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Abstract. The paper presents the first 2 years of contin-(1.2%) and higher values during the rest of the year (21.5%).
uous surface ozone @ observations and systematic as- As suggested by back-trajectory analysis, the position of the
sessment of the influence of stratospheric intrusions (Slsubtropical jet stream could play an important role in deter-
at the Nepal Climate Observatory at Pyramid (NCO-P;mining the occurrence of deep Sl transport on the southern
27°57 N, 86°48 E), located in the southern Himalayas at Himalayas.
5079 ma.s.l.. ContinuousOmonitoring has been carried We estimated the fraction of {due to Sl at the NCO-P.
out at this GAW-WMO station in the framework of the Ev- This analysis led to the conclusion that during Sl <gnifi-
K2-CNR SHARE and UNEP ABC projects since March cantly increased by 27.1% (+13 ppbv) with respect to periods
2006. Over the period March 2006—February 2008, an avnot affected by such events. Moreover, the integral contribu-
erage Q value of 4312 ppbv &18) was recorded, with a tion of Sl (Oss) to O3 at the NCO-P was also calculated,
large annual cycle characterized by a maximum during theshowing that up to 13.7% of £¥ecorded at the measurement
pre-monsoon (6319 ppbv) and a minimum during the mon- site could be possibly attributed to SI. On a seasonal basis,
soon (3910 ppbv). In general, the average @lurnal cycles  the lowest Sl contributions were found during the summer
had different shapes in the different seasons, suggesting amonsoon (less than 0.1%), while the highest were found dur-
important interaction between the synoptic-scale circulationing the winter period (up to 24.2%). Even considering the
and the local mountain wind regime. rather large uncertainty associated with these estimates, the
Short-term Q behaviour in the middle/lower troposphere obtained results indicated that, during non-monsoon periods,
(e.g. at the altitude level of NCO-P) can be significantly af- high Oz levels could affect NCO-P during Sl, thus influenc-
fected by deep Sl which, representing one of the most iming the variability of tropospheric ©over the southern Hi-
portant natural input for tropospherigQcan also influence malayas.
the regional atmosphere radiative forcing. To identify days
possibly influenced by Sl at the NCO-P, a specially designed
statistical methodology was applied to the time series of 0b-;  |ntroduction
served and modelled stratospheric tracers. On this basis, dur-
ing the 2-year investigation, 14.1% of analysed days wereEven if about 90% of atmospherics@nolecules resides in
found to be affected by SI. The Sl frequency showed a cleathe stratosphere, tropospherig €trongly influences the ra-
seasonal cycle, with minimum during the summer monsooryiative budget of the atmosphere (Forster et al., 2007) and the
oxidation capacity of the troposphere (Gauss et al., 2003).
Due to its high chemical reactivity in the lower troposphere,

Correspondence to: P. Cristofanelli O3 is considered a dangerous pollutant, causing harm to hu-
BY

