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Abstract. An analysis of the 22-yr ozone @Pseries (1988— ternating between negative, neutral or positive phases. This
2009) at the subtropical high mountain fiiastation (IZO;  change results in an increased flow of the westerlies in the
2373 m a.s.l.), representative of free troposphere (FT) condimid-latitude and subtropical North Atlantic, thus favouring
tions, is presented. Diurnal and seasongV@riations aswell  the transport of @ and its precursors from North America,
asthe Qtrend (019+£0.05%yr 1 or 0.09 ppbvyrl), areas- and a higher frequency of storms over North Atlantic, with
sessed. A climatology of £Xransport pathways using back- a likely higher incidence of STT processes in mid-latitudes.
ward trajectories shows that higheg @alues are associated These processes lead to an increase of tropospheiitte

with air masses travelling above 4 km altitude from North subtropical North Atlantic region after 1996 that has been re-
America and North Atlantic Ocean, while lows@s trans-  flected in surface @records at 1ZO.

ported from the Saharan continental boundary layer (CBL).
Os data have been compared with R?1%Pb, "Be, poten-
tial vorticity (PV) and carbon monoxide (CO). A clear neg-
ative logarithmic relationship was observed betweem M
and surface @for all seasons. A similar relationship was
found between @and?21%Ph. The highest daily ©values
(90th percentile) are observed in spring and in the first half ofozone (Q) is an important trace gas in the troposphere
summer time. A positive correlation betweeg &hd PV, and  (Fishman and Crutzed978§. It affects the oxidizing capac-
between @ and’Be is found throughout the year, indicating ity of the tropospherelfevy, 1971 Logan 1985 Thomp-
that relatively high surface £values at 12O originate from SOn 1992, it is a phytotoxicant that can affect public health
the middle and upper troposphere. We find a good correla{Tiao et al, 1973, and is an important greenhouse ggs{
tion between @ and CO in winter, supporting the hypothe- Manathan et 11985 Mitchel, 1989. A portion of the Q

sis of long-range transport of photochemically generatgd O IS downward transported from the stratosphétenge 1962

from North America. Aged air masses, in combination with Danielsen 1968 Levy et al, 1985, while most of the tro-
sporadic inputs from the upper troposphere, are observed iROSPheric @ is believed to be produced in the troposphere
spring, summer and autumn. In summer time highv@lues itself by photochemical reactions involving nitrogen oxides
seem to be the result of stratosphere-to-troposphere (STTYNOx) and carbon monoxide (CO)¢lieveld and Dentener
exchange processes in regions neighbouring the Canary 1000 Jonson et a].200§. Thus, @ concentrations may be
lands. Since 1995-1996, the North Atlantic Oscillation hasviewed as the sum of a global/hemispheric background con-
changed from a predominantly high positive phase to a|_gentration and regionally/locally produced (Jonson et aJ.

006.

1 Introduction
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Results fromGraustein and Turekiafl996 indicate an  the world in different ways, as it has been recently reported
upper troposphere source for elevateg i® summer time by Oltmans et al(2013. In this regardJonson et al(2006
subtropical free troposphere (FT) of the eastern North At-address the question if the observegltt@nds can be under-
lantic, andJames et a[2003 found evidence of deep strato- stood.
spheric intrusions down to the lower FT over the Canaries Model simulations suggest that the increase of background
even in summelOltmans et al(1996 reported evidence of tropospheric @ observed in mountain tops can be only par-
high Oz concentration+{ 100 ppb) layers in the middle and tially explained by changes in emissions of precursors over
upper troposphere over the North Atlantic which are invari- continents, and may be affected by changes in the circula-
ably associated with transport characteristics that stronglytion of the troposphereJénson et al.2006. For example,
support a stratospheric source for these layers. Appenzeller et al(2000 found a good correlation between

However, other authors (e.§loody et al, 1996 Creil- the North Atlantic Oscillation (NAO) index and column tro-
son et al.2003 Hegarty et al.2009 suggest that a substan- pospheric @ over the eastern North Atlantic, afttkhardt
tial amount of photochemically generated troposphegésO et al.(2003 demonstrated how the NAO controls the air pol-
transported from continental source regions over the NortHution transport to the ArcticDuncan and Bey2004) ex-
Atlantic. Some studies have revealed the great impact of thiplained that the CO burden from Europe tended to be higher
pollution over the air quality of Europe (e.Barrish et al.  over the North Atlantic and lower over the Arctic when the
1993 Li et al.,, 20023 Prather et a).2003. As pointed out  NAO was in the negative phase. So, reductions jrc@used
by Stohl(2001) andStohl et al. (2002, the long-range trans- by reductions in precursors may be masked by periodical
port of O3 from North America to Europe is more efficientin changes in atmospheric circulation. As notedlbpison et al.
the middle and upper FT because the westerlies are strong€2006, the changes suffered by the stratosphericirdthe
than in the marine boundary layer (MBL), and also becausdast decades could alter the circulation patterns, which would
of a longer @ lifetime. Val Martin et al.(2008 suggest that  affect, in turn, the exchange between the stratosphere and tro-
a substantial amount of additionag @rmation occurs inthe  posphere.
anthropogenic plumes during transport to the central North Most of the studies address the origin of tropospheric
Atlantic lower FT. ozone from only one of the most common approaches: pho-

Assessment of long-term trends in tropospherésaliffi- tochemistry or atmospheric dynamics, which is a limited and
cult due to the scarcity of representative observing sites withpartial view of the driving forces. Therefore, we propose,
long records $olomon et al.2007). In addition, the long- firstly, a detailed analysis of a long-term (22 yr) surface O
term tropospheric @trends vary both in terms of sign and time series (1988-2009) at the fimmhigh mountain station
magnitude and in the possible causes of the cha@iiméns  (hereafter 1ZO), which is representative of background con-
et al, 20069. Some Q@ trends have been attributed to changesditions of the lower troposphere in the subtropical North At-
in O3 precursor emissionsS¢heel 1983. However, further  lantic region, where there is very little information available.
studies reveal that £xrends cannot be fully explained based Secondly, we present an extensive and multidisciplinary re-
on its precursors alone. For examfBaehelin and Poberaj view of the 3 transport processes into the FT of the North
(2008 argue that further increase in backgroung @er  Atlantic subtropical region, incorporating other components
Europe and North America since the early 1990s cannot beuch as particulate matter, C@Be, 21%b, and additional
solely explained by regional £precursor changes because information from backward trajectories, potential vorticity
anthropogenic @ precursor emissions were drastically re- (PV), and the NAO index.
duced in the industrialized countries as a consequence of air The surface @ measurement programme of 1ZO is run
quality legislationGilge et al.(2010 also state the apparent with an independent quality assurance system, within the
contradiction between the rather constagtddncentrations  World Meteorological Organization (WMO) Global Atmo-
observed at ground stations during the end of the 1990s tepheric Watch (GAW) Programme, which precludes data bi-
2007 and the substantial reductions in anthropogenic emisases and prevents wrong interpretations in trends analysis.
sions. The surface £positive trend found at elevated Euro- Our paper is structured as follows: data and methods are de-
pean sites was explained Bydofiez et al(2007) in terms of  scribed in Sect. 2. In Sect. 3 a surface €imatology and
an increased contribution of stratospherici®the 90s. Con-  transport pathways characterization is presented, and a dis-
versely,Tarasova et a[2003 found negative trends in a high cussion about surface ;(observations, their relationships
mountain in Russia, andngarzan(2004 andTarasova etal. with other atmospheric components (RM1%b, PV,"Be,
(2009 reported a slower rate of tropospherig @crease or  and CO), and their connections with synoptic-scale dynami-
in some cases lack of an increase over the past dekcagen  cal processes driven by the NAO is given. In Sect. 4 a sum-
et al.(2012 found a slow decrease in summer surface ozonemary and main conclusions are provided.
in alpine stations and in the free troposphere over Europe,
with an average trend 6£0.15ppbyr! since 1998. Spatial
and temporal evolution of atmospheric processes drivigg O
concentrations affect stations located in different regions of
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2 Data and methods and backup instruments) fulfilled the assessment criteria as
“good” over the tested range up to 100 ppbv.

