Replies to reviewer #1
We thank reviewer #1 for his/her careful review and the useful comments and suggestions,
following our replies (the comments of the reviewer are written in bold Italics)

Summary: This paper presents a detailed meteorological analysis of PAN data from the
Jungfraujoch and Zugspitze sites during May 2008. The study presents the PAN data alongside
several other trace gases, and segregates the data by meteorological patterns (clusters). The paper
presents and adequately explains a very thorough analysis of 1 month of data. This is not a
groundbreaking piece of work, but it is certainly suitable for publication in ACP with relatively
minor changes.

Specific Comments:

Figure 2 Discussion, pg 12739: Do the authors have any insight on why there appears to be larger
interannual variability at the lower sites?

The sites of the right panel are located in the planetary boundary layer (PBL) including different types
such as suburban, rural and low-level alpine. The interannual PAN variability is attributable (assuming
similar emission strengths of the precursor) to the interannual meteorological variability: Due to
photochemistry PAN concentrations increase in warm periods in summer (during high pressure
condition) intermitted by “dilution” as caused by convection and frontal systems. The lack of such
dilution of the polluted PBL might explain why PAN in the “heat wave” summer 2003 is very high at
Hohenpeissenberg. The shaded area includes PAN concentrations of the different sites contributing
to the rather large spread. The high altitude sites (left panel) are intermittently exposed to air
reaching the sites from the European PBL and free tropospheric air. PAN measurements at
Jungfraujoch show very large variability on hourly time scale (see Fig. 4 of Pandey Deolal et al., 2013)
but it appears that frequency of air parcels with low and high PAN concentrations on monthly
balances in a way that interannual variability becomes smaller.

Why have the authors chosen to not shade the area including 2005 (JFJ) and 2003 (ZUG)? If there is
not a suspected problem with the data, it is very interesting to acknowledge and understand the
interannual variability in PAN. There are very few measurements of PAN globally that can offer any
information on interannual variability of either production or venting to the free troposphere.

The measurements at JFJ of 2005 were excluded because they only contain measurements of short
campaigns not necessarily representative for complete monthly mean values. No PAN observations
were available for Zugspitze in 2003 and there are no such data shown in Figure 2.

Pg 12744, Lines 2-3: PAN could also decompose during transit.

Indeed, this is true, however, we only wanted to make a simple rough estimate and we do not have
adequate information to take into account decomposition during transit which also depends on
chemistry.

Figures: Please add the cluster descriptors (i.e. “westerly advection” to all the plots and captions. It
really slows down the reader to have to constantly refer to the text and remember your color
schemes.

We will revise the figures accordingly.

Overall Comment: This is my largest concern. The authors should attempt to determine how
representative May 2008 is compared to the other years of data. | have confidence that the
elevated PAN observed at JFJ during May 2008 was the result of recent boundary layer production;
but in reality, this analysis is only based on approximately 10 days of data. Is this weather pattern
common in spring?

Does it occur frequently in other years?



Indeed, the representativeness of the results (“case study”) of the described mechanism for other
years is an important question. Replying to the question we refer to the study of Pandey Deloal et al.
(2013), in which long-range backward trajectory analysis (performed by LAGRANTO using ERA interim
wind fields) together with chemical filters was applied to the PAN measurements at JFJ covering the
years 1997, 1998, 2008, 2009 and 2010. The study showed that high spring PAN values at JFJ can be
(tentatively) attributed to European PBL influence. Since the underlying trajectory model was based
on coarse resolution meteorology and did not represent turbulent and convective transport, the
obtained results of the Pandey Deloal et al. (2013) study only allow a qualitative conclusion and,
hence, motivated the current study were a more state-of-the-art transport model was used.

