Response to Reviewers comments on “Secondary ozone peaks in the troposphere over the
Himalayas”

Anonymous Reviewer #1

GENERAL COMMENTS: This paper by Ojha et al. presents an interesting study about the
occurrence of secondary ozone peaks (SOPs) in the troposphere over the Himalaya/Indian region.
The work is mainly based on the combined use of a limited set of vertical ozone sounding available
at a single measurement site (Nainital in the Himalayan region) and on the outputs from the EMAC
model, with the purposes of elucidating the processes leading to the occurrence of SOPs,
characterizing their temporal variability and assessing their contribution to tropospheric ozone. The
measurement data at Nainital were also used to evaluate the capacity of EMAC in reproducing
SOPs. The paper is well within the scopes of ACP and, potentially, it can seriously help in better
clarifying this specific (but rather frequent) tropospheric phenomenon and its implication on
tropospheric O3 budget over the region. However, I think that the authors should better take
advantage of the long-term (2000 — 2014) EMAC data-set to provide a more robust characterization
of this class of events both in terms of their origin, dynamical features and impact on long-term O3
variability. Thus, I recommend publication, but after that some major efforts will be implemented
towards this direction. I’'m rather confident that the authors can implement the requested changes in
a reasonable small amount of time.

Response: We thank the reviewer for the careful evaluation of the manuscript and his/her
constructive comments and suggestions. The paper has been revised and now includes more
analysis of long-term model simulations, as discussed in responses to the individual comments.

SPECIFIC COMMENTS

Comment 1: In the introduction you should better describe the paramount importance of clarifying
processes affecting tropospheric ozone variability in the Southern Asia and Himalayas, two global
hot spot for climate, atmospheric composition and anthropogenic pressures (see e.g.
http://www.unep.org/pdf/ABCSummaryFinal.pdf).

Response: The suggested information is mentioned in the revised version (Page:3, Lines:86-
95) as “Additionally, model simulations are required to both trace the source regions and
quantify the effect of SOPs on the tropospheric ozone budget. Such investigations are of key
importance as the Indo-Gangetic Plain (IGP) and Himalaya region are global hotspot regions
in terms of anthropogenic pressures that could impose threats to Asia's water and food
security (Ramanathan et al., ABC report, 2008). Satellite-based studies corroborate the high
pollution loading over northern India and the nearby IGP including the Tropospheric
Column Ozone (TCO) over South Asia (Fishman et al., 2003).The IGP is a regional hotspot of
the so called "Atmospheric Brown Clouds (ABC)", consisting of brown haze formed by sub-
micron size aerosol particles, emitted from a wide range of anthropogenic and natural
sources. It has been shown that ABC reduce the amount of sunlight reaching the Earth's
surface by as much as 10 to 15 %, and enhance atmospheric solar heating by as much as 50%
(Ramanathan et al., 2007).”

Comment 2: The verification of EMAC model capacity in reproducing SOP is based on a limited
number of vertical soundings (only 6). The comparison provided by Figure 2 is encouraging about
the ability of EMAC (despite the relatively coarse horizontal resolution 2.8 x 2.8 deg) in
reproducing the SOPs. However, you should mention that this very limited amount of data prevent a
systematic assessment. Did you try to inspect soundings at other locations in the same region (e.g.
New Delhi, see http://woudc.org/data/explore.php) to make the data-set for verification larger? Can
you provide some references of earlier works showing comparison of EMAC vertical ozone profiles
with measurements (maybe Jockel et al, 2016 can be profitably cited)?


http://www.unep.org/pdf/ABCSummaryFinal.pdf

Response: The reference to Jockel et al, 2016 is added for comparison of EMAC ozone fields
with aircraft-based measurements from the IAGOS-CARIBIC program (Page: 7, Lines:206).
It is shown that the simulation used in this work (RC1SD-base-10a) overestimates ozone
concentrations, although meostly in the lower troposphere, while in the tropopause regions a
reasonable agreement is obtained, compared to satellite and aircraft observations: “The
seasonal cycle is reproduced, but the lower values in the troposphere are generally
overestimated by up to 40% by the model. In the stratosphere, differences are smaller, as the
model underestimates measurements by 5%, reaching 30% only in summer (Jockel et al,
2016). Comparison with ozonesondes launched in Delhi has been added in the supplement
(Fig. S2), which also shows an overestimation in the lower troposphere. Ozone mixing ratios in
the middle troposphere show good agreement with the observations (Page: 7, Lines:204-205).

Comment 3: Pag 6, line 169: I would like to see the bias expressed as %. This would better help in
understanding the deviation of the model from the measurements.
Response: Suggestion is incorporated.

Comment 4: Pag 6 line 176: “However, these. . .for completeness”. I cannot understand this
sentence. Do you mean that the selection by Ojha et al. (2014) is not accurate? Please, rephrase!
Response: No we only meant that the events were identified visually in that paper, while with
availability of long-term data in this paper we make a criteria to calculate their frequency.
The sentence is rephrased.

Comment 5: It is a pity that the “core” Section “3.2 Origin of SOPs” is discussing only the results
from the six selected profiles at Nainital! I strongly encourage the authors to use the 15-year EMAC
outputs to investigate in a more systematic way and for a long-term perspective this point. Also the
back-trajectories investigation can be carried out for the whole 2000-2014 period by using NCEP
re-analysis. I would suggest to use the SOP events identified over the period 2000 — 2014 and
aggregate them on a seasonal basis to provide indication about the amount of ozone transported
from the stratosphere during SOP (by comparing average O3, O3s and PV vertical profiles).
Response: Section 3.2 is revised to incorporate the reviewer's suggestions by analyzing 15-year
EMAC outputs for a long-term perspective.

Average vertical profile of PV during SOPs, derived from a long-term model simulation
(2000-2014), shows similar structure, as shown for the individual events. Average PV values
during SOPs are found to be significantly higher (e. g. 3.0+1.3 PVU in winter, 1.8+0.5 during
summer monsoon) as compared to timesteps without SOP (0.3+0.2 to 1.5+1.3) (Page: 7, Lines:
219-225 and Supplementary Fig. S3, Table S1).

Evolution of Oss, O; and PV along statistical amount of trajectories is presented (New Fig. 6 in
manuscript and Fig. S7, S8 in the supplement). Air masses are enriched the ozone of
stratospheric origin during transport to Nainital causing SOPs. A significant fraction of
trajectories during non SOP timesteps originates over the south west having lower Oss (< 90
nmol mol?). The trajectories which do get higher contributions of stratospheric ozone are
found to be diluted during the transport making the enhancements above Nainital too small to
be an SOP (Page:8, Lines 264-272).

SOP events identified over the period 2000 — 2014 are aggregated on a seasonal basis and
average profiles of O3 , O3s and PV vertical profiles are presented (New Fig. 5, Fig. S3 and
Table S1). The amount of ozone transported from the stratosphere during SOPs is also
indicated. The average amount of ozone transported from the stratosphere to the SOPs is
estimated to be the highest during spring (162.5+40 nmol mol™), followed by winter (149.4 +
35 nmol mol-1). In contrast the contribution of tropospheric photochemical sources to the
SOPs is highest during the summer monsoon (30 nmol mol™’) (Page-8, Lines:236-239).