2.1 Measurement site
2.3 Backward trajectories, O3 MCAR plots, residence

The Izdia GAW Observatory is located at 2818, 16.5 W times, and BTMH plots

at an altitude of 2373m a.s.l. (annual mean pressure of

~ 770hPa) on Tenerife Island, (Canary Islands, Spain) on t0R=je_gay HYSPLIT (Hybrid Single-Particle Lagrangian In-
of a mountain platform on a dorsal ridge which Crosses theiggrated Trajectory) version 4.0 dispersion model backward
island frorr_m SW to NE. A belt of endemic pine fore§ti{ trajectories Praxler and Rolph2003 Rolph, 1983 with
nus Canariensi€Hr, Sm. E_X DC) grows beMeen 600 and a time resolution of 1h were calculated using the FNL (Fi-
2000 m a.s.l., wher'eas at higher levels t.here is only a sparsgy, Analysis Data) meteorological dataset (from May 1987
cover of local species of broon$partocytisus supranubilis 1 pecember 2004) and the GDAS (Global Data Assimila-
growing on lava terrain. Except for a few scattered resi-y,n gystem) meteorological dataset (from January 2004 to
dences, Tenerife is uninhabited above the 1000 m level. Th¢yocember 2009), both from the National Centres for Envi-
horizontal distances from IZO to the north-west and to the,;mental Prediction. The vertical component of the back-
south-east coasts (the direction of the prevailing winds) ar§y g trajectories was computed using the vertical model ve-
less than 15 km. The nearest distance to the European Contli()city. The end point was set at Tenerife (288 16.5 W)
nent is 1300 km and about 350 km to Africa. at 2400 m a.s.l. (1ZO height) for each day of the study period
(1 January 1988-31 December 2009) at 00:00 UTC.

The transport paths of the air masses reaching Tener-

The surface @monitoring programme at 1ZO started in May ifé (00:00UTC) have been characterized using the perma-
1987 using a UV absorption technique. The analysers usefiénce indices for the predefined source geographic sectors
in different periods from this time up to the present, as well déscribed inAlonso-Rerez et al(2007 and summarized in

as the reference instruments and the quality assurance pra'able 2. Permanence indexes were calculated as the fraction

grammes are specified in Table 1. The terminology used irPf time that an air mass trajectory calculated for 120h re-
Table 1 is the following: sides in a predefined particular geographic sector and also

in a predefined altitude range. We consider “low” an altitude
range between surface level and 1.5km, “medium” an alti-
tude range between 1.5 and 3km, and “high3km (nor-
— Backup instrument: instrument that is monitoring in mally with a top height at 6 km). Permanence indexes were
parallel to the basic analyser. obtained using 5-day HYSPLIT backward trajectories.
_ _ Source-receptor relationships of atmospheric composition
— Reference instrument: analyser for independent COMy4 he investigated with backward trajectory techniques,
parisons and calibrations (not used for ambient air meay, 5 cing forward from a defined geographical origin to arrive
surements). at measurement sites where the composition may have al-
O3 has been measured continuously recording 10-mintered during transport~eming et al. 2012. One of these
averages with the corresponding standard deviation frontechniques is the so-called “mean concentrations at receptor”
May 1987 to July 1996. After this date, and up to now, 1- (MCAR). For each pixel of our geographical domain, we se-
min average @ values with corresponding standard devi- lect the backward trajectories which arrive at 1ZO and pass
ations are recorded for both the basic and the backup inever that pixel. The daily meangZoncentrations measured
struments. Zero-checks with an activated-carbon absorbeat Iz&ia on the corresponding trajectory arrival days are av-
were performed on a daily basis to detect instrumental off-eraged, and this average is plotted on that pixel. MCAR plots
set drifts. Surface @data at 1ZO have been also calibrated allowed the identification of pathway regions with high and
against references that are traceable to NIST (US Nationalow O3. The methodology has been describedRmdiguez
Institute for Standards and Technology) referenegepBo- et al. (2011). Monthly MCAR plots of surface @were de-
tometer (Gaithersburg, Maryland, USA). The fizasurface  termined using daily 5-day backward trajectories calculated
O3 programme has been audited by the World Calibrationat 00:00 UTC and daily (nocturnal) surface @ata at 120
Centre for Surface Ozone, Carbon Monoxide and Methandor the period 1988-2009.
(WCC-Ozone-CO-CH4-EMPA) in 1996, 1998, 2000, 2004 The identification of the transport corridors and source re-
and 2009. EMPA's audit reports are availablén&p://www. gions of G was complemented by using the residence time
empa.ch/gaw/audits/|IZ@yyy.pdf, where yyyy is the year. analysis techniquePpirot and Wishinski1986. For this is-
The audits were performed according to the “Standard Opsue, the geophysical region covered by the trajectories was
erating Procedure (SOP) for performance auditinga®al-  divided into 408 grid cells of 5x 5° (latitude/longitude). The
ysers at global and regional WMO-GAW sites”, WMO- problem with this method is that all of the backward trajec-
GAW Report No. 97. All audited field instruments (basic tories begin at the receptor site, and thus the residence time

2.2 Insitu surface Qs instrumentation

— Basic instrument: analyser from which the final data re-
sult.
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Table 1. Description of @Q analysers, associated quality assurance, and data acquisition system used during the period 1988—-2009.
Ri=Reference instrument; Bi = Basic instrument; Bp = Backup instrument; MPC = Multipoint calibration.