In order to further explore the representativeness of the weather conditions encountered in 2008 we
we compared the transport clusters obtained in our study with a long term weather type
classification. The Alpine Weather Statistic (AWS) is a weather classification that was developed to
characterise the weather situation at a given time over the Swiss domain (MeteoSwiss, 1985). The
AWS was previously used to analyse PBL transport to JFJ (Henne et al.,, 2005). The AWS types
“convective-indifferent” and “convective-anticyclonic” were identified as weather types for which
PBL transport to JFJ was likely during the spring and summer months. Our JFJ cluster 3 largely
corresponds with the AWS weather sub-types “convective-anticyclonic flat pressure” and
“convective-indifferent easterly advection”. The frequency of these two weather types for the years
2001 to 2010 and the months April and May was relatively large in 2008 (>15 days) but comparable
to other years (2001, 2004, 2005; > 15 days). When looking at the frequency of all “convective-
anticylonic” and “convective-indifferent” weather types, which are likely to allow PBL transport to
JFJ, the frequency in 2008 (30 days) was only slightly larger than the average frequency for all years
(27 days). Hence, our conclusion on the representativeness of our 2008 case study is twofold. On the
one hand, the occurrence of strong PBL influence during easterly flow in May 2008 was exceptional
in its persistence and continuation for about 10 days. On the other hand, the frequency of weather
types with likely PBL transport towards JFJ was not larger in 2008 than in other years. Therefore, we
are convinced that our findings concerning the origin of the pronounced spring time PAN maximum
at JFJ are not restricted to the analysed year but can be interpreted in a more general way. We will
add this discussion in the revised manuscript.

The selection of May 2008 is justified by the following arguments: During May 2008 JFJ experienced
some of the largest hourly PAN mixing ratios ever recorded at JFJ (Pandey Deolal et al., 2013) and
also the monthly mean PAN was among the largest on record (see Fig. 2 — this is even more evident
in Fig. 2 of the revised manuscript in which PAN data of JFJ of the years 2009 and 2010 are included).
PAN at ZSF was comparable to other years. Hence, May 2008 was selected for a more detailed
analysis as the variability at the sites can help identifying the potential origin of air masses and
meteorological processes involved.

Can the analysis be quickly re-run for another year, and quickly compared to see if that also
resulted in elevated PAN?

Unfortunately, the analysis cannot be easily compared with other years because the extension not
only requires the calculation of the FLEXPART model (such data for other years would be available)
but also requires the many other steps of the data analysis which is not a simple task and therefore
out of the scope of the paper.
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Replies to reviewer #2
We thank reviewer #2 for his/her very competent and extensive review and the valuable comments
and suggestions, following our replies (the comments of the reviewer are written in bold Italics).

This paper reports on a Flexpart cluster analyses applied to two sets of PAN, and associated species
measurements at European mountain sites, Jungfraujoch and Zugspitze. While there are multiple
years of data for both sites, some after 2008, the period of analysis is limited to May 2008. It is
difficult to see how this paper really advances our knowledge relative to the previous paper by this
group, Pandey Deolal et al. [2013], that interpreted data from Jungfraujoch. The case for the value
of this paper needs to be made before it is acceptable for publication.

We agree that the justification of the paper particularly in relation to Pandey Deolal (2013) needs
clarification. In the introduction of the revised manuscript we will refer to the recent study of Fischer
et al (2014) which compares best available climatology of PAN data (mainly from aircraft
measurements) with extensive numerical simulation, being the most comprehensive present PAN
study. Fig S2 (Supplementary material) of Fischer et al. (2014) illustrates one of the scientific
questions of our study: the sophisticated numerical model which describes aircraft measurements
quite well underestimates the PAN spring maxima observed at Jungfraujoch as well as at Zugspitze by
more than a factor 2. The large deviation between the GEOS-Chem model simulation (based on a grid
resolution of 2° x 2.5°) and measurements might be caused by the not appropriate description of the
effect of European emissions for PAN concentration at Jungfraujoch. The study of Pandey Deloal et
al. (2013), in which long-range backward trajectory analysis (performed by LAGRANTO using ERA
interim wind fields) together with chemical filters was applied covering the years 1997, 1998, 2008,
2009 and 2010 points into the direction that the largest spring-time PAN concentrations observed at
Jungfraujoch might originate from European emission of PAN precursors. However, the study of
Pandey Deolal (2013) was based on LAGRANTO backward trajectory analysis which utilized coarse
meteorological input data and did not describe turbulent and convective vertical transport.
Therefore, the study could only provide qualitative and suggestive information regarding the
mechanisms responsible for high spring-time PAN concentration at Jungfraujoch. The aim of the
present study is to use more adequate transport simulations (FLEXPART with finer resolution input
and treatment of turbulent and convective vertical transport) combined with a state-of-the art
clustering analysis to verify the tentative interpretation of Pandey Deolal et al. (2013) allowing for a
more precise and more detailed description of the involved atmospheric physical processes and their
relations. In addition, we extend the analysis by incorporating results from another European high
altitude site (Zugspitze) which showed a similar annual PAN cycle as Jungfraujoch. Here we can show
that the PAN formation mechanisms are similar for both sites, allowing for a more generalized
conclusion than previously for Jungfraujoch only.