Comment 6: Figure 5. Basing on the Figure caption, the TF locations 5 days before the events are
reported in the maps. However, all the back-trajectories showed very fast transport: 5 days before
the arrival to Nainital the air-masses were (at least) off of the north Africa western coast-lines. Thus,
which is the relationship with the identified TFs? I suppose the authors would say that the TF
DURING the air-mass transport were reported. . . Moreover, how long the back-trajectories are? No
information are provided along the manuscript. . . Also seasonal composites over the period 2000 —
2014 about the spatial locations of tropopause folding related to SOP events can be presented (see
e.g. Figure 4 by Putero et al., 2016 but for tropopause crossing). What about days without SOPs? 1
guess that no (or fewer) tropopause foldings were crossed by back-trajectories for these cases. . .To
provide a “climatological” long-term perspective, you should also consider the possibility to present
a composite for Fig. 7 and Fig. 8 as a function of the seasons for the period 2000 — 2014.

Response: Yes, we meant TFs DURING the air-mass transport, now clarified in the caption.
This figure has been now moved to the supplement (Fig. S4) (Reviewer 2, comment 3). Length
of trajectories (5 days) is now mentioned in the section 2.4 as well as in the figure caption.
Seasonal composites of the spatial locations of folds (Fig. S6) shows higher frequency of
occurrence during SOPs. The days without SOPs have minimal effects of O3s transport due to
fewer folds along the transport path, and dilution of any effects before reaching the
Himalayas.

Comment 7: Pag 7, line 228: “This variability in LRT. . ..in Fig.5”. It is not clear to me. Please,
explain better this kind of association. . .

Response: We meant to say that the dramatic changes in tropopause pressure along the
trajectory (e.g. from 100 to 200 hPa on 11" Feb) could be associated with the tropopause folds.
The sentence is suitably revised.

Comment 8: Pag 7, line 232: please define “medium”.

Response: The folds having a vertical extent of 200 to 350 hPa are defined as medium folds.
This is mentioned in the revised manuscript. Further details are available by Skerlak et al.
(2015).

Comment 9: Pag. 8, line 241: please provide in the text longitude boundaries for these regions.
Response: Suggestion is incorporated.

Comment 10: Pag 8, line 243: despite your statement at pag 8 line 236, basing on that plot, it looks
that a STE is actually occurring also for the June event (a tongue of air-mass rich in O3 extended
down to 500 hPa southward than 30N)!

Response: We agree. The statement that stratospheric effect is not found on 7" June is
removed. As pointed out by the reviewer, text is also revised considering that some effects also
reach southward than 30N (Abstract: Page 1, line 9; Results: Page 9, Lines:303-304;
Conclusions: Page: 12, Lines 411-412).

Comment 11: Section 3.4 The authors must provide some information about the long-term SOP
trend over the region of interest: this information is very valuable also taking into account the
current debate about the occurrence and attribution of tropospheric ozone trends (see e.g.
http://www.igacproject.org/TOAR). Trends in seasonal/yearly frequencies or physical features (e.g.
altitude) of SOP and the related O3 contribution are detected? Also the information that no long-
term trends were detected is nevertheless valuable.

Response: We evaluated trends in SOP frequencies on seasonal and yearly basis, however, as
expected due to their origin from dynamical processes, frequency of SOPs discern strong



http://www.igacproject.org/TOAR

inter-annual variation as shown in the new Figure S9 in the Supplement. We discuss this in
the revised manuscript (Page:13, Lines: 425-429) and provide relevant references.

Comment 12: Figure 10: I would add the percentage contributions of SOPs to monthly TCO
values. What the error bars represent?

Response: The percentage contributions of SOPs to monthly TCO values is added. Error bars
represent the standard deviation derived from the temporal variations over the period of
2000-2014. Now mentioned in the figure caption.

Comment 13: Conclusions In general this Section reports very important general statements about
SOP but which are mostly based on the analysis of just 6 case studies (see lines 323- 220). I would
recommend to try to increase the robustness of these interesting hints by adopting a long-term
perspective basing on EMAC simulation.

Response: Conclusions are revised to add the additional results based on long-term model
simulations (as mentioned in response to comment 5 also) (Page:12, Lines: 395, 399-401).

Comment 14: Line 335: “The minimum in the. . .mixing”. I would also mention the northward
displacement of subtropical jet stream during summer monsoon.
Response: Suggestion is incorporated.

Comment 15: Line 339: are you able to provide any indication about the impact of this increase in
terms of radiative forcing over the region?

Response: Radiative forcing is not explicitly investigated in this paper. To provide an
indication, a 4-9 DU higher tropospheric column ozone (due to enhancement at the SOP
altitude) would correspond to an increase in surface temperature by 0.07 to 0.16 degree, as
we take into account the vertical profile of ozone forcing (Lacis et al., 1990). This is discussed
in the revised manuscript (Page: 13, Lines: 422-424).

TECHNICALS
Comment 1: Figure 1. I would skip the typical event plot since it is also reported in Figure 2.
Response: Suggestion is incorporated.

Comment 2: Figure 6: x-axis and y-axis. I suppose the black line is the back-trajectory pressure
level: it should be reported in the caption.
Response: Suggestion is incorporated.

Comment 3: Figure 7 (Figure 8): please indicate in the caption the latitude (longitude) value for
which the cross section is produced.
Response: Suggestion is incorporated.

Comment 4: Figure 9-10: what the error bars represent?

Response: The error bar in Fig. 9 represents the standard deviation of SOP frequency in each
month among different years from 2000-2014 (Page: 10, Lines: 336-337). In Fig. 10, it shows
the standard deviation in the temporal variation of tropospheric ozone column among all the
time steps during 2000-2014. This is now added in the figure caption.
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Response to Reviewers comments on “Secondary ozone peaks in the troposphere over the
Himalayas”

Anonymous Referee #2

GENERAL COMMENTS: The authors use soundings from an Indian station (Nainital) sampled
over the course of one year to identify ’secondary ozone peaks’ (SOP). According to the authors 3-4
profiles are available per month. Six profiles are presented showing an SOP. A comparison with the
EMAC model at T42L1.90 is used to extend the limited data set over a time period of 15 years (2000-
2014) to assess the impact of such events on the ozone column over the Himalayan region. During
the monsoon season they find virtually no SOPs over the region of interest. According to the
authors such SOPs contribute 7-9 DU of ozone to the tropospheric ozone columns during SOP
occurrence. They also show, that the SOPs are only a minor effect and do not significantly enhance
the ozone column over the whole year. The quantification of ozone transport across the tropopause
is important and as such this study could in principle add to this. Overall the paper is well written
and the graphics are clear and appropriate. However, the paper needs some major clarifications: I
missed clear descriptions of terms and definitions given the central topic SOP: How do the authors
define an SOP? They only provide a definition for the model analysis later in the manuscript, but
does this also work for the soundings, which have a much higher resolution? How do they
distinguish an SOP from a tropopause fold or do they imply folds as SOPs? This is not clearly
stated at all also in the introduction. Directly linked to this they don’t discuss the transience or
irreversibility of the phenomena, which are however crucial for the irreversibility of ozone flux and
the persistence of the effect. I also missed a careful analysis of the transport and mixing process, as
stated in the abstract. The authors should and could provide this, but currently they show coincident
fields, but not a process. Given these points there I recommend the paper for publication after the
following points have been addressed.

Response: We thank the reviewer for the careful evaluation of the manuscript and his/her
constructive comments and suggestions. The paper has been revised as discussed in responses
to the individual comments.

Major points:

Comment 1: In section 2 the authors should provide a clear definition for SOPs, which have been
applied to the soundings. Further: What is the vertical resolution of the soundings and which role
does the resolution of the sounding play for definition and the final column ozone estimate? The
authors also do not discuss the effect of the limited vertical and horizontal resolution of the model.
How many layers do they miss compared to high resolution sonde profile and how would this affect
the number of peaks and the ozone column?