Period Instrument Calibration system/ International Reference Data acquisition
Quality Assurance
May 87-Jul 95  Dasibi-1008-AH Dasibi-1008-RS NIST Traceable Continuous
#4283 (Bi) #5797 (Ri) Record: 10 mia SD
MPC/ 2 months
Jul 95-Jul 96 Dasibi-1008-RS NIST Traceable Continuous
#5797 (Bi) Record: 10 mig: SD
Jul 96—Feb 99 TEI 49-C EMPA Audit (Nov 96) NIST-EMPA Continuous
#55912-305(Bi) TEI 49C-PS Record: 1 minSD
Dasibi-1008-RS  #56085-306 (Ri) (Apr 97)
#5797 (Bp) MPC/ 3 months
EMPA Audit (Feb 98)
Feb 99-Nov 03 TEI 49-C TEI 49C-PS NIST-EMPA Continuous
#62900-337(Bi) #56085-306(Ri) Record: 1 mir§D
Dasibi-1008-RS MPC/ 3 months
#5797 (Bp) EMPA Audit (Jun 00)
Nov 03—Now TEI 49-C TEI 49C-PS NIST-EMPA Continuous
#62900-337(Bi) #56085-306(Ri) Record: 1 dsD
TEI 49-C EMPA Audit (Nov 04)
#72491-371(Bp) EMPA Audit (Nov 09)

Table 2. Geographical sectors used in the backward trajectory clas2.4 Potential vorticity
sification (function of the continental source regions and oceanic

sectors, latitude and longitude ranges). Potential vorticity (PV; 1PVU= 10-5m2s-1Kkg~1) analy-

sis is a widely used tool to understand the stratosphere-to-

Sect Latitud Longitud ) .

ector R:n'gue € Rggg'eu € troposphere (STT) exchange (_eq;amelsenl%a since I?V

- — the product of absolute vorticity and thermodynamic sta-

North America 80-90N 50-135 W bility — is greater in the stratosphere than in the troposphere
North Atlantic 30-90N 10.5-70 W . . - .
North Europe 50-GON 105 W_50° E (Hoskm; et al: 1985. The dynamlpal tropopause is 'typl-
South Europe 36-5N 10.5 W50 E cally defined with a PVU value ranging from 1 PVBH{apiro
Sahara 20-36N 18 W-5C° E etal, 1987 to 2 PVU Appenzeller et a).1996 Parrish et al.
Sahel - 0-20N 18°W-50° E 2000. The dynamical tropopause is defined BWMO) as
Subtropical North Atlantic 030N 18-135 W the 1.6 PVU iso-surface. This value is used by some authors
Canary Islands 24.7-3P9 12.4-20.86 W

to identify the signature of stratospheric air (eSgohl et al,
200Q Cristofanelli et al.2006, while other authors consider
two threshold values for the dynamical tropopause — 2 and
is maximum in the cells surrounding the sampling location 1 5 pvy — for deep stratospheric intrusion analysisiks-
(Hopke et al.2009. We refer to this effect as “central con- tjgis et al.(2010. It is assumed that P¥ 1 PVU are typi-
vergence”. We have used a modification propose®dyot  ¢a values of tropospheric regions that have been impacted
and Wishinski(1986 to avoid the geometrical “central con- by stratospheric intrusion&eekman et al(1994 made use
vergence” effect and highlight the distang ources. of the positive correlation of PV with £in separating tropo-

Backward trajectories have been also used to comput@pheric Q sources on the basis of high and low PV, However,
backward trajectory mean height (BTMH) plots. In this case,\ye should note that diabatic heating can reduce the PV values
on each pixel (1x 1° cell), the mean height at that pixel of ithout changing @ Thus, PV must be viewed as a bottom
the backward trajectories which arrive at IZO and pass ovelindicator of air masses with upper troposphere/lower strato-
that pixel is plotted. sphere (UTLS) signature.

PV was obtained from ERA-Interim ECMWF (European
Centre for Medium-Range Weather Forecasts) reanalysis.

Atmos. Chem. Phys., 13, 1973998 2013 www.atmos-chem-phys.net/13/1973/2013/
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Daily reanalyses at 00:00, 06:00, 12:00 and 18:00 UTC werehe error associated to CO measurements is acceptable for
retrieved at 300, 400, 500, 600, 700, 775, 850 and 925 hPaur purposes.

levels from January 1988 to December 2009 in a regular grid

with a spatial resolution of 0°3atitude/longitude within the 2.6.1 PMy

geographical domain 20N-5C W/70° N-30 E.

Maximum PV(PViay) intercepted by daily 5-day back- Daily nocturnal PMg (particles less than 10 microns in di-
ward trajectories for 1ZO was computed as follows: for each@meter) concentrations at IZO in the period 2002-2009 have
one of the 120h of the backward trajectory, the PV is cal-been used for assessing the impact of dust-laden Saharan air
culated by performing a 3-D nearest-neighbour interpolationmasses on ©records. The Plyh measurement programme
with the 8-isobaric PV levels of the ECMWF reanalysis. PV Was described birodiiguez et al(2011).
was stored for each 1-h point back of the back trajectory. In
this work we have used the R¥y found along each back-
ward trajectory together with its latitude and longitude.

2.6.2 North Atlantic Oscillation (NAO) index

The NAO is one of the major teleconnection patterns of the
winter Northern HemispheréAallace and Gutzler1981),

and represents a measure of the strength of the wester-
lies across the North Atlantic. Monthly mean values of the
NAO index have been obtained from NOAA Climate Predic-
tion Centefftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/
naaindex.tim Indices are normalized using the 1981-2010
base period monthly means and standard deviations.

2.5 7Be and?!%pp radiotracers

The 21%b radiotracer (half-life 22 yr) is the decay daugh-
ter of 222Rn (half-life 3.8 days) which is emitted from soils
(Turekian etal.1977). So,21%b is a tracer of air masses with
continental boundary layer (CBL) signatuBa(kanski et al.
1993. The 'Be radiotracer (half-life 53.3 days) is produced
by cosmic ray spallation reactions with nitrogen and oxygen

in the stratosphere and upper troposph¥iezee and Singh 2.6.3 Tropospheric Ozone Residual (TOR)

1980. Tropospheric Ozone Residual (TOR) data are measurements

7 210 - -
The "Be and“~"Pb radionuclides were measured at 1ZO ¢ {ronospheric @ obtained by subtracting the stratospheric
on a daily basis within the AEROCE (AEROsol Ocean chem- .o honent of @ (in the stratospheric aerosol and gas experi-

istry Experiment) projectRrospero et al199 inthe period  ment from the total atmospheric column of (y use of the
of 1989-1991 as tracers for UTLS and CBL air, respectively.14ia1' 0zone Measurement Spectrometer (TOMS) and Solar
) Backscattered Ultraviolet (SBUV) instruments).

