Responses to Reviewers’ Comments on “Transport Analysis of Ozone Enhancement in Southern Ontario during BAQS-Met” by H. He et al.

We thank the reviewers for their insightful comments on our work. We hope that our responses below, and the revised manuscript will address their concerns. We are grateful for their efforts and believe that the manuscript is greatly improved by their contributions. In the following, the reviewers’ original comments are provided in italics, followed by our response in regular font.
All of the referees felt, to varying degrees, that the motivation for our study was not well explained. In fact, our study was motivated primarily by questions about how well AURAMS was representing STE. This, clearly, did not come across -- to the point that the fourth referee even asked why we talked about AURAMS at all! The manuscript has therefore been substantially rewritten and reorganized, in order (we trust) to better tell a coherent story, which is about the quality of representation of STE in our models, not fundamental discoveries about the nature of STE. To this end, there are several major modifications to our paper:

1. We have rewritten the Introduction, carefully describing the objectives of our work, and deleting some of the wordy description of STE. We address our major motivations and objectives:

(1) A particular focus of the BAQS-Met study was evaluation of the ability of the Environment Canada chemical transport model AURAMS to represent regional air pollution in southwestern Ontario, near the U.S.-Canada border. 

(2) This study presents observations of stratospheric ozone intrusions during the BAQS-Met campaign in summer 2007, and uses measurements and model simulations to examine the ability of the Canadian operational numerical weather prediction model GEM and a new version of AURAMS to accurately represent sporadic cross-tropopause ozone transport events.
2. The GEM-FLEXPART simulation results have been redone. In the new simulation, a new, global version of the Global Environment Multiscale (GEM) model, version 3.3.3, has been used. This version produced hourly output fields on a 0.45 by 0.3 degree resolution longitude-latitude grid. Compared with the old version 3.2.2 regional GEM model, the global version 3.3.3 model has several advantages:

(1) The old regional GEM model only covers North America, so it does not include STE events that cross the tropopause outside of this region. Accordingly our original calculation of the percentages of stratospheric ozone contributing to tropospheric concentrations is biased low. The new calculation is more comparable with previous results [e.g. Cooper et al., 2006; Thompson et al., 2007]. 

(2) The new model has less estimation bias. The old model was run forward for 12 hours at 12 hourly intervals, while the new model was run forward for 6 hours at 6 hourly intervals.

3. Figures 2, 8 and 9 have been removed and several new figures added, in order to facilitate more detailed discussion of the model results and comparison with the observations.

Detailed responses to the referees’ comments follow.
Anonymous Referee #1

Overall Review:

A short summer field campaign “BAQS-Met” in late June-early July 2007 in southern

Ontario, that studied atmospheric structure below 20 km with a radar array, sondes, satellite, models and continuous surface measurements, has been used to examine stratospheric intrusions and their impact on tropospheric ozone. The site is Harrow, Ontario (42N, 83W). Three episodes stood out, at 20 June, 1 July and 7 July. On the whole, there is coherence in stratospheric intrusion among tropopause deformation detected by the radar, the satellite view from TES and AIRS when kriging is applied to the daily data, and the sondes. An exception was the 1 July event, when the stratospheric intrusion event observed apparently occurred far upwind of Harrow so it was not observed locally by the radar. The FLEXPART model reasonably well outlines location and timing of the intrusions (though magnitude of ozone in the troposphere is hugely underestimated) and there is good, but not perfect agreement between surface ozone and AURAMS ozone. The paper should be published but in general the findings would be more effective and of higher impact if they are put into context better and more details are supplied in certain places. In addition, a number of errors in writing are pointed out, including basic things like the author affiliation list and references.

Detailed Comments/Corrections:
 (4)  Author affiliations. Is D Jones UofT? Osterman’s institution and McConnell’s appear tobe incorrect.

The mismatched author affiliations have been corrected.

(5) ABSTRACT. Three main points -

1) “Summer” is misleading. You have a dataset of high intensity but less than 3 weeks, so state in “June and July” 2007 or “during a 2.5 week campaign in summer 2007...”