(p.cristofanelli@isac.cnr.it) man health (e.g. Hoek et al., 1993; Conti et al., 2005) and
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ecosystems (e.g., Fuhrer and Booker, 2003; Paoletti et alits climatic effect in this important world area. In fact, high
2006), while in the free troposphere it has been recognisednountain stations are appropriate locations for investigating
as the third greenhouse gas in terms of anthropogenic radigdhe episodic transport of stratospheric air-masses deep into
tive forcing (Forster et al., 2007). Although the greatest con-the troposphere (e.g. Elbern et al., 1997; Stohl et al., 2000),
tribution to tropospheric @today comes from photochemi- as well as representing very suitable sites for the study tro-
cal production (e.g. Jacobson, 2002), other concurring propospheric background conditions (e.g. Wotawa et al., 2000;
cesses like Stratosphere-Troposphere Exchange (STE) cablenne et al., 2008). Signal of stratospheric air-masses have
not be neglected (e.g. Roelofs and Lelieveld, 1997; Wild,been detected by Wang et al. (2006) by analysinga@d
2007; Trickl et al., 2010). As a result of the interaction of CO values recorded during a summer campaign in the north-
these processes with air-mass transport (both regional aneastern Qinghai-Tibetan Plateau (Mt. Waliguan, 2613
long range), and due to its variable chemical lifetime (from 100.9 E, 3816 ma.s.l.). At the same measurement site, by
days to a month), troposphericz@xhibits complex spatial analysing case studies, Ding and Wang (2006) suggested that
and temporal variations that lead to an inhomogeneous disstratospheric intrusions can play an important role during
tribution of its radiative forcing (Mickley et al., 2004) and summer but without providing any estimate of the possible
non-linear effects on regional air quality (West et al., 2009). contribution to Q levels. Concerning the Mt. Everest re-
Thus, it is crucial to evaluate in detail the processes able t@jion, by analysing single case studies and long-term satel-
influence @ behaviour. Due to the increasing emissions of lite measurements, Moore and Semple (2004) indicated that
anthropogenic @precursors (Ohara et al., 2007), the issue Sl can trigger extreme weather events at the mountain peak,
appears especially urgent with regard to South Asia, wheralso speculating that the interaction of the Tibetan Plateau
a vast region extending from the Indian Ocean to the Hi-with large-scale circulation can favour STE over South Hi-
malayas is characterised by the presence of copious amounisalayas (Moore and Semple, 2005). By analysing data from
of aerosol and pollutant gases (the so-called Atmospheri¢wo field campaigns, Zhu et al. (2006) suggested that high
Brown Cloud), with severe implications on regional climate, Oz in the northern slope of Mt. Everest could be attributed
air-quality and food safety (Ramanathan et al., 2008). In parto katabatic winds pumping downsQich air-masses from
ticular, there is still a gap in knowledge concerning the typi- upper air levels. More recently, by analysing the first round-
cal levels and variations of tropospherig @ver the high Hi-  year of continuous @measurement at NCO-P, Cristofanelli
malayas where, besides influencing the mountain ecosystert al. (2009) evaluated that during 25 Sl days the dady O
air quality, it can strongly contribute to the atmospheric heat-mixing ratio increased by 9.3% compared to seasonal values.
ing of absorbing aerosols in the Brown Cloud (Ramanathan To detect experimentally stratospheric intrusion (SI)
etal., 2008). events at a specific surface measurement site or throughout
For these reasons and with purpose of contributing to fill-the troposphere, the temporal variations of specific strato-
ing this gap in knowledge, this work presents the first com-spheric tracers can be analysed. Sl is often related to frontal
plete description of surface {Obehaviours at the WMO-  activity, leading to the development of tropopause folds (e.g.
GAW station “Nepal Climate Observatory — Pyramid” Sprenger et al., 2003), deep troughs (e.g. Davies and Schuep-
(NCO-P, 5079 ma.s.l.,, Nepal), together with a systematicbach, 1994) and cut-off lows (e.g. Sprenger et al., 2007)
evaluation of the role of deep stratospheric intrusions in de-at upper levels, as well as rapid cyclones (e.g. Loring et
termining the observed Plevels. At this station, in the al., 1996), fronts or high-pressure systems at the surface
framework of the UNEP ABC (Atmospheric Brown Clouds) (e.g. Davies and Schuepbach, 1994). For this reason, con-
and Ev-K2-CNR SHARE (Stations at High Altitude for Re- comitant atmospheric pressure (AP) variations are often ob-
search on the Environment) projects, since March 2006 higlserved at measurement sites when Sl occurs. Several au-
quality continuous measurements of trace gases, aerosol aridors (e.g. Sprenger et al., 2007) have used Ertl’'s potential
meteorological parameters have been conducted, in order teorticity (PV) to diagnose the presence of stratospheric air
attain a detailed characterization of the background tropo-deep into the troposphere. In fact, in the atmosphere above
spheric composition and variability over the remote South350 hPa, PV rapidly increases with altitude, reaching typi-
Himalayas. Thus, together with the work by Bonasoni etcal values above 1.0 pvu (Danielsen, 1968) at the tropopause
al. (2010) that will focus on polluted air-mass transport, thelevel (where 1 pvu=10°m?Kkg~1s™1), thus representing
present paper better clarifies the role played by transport proa valid stratospheric tracer under adiabatic and frictionless
cesses in determining thes@vels and variability in one of flows. The detection of high values of total column ozone
the most critical high-altitude regions. It should well clarify (TCO) over a specific location or the identification of strong
that part of this work is aimed in evaluating the contribu- TCO horizontal gradients can also be used to identify Sl (e.g.
tion of relatively “fresh” stratospheric inputs, i.e. still hav- Olsen et al., 2000; Wimmers et al., 2004).
ing a clear fingerprint of their stratospheric origin. Neverthe-  Along with high G; concentrations and PV values, strato-
less, this experimental investigation can also provide usefubpheric air is also characterised by low water vapour con-
hints for better evaluating the capacity of global and regionaltents and low anthropogenic pollutants (e.g. black carbon).
models in assessing the current troposphegde®els, and  For this reason the experimental recognition of Sl at high
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For this reason, particular attention was devoted to ensuring
that the Q levels observed during the identified SI days were
not influenced by anthropogenic emissions. In particular, as
: shown in Section 5 below, surface; @ata were analysed as
Tibetan Plateau a function of RH and black carbon (BC), to prevent moist
and polluted air-masses influencing the analysed measure-
ments. Surface Pmeasurements (Fig. 2) have been contin-
uously performed with a UV-photometric analyser (Thermo
Scientific — Tei 49C), adopting the sampling procedures sug-
gested within the GAW-WMO (GAW, 1992). During a main-
tenance campaign in February 2007, the instrument was
compared against a travelling standard by GAW/WCC at
EMPA (World Calibration Centre for Surface Ozone, Car-
bon Monoxide and Methane at the Swiss Federal Laborato-
ries for Materials Testing and Research). In agreement with
Klausen et al. (2003), the combined standard uncertainty
(1-min basis) was ascertained to be less thdn5 ppbv in
e the range 0-100ppbv. At NCO-P, equivalent BC concen-
trations are determined using a multi-angle absorption pho-
Fig. 1. NCO-P geographical location. Adapted from www. tometer (MAAP 5012, Thermo Electron Corporation). This
earthobservatory.nasa.gov. instrument measures the absorption coefficient of aerosol de-
posited on a glass fibre filter tape, also removing the scatter-
ing effect at different angles, which can interfere with opti-
mountain sites is often additionally based on the identifica-cal absorption measurements. The reduction of light trans-
tion of “clean” and low RH conditions (e.g. Stohl et al., 2000; mission at 670 nm, multiple reflection intensities, and air
Trickl et al., 2010). sample volume are continuously integrated over the sample
The work presents and analyses surfaga@asurements run period to provide a real time output (1-min resolution)
continuously recorded at NCO-P from 1 March 2006 to 18 of equivalent BC concentration (Petzold et al., 2002). For
February 2008. In particular, by applying a specially de- further details on BC measurements and typical behaviours
signed selection methodology based on the analysis of inat NCO-P, please refer to Marinoni et al. (2010). At NCO-
situ data (@, AP, RH), satellite TCO data and 3-D air-mass P, conventional meteorological parameters are continuously
back-trajectories, the days possibly influenced by Sl were acrecorded by means of an integrated weather station (Vaisala
curately identified. Here we extend the previous work by WXT-410). In particular, AP shows a small variability dur-
Cristofanelli et al. (2009) with the principal aim of charac- ing the year (standard deviation: 3.6 hPa) with an average
terizing the surface ©behaviours in South Himalayas and value of 550.9 hPa. As shown in Fig. 2, the yearly AP cy-
further investigating Sl seasonal cycle and estimating the Stle was characterised by higher (and less variable) values
contribution to the observed{Jevels . from June to October (55240.6 hPa) and lower (and more
variable) values from November to March (54%3.1 hPa).
This behaviour appeared to be strongly affected by the so-