2.6 Carbon monoxide (CO) Data over the North Atlantic, northern Africa and Europe

) ) ~ within the geographical domain 181-3C° E/50° N-60° W
Carbon monoxide (CO) is a good tracer of anthropogenicyaye peen computed from the database available at the fol-
pollution because it has a relatively long lifetime in the FT, |o,ing NASA site: http:/asd-www.larc.nasa.gov/TOR/data.
which permits the study of long-range transport. Daily and i ‘A description of the technique can be foundFishman
hourly night-time CO averaged concentrations at 1ZO, cor-5,, 4 Balok(1999 andFishman et al(2003.
responding to the period 2008-2011, have been used for the The TOR seasonal average value for each phase of the
analysis of long-range transport of photochemicglf®m  \aQ within the period 1988-2005 was obtained by averag-
polluted regions. CO concentrations have been obtained UShg for each season the TOR monthly mean values of those
ing an automated TEI 48C-TL (Thermo Electron Corpora- y,,qnths in which NAO> 405 (positive NAO) or NAO<
tion) NDIR instrument. The NDIR system was calibrated ev- _q 5 (negative NAO). Thus, to calculate the TOR mean value
ery 3 months using a 10-ppm CO inistandard from Air - 4responding to winter of positive NAO phase, seventeen

Liquide. Automatic zero checks and ambient air measureynqnihs of ten years were used; for winter of negative NAO
ments are alternated in 15-min intervals to account for Short'phase, three months of three years; for spring of positive

term drift. A Sofnocat 423 CO scrubber is used for the zeronp0 phase, twelve months of nine years; and for spring of

checks. The inlet filter is exchanged every 3 months. O”e'negative NAO phase, eleven months of nine years. It should

minute averages including additional instrument status infor-,o " oted that no TOR data are available in 1994. 1995 and
mation are stored. The NDIR system has been audited by theqge and in much of the years 1993 and 1997. '

WCC-0Ozone-CO-CH4-EMPA in 2009. This audit confirmed

the stability and linearity of the instrument, and showed an

error of about 10% when compared to EMPA reference.3 Results

However, continuous NDIR data have been corrected using

discrete NOAA measurements of weekly samples collected3.1 Surface G diurnal cycle

in flasks. Consequently, we expect an error lower than 10 %.

CO data are used in this work to assess pollution long-rangéarge-scale subsidence, associated to the descending branch
transport by analyzing averaged daily/OO ratios. Thus, of the Hadley cell, is an important meteorological feature of

www.atmos-chem-phys.net/13/1973/2013/ Atmos. Chem. Phys., 13, 19288 2013
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Surface O3 diurnal variation
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Fig. 1. Mean diurnal variation of surface {Oresiduals for each

month of the year in the period 1988-2009. Ther@siduals have Fig. 2. Surface @ daily night means (black dots), interannual trend
been calculated on a dalily basis as the differences of surfagéerO  (red line) and interannual trend plus annual cycle at 12O from 1988
every hour compared with the night background level. to 2009.

of a linear drift allows for a background trend. Diurnal cy-
cles of surface @have been averaged for each month using
hourly data for the entire period 1988-2009.
Surface @ diurnal variations show the lowest values
uring the afternoon due to an efficient dry deposition on

the subtropical North Atlantic region. The quasi-permanent
NNE trade winds flow over a relatively cold ocean surface
that inhibits the development of convection in the MBL and
enhances subsidence. A temperature inversion layer (TIL

separates two well-differentiated air masses: the MBL an very rough and dark volcanic mountain slopes covered with

g:fa'::) -I(; Q:T?nlt ii’g?m;- dhg Tét;gg:;?gfg?eda,z aala())/e: ggtoscattered bushes. This diurnal cycle is the opposite to that
the a aL'antl)JIeu re-e 'st'ny articles Tlheto ngtheVTIFl)_ : en_recorded in continental regions where a maximum during

val pre-existng parti T P 59 aylight is observed due to the photochemical production
erally located around 1200 m a.s.l. in summer, and aroun

N . e.g.Mill an et al, 1997. The monthly mean difference be-
1800 m a.s.l. in winter. 1ZO normally lies above the TIL that_ tween the daily upslope and the nocturnal downslope sur-

traps local island pollutant emissions. However, under certairy, . Q values is within 2 ppbv in winter and autumn. How-
synoptic conditions, normally in winter, the TIL reaches the ever, in summer and spring day/night differences ére nor-

b 9 June, and reaching up to 25 ppbv in some days. The ampli-

; . ; - . 0
at 1ZO is reflected in the relative humidity typically 60% tude and width of the diurnal £valley” is basically mod-

0 o o )
below the TIL and~ 20% above it. Diurnal variations in the ulated by two factors: the solar radiation and the consequent

altitudes of the bottom (1200 m during daylight and 900 m heati .
X . . eating of the slopes surrounding the observatory, and the
at night) and the top (1700 m during daylight and 1300 m atstrength of the synoptic wind. In winter time the heating of

night) of the TIL are observed. The influence of buoyant air- the slopes is minimal, and the strong synoptic winds dilute

flows caused by the heating of the air located just above th%\ir masses from lower levels. By contrast, in spring and sum-

terrain of _the islan_d is observed at IZ0. Thi? upslope effect Srmer there are the following occurrences: (1) there is a strong
reflected in the dally cycle of Cptoncentr_atlons th_at ShOW.S warming of the soil (facilitating the mountain breeze); (2) the
lower values and higher s_tandard .deV|at|ons during (_:iayllght]_“_ associated to trade winds is recorded at its lowest level
due to uptake by vegetation growing at onver eIevatlon§ On(around 800-1100m a.s.l.), so the air flows from lower lev-
the slopesCuevas et al1992. During the night a catabatic els, where @ concentration is lower, and with a longer path

awflow regime is well estgbllshed overthe_statlon, favouring available for dry deposition: and (3) the synoptic winds are

the arrival of very clean air masses from higher levels. e -
The diurnal cycles of ©(Fig. 1) were obtained from the usually very weak, resulting in a lower dilution of upslope
u 4 (Fig. 1) w ! air. The “ozone valley” in the daytime is a feature also ob-

ggfcel:gernocuerfdCI)(fanéIfoTrhiV(raerlYereonucrecggt]:ig:ggnvt\j"tIthehlehglng:aeﬁerved in other high mountain stations: Mauna LO#rans
computed as follows. Firstly, the averages of the pre- (OO:OO—and])LeVy 'l 19949, and JungfraujochSchuepbach et al.
07:00hUTC) and post- (21:00-04:00 h UTC) nights were '
computed. Then, the linear drift in time passing through both