The representativeness of the results (“case study”) of the described mechanism for other years is
indeed an important question. In order to further explore the representativeness of the weather
conditions encountered in 2008 we compared the transport clusters obtained in our study with a
long term weather type classification (also see reply to reviewer 1). The Alpine Weather Statistic
(AWS) is a weather classification that was developed to characterise the weather situation at a given
time over the Swiss domain (MeteoSwiss 1985: Wanner et al. 1998). The AWS was previously used to
analyse PBL transport to JFJ (Henne et al. 2005). The AWS types “convective-indifferent” and
“convective-anticyclonic” were identified as weather types for which PBL transport to JFJ was likely
during the spring and summer months. Our JFJ cluster 3 largely corresponds with the AWS weather
sub-types “convective-anticyclonic flat pressure” and “convective-indifferent easterly advection”.
The frequency of these two weather types for the years 2001 to 2010 and the months April and May
was relatively large in 2008 (>15 days) but comparable to other years (2001, 2004, 2005; > 15 days).
When looking at the frequency of all “convective-anticylonic” and “convective-indifferent” weather
types, which are likely to allow PBL transport to JFJ, the frequency in 2008 (30 days) was only slightly
larger than the average frequency for all years (27 days). Hence, our conclusion on the



representativeness of our 2008 case study is twofold. On the one hand, the occurrence of strong PBL
influence during easterly flow in May 2008 was exceptional in its persistence and continuation for
about 10 days. On the other hand, the frequency of weather types with likely PBL transport towards
JF) was not larger in 2008 than in other years. Therefore, we are convinced that our findings
concerning the origin of the pronounced spring time PAN maximum at JFJ are not restricted to the
analysed year but can be interpreted in a more general way. We will add this discussion in the
revised manuscript.

For further discussion why the analysis was restricted to May 2008 see reply to specific comment
below.

In addition, there are a number of general and specific comments that need to be dealt with.
General Comments

Contrary to what is stated in the introduction there is a significant PAN background in the northern
hemisphere, see for example Roberts [1990] for older data and Fischer et al., [2014] for recent
data.

We agree that the wording of the first sentence about PAN concentrations being close to negligible is
wrong (or at least misleading as the sentence was meant to compare ozone and PAN as indicators for
photochemical processing and the term “background” itself would need clarification). This first
sentence will disappear in a resubmitted manuscript.

The results of the flexpart model need to be assessed in relation to that background.

We intend to use Figure S2 from Fischer et al (2014) to clarify the scientific question of the study (see
above): in this figure “free tropospheric PAN” from a state-of-the art numerical simulation
(describing “European free tropospheric air”) is compared with measurements at Jungfraujoch and
Zugspitze (and we will avoid the term “background” in this context).

Why is only May 2008 being analyzed?

There are several other months in that year, and apparently data from 2009 and 2010. Why aren’t
those time periods being analyzed?

It is true, that other months of measurements of PAN are available. The selection of May 2008 is
justified by the following arguments: During May 2008 JFJ experienced some of the largest hourly
PAN mixing ratios ever recorded at JFJ (Pandey Deolal et al., 2013) and also the monthly mean PAN
was among the largest on record (see Fig. 2 — this is even more evident in Fig. 2 of the revised
manuscript in which PAN data of JFJ of the years 2009 and 2010 are included). PAN at ZSF was
comparable to other years. Hence, May 2008 was selected for a more detailed analysis as the
variability at the sites can help identifying the potential origin of air masses and meteorological
processes involved.

FLEXPART simulations for other months are available, but the extended data analysis including
footprint clustering is not only time consuming but would also introduce additional, seasonally
varying influence factors besides transport when running for an entire year. For example, due to
warmer temperatures in summer we may expect a different pattern of PAN advection to
Jungfraujoch as during spring. Since largest concentrations and differences to model simulations
were observed in spring we wanted to focus on these. In addition, we look at the processes specific
for spring condition because these were in the focus of a number of recent publications since many
years (see above).