2) East of Detroit is meaningful to many but pls put lat/long in the Abstract, eg “... at 42N,83W, just east of Detroit)” or something like that

3) Overall, the Abstract is short and vague, considering the density of good data youhave... –> for example, line 6... “forecast model, indicate three major occurrences ofstratosphere...”

You have demonstrated a substantial degree of coherence among your multiple datasources with two strong case studies and an exception for the 1 July episode. Just say so! Also, how far is the apparent intrusion from Harrow? Eg over ... Beaufort Sea (“some xxkm distant”) - this should be included.

The Abstract has been rewritten, taking note of the reviewer’s suggestions, and the main body of the paper as well.

(6) Page 5, line 3. “Borne” – spelling
Oops! Thanks.
(7) Page 5, line 6. Insert reference after Cooper et al., 1998; Thompson et al., 2010) -

Thompson, A. M., S. J. Oltmans, D. W. Tarasick, P. Von der Gathen, H. G. J. Smit, J. C.Witte, Strategic ozone sounding networks: Review of design and accomplishments, Atmos. Environ., in press, 2010.

The suggested reference has been added.

(8) Page 5, line 4 from bottom. Good references but no details - meeting proceedings not adequate. Check to see if Pan et al., and Kollonige et al., have been submitted, if not published.

We have reduced this citation to Parrington et al., 2008, as this is apparently the only published effort along this line.

(9) Page 6. 2nd para. In the Intro, the motivation for this specific study is rather weak. What sets up the present paper would appear to be the results in this paragraph, recent studies, but no details are given. For example, what does “excellent qualitative agreement” mean? Or “not ideal”? Here is where a thoughtful listing of prior findings and unresolved findings that BAQ-Met was designed to address would strongly motivate this paper. Being more quantitative would help a lot. In any case, amplify! 

As noted above, there was general agreement on this point! Accordingly, we have rewritten the Introduction, carefully describing our major motivations and objectives in this work. 
(10)  Page 6 - line 9. Here is where “summer” should be replaced by 2.5 or “3-week” campaign.

Done.
(11) Page 7 - 3rd para. Inadequate details on experiment. Ozone at “supersite” - exactly where, measured with which instrument? Reference to publicaition? Website - availability of data?

The description of the experiment and data sources has been revised, with appropriate citations and references to data archives.
(12) Page 8 - line 4 - TES launched mid-July 2004. Data may not have been available until later in the year but be clear. Line 9 of the first para- version 2 - reference needed.

This paragraph has been revised.

(13) Page 8 - 2nd line from bottom. This study uses rather than “will use”.

Corrected, here and elsewhere.
(14) Page 9 - line 2 DISC ref- website ? In the middle of the paragraph about AIRS - confusing. Makes no sense. The material about first guess and sensitivity looks like circular reasoning. It may not be but please clarify.

This paragraph has been substantially revised.

(15) Page 10 - good summary - less sketchy than some of the prior exptl material.

Retained.
(16) Page 10 - 2nd line from bottom. Convection not plural. Last line “parameterizes”

Corrected.
(17) Page 12 - UTC not GMT is present SI standard nomenclature.

Changed to UTC.

(18) Page 13 - 3rd para. 4th sentence... comparison between Kriging and sonde is only qualitative?? What does this mean?

We meant that for a quantitative comparison (which we do not do), TES and AIRS measurement sensitivity and vertical resolution should be taken into account: for example, by applying the TES or AIRS averaging kernel to the ozonesonde data before comparing the profiles. However, in the revised manuscript we consider the degrees-of-freedom and averaging kernels of satellite signals during the BAQS-Met campaign (e.g. our new Figure 1). 
(19) Page 15- 3rd para. Figure (cap letter)

Corrected.
(20) Page 16 - line 7. The the (twice)

Corrected.
(21)Page16 - 3rd para. Given the amount of stratospheric influence in your prior studies (page6) is the statement about “surprising” really correct. From IONS analysis (Thompson et al reference on page 29) approx 25% of soundings in eastern North America in one summer (2004) displayed stratospheric influence. This is about the same figure as analysis with trajectories of a30-year mid-latitude sonde climatology of Collette and Ancellet (Atmos Environ, 2005). It might be more accurate to state ‘that several significant stratospheric intrusions in high summer confirms the view of C&A (2005) and Thompson et al (2007) that STE, although less active at that time of year than in spring (Appenzeller et al, 1996), is an important process(or “recurring process”)’ or words to that effect.