Arabian sea

2 Methods called “Tibetan High”, a strong thermal anticyclone forming
in the upper troposphere during the monsoon season, while
2.1 Measurement site and in-situ observations for the rest of the year the passage of eastward propagating

synoptic disturbances mainly determine AP variations at the
The NCO-P (2757 N, 86°48 E) is located at 5079 ma.s.l., measurement site (Bner, 2006). All the in-situ parame-
in the southern Himalayas (Fig. 1) at the confluence of twoters presented in this paper are reported at local time (LT, i.e.
glacial valleys: Lobuche and Khumbu. As shown by Bona- UTC+5.45), unless otherwise reported, while all concentra-
soni et al. (2010), the air-mass circulation at this measuretions refer to STP conditions (273 K and 1013 hPa).
ment site is strongly influenced both by the synoptic scale
circulation and the local mountain wind regime. The inter- 2.2 Back-trajectory calculation
action between these components leads to the onset and de-
cay of the summer monsoon and winter season reported bin order to determine the origin of air masses reaching
Bonasoni et al. (2010) and adopted also in this work to de-NCO-P, 5-day back-trajectories starting at the measure-
fine seasonal transitions during the years (Table 1). In parment site were calculated every 6 h (at 00:00, 06:00, 12:00
ticular, up-valley breezes can favour the transport of pollutedand 18:00 UTC) with the Lagrangian Analysis Tool LA-
air-masses rich in @and BC from lower altitude regions. GRANTO (Wernli and Davies, 1997). To minimize possible
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Fig. 2. Time series (daily average values) of surfacg(®), atmospheric pressu(B), maximum potential vorticity over 14 back-trajectories
extending up to 50 hPa over the measurement site alt{f@yland total column ozongD) from March 2006 to February 2008. For surface

O3, atmospheric pressure and totad,@he thick lines represent the seasonal behaviour obtained by applying the KZ filtering. The vertical
grey bars denote the days characterised by parameter values exceeding the threshold for detection of Sl events. Top horizontal coloured bal
denote winter and monsoon seasons.

effects of the differences between model and real topograRange Weather Forecasts (ECMWF). The 3-D wind fields

phy, the 3-D trajectories were started at the pressure levelvere interpolated onto a horizontatx\1° grid. Subgrid

of 530 hPa, which almost corresponds to the station heightcale processes, like convection and turbulent diffusion, are
above sea level. Trajectory calculations were based on theot represented by LAGRANTO back-trajectories. To com-

6-hourly meteorological 3D grid field composing the opera- pensate partially for such uncertainties, and also to evalu-
tional analysis produced by the European Centre for Mediumate the coherence of flow, which depends strongly on the
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Table 1. Ildentification of season transitions as a function of the 90
local weather regime at NCO-P (from Bonasoni et al., 2010) 80 1 .
Year Season Start day—End day 70 1 X
Pre-monsoon 1 March—20 May % 60 é .
2006 Monsoon 21 May—26 September § é b . o
Post-monsoon 27 September—20 November 2 501 I * é %
Winter 21 November 2006-31 January 2007 § 40 | Toa E
Pre-monsoon 1 February-5 June PO
2007 Monsoon 6 June—12 October 30 + * $ %l
Post-monsoon 13 October—14 November
2008 Winter 15 November-18 February 2008 20 1

10 —— T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months (March 2006 - February 2008)

3-D flow structure and temporal evolution, in addition to the

backward trajectory started at the NCO-P location, 6 addi-Fig. 3. Box-and-whiskers analysis of dailyz0neans for months

tional back-trajectories with endpoints shifted-hg° in lati- from March 2006 to February 2008. The box and whiskers denote

tude/longitude antt50 hPa in pressure were also considered.the 10th, 25th, 50th, 75th and 90th percentiles, the outliers the 5th
For every point along the trajectory (interpolated at a timeand 95th percentiles and the bold lines the average values.

resolution of 2 h), the model provides the geographic loca-

tion and altitude of the air parcel, as well as other important

physical quantities, like Ertel's PV, which can facilitate the i , ,

identification of stratospheric air-masses. For each analyseahowed maxima during pre-monsoon periods (average mean

day, the highest PV values along the 14 back-trajectories end\falue: 61£9 ppbv; N: _202) and minima dpring the monsoon
ing up to 50hPa above the receptor point are shown in Fig. 2Seasons (3810 ppbv; N: 247). The spring (pre-monsoon)