For discussion of representativeness of May 2008 see above. Unfortunately, the analysis for May
cannot be easily compared with FLEXPART results of other years because the extension not only
requires the calculation of the FLEXPART model (such data for other years would be available) but
also requires the many other steps of the data analysis which is not a simple task and therefore out
of the scope of the paper.

Aren’t there a lot of other marker species measured at these sites? Why not use some of those
other measurements to track some of the airmass origins?



It is true that many more trace gas species are measured at Jungfraujoch, however, we thought that
the use of the tracers used in this study is sufficient. Balazani L66v et al. (2008) used the information
of more compounds mainly for comparison of trace gas composition at Jungfraujoch with
intercontinental transport patterns which is not the aim of the present study as the focus of the
present study lies on European scale. Pandey Deolal et al. (2013) compared benzene to ethane ratios
with NOy to CO ratios arriving at the conclusion that NOy to CO provides equivalent results to
benzene to ethane mixing ratios (particularly when the focus is (only) spring).

There are several PAN data sets from Mountain side/top sites that show a common meteorological
phenomenon, daytime warming of the ground causes upslope flow and nighttime cooling of the
ground causes subsidence, pulling air from aloft down to the site. If the PBL height is above the
altitude of the site, this usually results in higher PAN at night. Examples of this effect can be found
in Roberts et al.,[1995].

Roberts et al paper (1995) is a valuable reference to discuss the general question of PAN at mountain
sites. However, there are also remarkable difference between Whitetop mountain, Virginia, 1680 m
above sea level (masl.) in summer and PAN in spring at Jungfraujoch (3680 masl). Even on typical fair-
weather days Jungfraujoch is usually not within the PBL, but it is rather only influenced by
intermittent injections of PBL air into a secondary Alpine boundary layer (see Henne et al. 2004). This
process can usually be seen by elevated late afternoon concentrations of typical primary PBL tracers
like CO. Due to the relatively narrow horizontal extent of this injection layer Jungfraujoch comes back
under free tropospheric influence during the night again. A strong subsidence during night-time,
bringing ozone rich air to the site is usually not observed. Similar arguments can also be given for
Zugspitze with the limitation that the Zugspitze observatory is situated approximately 1000 m below
Jungfraujoch and, hence, may well be situated within the day-time PBL and night-time residual layer
as we explained in more detail for our transport cluster 3. This tendency is also confirmed by the
analysis of diurnal variation of ozone at Zugspitze for the month of May for the years 2002 to 2012.
In more than 40% of all cases a daily minimum of ozone was observed between noon and the early
afternoon, which can be explained with the day-time up-flow of air masses with lower ozone
concentrations from the PBL.

Nevertheless, in contrast to Whitetop mountain, we don’t expect large effects of dry deposition
during night-time condition at Jungfraujoch and Zugspitze, since these are rather isolated peaks
surrounded by bare rock or ice.

Specific Comments

Pg. 12730, Lines 2-3: The statement is made that background concentrations of PAN are “close to
negligible” This is simply not true. Depending on latitude, altitude and season, background
concentrations of PAN can be several hundred pptv, not negligible relative to the values reported
here.

We agree, that the sentence dealing with “background PAN” is wrong, see above.

Pg. 12730, Lines 10-11: Strange that the authors chose to use a relatively crude model study to
make the point about PAN distributions when there are so many actual measurements that can be
referenced. The authors could start with the references in Fischer et al., 2014, and if they really
want to be thorough there are several review articles and book chapters that could be consulted.
We will follow the suggestion of the reviewer, i.e. by replacing Moxim et al. (1996) with Fischer et al
(2014) in the revised manuscript.

Pg. 12730, Lines 20-23: There are several more key studies of Springtime continental/hemisphere
scale transport that describe specific conditions under which PAN and NOy get transported over
long distances. These instances involve warm conveyer belt transport associated with frontal
passage. See for example Cooper et al., [2001; 2004], and Nowak et al., [2004].

We will cite these interesting papers (particularly interesting is the study of Cooper et al, 2001
regarding the intercontinental flow for PAN at Jungfraujoch (the NARE 97 study), in which, however,



PAN was not included) but note that the scales are different than in the focus of our study (European
scale). Conveyor belt transport is indeed very important but not exactly the same process being in
the focus of our study.

Pg. 12739 line 15: There is no solid black line in the left panel of Figure 2.
Thanks for the comment: there really is a mistake in the text. It should read black dashed and red
dashed line. It refers to the 1997/1998 data.