Well, we were surprised! But arguably we should not have been. We have revised the discussion, and as our new, improved calculation shows that approximate 26% of ozone in the free troposphere over Harrow was stratospheric in origin, we are now in agreement  with IONS analyses (Thompson et al., 2007) and the analysis of Collette and Ancellet (2005).
(22)Page 18 - “at most a modest contribution to the tropospheric budget.” Have you really quantified this in the paper? Might be an overstatement.

We’re fairly confident of our new calculation, but as this is higher (8%) we now say “…a moderate but significant contribution to the tropospheric ozone budget”.

(23) Page 18 - 3rd line from bottom. Seems that one needs to say “..at this time, probably because the origins of the intrusion was far upstream” or something like that.

The Conclusions section has been rewritten. We have taken the reviewer’s suggestion, and this is noted elsewhere.
(24) References - MANY format problems. Latek drops middle initials, paper numbers in JGRformat are missing, many page numbers start finish are missing, the hyphen start-finish.

    Refs by James, papers 1 and 2 are out of order.

     Kollonige / Olsen et al - inadequate references. Was Kollonige work published?

     Monahan - spelling of Boulder

     Oltmans, 9, 245...

     Pan, LL AIRS Meeting ?? If meeting ref is to be used, at least supply URL foraccess to presentation material

    Parrington - volume and article # missing

    Richmond (syntax)

    TOO MANY MIXED FORMATS eg Schoeberl, Stohl, Wakamatsu for instance

We apologise for these errors, and have paid extra attention to citations in the revised version.
(25) Figure 8 - caption “over 48 hours” - clarify as in text on bottom of p 15

This figure has been removed.
Anonymous Referee #2
Major Comments:

Objectives and results: The introduction gathers some platitudes on stratosphere troposphere exchanges (STE). It does not provide a status of what is well known and of what is needed to be further investigated to better know on this topic. A synthesis of recent summer mid-latitude STE studies is needed (e.g., Colette and Ancellet, Atmos. Env., 2005 ; Brioude et al., ACP, 2006 ; Thompson et al., JGR, 2007). Authors should define their objectives in showing how the STE case studies they are proposing would bring new information, or a better quantification of irreversible transport, to improve our assessment of impact of summer STE in the tropospheric ozone budget. Results that are summarized in the conclusions section suggest that several STE events can be studied with the BAQS-Met dataset, but do not offer anything conceptually new on the mechanism, and do not bring new insight into the impact of these STE events on the tropospheric ozone budget.
This original manuscript did not address our motivation clearly and had lots of wordy description about STE. We were not intending to elucidate mechanisms or details of STE processes. We hope that we have made a clearer statement about our objectives in this new manuscript.
Methodologies for data interpretation: - Kriging interpolation of satellite ozone data:

Before to interpolate the data, please, give the rationality to use TES and AIRS ozone profiles in the lower troposphere and in the boundary layer. How many degrees of freedom are there in this part of the troposphere for these sensors? What are the validation studies, e.g. for use in the lower troposphere and in boundary layer? Then, the confidence to use this interpolated dataset in the transport analysis must be established by direct comparison with independent datasets; i.e. with ozone sounding and surface station data.
Both TES and AIRS ozone retrievals have been compared extensively with ozonesonde data. The most important validation papers are cited. In the revised manuscript we examine the degrees-of-freedom (DOF) and averaging kernels of TES and AIRS signals during the BAQS-Met campaign. TES profiles show an average of 1.24 DOF in the troposphere during the BAQS-Met campaign, indicating that TES is able to resolve middle and upper tropospheric ozone. The DOF of AIRS profiles are less than 1 in the troposphere, indicating that AIRS can resolve only the total tropospheric column. 
The Kriging interpolation is done only for Harrow, and the results (our new Figure 9) can be compared with the ozonesonde results (our new Figure 2). Given the limited vertical resolution of the satellite profiles, the agreement appears good.
- GEM-FLEXPART model study: Because the outputs of the GEM-FLEXPART runs are used to investigate the penetration of stratospheric intrusions down into the boundary layer, the relevance for this special use of FLEXPART based on its parameterization of turbulence and its associated downward transport of the stratospheric tracer across the top of the boundary layer should be first demonstrated.