Response: SOPs are basically a significant enhancement in ozone mixing ratios as compared
to the lower troposphere (by at least 50%). Additionally these are not a direct downward
transport and ozone levels above SOPs are again lower (here we considered at least 20%)).
The defining conditions for SOPs are added in the Section 2 (Page: 5, Lines:148-150).

Sounding data was reported originally at 100 m vertical resolution. As mentioned by the
reviewer, the identification of SOP (and their effects) could be affected by the model vertical
resolution, if this would be coarser than the vertical extent of SOPs (10-12 km: about 2km). As
the EMAC simulations were conducted at a vertical resolution of 0.5 km (i.e. four times finer
than the typical SOP extend) by using 90 vertical levels, we are able to reproduce all the six
events. It must be stressed that also in the observations SOP were observed both in the high-
resolution 100 m sounding data (Ojha et al, 2014) and in the 500-m resolution data
(equivalent to model vertical resolution at the tropopause) used for the model evaluation (see
Fig. 2).



Moreover, the EMAC modeling system (with the exact same horizontal and vertical
resolution) was found capable to reproduce the observed (ERA-Interim) spatiotemporal
features of tropopause fold occurrences (Akritidis et al., 2016), indicating that the current
model resolution is sufficient for resolving similar processes near the tropopause region.

Comment 2: The authors should pay more attention to the reversibility of the SOPs. As long as the
SOPs keep their high PV values as indicated in Figures 2-4, the ozone peaks will not permanently
contribute to the tropospheric ozone budget, since they do not mix as shown in Fig.4 by the O3s.
Figures 7-9 show O3s structures in the troposphere which are collocated to the tropopause (i.e. PV
structure). The authors could e.g. diagnose the evolution of O3S on an isentropic surface relative to
the evolution of PV to diagnose a persistent effect of the SOPs on tropospheric ozone. Maybe an
additional plot of wind gradients or Richardson number would give some further indication for the
process.

Response: The calculations of tropospheric ozone budget are revised by implementing the PV
criteria suggested by the reviewer as described in the response to reviewer 2’s major comment
4.

Moreover, to investigate the mixing of the transported stratospheric air with tropospheric air
in the vicinity of SOPs, we present a turbulence-index (TI) (new Fig. 10), as described in
Ellrod and Knapp (1992), to detect Clear Air Turbulence (CAT) areas and potential mixing,
similar to the approach followed by Traub and Lelieveld (2003).

The enhanced TI values during the SOPs above Nainital indicate higher probability of mixing
between stratospheric and tropospheric air, supporting the irreversible nature of the
associated STT (Page: 9,10; Lines: 307-314).

Comment 3: I suggest to calculate a statistical amount of trajectories in the model and to evaluate
the evolution of O3s, O3 and PV along the trajectories? I can’t see, how the current Lagrangian
analysis provides a robust view on any exchange on the basis of one trajectory per case and I
suggest to remove Fig.5 and 6. At least the authors could show plots of ozone timeseries along the
trajectories in Fig.6. Instead of the current Fig.6 the authors could plot the ratio of O3S/03 to
illustrate the stratospheric entry (with PV as contour to differentiate between transience versus
irreversibility). This would much more strengthen the paper. Alternatively the authors could use the
ERA Interim data, which drive the EMAC to perform trajectory calculations with a statistical
amount of data. This would also much better help to identify the process of ozone transport and
mixing into the troposphere by diagnosing PV change.

Response: Statistical amount of trajectories are computed and evolution of O3s, O; and PV is
presented (New Figures 6, S7, and S8). Air masses are enriched the ozone of stratospheric
origin during transport to Nainital causing SOPs. A significant fraction of trajectories during
non SOP timesteps originates over the south west having lower Oss (< 90 nmol mol™”). The
trajectories which do get higher contributions of stratospheric ozone are found to be diluted
during the transport making the enhancements above Nainital too small to be an SOP
(Page:8, Lines 264-272).

Further, as suggested in place of previous Fig. 6, we show the ratio O3s/O; to illustrate the
transport from stratosphere and its advection towards Nainital (Fig. 7 in revised version).
This is discussed in the manuscript as “The O3s/O; ratio is mostly found to be close to unity
(20.9) near the altitude (pressure) of air mass trajectory during transport, except on 7" Jun
and 25™ Oct (0.5-0.8). The intrusions enriching tropospheric air masses with stratospheric O;
are clearly visible. More specifically, a significant stratospheric contribution to tropospheric
ozone is found in the upper/middle troposphere during the 5-day period before the event, with
the associated PV values (< 2 PVU) indicating mixing of stratospheric air into the
troposphere” (Page: 9; Lines: 277-282).



Comment 4: For the estimate of the effect of the SOPs on the tropospheric ozone column the
authors should extend their analysis. As long as they don’t account for the PV change, their results
are not related to the tropospheric ozone budget. I suggest to compare in addition to Fig. 10 O3 and
O3s for PV < 2 only for periods with and without SOPs. This would give the ozone which stays in
the troposphere and leads to an enhancement during periods of SOPs, which would strengthen the
importance of the results.

Response: Budget calculation is revised by accounting for PV change (Fig. 12 in the revised
manuscript). The effect on tropospheric column ozone is found to be slightly lower (3.3-
7.5DU; up to 21%) when PV criteria is applied, as compared to when PV criteria is relaxed
and timesteps with PV higher than 2 are also included (4-9 DU; up to 26%) (Page: 12, Lines:
383-389).

Minor comments: 1.53: If SOPs occur in the lower stratosphere, how are these defined? They can’t
be the result of the same mechanism as tropospheric SOPs, are they comparable?

Response: Here we focused on the SOPs in the troposphere. We find that stratosphere
troposphere exchange is the main source of SOPs in the troposphere. Differential advection of
ozone poor and ozone rich air could lead to secondary ozone peaks in the stratosphere
(Lemoine, 2004).

1.100: Whats the output frequency of the model?
Response: 10 hours. Mentioned in the revised version (Page:4, Line: 112). Detailed description
of the simulation can be found in Joeckel et al. (2016).

1.117: "Tropopause folds are identified..." : How do the results compare to Sprenger et al,2003 or
Skerlak, 2014 (over the Himalayas)?

Response: The mean seasonal (DJF, MAM, JJA, SON) climatology of shallow (50<Ap<200
hPa), medium (200<Ap<350 hPa) and deep (Ap=350 hPa) tropopause fold frequencies (%)
over the period 2000-2014 are presented (Fig. S5), for intercomparison with the studies of
Sprenger et al. (2003) and Skerlak et al. (2015).

The EMAC-simulated fold occurrences are generally in agreement with the findings of the
aforementioned studies both spatially and temporally, especially for shallow folds which
constitute the majority of folds. Moreover, in agreement with Skerlak et al. (2015), the fold
maxima over the Himalayas are found during MAM and DJF, while the minimum fold
frequencies are found during JJA.

1.146: Why don’t you use a larger number of trajectories and perform a robust analysis?

Response: Trajectories at every time step are computed for May 2002 (the month having
highest SOP frequency). Evolution of O3s, O; and PV along the trajectories are analyzed for
SOP and No SOP time steps (New Fig. 6, S7, S8). Also see response to your comment 3.

Comment: 1.155,156: Why is the model interpolated and not simply evaluated at the model levels,
which would avoid interpolation errors particularly in the vertical? Is the output interpolated in
time?

Response: Interpolation errors are minimal as model’s vertical resolution is also ~500 m on
which we are taking the observational profiles for comparison. A time weighted mean of the
model profiles have been obtained by weighing higher the profile which is closer in time of the
observation (also see Ojha et al., 2016). We suggest (and verified) that this procedure would
better include the temporal evolution, as compared to directly taking the profile closest in
time.

