–3776,
doi:10.5194/acp-9-3755-2009, 2009.

Honrath, R. E., Owen, R. C., and Val Martin, M. E. A.: Regional
and hemispheric impacts of anthropogenic and biomass burn-
ing emissions on summertime CO and ozone in the North At-
lantic lower free troposphere, J. Geophys. Res., 109, D24310,
doi:10.1029/2004JD005147, 2004.

Hopke, P., Zhou, L., and Poirot, R.: Reconciling trajectory ensemble
receptor model results with emissions, Environ. Sci. Technol.,
39, 7980–7983, 2005.

Hoskins, B. J., McIntyre, M., and Robertosn, A.: On the use and
significance of isentropic potential vorticity maps, Q. J. Roy. Me-
teorol. Soc., 111, 877–946, 1985.

Hurrell, J., Kushnir, Y., Ottersen, G., and Visbeck, M.: The North
Atlantic Oscillation: Climate Significance and Environmental
Impact, Geophysical Monograph Series, 134, American Geo-
physical Union, Washington DC, USA, 2003.

James, P., Stohl, A., Foster, C., Eckhard, S., Seibert, P., and
Frank, A.: A 15-years climatology of stratosphere-troposphere
exchange with a Lagrangian particle dispersion model: 2. Mean
climate and seasonal variability, J. Geophys. Res., 108, 8522,
doi:10.1029/2002JD002636, 2003.

Jonson, J. E., Simpson, D., Fagerli, H., and Solberg, S.: Can we ex-
plain the trends in European ozone levels?, Atmos. Chem. Phys.,
6, 51–66, doi:10.5194/acp-6-51-2006, 2006.

Junge, C.: Global ozone budget and exchange between stratosphere
and troposphere, Tellus, 14, 363–377, 1962.

Kasibhatla, P., Levy II, H., Klonecki, A., and Chameides, W. L.:
Three-dimensional view of the large-scale tropospheric ozone
distribution over the North Atlantic Ocean during summer, J.
Geophys. Res., 101, 29305–29316, 1996.

Kentarchos, A., Roelofs, G., Lelievel, J., and Cuevas, E.: On the
origin of elevated surface ozone concentrations at Izaña Obser-
vatory, Tenerife during late March 1996, Geophys. Res. Lett., 27,
3699–3702, 2000.

Lelieveld, J. and Dentener, F.: What controls tropospheric ozone?, J.
Geophys. Res., 105, 3531–3551, 2000.

Levy, H. I.: Normal atmosphere: large radical and formaldehyde
concentrations predicted, Science, 173, 141–143, 1971.

Levy, H. I., Mahlman, J., Moxim, W., and Liu, S.: Tropospheric
ozone: the role of transport, J. Geophys. Res., 90, 3753–3772,
1985.

Li, Q., Jacob, D., Bey, I., Palmer, P., Duncan, B. N., Field, B. D.,
Martin, R. V., Fiore, A. M., Yantosca, R. M., Parrish, D. D., Sim-
monds, P. G., and Oltmans, S.: Transatlantic transport of pollu-
tion and its effects on surface ozone in Europe and North Amer-
ica, J. Geophys. Res., 107, 4166, doi:10.1029/2001JD001422,
2002a.

Li, Q., Jacob, D., Fairlie, T., Liu, H., Yantosca, R., and Mar-
tin, R.: Stratospheric versus pollution influences on ozone at
Bermuda: reconciling past analyses, J. Geophys. Res., 107, 4611,
doi:10.1029/2002JD002138, 2002b.

Logan, J.: Tropospheric ozone: seasonal behavior, trends, and antro-
pogenic influence, J. Geophys. Res., 90, 10463–10482, 1985.

Logan, J., Staehelin, J., Megretskaia, I., Cammas, J., Thouret, V.,
Claude, H., De Backer, H., Steinbacher, M., Scheel, H., Stübi, R.,
Fröhlich, M., Derwent, R.: Changes in ozone over Europe:
Analysis of ozone measurements from sondes, regular aircraft
(MOZAIC) and alpine surface sites, J. Geophys. Res., 117, D9,
2012.

London, J. and Liu, S.: Long-term tropospheric and lower strato-
spheric ozone variations from ozonesonde observations, J. At-
mos. Terr. Phys., 54, 599–625, 1992.

Mao, H., Talbot, R., Troop, D., Johnson, R., Businger, S., and
Thompson, A. M.: Smart balloon observations over the North
Atlantic: ozone data analysis and modeling, J. Geophys. Res.,
111, 599–625, doi:10.1029/2005JD006507, 2006.

Millán, M., Salvador, R., Mantilla, E., and Kallos, G.: Photo-
oxidant dynamics in the Mediterranean Basin in summer: results
from European research projects, J. Geophys. Res., 102, 8811–
8823, 1997.

Mitchel, J.: The greenhouse effect and climate change, Rev. Geo-
phys., 27, 115–139, 1989.

Moody, J. L., Davenport, J. C., Merrill, J. T., Oltmans, S. J.,
Parrish, D. D., Holloway, J. S., Levy II, H., Forbes, G. L.,
Trainer, M., and Buhr, M.: Meteorological mechanisms for trans-

http://dx.doi.org/10.5194/acp-10-12295-2010
http://dx.doi.org/10.5194/amtd-5-6949-2012
http://dx.doi.org/10.5194/acp-9-3755-2009
http://dx.doi.org/10.1029/2004JD005147
http://dx.doi.org/10.1029/2002JD002636
http://dx.doi.org/10.5194/acp-6-51-2006
http://dx.doi.org/10.1029/2001JD001422
http://dx.doi.org/10.1029/2002JD002138
http://dx.doi.org/10.1029/2005JD006507
Ecuevas
Resaltado

Ecuevas
Resaltado

Ecuevas
Resaltado



E. Cuevas et al.: Surface O3 characterization in the subtropical North Atlantic troposphere 23

porting ozone over the western North Atlantic Ocean: a case
study for August 24–29, J. Geophys. Res., 101, 29213–29227,
1996.

Nieto, R., Gimeno, L., Ribera, P., Gallego, D., Garcı́a, R., and
Hernández, E.: Effects of the North Atlantic Oscillation on the
spatial distribution of cut-off low (COL) systems in the Northern
Hemisphere, in: Proceedings of the AGU Chapman Conference
“The North Atlantic Oscillation”, Vigo, Spain, 28 November–1
December, available at: http://xtide.ldeo.columbia.edu/∼visbeck/
nao/poster/, (last access: October, 2012), 2000.

Nieto, R., Gimeno, L., de la Torre, L., Ribera, P., Gallego, D.,
Garcı́a-Herrera, R., Garcı́a, J., Núñez, M., Redaño, A., and
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bler, L.: Factors controlling beryllium-7 at Jungfraujoch in
Switzerland, Tellus B, Vol. 51, 4, 789–805, 1999.

http://dx.doi.org/10.1029/2002JD002636
http://dx.doi.org/10.1029/2001JD001396
http://dx.doi.org/10.1029/2002JD002636
http://dx.doi.org/10.5194/acp-9-4157-2009
http://dx.doi.org/10.1029/2010JD014040
http://dx.doi.org/10.1029/2007JD009689
http://dx.doi.org/10.1029/2001JD000812
http://dx.doi.org/10.1029/1998JD100043
Ecuevas
Resaltado

Ecuevas
Resaltado