The reviewer makes a good point that one should have less confidence in the use of FLEXPART to simulate downward transport across the top of the boundary layer than in the free troposphere, and we have added a caveat in the text to that effect. However, we note that FLEXPART has been used this way in other studies: e.g. Cooper et al. (2005).

Cooper, O.R., A. Stohl, G. Hubler, E.Y. Hsie, D.D. Parrish, A.F. Tuck, G.N. Kiladis, S.J. Oltmans, B.J. Johnson, M. Shapiro, J.L. Moody and A.S. Lefohn (2005), Direct transport of midlatitude stratospheric ozone into the lower troposphere and marine boundary layer of the tropical Pacific Ocean, J. Geophys. Res., 110, D23310, doi:10.1029/2005JD005783.

- Radar tropopause dataset: This is a nice and complementary dataset for detection of stratospheric intrusions (Hocking et al., 2007). However, its interpretation is biased on an unproven direct link between rapid changes in radar tropopause height and the occurrence of a stratospheric intrusion. It leads to misleading and useless questionings when ozone soundings show stratospheric intrusions that are not associated with tropopause breaks (e.g., page 15569 lines 7-9, page 15571 lines 8-10, pages 15571 (line 29) – 15572 (line 1), and page 15574 lines 10-11 and 16-17). Simply, depending on how weather systems move across the radar site, tropopause breaks associated with stratospheric intrusions may or may not be observed by the radar.

Figure 2 has been deleted, and the discussion of tropopause height changes as an indicator of stratospheric ozone intrusion events has been considerably shortened.

Detailed Comments:

(1) Page 15561 (Abstract, lines 8-12): This sentence is misleading. For instance, I do not

see how surface ozone data have shown to support the occurrence of stratospheric

ozone intrusion events.

This description was a bit muddled. The abstract has been rewritten.
(2) Pages 15561 (line 26) – 15562 (line 1): Add references for the other mentioned processes leading to stratosphere-troposphere exchanges.

The wordy description about stratosphere-troposphere exchanges has been removed.
(3) Page 15562 (lines 2-4): Although the sentence is correct, the use of the reference

Hocking et al. (2007) in it is not appropriate. Indeed, abrupt variations of tropopause may be associated with stratospheric ozone intrusions. However, the observation of this tropopause feature by an instrument, a windprofiler radar in the case of Hocking et al. (2007), only depends on the relative position of the instrument in the weather system, not on the weather system itself.

This sentence has been removed in the new version.

(4) Page 15562 (line 22): what means “long-term” for satellite measurements?

We really meant “continuous”, and have corrected the text accordingly.
(5) Page 15563 (line 4): year for Parrington et al.: 2008 or 2009?

Parrington et al. 2009. It has been corrected.

(6)Page 15565 (section 2.2.1 TES data): Please specify what is the vertical resolution (or degree of freedom) of TES data in the troposphere.

By choosing TES profiles closest to Harrow, the averaging kernels exhibit 1.24 degrees-of-freedom (dof) for signals in the troposphere during the BAQS-Met campaign, indicating that TES is able to resolve middle and upper tropospheric ozone.
(7) Page 15565 (section 2.2.2 AIRS data, line 23): What means 45 km pixels? 45 km by 45 km?
Yes. 45 km by 45 km. This now specified in the text.
(8) Page 15565 (section 2.2.2 AIRS data): What is the vertical resolution (or degree of freedom) of AIRS data in the troposphere ?
The degrees-of-freedom of AIRS signal within the troposphere are less than 1 in this case, which indicates that the AIRS instrument has a stronger sensitivity to ozone in the stratosphere and a weaker sensitivity in the troposphere.
(9) Page 15566 (section 2.2.2 AIRS data, lines 9-10): It is not obvious to understand why

AIRS ozone profiles have a finer latitude-longitude resolution than TES ones, given the confusion on AIRS pixels (see question above).