1.167-172: How do the relative ozone enhancements of compare to the observations instead of the
absolute values?



Response: The relative ozone enhancements are also reproduced, in general, with in the
variabilities (see Table 1).

1.285-287: 285-287: Clarify: What is meant with" PV structures and subtropical jetstreams"? Do
you mean tropopause folds below the jet?

Response: We have modified the phrase in the revised manuscript as follows:”PV structures,
induced by fluctuations of the zonal flow and tropopause folds development along the
subtropical jet-stream”.
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Abstract. Layers with strongly enhanced ozone concentrations in the middle-upper troposphere,
referred to as Secondary Ozone Peaks (SOPs), have been observed in different regions of the world.
Here we use the global ECHAMS/MESSy atmospheric chemistry model (EMAC) to (i) investigate
the processes causing SOPs, (ii) explore both their frequency of occurrence and seasonality, and (iii)
assess their effects on the tropospheric ozone budget over the Himalayas. The vertical profiles of
potential vorticity (PV) and a stratospheric ozone tracer (O3s) in EMAC simulations, in conjunction
with the structure of SOPs, suggest that SOPs over the Himalayas are formed by Stratosphere-to-
Troposphere Transport (STT) of ozone. The spatial distribution of O3s further shows that such effects
are in general eenfined-to-most pronounced in the northern part of India. Model simulated ozone
distributions and backward air trajectories show that ozone rich air masses, associated with STT,
originate as far as northern Africa and the North Atlantic Ocean, the Middle-East, as well as nearby
regions in Afghanistan and Pakistan, and are rapidly (within 2—3 days) transported to the Himalayas.
Analysis of a 15-year (2000-2014) EMAC simulation shows that the frequency of SOPs is highest
during the pre-monsoon season (e.g. 11% of the time in May), while no intense SOP events are
found during the July-October period. The SOPs are estimated to enhance the Tropospheric Column
Ozone (TCO) over the central Himalayas by up to 2621%.

1 Introduction

Tropospheric ozone is a short-lived climate forcer (Shindell et al.l [2012) and an air pollutant with
adverse effects on human health and crop yields (Monks et al., 2015} and references therein). The
effects of tropospheric ozone on crop yields and human health occur near the surface, whereas its

radiative forcing is shown to be strongest in the middle-upper troposphere (e.g. |Lacis et al., [1990;
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Myhre et al., 2013} [Monks et al.||2015). The processes controlling tropospheric ozone in the middle
and upper troposphere can be different from those near the surface. The photochemistry involving
non-methane volatile organic compounds (NMVOCs) and carbon monoxide, in the presence of ni-
trogen oxides (NOx) primarily controls ozone pollution in the planetary boundary layer. In contrast,
dynamics involving Stratosphere-Troposphere Exchange (STE) play a key role in the middle-upper
troposphere (e. g.[Holton and Lelieveld, |1996; |Lelieveld and Dentener} 2000; Neu et al., |2014;|Ojhal
et al., 2014; Monks et al., [2015). Therefore, to quantify the relative contributions of photochemi-
cal and dynamical processes to the ozone budget and assess the climatic impacts of anthropogenic
ozone, studies of the vertical distribution of ozone are essential.

Ozone observations have been conducted globally and locally using different instruments and
platforms as reviewed recently by [Tanimoto et al| (2015). Balloon-borne observations employing
ozonesondes offer the advantage of measuring ozone across the tropopause. Analyses of ozonesonde
observations have provided valuable information on the variability, general features and trends in
ozone profiles (e.g. [Logan, [1985] [1994). Secondary maxima in ozone profiles, called Secondary
Ozone Peaks (SOPs), are a unique phenomenon in which anomalously large ozone concentrations
are observed in confined layers in the middle-upper troposphere or lower stratosphere.

The occurrences of SOPs, underlying processes and their global distribution have been discussed
in a limited number of studies (Dobson, [1973; |[Reid and Vaughan, |1991} [Varotsos et al.l |1994), re-
viewed by [Lemoine (2004). SOPs have been commonly observed in high latitudes, for example,
as laminated structures of ozone with the highest frequency of occurrence during the spring season
(Dobsonl, [1973)). These laminated structures are primarily considered to be a winter-spring phe-
nomenon, with a peak altitude of occurrence near 14 km (Reid and Vaughan, [1991)). Varotsos et al.
(1994) suggested that the north and northwest atmospheric circulations in the lower stratosphere play
a key role in the formation of SOPs observed over Athens, Greece. Overall, the occurrence of SOPs
is typically considered to be a northern hemispheric phenomenon, with no SOPs reported in the
tropics and the southern hemisphere (Lemoinel 2004). Trickl et al.| (2011) showed the influences of
ozone import from the stratosphere and transport along the subtropical jet stream over Europe. Ac-
cording to the aforementioned studies, SOPs are mainly attributed to dynamical processes involving
STE, advection and Rossby wave breaking events.

Recent studies (Hwang et al.,[2005}, 2007 [Park et al., 2012) focusing on the Korean region showed
that SOP events regularly occur over mid-latitudes. In contrast to earlier studies presenting-that
demonstrated the occurrence of SOPs mostly in the lower stratosphere, several SOPs were observed
in the upper troposphere over Korea. Hwang et al.| (2005) attributed these SOPs to the downward
transport of ozone from the stratosphere within-on a timescale of about one day (24 h), typical of
the-cross-tropopause exchange. Furthermore, the frequency of occurrence, estimated from 9 years
of ozonesonde observations, was found to have strong seasonal variability over Korea with a broad

winter-spring maxima and frequencies of occurrence up to 50-80 % (Hwang et al., 2005). Moreover,
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Hwang et al.| (2005)) reported an increase in SOP occurrences over Korea, while the STT effects are
anticipated to increase tropospheric ozone in the future (Banerjee et al., 2016)).

The studies pertaining to the influences of STT on the vertical profiles of ozone are relatively
sparse over the tropical Indian region. Mandal et al.| (1998) analyzed observations from ozonesondes
and an MST Radar, and attributed the enhanced ozone mixing ratios in the upper troposphere to STT
through the indistinct tropopause over southern India. [Fadnavis et al.|(2010) combined satellite-borne
measurements (TES and MLS) with simulations performed by the MOZART model and showed sig-
nificant influences of STT over India in particular during winter and spring /pre-monsoon seasons.
Venkat Ratnam et al.| (2016) used satellite observations to estimate the effect of STE associated
with tropical cyclones over the north Indian Ocean. Most of the studies based on in situ measure-
ments have however been confined over the southern part of India (e.g.[Mandal et al., |1998}; |Sinha
et al., [2016) and the adjacent marine regions (Lal et al., 2013). Ganguly and Tzanis| (2011) used
ozonesonde observations from three Indian stations operated by the Indian Meteorological Depart-
ment (IMD) and suggested that overall STT only plays a minor role into the budget of tropospheric
ozone over India. However, the influences of STT were found to increase with latitude /northward
over India (Ganguly and Tzanis}, 2011).