Pg. 12741 discussion of thermal decomposition: The net rate of thermal decomposition depends
not just on temperature, but also on NO and NO2. The PA radical will reform PAN through reaction
with NO2 unless removed by reaction with NO (or another radical if NO concentrations are low).
This can be a substantial correction to the simple thermal decomposition rate.

We agree that the use of local temperature only allows only for a crude estimation of thermal
deposition rates, and chemical processes should be mentioned as one potential reason why the
correlation is poor — we think that it is outside the scope of the paper to apply e.g. box model
simulation (as used e.g. in Henne et al. (2005)) to study this problem in more detail, also because we
don’t have proper information to explore the chemical process and to verify such a model during
transport towards the sites. However, we will add the concerns of the reviewer as a note of caution
in the revised manuscript.

Pg. 12742 lines 15-18. There are a lot of examples of PAN-O3 correlations in a whole range on
environments, but perhaps most importantly at mountain top sites as noted above.

We would like to thank the reviewer for this comment. In the meantime, we evaluated the PAN-O3
correlations in more detail and for the individual transport clusters. As a main result we obtained
especially large PAN-O3 slopes for the high PAN cluster 3, supporting our hypothesis that these are
relatively polluted air masses with considerable NOx available for PAN formation. The obtained
slopes are in the same order than those observed in previous studies at the high altitude site Niwot
Ridge, CO (Ridley et al., 1990). We will include the PAN-O3 relationship in a revised Figure 8 and
include a discussion of the observed slopes and previous findings in the revised manuscript. The
more general remark on the overall correlation on p 12742 will be removed.

Pg. 12745 line 12. This statement is wrong, there is an obvious noon maximum in PAN for Cluster 1.
It is obvious in the mean but the extent of it is obscured because the standard deviation bars
overlap. Ground sites that are in urban areas or otherwise influenced by local emissions have a
noontime maximum in PAN.

It is true, that PAN at Jungfraujoch of Cluster 1 shows a tendency for a systematic diurnal variation
(peaking at 12.00, see Fig. 6) but it is not in sync with our strongest PBL tracer: CO. We don’t object,
that PAN at urban sites often shows peaking values at noon. However, PBL influence (from the Swiss
plateau) reaches Jungfraujoch only in the (late) afternoon and emissions in the local surroundings are
very small.

Pg. 12746 lines 20-21: The period of high O3 and low water vapor is an obvious stratospheric
intrusion, why doesn’t the cluster model pick that out? Shouldn’t it be left out of the remaining
analysis?

This short event of stratospheric influence was not picked up by the cluster analysis because the
latter focused on geographical distribution of surface sensitivities. The stratospheric influence was
simulated correctly by the transport model (see Figure S3) but the surface sensitivity map (S3, top-
right) showed a rather indifferent distribution. Another reason, why the event was not placed in a
separate category by the clustering was our aim to limit the number of transport clusters for a
straightforward interpretation. With an increasing number of categories, eventually the event would
have been placed into its own category.

Due to the shortness of the event we did not think it necessary to manually exclude it from the
analysis.



Pg 12747. Line 22. This statement is wrong. The Cluster 3 diurnal profile at JFJ does not show simple
daytime injection of PAN into the PBL, rather it shows the classic mountain-top nighttime maxima
due to subsidence of PAN-rich PBL air due to nighttime cooling of the surface, hence higher PAN at
night.

We are confused: Do you mean daytime injection of PAN from the boundary layer? It is true that PAN
concentration at Jungfraujoch shows an increase until 18.00 which we attributed to transport from
the polluted PBL. However, we don’t believe, that Jungfraujoch shows “classic mountain-top
nighttime maxima due to subsidence of PAN-rich PBL air due to nighttime cooling of the surface” as
PBL does not reach the Jungfraujoch altitude in spring (?). See also the discussion of the high Alpine
injection layer above.

Pg. 12748, Lines 8-9. | assume the authors are referring to the washout of the soluble NOy species
HNO3 and particle nitrate?
Yes, this is true. We will clarify this point in a resubmitted version of the manuscript

Pg. 12750, Line 2: The PAN/CO for Cluster 4 was not the highest, Cluster 3 was higher.
This is actually a mistake in the current manuscript. We will correct this statement in the revised
version. It does not change the general interpretation of the PAN/CO ratio for cluster 4.