The AIRS instrument is a 2378-channel nadir cross-track scanning infrared spectrometer with 15km field of view. For one global survey, AIRS retrieves data at many more points than TES.

(10) Page 15567 (line 15): replace “a” by “the”

Corrected.
(11) Page 15568 (section 4, Fig.1): Incomplete description of Fig. 1: only one case of STE is suggested at the beginning of the time series (21 - 23 June), the rest of the figure is even not commented.
In the new manuscript, discussion of this figure is much more complete.
(12) Page 15569 (section 4, Fig. 2): Uncoordinated description of Fig. 2. Why should there be an association between ozone intrusions and radar tropopause excursion rates?

What is the usefulness of this stratospheric ozone intrusion indicator? The ozone enhancement observed in ozonesonde measurements on 7 July was not analyzed when presenting Fig. 1.
Figure 2 has been deleted, and the discussion of tropopause height changes as an indicator of stratospheric ozone intrusion events has been considerably shortened. The ozone enhancement observed in ozonesonde measurements on 7 July is now discussed (see response to point 11, above). 
(13) Page 15569 (lines 19-20): “The TES profile also appears to show high ozone in the boundary layer, consistent with the surface observations in Fig. 1.” I do not see why it is consistent with surface observations. The peak value of the daily cycle of surface ozone shown in Fig. 1 on July 1 does not show an enhancement, it is on the contrary a relative minimum compared to the end of June, or compared to days after July 3. Please, explain.

This statement has been removed. The reviewer is correct. 
(14) Page 15569 (lines 20-22): Please explain what you do mean with “large stratospheric intrusion in the upper troposphere”. It seems to be here no more than a low tropopause associated with an upper-level trough, which does not mean there is an intrusion.

Yes. We now describe this as “a large trough, with ozone amounts typical of the stratosphere, in the upper troposphere (UT) and down to about 5 km altitude”.

(15) Page 15570 (lines 11-13): Again, it is not evident at all that Fig. 1 shows high ozone concentrations (approximately 80–100 ppb) down to the ground on July 1.
Yes. This sentence has been removed.
(16) Pages 15571-15572 (line 29 and Lines 1-2): Why? Explain, please.
We now note that “Upper air charts show a broad but deep trough, centred over Hudson Bay ... Such a feature is commonly associated with STE (e.g.  Johnson and Viezee, 1981), but it may have been too far north to strongly affect tropopause heights over Harrow.”
(17) FIGURES:

 1) Figure 1 (Page 15584): It seems that UTC is used here. Please indicate the difference with the local time.
UTC is 5 hours ahead of the local (standard) time at Harrow. This is now noted in the text.

2) Figure 3 (Page 15586): There seems to be partial inconsistency between top and bottom parts of the figure. For instance, the ozone mixing ratio lower than 50 ppbv at

68N-70W seen on the bottom part of the figure is not present at 6 km a.s.l on the top of the figure.
Thank you! Figure 3 has been re-generated to fix this error, and is Figure 7 in this version. 

Anonymous Referee #3
Major Comments:

The Introduction is not clear as to what the purpose of the paper should be, with the

last paragraph only listing the outline of the paper. What scientific questions are the

authors trying to answer?
As noted on the first page of this reply, there was general agreement on this point! Accordingly, we have rewritten the Introduction, carefully describing our major motivations and objectives in this work. 
From reading the paper it seems the main points are 1) that stratospheric intrusions

occur frequently in summer over eastern North America, which runs counter to the idea

that they are more active in spring, and 2) that these intrusions while introducing a lot of ozone into the upper and mid-troposphere make little impact at the surface. Both of

these topics have already been covered well in the literature.

The main points of this paper are:

 (1) evaluation of the ability of the Environment Canada models GEM and AURAMS to accurately represent sporadic cross-tropopause ozone transport events.