Studies investigating the SOP structures and implications have been few over the tropical Indian
region, until very recently (Ojha et al.,[2014; Das et al.,|2016). The events over southern India were
found to be mainly associated with stratospheric intrusions during tropical cyclonic storms (Das
et al.l 2016). In contrast, the SOP events observed over the central Himalayas in northern India
appear similar to what is typically observed over the mid-high latitudes as mentioned earlier. More-
over, SOPs were observed to be more frequent during spring, and were attributed to the combined
effects of STE and advection (Ojha et al., [2014). In the previous work using weekly ozonesonde
measurements (3—4 profiles per month), covering the period January 2011-December 2011 (Ojha
et al.,2014), only 6 SOP events were observed, being insufficient to calculate the frequency and sea-
sonality of SOP occurrences. Additionally, model simulations are required to both trace the source
regions and quantify the effect of SOPs on the tropospheric ozone budget. Such investigation—is
of-eritical-importance-over-central- Himalayas;-as—satelite-based studiesshow-investigations are of
key importance as the Indo-Gangetic Plain (IGP) and Himalaya region are global hotspot regions
in_terms of anthropogenic pressures that could impose threats to Asia’s water and food security.

northern India and the nearby fndo-Gangetic Ptain-#GPH-IGP including the Tropospheric Column
Ozone (TCO) over South Asia (Fishman et al.,[2003). The IGP is a regional hotspot of the so called

“Atmospheric Brown Clouds (ABC)”, consisting of brown haze formed by sub-micron size acrosol
particles, emitted from a wide range of anthropogenic and natural sources. It has been shown that
ABC reduce the amount of sunlight reaching the Barth’s surface by as much as 10 to 15%, and
enhance atmospheric solar heating by as much as 507 (Ramanathan et al., [2007).
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In the present study, the global atmospheric chemistry climate model EMAC (ECHAMS5/MESSy
Atmospheric Chemistry) has been used to explore the processes causing the SOPs, investigate the
frequency and seasonality of their occurrence and finally assess their impact on the tropospheric

ozone budget over the central Himalayas.

2 Methodology
2.1 EMAC

The ECHAMS/MESSy Atmospheric Chemistry (EMAC) is a numerical system for the simulation
of regional and global air quality and climate (Jockel et al., 2010). In this work the model results
from simulation RC1SD-base-10a of the ESCiMo project (Jockel et al.,|2016) are used. The general
circulation model ECHAMS version 5.3.02 (Roeckner et al.,[2006) and the Modular Earth Submodel
System (MESSy) version 2.51 (Jockel et al.,[2016) were used at T42LL90MA-resolution, implying a
spherical truncation of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8 by 2.8 degrees
in latitude and longitude) and 90 vertical hybrid pressure levels up to 0.01 hPa. The dynamics of
the general circulation model were weakly nudged by Newtonian relaxation towards ERA-Interim
reanalysis data (Dee et al.,[2011)). Gas-phase and particulate trace species calculated with the EMAC
model have been extensively evaluated in previous studies (e.g. [Pozzer et al., 2007, 2010, [2012)).
Simulation RC1SD-base-10a with model output every 10h, was selected between the ESCiMo sim-
ulations as suggested in[Jockel et al.|(2016) (“For intercomparison with observations, we recommend
to use the results of [...] RC1SD-base-10a.”). Detailed information on the model set-up and compar-
ison with observations can be found in Jockel et al.|(2016).

A tracer of stratospheric ozone, denoted as Ogs in EMAC, has been used to quantify the effects
of STT. Ogss follows the transport and destruction processes of ozone in the troposphere but not its

chemical formation (Roelofs and Lelieveld,[1997) and it is initialized to O3 in the stratosphere.
2.2 Tropopause height and tropopause folds

The Lapse Rate Tropopause (LRT) height is calculated from EMAC output using the WMO defi-
nition as the altitude at which lapse rate decreases to a value of 2 °C/km or less, provided that the
average lapse rate between this level and all higher levels within the adjacent 2 km do not exceed 2
°C/km.

Tropopause folds in EMAC simulations were identified with an algorithm developed by Sprenger
et al.| (2003), and improved by Skerlak et al. (2014), using the three dimensional fields of potential
vorticity, potential temperature and specific humidity. The vertical extent of the folds, as determined
by the difference between the upper and middle tropopause crossings (see Fig. 1 in [Tyrlis et al.
(2014)) has been further used to identify shallow, medium and deep folds, as described and used
elsewhere (Tyrlis et al., 2014; Skerlak et al.,[2015; |Akritidis et al., 2016)).



130 2.3 Observational dataset

131 The occurrence of SOPs was reported using ozonesonde observations from Nainital (79.45°E,
132 29.37° N, 1958 m asl), a high altitude station located in the central Himalayan region {Ojha-et-al2014)(Fig.
133 These data have been used to evaluate the capability of EMAC to reproduce SOPs over this region.
134 A-typieateventSome typical events of SOP occurrence atNainital-observed-on1+00Mareh20Hs
135 shewn-over Nainital can be seen in Fig. 2242l The ozone mixing ratios in the middle-troposphere

136  (10—11 km) are clearly observed to be very high (150-250 nmol mol™') forming an SOP. The location

137 of Nainital station and the geographical topography of the northern Indian region are also shown in

138 Fig. 22411
139 Ozone profiles at Nainital were measured using Electrochemical Concentration Cell (ECC) ozoneson-

140 des. The method utilizes the titration of ozone in potassium iodide solution, which leads to produc-
141 tion of Iodine (I3). The conversion of I, to I” in the cell leads to the flow of two electrons for each
142 ozone molecule entered. The measured cell current, flow rate of air along with sensor parameters,
143 e.g. the background current and pump temperature, are used to derive ozone mixing ratios
144 2014). The precision and accuracy of ECC-ozonesondes are reported to be £(3-5)% and
145  £(5-10)% respectively, up to 30 km altitude 2007).
146 i (Qtha et al., 2014
147 ozone layers in the 10-12 km altitude range. identified as SOPs. For the analysis of frequency of
148 occurrence and impacts of SOPs, we classify an ozone profile as SOP, if 1) O3 mixing ratios at
149 10-12 km, are higher by at least by 50% compared to average ozone in the lower troposphere and 2
150 O mixing ratios are again lower (at least by 20%) above the SOP (as shown in Fig. Pland described

152 Further details of the Nainital station and meteorology (Sarangi et al., 2014} [Singh et al [2016)
153 and balloon-borne measurements (Smit et al.} 2007;[Ojha et al., 2014; Naja et al.,[2016)) can be found

154 elsewhere.

) showed six occurrences of elevated

155 2.4 Backward trajectories

156 We used the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (http:/
157 [ready.arl.noaa.gov/HYSPLIT.php) to investigate the source regions and the transport patterns caus-
158 ing SOPs over the central Himalayas. Backward-5-day backward trajectories have been simulated at
159 10, 11 and 12 km above sea level (asl) (Fig. S4 in the supplement), which are the typical altitudes

160 where-SOPs-are-observed-in-thisstudyfor the 6 SOP events shown in Fig. 2l Additional trajectories
161 have been computed for each model timestep in the month of May 2002 (Fig. [6), during which the
162 model predicts the highest frequency of occurrence in the 2000-2014 period. HYSPLIT trajectory

163 simulations are driven by NCEP reanalysis meteorological fields and the model vertical velocity

164 option has been used for the vertical motions. More details of the backward trajectory simulations
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using the HYSPLIT model (Draxler and Hess| 1997, 1998 |Draxler et al., 2014) and use of various
datasets as meteorological inputs over the Indian region can be found elsewhere (e.g. |Ojha et al.|

2012; |[Kumar et al.| [2015)).

3 Results and Discussion
3.1 Model Evaluation

Fig. 2] shows the comparison of EMAC simulated ozone profiles with ozonesonde measurements
over Nainital during six SOP events reported previously (Ojha et al.,2014). Model ozone fields have
been bilinearly interpolated to the observation site and model output closer to the time of observation
600 m in the middle troposphere (10-12 km), where SOPs are typically observed, the observational
values are also shown at similar vertical resolution for comparison. The average ozone mixing ratios
along with the corresponding standard deviations for the six events are compared between model
and observations in Table[I] for lower, middle and upper tropospheric altitudes.