Figure 2. The colored lines are hard to see. The designation of the black triangles doesn’t make any
sense, aren’t those data already shown by the red line and triangles?
Thanks for these suggestions. We will revise the figure accordingly.
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Replies to reviewer #3
We thank reviewer #3 for her/his very competent and careful review and the useful comments and
suggestions, following our replies (the comments of the reviewer are written in bold Italics).

The manuscript presents a detailed analysis of meteorological conditions associated with PAN
concentrations measured at two high Alpine research sites (Jungfraujoch, Switzerland and
Zugspitze, Germany) during May of 2008. The FLEXPART Langrangian Particle Dispersion Model is
used to identify transport regimes and the PAN measurements are interpreted in light of the 4 or 5
dominant airmass transport pathways.

The measurements, co-located with other chemical and meteorological data are of high value to
the atmospheric chemistry community, though it seems they have already been published,

We agree, that the used trace gas measurements of the several sites have been published in other
studies. However, we argue that we use them in combination with the transport analysis mainly to
illustrate the PBL influence in order to refine the picture as obtained by the cluster analysis.

and the major contribution of this paper is to extend their interpretation to a detailed analysis for
one month. My concerns center mainly around the interpretation of the findings, and if these can
be addressed, the paper should be suitable for ACP.

General

The use of FLEXPART, which considers turbulent and convective processes, is an advance beyond
the earlier work published by the authors which relied on back trajectory analysis. The time scale
considered (10 days), however, may be far too short to enable tracing emissions that contribute to
raising background PAN concentrations since the PAN lifetime can be at least a few times longer.
While the authors find compelling evidence for a European boundary layer influence on the highest
observed PAN levels at these sites, the caveat noted in the conclusions section, that a “spring-time
increase in the hemispheric PAN background cannot be ruled out from the current analysis” is very
important. This limitation of the chosen analysis methods should be emphasized earlier in the
paper. For example, P12737-12738 states there is no significant intercontinental transport during
this period, could be qualified with ‘rapid’ since transport longer than 10 days is neglected.

While we agree with the reviewer that the analysed transport could be termed ‘rapid’ and that more
emphasize can be put on the fact that we cannot rule out increases in the hemispheric PAN
background, we don’t think that the incorporation of longer backward simulations would change the
results of our study. From our experience 10 day backward plumes are usually sufficiently dispersed
to represent an average over large parts of the atmosphere. The sensitivity towards specific
emissions is decreasing steadily in the backward plume and also becomes more uncertain for longer
transport times. In this context we do not think that FLEXPART is a suitable tool to detect PAN
precursor accumulation in the hemispheric background. Instead a global scale chemistry transport
model such as the one applied by Fischer et al. (2014) needs to be used.

In the revised manuscript we also intend to include Fischer at al. (2014) in the introduction as Figure
S2 in which state of the art global simulation of GEOS-Chem differ by more than a factor of 2 for PAN
measurements of May 2008 at Jungfraujoch and Zugspitze. This discrepancy might point to the
difficulty of correct description of the effect of European emission on PAN concentration at the two
high alpine sites because such simulations were derived with coarse model resolution of 2° x 2.4°
which is too coarse for proper description of PAN at Jungfraujoch and Zugspitze.

Additional discussion should be included regarding the extent to which PAN to CO ratios can be
cleanly interpreted as described on P12743-44 in terms of giving differences in production
chemistry. How valid is the assumption of a constant CO or PAN background?

Since we are dealing with relatively short time scales (1 month) and with correlations for individual
transport regimes we are convinced that the assumption of a more or less constant background for
the initial air mass is justified. This is even true if we consider horizontal and vertical variability of the



PAN hemispheric background. Since we look at a specific transport regime at a time the initial air
mass will represent an average background concentration over larger areas, but this should still be
very similar for all times within the same transport cluster because the area of origin should be
similar for all cluster members. Obviously, this assumption is not fulfilled completely and together
with limitations discussed in the text leads to the imperfect correlations as observed. We will add a
statement in the revised manuscript.

From Figure 2 of Fischer et al. 2014, there appears to be spatial and vertical variability in the
hemispheric background
See comment above.