 (2) that stratospheric intrusions appear to be responsible for much of the variability of ozone in the free troposphere, and make a moderate but significant contribution to the overall tropospheric ozone budget (at this midlatitude site).
I have to dispute the authors’ finding that the observation of several stratospheric intrusions in a short campaign in high summer is surprising (page 15572 lines 8-9). While several modelling studies have shown a greater flux of stratospheric ozone into the troposphere in spring there is plenty of evidence that stratospheric intrusions are common summer (or even early autumn) events, as shown by these studies over North America: Johnson and Viezee, 1981; Bachmeier et al., 1994; Moody et al. 1996; Thompson et al., 2007.
Well, we were surprised to see so many! But arguably we should not have been. We have revised what we say accordingly, with these citations (although the Johnson and Viezee study was in spring and fall).
The finding that on average very little ozone impacts the surface of southeastern

Canada, very close to the US border, is also not a substantially new finding as previous

studies have found the same thing, with Fiore et al [2002] being a very good

example.
In our revised GEM-FLEXPART simulation, the percentage of stratospheric ozone at the surface is larger than our previous calculation.

Anonymous Referee #4
Major Comments:

In their study He et al present a detailed case study of ozone enhancement in southern Ontario. They provide ample evidence for the stratospheric nature of the ozone increase, based upon surface measurements, vertical soundings, satellite data and models simulations with FLEXPART. There is little doubt that their interpretation of the event is correct. Nevertheless several major aspects need to be improved in the manuscript before I can recommend it for publication in ACP. These aspects are listed below and I encourage the authors to include them in a revised version.

Major points:

1) What is the really new aspect of this study? As mentioned before, all interpretations look correct and are well supported by observations and modelling results. But to my knowledge there exist many studies showing stratospheric ozone intrusions (SI) in the mid/lower troposphere and surface sites. Hence, the authors should make more clear which aspects are really new and how they relate to the existing literature. If there are only few new aspects, I recommend to substantially shorten the manuscript, both in text and number of figures.

As noted on the first page of this reply, there was general agreement on this point! Accordingly, we have rewritten the Introduction, carefully describing our major motivations and objectives in this work. The major new aspects of this study are:
 (1) evaluation of the ability of the Environment Canada models GEM and AURAMS to accurately represent sporadic cross-tropopause ozone transport events.

 (2) that stratospheric intrusions appear to be responsible for much of the variability of ozone in the free troposphere, and make a moderate but significant contribution to the overall tropospheric ozone budget (at this midlatitude site).
2) The structure and presentation in section 4 could be considerably improved. There are essentially four aspects which I think must be done:

· At the moment the discussion follows a 'simple' one-figure/one-paragraph style, i.e. the whole section steps from the discussion of one figure to the next one. This is ok in the beginning, but finally leaves the reader with the impression that no coherent story is told. It looks as a simple listing of 'another supporting proof for SI'. I would very much appreciate if the authors could 'streamline' there text in such a way that this impression does not come along.
The new manuscript has been completely re-written. We trust that the referee will now find that it tells a coherent story.
· The whole section is very long and definitely needs some subsections. Indeed, the section is entitled 'Observations', but modelling results are also presented. I would suggest to structure the whole section 4 at least into the following subsections: 1) Ozone sounding; 2) satellite measurents; 3) FLEXPART modelling.
The paper has been restructured.

· Most of section 4 is a presentation of results, but part of it looks more like a discussion to me. For instance, on page 15572 (L8-21) the modelling results are set into context and interpreted, which clearly separates this paragraph from the preceding ones. Please consider to more clearly separate discussion and results in the manuscript.
This has been done, we hope satisfactorily.
· With the last paragraph in section 4 (p15572, L22 – p15573, L21) a 'completely' new topic is started, i.e. the chemical transport model AURAMS is introduced. I am not convinced that the extra benefit for the manuscript justifies the introduction of AURAMS simulations. In fact, at first reading I got the impression that it essentially shows a lack of focus of the whole study. Please, consider whether these AURAMS are really essential for the study and how my impression can be 'falsified'.