It is evident that the highest PV values related to air-masse&'@XImum with a summer (monsoon) minimum is typical for
seasonal @ cycles at other locations in South/South-East

reaching the measurement site from October to mid-June;~*¢ ) X
with lower values during the monsoon season. Asia (e.g. Wahid et al., 2001; Tanlmotp etal., 20055 Agrawal
et al., 2008), where the monsoon regime strongly influences
2.3 Ozone Monitoring Instrument (OMI) data atmospheric circulation. As shown by Bonasoni et al. (2010),
while the seasonal £minima during the monsoon period
Daily total column @ (TCO) from the Dutch-Finnish Ozone are related to the northward transport of air masses poor in
Monitoring Instrument (OMI) (Levelt et al., 2006a, b) on Os from the Indian subcontinent and ocean, other processes
board the NASA Earth Observing System Aura satellite can contribute to explaining the higher @evels recorded
(Schoeberl et al., 2006) were analysed for the NCO-P locaduring the remaining seasons. In particular, during the pre-
tion (pixel extension: 1.00Lat.x1.25 Long.; local time ~ Monsoon period, both SI and long-range/regional transport
overpass:~12:00LT). In particular, TCO showed a clear from Central Asia, North Africa and Middle East (Wang et
seasonal behaviour (Fig. 2) characterized by low values fronfl-, 2006; Sudo and Akimoto, 2007; Bonasoni et al., 2010)
late September to early January (288 DU) and high val- ~ c¢an contribute to the observed @oncentrations. In addition
ues during the pre-monsoon period (278 DU). These 0 long-range transport, a not-negligible source gfr@ay
variations are related to different controlling factors (Han @lso be the local/regional transport of air-masses rich in an-
et al., 2001; Tian et al., 2008): i.e. variations of large thropogenic pollutants and biomass burning products (Bona-

scale circulation, eddy transport, and chemical sources/sinkg0Ni et al., 2008). In fact, the efficient valley wind circula-
(Miyazaki et al., 2005). tion characterising the Khumbu region represents a favoured

channel for the injection of pollution to the high Himalayas

(Bonasoni et al., 2010). The influence of the mountain wind
3 Surface Q; behaviour at NCO-P regimes on @ concentrations was investigated by consid-

ering the average diurnal variation of normalizeg @lues
The O; measurements at NCO-P represent the longest conebtained by subtracting daily means from the actual 30-min
tinuous Q time series recorded at an high-altitude Hi- Oz concentrations (Fig. 4). With the purpose of stressing
malayan location. For the considered period, the surface Othe day-to-day variability that can affect the diurnal cycle
mean concentrations gave a value oftd2 ppbv; N: 696  of O3z at this measurement site, also the 25th and 75th per-
(£1o; N being the number of data). As shown by the anal- centiles of the normalized values AOs) have been cal-
ysis of daily mean values (Fig. 3), the seasonal cycle £f O culated. As shown by this elaboration, it should be noted

www.atmos-chem-phys.net/10/6537/2010/ Atmos. Chem. Phys., 10, 6537—6549, 2010
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WINTER PRE-MONSOON sphere via down-valley breezes. During the summer mon-

soon, a significant ® maximum was observed at 10:00-

A 11:00 with a minimum in the evening (at 20:00-21:00). This
A AN VAN behaviour suggests the transport of air-masses richegin O

1 J\/ s from along the valley or possibly influenced by a weak lo-
' WWM%HW cal photochemical production. In factz@oncentrations de-
=11 creased from 12:00, when cumulus formation usually de-
veloped at NCO-P (Bonasoni et al., 2010) reducing incom-
3 ing solar radiation. @ reached a minimum concentration
: , , - : on 20:00-21:00, suggesting that destruction processes and/or
O e T e surface deposition are dominant. The slightly highgle-
MONSOON POST-MONSOON els observed during night-time were probably more represen-
tative for air-masses advected to NCO-P by the “large-scale”
B monsoon circulation (Bonasoni et al., 2010). In the post-
ilewl S monsoon season, the average diurnal cycle was charac-
P L AN terised by a morning maximum (from 08:00 to 12:00) and
U ’L\/ —/‘,”," a late afternoon minimum (18:00). Again, the lovg @al-
‘M/ \ ues during the afternoon were probably due to the transport
N NV T of air-masses from the lower troposphere by up-valley winds
oo (Vy>0). On the other hand, comparing the average diur-
v , . nal variations of @ andVy, it is likely that the morning @
O oty L) oot maximum could be the result of different contributions. In
fact, O3 concentrations peaked both under down-valley (at
Fig. 4. Diurnal cycle of normalized @values AOg) and merid- ~ 08:00 LT) and up-valley (at 10:00-11:00 LT) breezes. While
ional wind component\(y) for the different seasons at the NCO-P. the first “bump” in the average £peak was probably re-
The vertical bars denote the 95% confidence level while the uppetated to clean air-masses from the upper/free troposphere (as
and lower dotted lines denote the 25th and 75th percentiles@ay. also suggested by the low BC average values of 50fig/m
see Marinoni et al., 2010), the secong ‘®ump” was prob-
ably related to air-masses mixed by the developing up-valley
that the actual amplitude of single day cycles can be signif-breezes (as also suggested by the BC concentrations increas-
icantly higher than the “smoothed” amplitudes of the aver-ing from 50 to 200 ng/r see Marinoni et al., 2010). In fact,
aged diurnal cycles. In general, the averagel@rnal cycles  as shown by Venzac et al. (2008), during the post-monsoon
presented different shapes for the different seasons. Durseason ultrafined{, of 10 nm or less) particle concentra-
ing the winter season, a day-time minimum (16:00-17:00)tions strongly increase after 11:00 LT, indicating new parti-
and a night-time maximum (04:00-05:00) were observed.cle formation at the interface between ABL and “free tropo-
The average behaviour of the in-situ meridional wind com-spheric” air masses. The existence of systematdiDr-
ponent (Vy), clearly indicated that up-valley windgy(>0 nal cycles at the NCO-P, mostly influenced by thermal cir-
m/s) usually dominated during day-time and down-valley culation, was further supported by the analysis of the max-
winds (Vy<0m/s) during night-time. This suggests that the ima/minima occurrence in function of day-time. In fact, for
day-time @ minimum can be attributed to the advection of the four seasons (winter, pre-monsoon, monsoon and post-
air-masses from the ABL, which, due to surface dry depo-monsoon), 70—-80% of thed@naxima were observed around
sition or possible enhanced titration, could be characterisedhe “peak” times indicated by the averaga@®s reported in
by lower Q; concentrations with respect to air-masses moreFig. 4.
representative of the free troposphere. On the other hand, the
day-time @ minimum might also be due to{oss by sur-
face deposition along the valley floor or in-situ photochem-4 Climatological analysis of stratospheric intrusion at
ical destruction under low nitrogen oxide (NJOconditions, NCO-P
which are likely at high-mountain sites (e.g. Fischer et al.,
2003; Henne et al., 2008). During the pre-monsoon sea4.1 Identification of stratospheric intrusions at the
son, even though a marked diurnal wind breeze cycle was NCO-P
present at NCO-P, no significant average @urnal vari-
ation was observed. This probably indicated that duringFor the purpose of identifying SI at NCO-P, different se-
this season the contribution of air-masses transported fronhection criteria were applied, according to the methodology
the lower troposphere by up-valley breezes almost equal theresented by Cristofanelli et al. (2009). The detection al-
contribution of air-masses coming from the upper tropo-gorithm was based on the analysis of in-sitg, P and
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RH, satellite-derived TCO daily values, and PV calculated _
along air-mass back-trajectories. In particular, days were se-°\;
lected that were characterised by the presence of air-massec 21
with PV values exceeding the WMO definition of dynami-
cal tropopause (i.e. PY1.6 pvu, see WMO; 1986), and by
significant variations of daily @ AP and TCO values over 0-
their seasonal cycles, as evaluated by applying a three-time
repeated 19-day running mean (the so-called “Kolmogorov-
gg;?;en dk?o 1':;’0,[822 ?’I?I?Jilgcztdatl)g/ IZJ?)ggi)l.)IénSFI)a'[E(e:ucljaarg/s\N]% Fig.. 5. Seasonal variation of Sl frequency at NCO-P during the