The EMAC model is found capable of reproducing the altitudinal placement of the SOPs over the
central Himalayas during all six events. For example, on 20" Apr and 9" May the model shows the
peak ozone mixing ratios at 10.5 km asl, in agreement with the ozonesonde profiles. On other events,
such as on 11" Feb, 10" Mar and 25" Oct, the altitude of SOP differs slightly (by 0.5-1 km) between
model and ozonesonde profiles, except on 7" Jun (by 2 km). The aforementioned discrepancies in
the altitude of SOPs occurrence might be related to the model vertical resolution.

In addition to the altitude of SOPs occurrence, EMAC also quantitatively captures the ozone
enhancements. The model bias in simulating peak ozone mixing ratios is found to be varying from
about -45-ametmet-26% (7™ Jun) to +34-nmet-mer-21% (9™ May). The biases are found to be
within the variability of 1 standard deviation in 10-12 km altitude (28—59 nmol mol') as calculated
from ozonesonde observations during spring over this site (See Table[I]and [Ojha et al.| (2014)).

However, the model generally overestimates the ozone mixing ratios in the lower troposphere by
about 11-24 nmol mol™! (Table [1)) and shows some limitation in capturing less pronounced SOPs,
typically observed outside the winter-spring seasons. The bias in the absolute ozone enhancement
(-45 nmol mol™") as well as in the altitudinal placement of the SOP (by 2 km) are higher on 7% Jun.
Hewever-these-events-were-Here EMAC simulations are evaluated for all events identified visually
(Ojha et al., 2014)and-here-we-show-all-forcompleteness. The SOP events will-be-are selected based
on specific criteria in order to calculate the frequency of occurrence, as discussed in detail in Sect.
3.3l

Possible biases between model and observations could arise from a variety of sources, most im-
portantly, the time-evolution of the SOPs (Supplementary material - Figure +S1). Therefore, the

limited number of ozone profile measurements could lead to a temporal difference in the state of
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SOP evolution being compared between model and observation. We tried to minimize this effect by
applying a weighted average algorithm, as mentioned above.

Overall, beeause-the model is able-to-reproduce-the-eecurrenees-found to be able of reproducing
the occurrence of SOPs, their altitudinal placements and the ozone enhancements over the cen-
tral Himalayas. Additionally, EMAC simulated average ozone distribution appears to compare well
with the ozonesonde climatology over Delhi (77.16°E, 28.49°N) in north India (Fig. S2) and with

aircraft-based measurements from the IAGOS-CARIBIC program (Jockel et al,[2016). Hence, we
use the EMAC simulations to investigate the underlying processes (Section @, the frequency of

occurrences (Section [3.3) and the effects on tropospheric ozone budget (Section [3.4).
3.2 Origin of SOPs

In this section, we analyze the EMAC simulated meteorological and chemical fields in conjunction
with backward air trajectories to investigate the origin of SOPs over the central Himalayas. Fig. [3]
shows the vertical profiles of potential vorticity (PV), a tracer of stratospheric intrusions, during the
SOP events observed over Nainital. PV vertical profiles during all SOPs show layers of high values
coinciding with the altitude of SOPs.

The enhanced PV layers are found to be weaker during June and October as-compared to events
during late winter and spring. PV values are found to be between 3.1 PVU (20" Apr) to 4.7 PVU
(11" Feb) at the SOP altitudes for the events occurring in winter-spring. Even during the less pro-
nounced events of early-summer and autumn, the PV values at SOP altitude are 1.8-2.5 PVU. TFhe
from a long-term model simulation (2000-2014), shows similar structure (Supplementary material-
significantly hi .3.04£1.3 PVU in winter, 1.8£0.5 PVU during summer monsoon) compared
to timesteps without SOP (0.3+0.2 — 1.5+1.3 PVU) (Supplementary material- Table S1). Such

her (e.

enhanced PV values during the SOPs suggest that the air masses showing very high ozone levels
(SOPs) are of stratospheric origin.

To quantify the amount of ozone transported from the stratosphere during the SOPs, we compare
the EMAC simulated vertical profiles of Oz with O3s during observed 6 SOP events (Fig. E[) The
model-shows-O3s values are very similar to O3 indicating that nearly all exeess-ozone-at-the-SOP
altitudes-is-of-the excess ozone that constitutes SOPs is of the stratospheric origin, during-the-winter
and spring. despite of the tact that the SOP~are below the LR T- except on H" Mar 7" Jun and
25 Oct. The contribution of tropospheric photochemical sources to the SOPs, as represented by the.
difference O3-Oss, is found to be significant on 25" Oct (15 nmol mol"!) and much larger on 7% Jun

The comparison of O3 with Ogzs is further analyzed for the extended period 2000-2014 and a
seasonal climatology is derived by aggregating all SOP events into four different seasons (Fig.



236 The average amount of ozone transported from the stratosphere to the SOPs is found to be the highest
237  during spring (162.5:40 nmol mol!), followed by winter (149.4435 nmol mol!). In contrast
238  the contribution of tropospheric photochemical sources to the SOPs is highest during the summer
239 monsoon (30 nmol mol’!). The stronger anthropogenic contribution up to (and beyond) the SOP
240  altitudes during the summer monsoon could be a combined effect of deep convective mixing towards

241 the onset of the summer monsoon and weak horizontal winds (Ojha et al} [2014; Naja et al. [2016)) leading
242 to the accumulation of the photochemically processed air masses of tropospheric origin.

243 Since the LRT over this region is located significantly higher (Fig. ] also see (2016))
244  than the altitude of SOPs, and that the ozone in SOPs is found to be of stratospheric origin, we

245 conclude that stratospheric air masses are sandwiched between tropospheric layers at 10-11 km
246 altitude. This result complements previous studies primarily showing the altitudinal placement of
247 SOPs at about 14 km near the Lower Stratosphere (UTLS) (e.g. [Reid and Vaughan| [1991}; [Hwang|
248 et all 2007).

249 he-eontri
250
251
252
253

254 In order to investigate the underlying dynamics that transport the stratospheric air masses, leading
255 to the SOPs over the Himalayas, we analyzed the backward air trajectories (Fig—??Supplementary
256 material-Fig. S4), initialized over Nainital at 10, 11 and 12 km, which are the typical altitudes of
257 the SOPs (Fig.[2). The air mass trajectories indicate rapid transport from the west, for example on
258 11" Feb, taking only two days for the air masses to be transported across Africa and Middle-East
259 and reach the HimalayasFig—2?). Further, the locations of the tropopause folds occurred during the

260 period of air trajectories are also shown. The tropopause folds are mostly found in a belt between

261 about 20 and 35°N, in agreement with previous studies (]Skerlak et al.L |2015|). The air masses have

262 been encountering extensive tropopause dynamics along the path of transport, before reaching the

263 Himalayas.

264  BEMAC simulated-Additionally, air mass trajectories were computed for each model timestep
265 during May 2002 in which the frequency of SOPs was found to be the highest during the 2000-2014.
266 period. Fig. [d shows the EMAC simulated evolution of Ogvertieal-profiles-along-with-s along these
267  (rajectories classified into SOPs and No SOPs above Nainital. The evolution of O3 and PV along.
268  the trajectories are shown in the supplementary material (Fig. S7 and S8). Air masses are enriched /
269  accumulate the ozone of stratospheric origin during transport to Nainital causing SOPs. A significant
270 fraction of trajectories during non SOP timesteps originates over the south west having lower Ozs (<
271 90 nmol mol'!). The trajectories which do get higher contributions of stratospheric ozone are found
272 o be diluted during transport, making the enhancements above Nainital too small to be an SOP.
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The vertical distribution of EMAC simulated O3/0; ratio along the 5-day backward air trajecto-
ries are shown in Fig.[7] The pressure variations of the air masses and tropopause along the trajectory

are also shown. In-agreemen

Sﬁwemﬁ&gﬁM&eH%km—Bﬂfaﬂgif%HMD—SﬁeﬂgThe O3s/03 ratio is mostly found to

be close to unity (>0.9) near the altitude (pressure) of air mass trajectory during transport, except on
7% Jun and 25"