averages is used as the reference background level. The use
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3.2 Annual and seasonal variations of surface © P50th, P75th and P90th with maximum values in 1998. The
lower percentiles do not show significant changes. In sum-
Daily nocturnal (22:00-06:00 UTC) £values — representa- mer the increase is smoothed, being only evident in higher
tive of subtropical FT conditions — have been analyzed forpercentiles (P75th and P90th). In autumn the change is ob-
the entire record (1988-2009) using decomposition in threeservable from 1996 in percentilesP50th. Changes in per-
terms: interannual trend, annual cycle, and residual. A leastentile data series observed in the period 1996—1998 will be

squares fit of the daily data to the function discussed in Sect. 4.
p Figure 4a shows non-detrended monthly means for sur-
f(t) =ay +apt +agt’ + Z[bi cogw;t) + face @ at 12O, Mauna Loa Qltmans and Levy 111994,
i=1 Zugspitze-Schneefernerhaii€nerowskj 2004, Jungfrau-
) 4 . joch (Logan et al. 2012, and Sonnblick (Federal Envi-
ci sin(w;t]+ Y _[dj coskj)t + e sink;1)], ronment Agency Austria). Data from Mauna Loa and the
j=1

alpine stations have been downloaded from the World Data
has been performed, wherds the time in days#(= 1 for Centre for Greenhouse Gases (WDCGfip://ds.data.jma.
1 January 1988Y1, a2, az, b; andc¢; are the parameters of go.jp/gmd/wdcggd/ 1ZO shows characteristics intermediate
the interannual trend to be determingd=7,d; ande; are  to those recorded at Mauna Loa and the alpine stations.
the parameters of the annual cycle (which is assumed conRodiiguez et al. (2004 compared the @annual course at
stant) to be determinedy; = 27i/N with N equal to the [ZO with that observed at Mauna Loa, noting that in summer
number of days in the period 1988-2009 £ 8036, num- Oz monthly means sharply decrease in the latter, while high
ber of valid data=7790), anld; = 2nj/T with T = 36525 O3 events (daily mean values of 60—70 ppbv) are recorded at
days. SeeGomez-Pdlez et al.(2006 for a detailed inter- 1ZO. However, the typical continental annual cycle, with a
pretation of this function. Note that in this work we have broad spring/summer maximum observed in the alpine sta-
added a quadratic term in time, followingb@ez-Pedez et  tions, is not seen at IZO where the annual cycle peaks in late
al. (2010), in order to allow a non-periodic growth rate. spring (May—June). This is an indication that 1ZO is not af-
Figure 2 shows the interannual trend and the interannuafected by photochemical production from regional emissions
trend + annual cycle. The average yearly meanv@lue at  in summer.
1ZO for the 22 yr period is 46.1 ppbv. The corresponding The annual course is shifted towards high value®{5th)
standard deviation of the mean is 0.12 ppbv. The root meatin spring, mid-values (P25th Pnth < P50th) in winter, and
square of the residuals is 8.9 ppbv, and the peak-to-pealow values & P25th) in autumn time, while summer con-
annual cycle amplitude is 15.4 ppbv. The @crease ob- tributes significantly in both low and high values (Fig. 4b).
served between 1996 and 1998 is striking. There is a slightND is the number of daily mean surface @ata in each per-
positive trend in the annual mean.g9+ 0.02ppbvyr! or centile range for the total period 1988—200% @ata above
0.19+ 0.05%yr 1) that is slightly lower than at Mauna Loa P90th are found in spring and summer whereg$e@els be-
(0.37+£0.26%yr 1, Oltmans and Levy [11992. In Euro- low P10th are found in late summer and autumn.
pean alpine stations such as Sonnblick, Jungfraujoch, Ho-
henpeissenberg and Zugspitze trends are observed in tf®3 Synoptic climatology of surface @:
0.1-0.4%yr?! range Gilge et al, 2010. Over some Eu- transport pathways
ropeans stations (Hohenpeissenberg, Zugspitze and Mace
Head) small trends or reductions during summer are ob-A previous analysis of transport pathways of & 1ZO was
served, while there is an increase during wint®itifhans  performed byRodiiguez et al(2004). In the present work we
et al, 2009. Mace Head, a site that is representative of have incorporated a longer data series and followed a differ-
O3 changes in the air advected from the North Atlantic to ent approach, using the MCAR plots for each month for the
Europe in the MBL, has shown a positive trend of ®+ entire surface @dataset (Fig. 5). This methodology does not
0.04ppbyr?! over the entire period 1988—2007, but this pos- assume a priori geographical areas, and allows us to visual-

itive trend has reduced during recent yearspathi et al, ize the regions from which air masses reaching 1ZO come
2010. Hence, tropospheric £trends over Europe do not with different G; concentrations. Since at higher altitudes
show a homogeneous behaviour. in the troposphere higher concentrations gfdde expected,

Long-term @ series should be analyzed by seasons sincave have calculated the corresponding BTMH plots for each
the processes of transport/production of surfagea@d its  month of the year for the same period (Fig. 6).
precursors can be very different in each season. In Fig. 3 we Figure 5 shows in winter (January—March) a well-defined
have plotted the long-term surface ®10th, P25th, P50th, pattern with air masses coming from the North Atlantic and
P75th and P90th (1988-2009) for winter, spring, summerNorth America with a top latitude located at abouf 60 It
and autumn. kth is then-percentile. In winter a change (in- is also noticeable a latitudinal gradient with higheralues
crease) in all percentiles is observed in 1997 with a maximunin northern regions. Concerning the height of the backward
in 1999. A similar behaviour is found in spring, but only in trajectories (Fig. 6), a similar latitudinal distribution to the
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Fig. 3. Long-term (1988-2009) surfaces@oncentrations (night values: 22:00-06:00 UTC) for percentiles 10th, 25th, 50th, 75th, and 90th
at 1ZO for winter (JFM), spring (AMJ), summer (JAS) and autumn (OND).

Og3 is observed, with higher altitudes to the north. The high-way over the North Atlantic similar to that found in spring
est trajectory altitudes describe an arc-shaped corridor fronfFig. 5). The Q and trajectory height patterns of autumn
Western Europe to north-eastern North America. Air massesapidly evolve to resemble those found in winter (Figs. 5 and
with low O3 coming from the Sahara are also recorded asso#6), but with significantly lower @values in the southern part
ciated to very low height trajectories. In spring (April-June) of the trajectories cloud.

we observe a similar ©pattern to winter, but with the fol-

lowing characteristics: (1) the latitudinal gradient is much 3.4 |Low surface G; concentrations

higher, registering very high values at the northern edge of

the cloud trajectories and Western Europe, describing an arcrpe frequency distribution of trajectories by geographical
shaped pathway; (2) contributions from Sahara and southsectors for low @ values & P25th) registered at 1ZO is
ern part of the North Atlantic are lower; and (3) transport shown in Fig. 7a. Air masses that most often contribute to
from North America is more well defined in this season. |\ levels of G throughout the year are those from the
The heights of backward trajectories (Fig. 6) show a similargyptropical North Atlantic (below 3(N). However, in sum-
pattern than in winter, although the lowest trajectories frommer especially in July and August, the Saharan air masses
Africa travel at higher altitudes. In summer months (July— (with 60 % frequency) are the largest contributor tg I6v-
September) there is a sharp change because basically ongs < p25th. There is a secondary maximum of African air
two geographical sectors of air mass pathways are identifiedynasses in March when dust layers occurring at low levels
from North America, with associated medium and high O (ysuyally within the MBL) impact 1ZO on their upper edge,
values, and from the Sahara and Northern Sahel, with a lowegthough to a much lesser extent than in summer.