. . S 7 Berlod March 2006—February 2008.
which at least one of the 14 back-trajectories ending in a
vertical range extending up to 50 hPa from the NCO-P al-
titude showed P¥ 1.6 pvu, basing on the experience gained  _ iy significant variations of daily AP values AND sig-
in the analysis of case studies of stratospheric intrusions at  pificant TCO daily value increases (14 days);
other high mountain stations (Cristofanelli et al., 2006; Cui
et al, 2009) and at the NCO-P itself (Bonasoni et al., 2009). — (iv) presence of RR60% AND significant negative
With the aim of minimize the fraction of wrong selections, correlation Q-RH AND daily Oz maximum higher
the considered tracers were analysed in groups of two (or  than the seasonal value AND significant variation of
more) and only simultaneous identification have been re- daily AP, PV or TCO values (84 days).
tained for the analysis. This approach appears to be rea-
sonable since, as shown by previous investigations (Eisele atonsidering that one specific day can be simultaneously se-
al., 1999; Zanis et al., 1999; Parrish et al., 2000), the down4ected by different criteria, 98 days (14.1% of the data-set)
ward transport of the stratospheric air-masses deep into th@ere retained as probably influenced by Sl, a not negligible
troposphere can be very complex, also including strong mix+raction of time. The simultaneous application of the four
ing between stratospheric and tropospheric air. In fact, onlycriteria identifies only air masses characterized by extremely
in a few very spectacular Sl (see e.g. Bonasoni et al., 1999|ear stratospheric properties, while ignoring other weaker S
Stohl et al., 2000) did all the tracers showed “clear” strato-events, thus leading to the identification of a very low number
spheric signatures. Moreover, it should be noted that sevof days (4) influenced by Sl.
eral studies (e.g. Schuepbach et al., 1999; Zachariasse at al., |t should be noted that the last criterion was the most ac-
2000; Ding and Wang, 2006; Zhu et al., 2006) stressed thejve in selecting possible SI. As being based on the analysis
importance of “sub-synoptic” processes (e.g. shear-induce@f not completely unambiguous stratospheric tracers (i.e. RH
differential advection, clear-air turbulence, mountain kata-and @), we introduced additional thresholds (i.e. AP, PV,
batic wind) in favouring the descent of air-masses from theTCO) to minimize this ambiguity in the SI identifications.
stratosphere/upper-troposphere down to the middle tropoporeover, we performed a sensitivity analysis by adopting
sphere. For these reasons and with the purpose of selecgifferent RH values. For instance, assuming the widely used
ing the Sl related to downward transport not associated wittygos threshold for RH (e.g. Stohl et al., 2000; Trickl et al.,
coherent airstreams, we also considered those days charage10) the total number of selected Sl reduced only by 2%.
terised by the co-presence of dry air-masses and elevatedn the other side, the (iv) criterion should lead to the selec-
Os concentrations at the measurement site. To this aim Wejon of further 15 Sl days if the additional thresholds on AP,
adopted an RH threshold of 60% to detect Sl. Besides as bep\/ and TCO were not considered.
ing already applied at mountain stations to identify strato-
spheric air (e.g. Trickl et al., 2010), this value represents the4.2 Seasonal frequency of stratospheric intrusions at
typical “upper boundary” of RH at NCO-P able to contribute NCO-P
to the identification of Sl events. Thus, different selection
criteria were adopted in order to take into account expresslyFigure 5 shows the seasonal frequency of the number of days
the possible mixing of stratospheric air-masses within thepossibly affected by Sl during the investigated period as de-
troposphere. In particular, a specific day was considered aduced from the applied selection methodology. The high-
being influenced by Sl if enhanced dailyg ®ixing ratiowas  est seasonal Sl frequency was recorded during non-monsoon
found and at least one of the following criteria was fulfilled: seasons and in particular during the dry season 2007 (27%
of the period). High frequency values were also recorded
for the post-monsoon (25%) and pre-monsoon 2007 (23%).
The lowest Sl seasonal frequencies were detected during the
monsoon seasons (less that 2%). As also suggested by the
— (i) presence of back-trajectories with BM.6 pvu LAGRANTO atmospheric circulation analysis (Bonasoni et