Oct (0.5-0.8). The intrusions enriching tropospheric air masses with stratospheric O3

are clearly visible. More specifically, a significant stratospheric contribution to tropospheric ozone is
found in the upper/middle troposphere during the 5-day period before the event, with the associated
PV values (< 2 pvu) indicating mixing of stratospheric air into the troposphere. Additionally, stron

variability in the altitude of the LRT along the path of the transport is seen, except for the event of

7 Jun. Fhis-variabitity-in LRF The dramatic variability in the LRT along the trajectory (e.g. from
&(M&@Vappears to be associated with the tropopause felds-as—shewn-inFig:
22folding activity (Fig. S4 and S95). Several shallow tropopause folds are-seen-(vertical extent of 50
to 200 hPa) occur along the transport path, while deeperfolds{mediwmmedium folds (vertical extent
of 200-350 hPa) are only seen-found during 11" Feb and 9 Maytalse-see Skertak-et-al(2045)).

Intrusion of a significant amount of O3 due to tropopause folds over the Eastern Mediterranean and
the Middle-East was shown by [Akritidis et al| (2016). The combination of very strong winds asso-
ciated with the subtropical jets (Fig. 2254, (Ojha et al., 2014} Naja et al., [2016)) and this intense

tropopause dynamics, enriching the troposphere with stratospheric ozone, leads to the formation of

SOPs over the Himalayas.

The transport of ozone rich air masses from the stratosphere towards the Himalayas can be seen

more clearly in the longitude-pressure cross sections at 30°N (Fig. [8), and latitude-pressure cross

sections at 80°E (Fig. [9) for all the events and the day before. Fig. [§|reveals three geographical re-
gions viz. Northern Africa and Atlantic Ocean (lon < 40°E), Middle-East (40°E-60°E) and northern
South Asia (60°E-100°E), where the intrusions of stratospheric air masses can be identified. Blobs
of air masses characterized by h1gh PV values (> 2 PVU) are also seen. Additionally, Fig. [9] shows

la%ﬁudes«lﬂgher—fh&ﬂ%ﬁo&ﬁdﬁﬂﬂmal—weﬁhethat stratospheric influences are more pronounced

over the northern parts of the Indian subcontinent compared to Southern India. This result based on
EMAC simulations is found to be in agreement with the study by |Ganguly and Tzanis| (2011) based

on ozonesonde observations at three Indian stations.

To investigate the possible mixing of the transported stratospheric air with tropospheric air in
the vicinity of the SOPs, the Turbulence-Index (TI) is derived from EMAC fields, as described in
[Ellrod and Knapp| (1992). To detect the Clear Air Turbulence (CAT) areas and potential mixin
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the approach similar to Traub and Lelieveld| (2003) has been followed. The pressure-longitude cross
hPa) are shown in the Fig. [[0lfor the timesteps of events and a timestep before and after the event.
between stratospheric and tropospheric air, supporting the irreversible nature of the associated STT.

3.3 Frequency of SOPs

The frequency of SOP occurrences was not estimated over Nainital from observations, due to the
availability of only 3-4 profiles in each month, however a tendency of higher frequency during spring
was noticed (3 events), as compared to other seasons (1 event per season) (Ojha et al.| 2014). In this
section, we use long-term EMAC simulations, conducted for a period of 15 years (2000-2014), to
investigate the frequency of SOP occurrence and seasonality over the central Himalayas. Due to the
variability in the SOP altitude as well as the absolute enhancements during the SOPs, general / unique
criteria can not be defined. Therefore, we first select the ozone profiles in which Average Ozone
Mixing Ratios (AOMR) at 10—12 km, a typical altitude of SOP occurrence, are significantly higher
(at least by 50%) compared to average ozone in the lower troposphere. Additionally, to explicitly
select only the profiles which are SOPs (and not a direct intrusion over the Himalayas) the additional
criterion was applied that directly above the SOP the ozone mixing ratios are again lower (at least by
20%), so that selected profiles have a shape typical of SOPs, as shown in Fig.[2| These two conditions
can be mathematically expressed as

AOMR j¢_12km = 1.5 x AOMR_gxm

and

AOMR j2_14xm < 0.8 x AOMR 0_12km

Further, the factors 1.5 and 0.8 representing an enhancement by 50% and reduction by 20% were
suitably varied, which confirmed the generality of the result (not shown). We calculated the fre-

quencies of occurrence in percentage for each month during 2000-2014, and converted these to an

average climatological seasonal cycle

H-sigma)-(Fig. @ Standard deviations in a month represents the variability in the SOP frequenc
among different years during 2000-2014 period.

The highest frequency of SOPs over the central Himalayas is found during the pre-monsoon sea-
son (MAM), followed by winter (DJF). The frequency of SOP occurrences over Nainital increases
steadily from January (2.7%) to May (10.8%), and abruptly declines in June (1.2%). The model does
not predict any SOPs during July—October. It should be noted that here we included only those events
as SOPs, which show enhancements by at least 50%, therefore some events with smaller enhance-
ments could be present during July—October. It is suggested that the more frequent stratospheric in-

trusions during spring, combined with the stronger horizontal advection, lead to more frequent SOP

events. Seasonal composites of the spatial locations of folds (Fig. S6) shows higher frequency of
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occurrence during SOPs. The effects of stronger cross-tropopause exchange and influx of the strato-
spheric air masses during spring and winter over the Himalayas and surrounding regions, such as
southern parts of the Tibetan Plateau, have also been shown by Skerlak et al. (2014, 2015)). The fre-
quency of SOP events over this region is minimum during the summer monsoon season, as the weak
horizontal winds (Ojha et al., 2014} Naja et al., 2016) do not transport the ozone from STTs over
large distances. The frequency of stratospheric intrusions and tropopause folds over the Himalayas
and surrounding regions are lower during the summer monsoon (Cristofanelli et al., 2010; |Putero
et al., 2016). Multiple tropopauses that can occur in winter and spring over the Tibetan Plateau are
shown to be absent during the summer monsoon season (Chen et al., 2011). Additionally, stronger
vertical mixing due to monsoonal convection inhibits high ozone layers to form and sustain. These
findings are in agreement with the ground-based ozone measurements in the southern Himalaya,
where about 78% of the stratospheric influences were attributed to the PV structures and-subtropicat
jetstreamsinduced by fluctuations of the zonal flow and tropopause fold development along the the
subtropical jet-stream, while monsoon depressions only account for 3% of the events (Bracci et al.|
2012). Further, the seasonality of SOP frequency derived from EMAC simulations is consistent with
the conclusions based on the limited number of observational profiles in |Ojha et al.| (2014). Next
we determine the enhancements in tropospheric ozone columns due to presence of SOPs over the

central Himalayas.
3.4 Effect of SOPs on Tropospheric Column Ozone

Fig. |12| shows the climatological mean seasonal cycle of the Tropospheric Column Ozone (TCO)
in Dobson Units (DU) over Nainital from EMAC simulations over the period 2000-2014. TCO
values are calculated by integrating ozone mixing ratios up to the LRT, determined using the WMO
definition. To investigate the effect of SOPs on TCO, we compare three TCO values: First using
EMAC simulated O3 values from all time steps, second by selecting only the time steps when there
is an SOP event as per the criteria discussed in Sec.[3.3] and third by taking all time steps when SOPs
do not occur.