latitude edge set at 10-18, with low and very low G val- In winter very low @ values are recorded also under fog
ues (Fig. 5). Air masses from North America and North At- congitions at 1ZO when the TIL is very high or it simply
lantic travel at relatively high altitude, whereas air massesgoes not exist (normally with North Atlantic air masses).
from Sahara come from low levels (Fig. 6). It is notice- Hoyrly O; data shows a strong negative correlation with wa-
able that in July and August low-level trajectories originate ter vapour pressure (not shown here). In summer and autumn
from Western Sahara, while trajectories from the Sahel, anqoy 05 levels are associated with the arrival of North African
those originated over western North African countries andajr masses that originate from southern Morocco, Western
the Mediterranean Basin travel at mid-high altitudes. In sSum-sahara and Sahelian regions (25-35% of occurrence fre-
mer time the contribution from Western Europe is at its mini- qyency of values: P10th). These trajectories show low-level
mum, and the highest{¥alues describe an arc-shaped path- (. 1500m) “start points”, which are usually associated with
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Fig. 4. (a) Annual course of surface at 1ZO, Mauna Loa,

1981

Bonasoni et al(2004) found also negative correlation be-
tween surface @and coarse dust particles from North Africa
at the high altitude Mt. Cimone station (North Italyjndrey
et al. (2010 found decreases of tropospherig @p to 30 %
in some layers, between 2 and 6 km altitude, during dust-
laden Saharan air mass intrusions over Tenerife, compared to
situations of non-Sahara air masses. This result agrees with
the relationship between surfacg @&nd PMg found in this
work.

The relationship between surfaceg @d?1%Pb is shown
in Fig. 8b. In summer we obtain a logarithmic fit with a good
correlation which resembles thg®Mj fit in the same sea-
son.Prospero et a(1995 had reported preliminary results of
03-219PD relationship for summer time. However, in spring
(mainly in April) and autumn (mainly in December), when
Saharan low-level intrusions over the Canary Islands occur
(Alonso-Ferez et al. 2007, 1ZO is only slightly impacted
by the top of the Saharan Air Layer (SAL). So we can see
Saharan CBL signature with relatively high valuegtPb,
although the @21%Pb relationship is not as clear as that seen
in summer. In winter no correlation between surfacea®@d
210pp is found.

The low G; values associated with African trajectories
which, in turn, cause a systematic rise in relative humidity
records at 1IZO Cuevas 1995, might be due to a sum of all
or some of the following causes: (1) air masses come from
lower levels within the Saharan CBL where ©Goncentra-
tions are generally lonGusten et al.1996); (2) air masses
originate from similar or lower latitudes which are not en-

Zugspitze-Schneefernerhaus, Jungfraujoch, and Sonnblick. Bar§ched with the latitudinal @ grad?ent existing in Spr.ing
associated to monthly mean values at 1ZO are the standard devisand summer in the Northern Hemisphekerfdon and Liy

tion of the mean(b) The seasonal distribution of number of surface
O3 daily data (ND) at 1ZO within the following percentile ranges:
Pnth < P10th, P10th< Pnth < P25th, P25th< Pnth < P50th,
P50th< Pnth < P75th, P75th< Pnth < P90th and Rth > P90th.

dust storms driven by surface local thermal lows over the Sa
hara Prospero and Carlsph981).

There is a clear negative logarithmic relationship betwee
PM;o and surface @in all seasons for the period 2002—2009
(Fig. 8a). Surface @daily nocturnal data have been grouped
in 10 ppbv bin ranges from the minimum to maximum value.

Each point of the plot represents the median value of surface

O3 concentrations associated to the mean value (and corr
sponding standard deviation of the mean) of{givi a deter-
mined bin range.

Most of the Saharan air masses have travelled within th
African CBL, and a high percentage of them correspond
to lower levels & 1500m a.s.l.). 67 % of the hourly PM
records at 1ZO are lower than 10 pgf and monthly means
of PM1g P75th are below 10 pgni through the year, except
in summer time when significant PN concentrations are
observed above P80th (26 pg#).

www.atmos-chem-phys.net/13/1973/2013/

1992; (3) O3 might be destroyed by dry deposition on sus-
pended dust particles because of a larger surface area to dry
deposition Gusten et al.1996; and (4) heterogeneous re-
moval processes on dust aerosol by nitric adelReus et al.
2000.

3.5 High surface G; concentrations

nFigure 7b shows the monthly frequency of air masses that

contribute most to @values> P75th. Air masses from North
America and oceanic sectors that have travelled over the
North Atlantic are the largest contributors by far to high
concentrations of @at 1ZO. The highest daily ®values

e(-> P90th) are observed in May and June, and in the first half

of summer time (July and early August). Air mass residence
times associated to {Oconcentrations between P75th and
90th (not shown here) show maximum values over the east-
ern United States (US) and North Atlantic betweefi 8ad
55° N in winter, over the North Atlantic, from 250 55 N in
spring, and near the Canary Islands and over north-western
Africa in summer. In autumn the maximum residence times
are much shorter and located to the northernmost position.
Summer time is very interesting since; @cords differ
markedly from other seasons because thec@ncentration

Atmos. Chem. Phys., 13, 19288 2013
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Fig. 5. Surface @ MCAR plots for each month of the year for the period 1988-2009. Colour bars indigater@entration in ppbv.

undergoes large and rapid changésgvas1995 Rodiiguez 0.3 to 0.5PVU in the low and middle troposphere (&kgo

et al, 2009, often from day-to-day. The alternation of dust et al, 2003, while 1 PVU is a typical value of the upper tro-
transport from the Saharan CBL — lasting 3—7 days — with theposphere. Therefore, it is noteworthy that in 10% of days
arrival of air masses from high levels over the North Atlantic, in winter and autumn, backward trajectories have been im-
modulated by the Azores anticyclone, accounts for these sudsacted by upper-troposphere air masses with-PMPVU.

den changes in ©concentration. Some of them might even have been affected by stratospheric
o intrusions mixed with upper-troposphere air masses.
3.6 Upper troposphere contribution Seasonal averages of Ry values have been plotted for

i several surface 9bins (Fig. 9a) for winter, spring, sum-
We have computed Rax found by daily S-day backward o1 and autumn. A fair @PVinay correlation is found in

trajectories when intercepting ECMWF PV-reanalysis fields ;| saasons with an PVimax Slope~ 100 ppbvPVUL for
for each day of the period 1988—-2009. We have observe%mer, spring and summer, and a slope slightly lower

that mean values of R¥ax in all seasons are slightly higher 53ppbvPVU ! for autumn. These results emphasize the
than 0.6 PVU. The average PV ranges approximately from
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importance of air mass subsidence regardless of the origims a meridional height coordinate: the highest and more

of Oz measured at IZOCooper et al(2002 found over the
western North Atlantic an @PV ratio of ~ 72 ppbvPVU?
in spring time and~ 42ppbvPVU in late summer/early
autumn. Q/PV ratios found byRao et al(2003 at 500 hPa
in Northern Europe range from 60 to 120 ppbvPW)
which are of the same order as thg/PVmax ratios found
at1z0o.