AND significant TCO daily value increases (20 days); al., 2010), such behaviour probably reflects the role of the

Sl freque

Pre 06 Mon 06 Post 06 Win 07 Pre 07 Mon 07 Post 07 Win 08
Seasons

— (i) significant variations of daily AP value AND the
presence of back-trajectories with P¥.6 pvu (26
days);
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SJS in promoting deep Sl in the southern Himalayas. Infact, so -
while during the summer monsoon the SJS was positioned__ 7o -
on the northern side of the Tibetan Plateau (Schiemann etal. 3 o |
2009), from October to May the axis of the SJS was situated < o -
between 25N-30° N, thus being more likely to interact with ~ § 4o |

the Himalayas. As deduced from this analysis, the seasona® s | —e— Otherdays
Sl frequencies during the 2-year investigation were rather : : : . : , o S',
constant at NCO-P (Fig_ 5)_ Only for the post-monsoon sea- Pre 06 Mon 06 Post06 Win 07 Pre 07 Mon 07 Post07 Win 08

sons, was an evident variation of Sl frequency observed from Seasons

2006 (Sl frequency: 15%) to 2007 (Sl frequency: 25%). By

analysing the synoptic-scale air-mass circulation at NCO-Id:ig-_ 6. Average @ concentrations recorded during Sl and durir_19

by means of the 3-D air-mass back-trajectory clusters preperlods not affected by Sl (Other .days) at NCO-P for the period

sented by Bonasoni et al. (2010), it was found that duringMar.Ch. 2006-February 2008. Vertical bars represent the standard

. . . deviations.

the post-monsoon 2007, the synoptic scale circulation was

more influenced by fast-moving westerly air-masses origi-

nating over North Africa (W-NA cluster) than during the N: 550) and dry season 2007 (68 ppbv, N: 562), with a

post-monsoon 2006 (31% versus 11% of occurrences). Itycle which resembles the typical yearly @ariations ob-

agreement with Schiemann et al. (2009), who pointed out arserved at the measurement site (Fig. 6). On average, a mean

elevated interannual variability for the SJS occurrence dur-O; concentration of 639 ppbv (Vv =3183) was observed,

ing autumn, this further indicated that strong westerly flows corresponding to a significant excess of +27.1% (+13 ppbv),

possibly related with the SJS can play an important role incompared to periods not affected by SI. The seasonal fet O

determining Sl in the southern Himalayas, even during theincrease (expressed as percentage) recorded during Sl with

post-monsoon season. The leading role of SJS in favouringespect to periods not affected by such phenomena (Table 2)

the transport of stratospheric air-masses to South Himalayashows a seasonal cycle with the highest values during the

is further described in a separate paper (Cristofanelli et al., irpost-monsoon (+22.0%, equivalent to +10 ppbv) and the low-

preparation) presenting the principal synoptic scenarios (i.eest during the pre-monsoon (+8.6%, equivalent to + 5 ppbv).

upper tropospheric sub-tropical fronts, westerly moving dis-|t is worth noting that the small average; @creases were

turbances, quasi-stationary ridges) promoting Sl at the NCOobserved during the pre-monsoon seasons, which could seem

P during non-monsoon periods. in contrast with the high averages@oncentrations recorded
during this season for Sl (Table 2). However, one should
bear in mind that, particularly during the pre-monsoon sea-

5 Influence of stratospheric intrusions on G concentra- son, high photochemical £concentrations due to anthro-

tions at NCO-P pogenic pollution and biomass burning strongly affect South

Asia and the southern Himalayas, as also observed at NCO-

During Sl the stratospheric air-masses intruding into the tro-P (see Bonasoni et al., 2010). Assuming that during Sl all

posphere are mixed with tropospheric air. In order to retainthe observed ©can be traced back to the stratosphere, for

only the measurement periods actually influenced by stratothe purpose of calculating the upper limit of the fraction of

spheric air-masses, for each day identified as influenced bytopospheric @ due to SI at NCO-P, following Elbern et

SI, the 30-min RH and BC behaviours were analysed. In paral. (1997), the maximum integral stratospheric contribution

ticular, to prevent photochemicalzOn polluted air-masses Oz was defined as:

transported to NCO-P by up-valley flows from influencing

. « - . n T; /2

the estimate of “stratospheric”’gDonly those observations Oac — o

were considered that were characterised by<®@B% and 3 = Z Z 3(1)