(ACP, 2679-2698; the first author here is a co-author yet this paper isn’t referenced here:

We apologize for not having referenced Fischer at al. 2014 — our paper was on hold for a long period
leading to a underrepresentation of the most recent literature. We will include this reference in the
revised paper.

Is there not a strong signature of transport history as well? For example, the interpretation seems
to assume a fixed ratio in the lifetimes for CO and PAN, but are their lifetimes affected similarly in a
warm, moist air mass?

We believe to have found clear evidence for European scale transport in the analysis, but at this scale
we don’t believe that the changes in lifetime of CO plays a crucial role and we believe, that (on this
short scale) the lifetimes are affected rather similarly in moist air masses, whereas indeed
temperature can affect the lifetime of PAN.

To my eye, the clusters for Jungfraujoch and Zugspitze could better align in Figures 4 and 5 as: JFJ 1
with ZSF 2; JFJ 2 with ZSF 3; JFJ 3 with ZSF 4 and JFJ 4 with ZSF 5. Perhaps a simple pattern
correlation would confirm that the initial aligning of clusters between JFJ and ZSF is actually
strongest? Or that the synoptic conditions are consistent with different transport pathways aloft
vs. within PBL? There seems to be a lot of overlap with ZSF 1 and 5. Some discussion as to what
unique information is retained in each of these clusters(ZSF 1 versus 5), and why the transport
patterns on given days seem different at the two sites would help to clarify.

We are very grateful to the reviewer for this comment. It helped us identify an error that had
happened during the final assembly of these figures (also figures 8, S1 and S2). The clusters for ZSF
were not plotted in the correct order. The shown cluster 2 for ZSF should have been cluster 1, ZSF 3
should have been ZSF 2, ZSF 4 should have been ZSF 3, ZSF 5 was correct and ZSF 1 should have been
ZSF 4. We apologise for this mistake and the confusion it caused. We hope the revised figure will
convince the reviewer that no additional pattern correlation analysis is required. As already
mentioned in the text, the temporal agreement between JFJ and ZSF clusters is larger than 90 %. For
the remaining differences we mainly hold responsible the horizontal distance between the sites and
the connected difference in the arrival of synoptic scale systems.

Specific

P12746 L22 Is this one stratospheric influence event responsible for the correlation, and if so,
perhaps best to exclude it?

We don’t believe that the mentioned very short event of stratospheric influence has a substantial
effect on the European scale transport nor the used tracer correlations. The slope of the PAN/CO
regression as displayed in Figure 8 and for cluster 2 rather results from the elevated values of PAN
and CO directly following the episode of elevated PAN (as explained in current manuscript).

Section 4.2.3 articulates a goal of using the footprint cluster analysis to examine contributions from
the free troposphere. From Figure 5, it seems that there are strong influences from the middle free-
troposphere in addition to the European PBL.
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We agree with the comment that a substantial effect of the influence of free tropospheric air is
suggested in Figure 5. However, we think that this picture is counterbalanced by the results of the
correlation analyses that indicated that recent emissions (as detected by elevated CO) must have
influenced the air masses.

On P12747, the free tropospheric origin is dismissed as not dominating but why couldn’t there be
mixing between the PBL and free tropospheric air masses, and thus a combination of transported
(longer-lived) PAN and freshly formed PAN?

We agree that some contribution from the free troposphere cannot be ruled out completely by the
transport analysis. However, we argue that trace gas concentration measurements at the high-
altitude sites and the corresponding PBL sites suggest a significant PBL contribution.

P12749 In Cluster 5, are there really not NOx sources to the South? Couldn’t an equally likely
interpretation be that temperatures are too warm in these air masses for PAN to be stable?

The current formulation might be slightly misleading. Of course there are strong NOx emissions south
of the Alps in the Po valley. However, average surface sensitivities for cluster 5 were largest within
the Alpine area and again towards the Italian coast, while they were relatively small in the Po valley
itself. In addition, to this lack of strong fresh emissions (as indicated as well by the lowest observed
CO concentrations) also the conditions during transport where not favourable for PAN production
since it was mostly overcast (see Figure 9, actually ZSF cluster 5 falls into JFJ cluster 4 in this figure).
As mentioned temperatures were relatively large at arrival at ZSF, offering an additional possibility
for low PAN contributions as suggested by the reviewer. However, we are not able to deduce the
individual contributions in the frame of this study. We will extent the current discussion on cluster 5
in the revised manuscript.