Figure 10 shows the spatial distribution of average¢ghBV

northerly the air mass travels, the morejRYis associated.
In Fig. 10 a latitudinal distribution, with much higher values
of PVmaxin the north, is clearly appreciated. In mid-latitudes
there is a belt with relatively high values betweerf Kb
and 55 N that crosses the North Atlantic. This is consistent
with the distribution of backward trajectory heights pattern
(Fig. 6). In winter and spring this high R)x belt coincides
with the corridor where anthropogenic pollution is exported

recorded by daily 5-day backward trajectories when they ardrom North America to the North AtlanticGooper et al.
crossed with the ECMWF PV-reanalysis fields for each sea2002 Hegarty et al.2009, as will be discussed later on. In
son. Thresholds of 1 and 1.6 PVU are marked with blacksummer PY,ax values are substantially reduced. However, it
lines. P\hax maps provide an estimation of geographi- is noticeable the relatively high R\« values found in the

cal regions of potential STT transport. R¥ might work

www.atmos-chem-phys.net/13/1973/2013/

vicinity of the Canary Islands over North Africa. This result
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Fig. 7. (a) Monthly mean percentage of air mass types arriving to

120 for O3 < P25th for the period 1988-200&) Monthly mean Fig. 8. (a) PMqg (“m—3) vs. surface @ (ppbv) at 1ZO for winter

percentage of air mass types arriving to 120 fay © P75th forthe  (JFM), spring (AMJ), summer (JAS) and autumn (OND) in the pe-

period 1988-2009 (bottom panel). riod 2002—2009(b) 21%Pb (mBqn3) vs. surface @ (ppbv) for the
same seasons in the period 1988-1991. Surfaceay nocturnal
data have been grouped in 10 ppbv bin ranges from the minimum

is also consistent with the high altitudes of backward tra-to maximum value. Each point of the plot represents the median

jectories observed over North Africa and the Mediterraneanvalue of surface @concentrations associated to the mean values of

Basin in July and August (Fig. 6). PMyg or 219b in a determiped bin range.z'{(l;]e standard devigtion

The relationships between surface @nd’Be are shown of the mean (SDOM) associated to pyand=Pb mean values is
in Fig. 9b for winter, spring, summer and autumn. The Sloperepresented by horizontal bars.
of Oz-’Be best fit corresponding to winter is similar to the
slope of Q-"Be best fit found by Dibb et al. (unpublished
manuscript, 2006www.espo.nasa.gov/docs/intex-na/Dibb and the Iberian Peninsula. The STT processes are frequently
etal INTEXA.pdf) in mid and upper troposphere over North associated to COL developments in the subtropical North
America during INTEX A flight experiment (1mBgnt = Atlantic (Kentarchos et al.2000. Cuevas and Rotljuez
0.037x fCim~3). (2002, with an 11-yr climatology of ECMWF isentropic po-

Li et al. (20028 simulated’Be and?1%Ph concentrations tential vorticity fields, concluded that the frequency of COLs
at Tenerife for summer time and suggested that the positivend deep lows over the North Atlantic reach a maximum in
Os-’Be and negative ©21%Pb correlation simply reflects the May-July, in areas surrounding the Iberian Peninsula where
respective common vertical trends. Howeveuevag1995 these lows are more frequedames et a(2003, with a 15-
andCuevas et al2000 reported some case analysis of high- yr climatology of STT exchange found similar results, con-
O3 and high?Be data associated with air mass transport fromcluding that the corridor parallel to the Atlantic coast of the
the western part of cut-off lows (COLs) developed to the westlberian Peninsula over the ocean down to the Canaries fre-
of the Iberian Peninsula in spring and sumniRoediguez  quently receives stratospheric air.
et al. (2004 have also shown that episodes of © P90th at Reiter et al.(1983 suggested dBe threshold value of
IZO are associated with strong subsidence in the FT at th&® mBqnt3, above which an air mass probably has strato-
western side of COLs located between the Canary Islandspheric signature. This value has been used by several
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Table 3. Basic statistics of surfacedtat 1ZO for days with daily
"Be> 8mBq ni-3. The term “climat.” refers to the Pmean when
considering all the ozone values within the indicated period inde-
pendently of thé Be value.

O3 (ppbv) Winter Spring Summer Autumn
%cases 3.8 14.6 8.9 14
Mean 478+19 603+14 568+22 463+4.1
Median 45.0 59.4 56.8 42.3
Climat. 447403 536+04 455+05 404+03

with "Be > 8mBqn1 3 is significant in spring and summer
(14.6 % and 8.9% of cases/season, respectively), while in
winter and autumn the percentage of cases/season is much
lower (3.8% and 1.4 %, respectively). The impact of high
"Be events on @values at 1ZO is considerable, recording in
these events Paverages that are 7 ppbv and 11 ppbv above
O3 climatological values (considering all days independently
of ’Be values) for spring and summer, respectively.

We have plotted the residence time of air masses with daily
Be> 8mBqnT?3 for each season of the year in Fig. 11.
Higher residence times are observed in mid-latitudes over
the north-eastern US extending over the North Atlantic in
winter. In spring several maximum residence times are ob-
served over the North Atlantic, but a maximum which ex-
tends along a north—south corridor over the eastern North
Atlantic stretching from Great Britain to the Canary Islands
is notable. Similar results were obtained Rgdiiguez et al.
(2004 for O3 values within P50th—P100th in spring. In sum-
mer the corridor is strengthened to the vicinity of the Canary

ozone (ppbv) at 1ZO for the same seasons in the period 1989—19915lands, and a secondary maximum is found in north-eastern

Data have been grouped and depicted as for Fig. 8.

authors to identify stratospheric intrusions in high moun-

tain stations Zanis et al. 1999 Stohl et al, 200Q Bona-
soni et al, 200Q Cristofanelli et al. 2006, although it is