BC<166ng/nt (the 75th percentile of the yearly BC ob-

servations at NCO-P, see Marinoni et al., 2010). Based omwhere for each seasod)s(r) denoted the 30-min £con-

this screening, during the 2-year periods (15710h) a totakentrations recorded during tifé event with time lengtHf;

of 1591 h (10% of the analysed time period) were retained.(expressed as number of 30-min values). The results, ex-

If one assumes that during these periods the obserged O pressed as ppbv*h, are reported in Table 2. Thes2asonal

entirely transported from the stratosphere, a rough estimateycle was characterised by maximum values during the pre-

can be inferred as to the contribution of Sl in determining monsoon and dry seasons, minimum values during the mon-

the tropospheric ®@levels in the southern Himalayas. On soon and post-monsoon, and a strong peak-to-peak ampli-

Table 2, for all the investigated period and for each seasontude (seasonal maximum to minimum rati@6). This was

the average ©@concentrations associated with Sl are showed.in good agreement with the model experiment of Lelieveld

The seasonal ©concentrations associated with SI showed et al. (2009), who showed a minimum of stratospheric orig-

the highest values during the pre-monsoon 2006-&ppbv, inated Q during the summer period (July—September) over

@)

i=1t=-T;/2
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the Himalayas. The relative contribution of Sl to the laur- To identify the days possibly influenced by SI, analy-
den over the southern Himalayas can be estimated by calcwses were performed af-situ observations of @ RH, AP,
lating the seasonal enhancement ratio betwegnadd the  satellite-derived OMI-TCO data and PV values provided
integral @ amount recorded outside SI (hereinaftey®). by the LAGRANTO back-trajectory model. After defin-
The resulting values are reported in Table 2, where the seang an appropriate threshold value for each tracer, differ-
sonal enrichment ratios49/Osy s are expressed as percent- ent selection criteria were applied to identifying possible Sl
ages. Over the 2-year period, the average value of the erdays at NCO-P. In summary, during the 2-year investiga-
richment ratio Qs/O3y s Was 13.7%. The contribution of SI  tion, 14.1% of the analysed days turned out to be affected
to the tropospheric @as evaluated by the £9/O3zy ¢ ratio by SI. These results appeared slightly higher than showed
shows a pronounced seasonal cycle, with a minimum durin Cristofanelli et al. (2009) who used a similar approach
ing the monsoon €0.1%), a maximum during the winter for analysing one-year of data at the same measurement site,
(up to 24.2%) and intermediate but not-negligible values dur-thus suggesting that our estimate of the Sl frequency directly
ing the pre-monsoon (up to 19.2%) and post-monsoon (up taffecting South Himalayas is quite robust. Considering the
12.6%). high altitude of the measurement site (5079 ma.s.l.), the val-
ues may appear low, if compared with the Sl frequencies
(ranging from 5% to 40%) inferred at high mountain sta-
6 Discussion and conclusions tions located in Europe (with altitudes ranging from 2100
to 3800ma.s.l., see Stohl et al., 2000; Cristofanelli et al.,
The work presents the first 2 years (March 2006—Februarn2006; Cui et al., 2009; Trickl et al., 2010). It could in-
2008) of continuous @observations at the Nepal Climate dicate that the southern Himalayas is not among the world
Observatory - Pyramid (NCO-P, 5079 ma.s.l., Nepal). Withregions most affected by Sl. On applying a less restrictive
the aim of contributing to clarifying the role played by trans- methodology, which excluded the threshold o €ncen-
port processes in determining thg @vels and variability  trations (following Cristofanelli et al., 2006 and Trickl et
in one of the world’s most critical high-altitude regions, a al., 2010), the occurrence of days affected by Sl increased
systematic assessment was performed of the influence ab 30%. Nevertheless, our Sl frequency estimate appears to
Sl on O concentrations recorded at this GAW-WMO sta- be in good qualitative agreement with the modelling analy-
tion, which is considered representative of the Southern Hises performed by Sprenger and Wernli (2003), which showed
malayas remote troposphere. Agi®a powerful greenhouse that the probability of a deep SI affecting the NCO-P region
gases and a dangerous pollutant and due to the increasing three time less than over western and central Europe, an
emissions of anthropogenics@recursors over South Asia area characterized by frequent cyclogenesis episodes and of-
(Ohara et al., 2007), such activity appears to be particulariyten directly impacted by the intense polar jet stream (e.g.
important also considering that this region is strongly influ- Schuepbach et al., 1999; Sprenger and Wernli, 2003). More-
enced by one of the so-called Atmospheric Brown Clouds,over, the Europe is located at the end of the North Atlantic
with severe implications on regional climate, air-quality and storm track region, where PV streamer usually occur (Wernli
food security (Ramanathan et al., 2008). and Sprenger, 2007). As deduced from the present analy-
As deduced from the analysis of 30-min average valuessis, a strong seasonal cycle characterizes the frequency of Sl
(49t£12 ppbv, N = 31420), the seasonat ®ehaviour was days with a minimum during the monsoon season (1.2%) and
found to be characterised by a maximum during the pre-higher values during the rest of the year (21.5%). Bonasoni
monsoon (619 ppbv, N=9376) and a minimum during the et al. (2010) showed that during non-monsoon seasons, the
monsoon (3310 ppbv, N=10836) seasons. As shown by NCO-P area is significantly affected by westerly air-masses.
Bonasoni et al. (2010), such seasonal variation is partiallyTherefore, the results obtained here reflect the role of the
influenced by the synoptic-scale atmospheric circulation re-SJS in promoting deep Sl over the southern Himalayas. In
lated to the South Asia monsoon regime. In fact, duringfact, during the summer monsoon the SJS is positioned on
summer air-masses poor irs@ere transported from lower the northern side of the Tibetan Plateau, while from October
latitudes to the southern Himalayas, while during the pre-to May the axis of the SJS is usually betweeri R530° N
monsoon the measurement site was mostly affected by westSchiemann et al., 2009; Ding and Wang, 2006). In particu-
erly air-masses originating from North Africa, Middle East, lar, the presence of the upper tropospheric sub-tropical front,
Central Asia and Northern India as well. In addition to long- westerly moving disturbances and, quasi-stationary ridges
range transport, the efficient day-time valley wind circulation represent the principal synoptic scenarios able to induce Sl at
(see Bonasoni et al., 2010; Marinoni et al., 2010) can play arthe NCO-P during non-monsoon periods. On the other hand,
important role in transporting polluted air-masses rich §1 O the few Sl events during the monsoon period are likely to be
to NCO-P. Thus, the correct identification of the measure-related to the occurrence of a monsoon depression over the
ment periods influenced by such pollution transport is funda-Bay of Bengal and Northern Indian plains. Finally, with the
mental for quantifying the exact contribution of long-range aim of evaluating the occurrence of Sl also in terms of events,
transport processes (like Sl) on the observededels. time periods consisting of contiguous Sl days were defined