TCO values for All-times and No-SOPs are found to be very similar, mainly due to the large
number of data counts (more than 1000 data counts in individual month), as compared to those in
SOPs (0-120 data counts in individual month). The maxima of TCO during May and June (54.7+5.9
and 55.0£4.4 DU respectively) are attributed to the intense solar radiation and high pollution loading
over northern India. While photochemical production of ozone is less efficient during the winter
(TCO: 33.7£3.6 to 37.645.8 DU) and the summer monsoon (e.g. 44.9+4.9 DU in August). Overall,
the EMAC simulated TCO seasonality from all data is found to be consistent with satellite data (Ojhal
et al.,[2012) over this region.

The occurrences of SOPs are seen to clearly enhance the TCO values during the winter, pre-

monsoon and early summer. To estimate the enhancement in the tropospheric ozone that would
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likely persist in the troposphere (not reversible), here an additional criterion of PV values upto 2
PVU has been applied.

The maximum enhancement in climatological average TCO value due to SOPs is found dur-
ing January, when TCO values during SOPs (43.5+4-6-3.0 DU) are higher by as much as 9-BUY
267.5 DU (21%) compared to the non-SOP time steps (34:536.0+4-6-3.6 DU). The enhancements

in tropospheric ozone loading over the central Himalayas due to SOPs are estimated to be 4-9-BY

{7-263.3-7.5 DU (6-21%) during January to June. Additional calculations, relaxing the PV criteria

to include SOP timesteps having PV values higher than 2PV U as well, shows slightly higher values
of the estimated enhancement (4-9 DU: 7-26%) on the TCO.

4 Conclusions

In this study, we used the EMAC model to investigate the layers of high ozone mixing ratios (SOPs)
in the middle-upper troposphere, observed over the central Himalayas in northern India. EMAC
successfully reproduces the occurrence, altitudinal placement and the relative ozone enhancements
during SOP events observed in ozonesonde profiles. The vertical profiles calculated by EMAC
long-term EMAC simulations show layers of high PV (1.8-4-7-%0.5 — 3.04+1.3 PVU) coinciding
with the altitude of SOPs suggesting the influences from stratospheric intrusions. The analysis of
Oj3s further shows that generally all excess ozone at SOP altitudes over the Himalayas is transported

from the stratosphere. Ph

sources are found to contribute significantly to the SOPs and above during the summer monsoon (30
nmol mol'}).

Analysis of backward air trajectories in conjunction with EMAC simulated O3 distributions and

tropopause dynamics revealed that stratospheric air masses are sandwiched between tropospheric
layers at 10—11 km altitude due to tropopause folds which are rapidly transported along the subtrop-
ical jet to cause SOP structures over the Himalayas. In contrast to SOP timesteps, a fraction of air
mass trajectories during non SOP timesteps are from the south west, which have significantly lower
contributions of stratospheric ozone. Regions as far as northern Africa and the Atlantic Ocean, the
Middle-East and northern South Asia are found to be regions of stratospheric intrusions that act as

sources of high-ozone mixing ratios. The distribution of Ogs showed that STT effects have-been

[¢]

onfined-atlatitudes higher than-about 25°N-and-are minimat-over-the-are more pronounced over the
northern Indian subcontinent than those over southern India.

We used long-term model simulations (2000-2014) to calculate the frequency of SOP occurrence
showing maxima during spring (about 11% of the time in May), while no SOPs were predicted

during the July—October months. This is consistent with results based on ozone soundings over the
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417 region. The high frequency of SOPs during spring is attributed to the occurrence of stratospheric
418 intrusions combined with rapid horizontal transport. The minima in the frequency of SOPs during
419 the summer monsoon are partially due to much weaker horizontal transport supplemented-with-due
420 to the northward displacement of subtropical jet stream and stronger monsoonal convective mixing.
421  Model simulations were further used to investigate the effect of SOPs on the TCO. The EMAC sim-
422 ulated TCO seasonality is in agreement with satellite data. SOP occurrence is found to significantly
423 enhance the TCO over the region by 4-9-BU~+7-263.3-7.5 DU (6-21%). Such an enhancement
424 in tropospheric ozone at the SOP altitude could translate to an increase in surface temperature by

426 as expected due to their origin from dynamical processes, the occurrences of SOPs discern ver
427 hlights a need

large interannual variabilit . . Supplementary material-Fig. S9), which hi

428 of in situ measurements and numerical simulations on climatic timescales to quantify the role of
429 SOPs in measured ozone trends over Asian regions especially in the middle-upper troposphere

430 (Banerjee et al,[2016; [Tanimoto et al., [2016), and their impacts on tropospheric chemistry and climate.
431
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Table 1. A comparison of average ozone mixing ratios between ozonesondes and EMAC model for the lower,

middle and upper troposphere during the six SOP events over Nainital

Date 2-7 km 7-12 km 12-17 km
Sonde EMAC Sonde EMAC Sonde EMAC

20110211 50.744.1 69.5+3.6 85.8+52.1  112.3£523 135.9£229  173.7+42.6
20110310 67.6+8.1 86.8£1.8 120.5452.0  134.8439.0 131.94574  184.7+76.9
20110420 85.8+7.7 96.9+7.0 147.1£37.3  136.84+28.6 151.44+41.6  151.04+36.7
20110509 83.0£13.3 101.6+5.3 104.8434.7  154.8425.3 132.9+154  140.7+17.7
20110607 83.1£7.6  107.0+6.1 132.4430.2  110.2+10.0 119.8421.6  111.9435.2
20111025 57.1£33 72.3+1.7 84.4£26.8 86.7£17.2 123.3+37.6  130.4431.7
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shown in the topography map of the northern Indian region.
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Figure 2. Comparison of EMAC simulated ozone profiles during the days of SOP events with ozonesonde

observations over Nainital.
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Figure 4. Vertical profiles of EMAC simulated ozone and stratospheric ozone tracer (O3s) during the SOPs over

Nainital. The height of the Lapse Rate Tropopause (LRT) from EMAC, calculated using the WMO definition,

is also shown.
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and No SOPs with starting altitude of 11 km for the month May 2002. The difference between symbols on
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the pressure in hPa. The-White filled triangles show the pressure along the back-trajectory and the difference
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white-dotted black line indicates the tropopause (LRT). The solid black line is the 2PVU contour.
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Figure 8. The longitude-pressure cross section of EMAC simulated O3s at 29.5°N during all SOP days and a
day before the event. White lines denote the potential temperature (K) and the black line denotes the dynamical

tropopause at 2 PVU.
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Figure 9. The latitude-pressure cross section of EMAC simulated Oss at 79.5°E during all SOP days and a

day before the event. White lines denote the potential temperature (K) and the black line denotes the dynamical

tropopause at 2 PVU.
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Figure 10. The longitude-pressure cross section of O3s (color filled), and Turbulence Index (TI) (contour lines
in 107s2) at 29.5°N
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Figure 11. Annual cycle of SOPs-SOP occurrence frequency (%) over Nainital, calculated from the EMAC

simulations for the period 2000-2014. The error bars show the standard deviation of SOP frequency durin
each month among different years 2000-2014 period.
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Figure 12. Annual cycle of EMAC simulated TCO over the central Himalayas calculated from 1) all EMAC
time steps (All Times), 2) only the time steps having SOPs (SOPs), and 3) only when SOPs are not present (No
SOPs) over the period 2000-2014. Enhancements in TCO values (in %) during SOPs as compared to No SOPs

km is up to 2PVU. Error bars represent the standard deviation derived from the temporal variations over the

eriod of 2000-2014.
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