The AURAMS model is central to the study. The original manuscript did show a lack of focus. One of our primary interests in this paper is to evaluate how well the new GEM-AURAMS, with improved boundary conditions, represents stratospheric ozone intrusions and upper tropospheric ozone. In the new manuscript, we introduce AURAMS at the beginning, and (we hope) make our focus much clearer.

3. In many plots the radar-derived tropopause is shown (e.g. Fig.1, Fig.5). It is in good agreement with the thermal tropopause. But if you consider the crossing of ozone-rich air through the tropopause, the dynamical tropopause, defined as an iso-surface of potential vorticity (PV), might be more appropriate. Indeed, when looking at the FLEXPART simulation the dynamical tropopause is used and a 'simple' PV/ozone relationship is used to initialize the FLEXPART simulations. At least I think that all plots should also show the height of the dynamical tropopause in addition to the radar-derived one. In particular, if in Fig.6 the high ozone values reach down to 7 km (on 29/06), but the thermal tropopause does not, it is still unclear whether the ozone intrusion is reversible or not. Note also that at some times, the ozone really shows such a deep intrusion, but the thermal tropopause is rather undisturbed. I guess that the dynamical tropopause shows much more fluctuations in line with the ozone signals.

This is an excellent suggestion, and we have added the PV=2PVU tropopause in our new  Figure 3 (old Figure 6). We have also added the heights of the second dynamical tropopause, where it exists. Double tropopauses appear to be associated with deep ozone intrusions.

Minor points:

1. P15562, L26,27: Give reference for 'other processes' related to STE.

We have reduced the wordy description of STE and related processes.

2. P15564, L5: The reference for FLEXPART must go to Stohl alone; all the other references are applications for FLEXPART. Please separate the two.

The references for FLEXPART itself and applications of FLEXPART have been separated.

3. P15568, L 23-24: 'A rapid ascent in tropopause height ... suggests the possibility of an ozone intrusion'. Why is the tropopause ascent related to an intrusion? Please explain in greater detail.

This is a principal conclusion of Hocking et al. (2007), who suggested that it could be a useful predictor, diagnostic or proxy, particularly when ozonesonde data were not available.
4. Fig.2: What is meant by 'radar tropopause vertical velocity'? Is it the velocity of the tropopause or the vertical velocity at the tropopause? And anyway, to my knowledge only the relative velocity of the two is of physical importance for STE and ozone crossing of the tropopause. Please explain!

The ‘radar tropopause vertical velocity’ is the first gradient of radar tropopause heights. We have removed this terminology and refer only to “rapid tropopause height change”.

5. Fig.7: These are nice 3D illustrations of the stratospheric intrusions. But possibly they can be shown much earlier together with some discussion of the meteorology of the events. Indeed, at the moment the whole discussion is strongly focused to the Harrow site, but nearly nothing is said about the weather situation related to the event. I would appreciate to see a short introduction to the meteorology of the event, possibly including Fig. 7.

The right plot of Figure 7 is Figure 4 in the new manuscript. It has been moved ahead to show the stratospheric ozone intrusion event on July 1st. We have added a new plot in Figure 5, which shows the 1000-500mb thickness contour plots from June 28 to July 1, 2007. Figure 5 shows a broad but deep trough, initially centred over Hudson Bay, moving slowly over northeastern Canada, to be centred over Labrador on July 1.
6. If you compare Fig.5 and 6 you see that in the latter the high-ozone stratosphere is shifted to higher altitudes. Is this only related to the fact that a stratospheric tracer is used in FLEXPART whereas the 'full' ozone is included in the satellite (kriging) result? Please shortly discuss the vertical shift between the two.

One should be cautious of reading too much into the satellite curtain plot, since the averaging kernels are broad (see our new Figure 1) and do not resolve the tropopause well. The high ozone (black) below the tropopause in this figure is probably just due to this lack of vertical resolution. This plot is also not corrected for the positive bias (~15%) of both TES and AIRS. The FLEXPART calculation, on the other hand, starts with no ozone in the troposphere. However, the occurrences of low ozone above the tropopause in the FLEXPART curtain are puzzling (since this should be replenished by transport), and may suggest a problem with stratospheric transport in the model, at least just above the tropopause.