www.atmos-chem-phys.net/10/6537/2010/ Atmos. Chem. Phys., 10, 6537—6549, 2010



6546 P. Cristofanelli et al.: Tropospheric ozone variations at the Nepal Climate Observatory-Pyramid

Table 2. For periods affected by Sl at the NCO-P: seasonal averagem@rentration (@), number of 30-min observations (N)z@xcess
(AO3) and maximum @ integral (Qg, see Sect. 5 for definition). Seasonal averaged integyaufside SI (Qy s) and seasonal maximum
O3 enhancement ratios ¢9/O3y ) at NCO-P are also reported.

Periods Q(ppbv) N AO3z (%)  Ogs (ppbv*h)  Ozys (ppbv*h)  O35/03ys (%)
All seasons 619 3183 +27.1 9.%10% 7.0x10° 13.7%
Pre-monsoon 659 1396 +8.6 45104 2.4x10° 19.2%
Monsoon 469 73 +18.0 1.%103 2.2x10° <0.1%
Post-monsoon 559 373 +22.0 1.610 8.1x10% 12.6%
Winter season 589 1341 +17.2 3.9104 1.6x10° 24.2%

as “Sl events”: a total of 42 Sl events were observed (19we adopted the very conservative assumption that during an
during 2006 and 23 during 2007). The average time-lengthSl only the observed £excess AO3) can be traced back to

of the identified events was 2.3 days, with 80% of detectedhe stratosphere. In this case, on a yearly basis, the 2% of
events having a time duration of less than 2 days. surface @ could be directly attributed to SlI.

With the aim of estimating the contribution of Sl onp0 [N the framework of the ABC project, the presented results
levels at the NCO-P for the 2-year investigation period, thecontribute to filling thg gap in knowledge concerning th.IS im-
30-min Qs , BC and RH data-sets were analysed. It shouldPOrtant pollutant/regional greenhouse gas over the high Hi-
be noted that in this analysis we assessed the contributiof'alayas, providing the basis for a better evaluation of its
from relatively “fresh” SI, for which still clear stratospheric Ccontribution to the radiative forcing and air-quality in this
“fingerprints” were observable. In particular, to prevent mea-Critical region (Ramanthan et al., 2008). Even if the present
surement periods possibly affected by anthropogenic transéstimates are associated to a rather large uncertainties, the
ported pollution from influencing the estimate, data with high OPtained results suggest that S can play a not-negligible role
RH and BC, indicating the transport of polluted and wet in determining the levels and variability of tropospherig O
air-masses by up-valley breezes, were not considered. oRver the southern Himalayas, therefore having significant po-
average, the days influenced by possible air-mass transpopgnﬁal impacts on the regional radia_tive budggt, particularly
from the stratosphere showed a significant nghGrease of ~ during the strongest events. Thus, in evaluating future sce-
27.1% (+13 ppbv) with respect to periods not affected by SI.narios of chmgte variations, the mfluence of Sl contributions
In addition, the results indicated that the average nein0 {0 tropospheric @ cannot be omitted. However, other pro-
creases related to S| were characterized by a clear annu&fSses (€.g. long-distance and regional transport of air pol-
variation, with the highest values during the post-monsoonlUtion, see Bonasoni et al., 2010, and Marinoni et al., 2010)
(+22.0%) and the lowest during the pre-monsoon (+8_6%)_could play an important role in determlnlnggdbvels over
In order to calculate the maximum fraction of tropospheric the southern Himalayas. Further work will be deserved to
O3 due to Sl at NCO-P, the integral stratosphericd®ntri-  investigate the overall contribution of polluted air-masses to
bution (Qss) was calculated basing on the assumption thatth® G concentrations observed at NCO-P, thus providing up-
all the O; observed at the NCO-P during an Sl can be traceofo'qate mfgrmatlon on t_he rolle pIe_xygd by anthropic emissions
back to the stratosphere. Through this analysis it was estiln influencing @ variations in this important geographical
mated that up to 13.7% of surface; @corded at NCO-P  aréa.
can be attributed to SI. On a seasonal basis, the lowest Sdcknowledgements. This study was carried out within the
contributions were found during the summer monsoon (les§ramework of the Ev-K2-CNR Project. Part of the work was
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