North America extending over North Atlantic. In autumn this
maximum is also identified, and some secondary high resi-
dence times near the Canary Islands are observed. In relation
to the height at which air masses were travelling, it is note-
worthy that in the spring and summer they come from alti-
tudes above 5km. To summarize, the source regions of high
’Be air masses with maximum impact on & 1ZO are reg-

not possible to considéBe as an unambiguous stratospheric istered in a region around the Canaries extending to the north

tracer Zanis et al. 1999 Stohl et al, 2000. Gerasopou-
los et al.(200)) found at four high-altitude alpine stations
that high/Be values (above 6 mBgmi) correspond to air

over North Atlantic in spring and summer. This region co-
incides with areas where COL developments and STT pro-
cesses have been reported in previous studies Celigvas

masses from the north and high altitudes, as it is characterand Rodiguez 2002 James et al.2003 Rodiiguez et al.

istic for stratospheric intrusionReiter et al (1983 showed
that the range ofBe values> 7.4mBqnt3 corresponds to

2004). Nieto et al.(2005, from a 41-yr climatology of COLs
in the Northern Hemisphere, reported three preferred areas of

direct stratospheric intrusions near the station, without a longCOLs occurrence, one of them being the southern European
advection path. The third quartile Be data series at1ZOis and the eastern Atlantic coast, in agreement with our results.
8.2mBqnT3, and stratospheric air mass intrusions normally  Recently,Hegarty et al.(2009 revealed that @ obser-
reach the ground after considerable mixing with troposphericvations from TES (Tropospheric Emission Spectrometer)

air. Therefore, a threshold value of 8 mBqfris reasonable
to estimate the impact of UTLS air masses at 1Z0.

We have estimated the impact o & IZO of air masses
with daily mean values of Be > 8mBqnT3. Results are

also evidence stratospheric intrusions associated with the cy-
clones over the North Atlantic. According t/ernli and
Bourqui (2002, “deep exchange” denotes events where air
parcels are rapidly transported from the stratosphere down to

summarized in Table 3. The percentage of cases per seasdevels below 700 hPa level (deep STT). The STT climatology

www.atmos-chem-phys.net/13/1973/2013/
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Fig. 10. PVmax maps for winter (JFM), spring (AMJ), summer (JAS) and autumn (OND) in the period 1988-2009. They have been con-
structed from the coordinates of ¥x values found by 5-day backward trajectories arriving at IZO every day at 00:00 UTC in ECMWF
PV-reanalysis fields. Thresholds of 1 and 1.6 PVU are marked with black lines.

from Sprenger and Wern{R003 shows that deep STT is par- of correlation between surfaces@nd CO found in summer
ticularly strong in the 40—-65N latitude band over the North suggests that significantzGenhancements are not directly
Atlantic storm track region in winter, just in the high R caused by long-range transport of anthropogenic pollution in

passageway we have found in this season (Fig. 10). this season. These results agree witlet al. (20028 who
found the strongest export of anthropogenic CO from North
3.7 Relationship between @and CO America in winter, and the weakest in summer.

Chin et al. (1999 found an Q/CO slope
~0.3ppbvppbv?! in aged air masses at rural sites in
. . : eastern North AmericaHegarty et al.(2009 found that,
fCO rﬁtrlixis frqm TEtS sdh%vs{ed tt?e (T?mrr?;grung ilxport under some meteorological conditions, some cyclones near
rom North America extended in a band fro 0 : the east coast of the US produced the greatest export to the
Strong positive correlations between CO and surfagai® lower FT with O3 > 65ppbv and a well-defined £CO
LOLfdnd Itn Tiggme_rshtatlons O.tﬁ. the coais,tt.of Canada;iﬁs-t d correlation with an @CO slope ~ 0.20 ppbvppbv?,

atla et al. 9. These positive correlations are attribute indicative of the overall impact of photochemical processes

to the transport of photochemically generatedf@m North in North American continental export. Howevéidonrath

America out over .the North Atlantic¥arrish et al.1993'. et al.(2009) reported for the high mountain station of Pico in
The concentration of CO at I1ZO shows a general INCrease, o< “in the middle of the North Atlantic, thag@nd CO
during autumn. and wm_tgr unt|! the maximum 1S reached N were correlated during North American outflow events, with

late March, while the minimum is observed in middle August a slope averaging 1.0 ppbvpptv— more than 80 % larger

gGémez-Pfgéett ?é.é%la ) Thr? relationsfhtiﬁs between shur— than Q/CO ratios observed in the eastern US and near-shore
ace G an a or each season otthe year are Shown, iy region.Honrath et al.(2004 explained these high

in Fig. 12. The good correlation betweeg @nd CO at IZO ratios by the fact that air masses from North American

in winter (with an Q/CO slope of 0.84 ppbvppb¥), in outflow events have under :
. . . gone days of photochemical
spring when surface £3s within 30-50 ppbv and CO within processing, increasing they@O ratio.

85-115pbbv (with an CO slope of 0.91 ppbvppb?), A 3-yr “climatology” of daily O3/CO ratios is shown in Ta-

?nd inf autumn \I’Vith zt:)mIQCSS slotr))e of 0.81tp|i>ﬁv%pb\}th ble 4. Mean fstandard deviation), median, P25th and P75th
or surface Q values below 35 ppbv, supports the hypothe- of O3/CO ratios have been calculated for each season. The

sis of long-range transport of photochemically generated O highest concentrations of CO at IZ& (L33 ppbv, above the
to 1Z0O in these seasons, likely from North America accord- P9Oth) are observed in winter and spring rr;ostly coming
ing to the paths of the trajectories (Fig. 5). However, the lack '

Hegarty et al.(2009 reported that composites ofsGnd

Atmos. Chem. Phys., 13, 1973998 2013 www.atmos-chem-phys.net/13/1973/2013/
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Fig. 11.Residence times and transport pathways of air masses with’@sly: 8mBqni3 and corresponding averaged backward trajecto-
ries heights for each season of the year. Colour bars indicate the residence time in arbitrary units. In backward trajectory heights the mean
values P25th and P75th are plotted.

from North America (not shown here). In order to determine the climatological P25th—P75ths@@ O range for @> P75th

the impact of long-range transport of American pollution, (Table 4). In summer the only 7-day event recorded (Type 4)
and the origin of the fairly good §£-CO correlation, we have showed a mean £CO ratio of 067 ppbvppbv?!, which is
analyzed the events in which, at least during five consecutivéower than the climatological mean for® P75th (Table 4).
days, a good correlatiom & 0.75) between hourly concen- In autumn events of high £CO correlation, associated to
trations of @G and CO is observed within the period 2008- long-range transport, were also recorded (Type 5), but the av-
2011. We have separated the events in five groups accordingraged GQ/CO ratio (045 0.04 ppbvppbv?) is lower than

to O3 ranges and seasons. Thg/CO ratios are summarized the climatological mean for this season.

in Table 5. In winter the events Type 1 and Type 2 show As demonstrated in Table 5, most of the events show-
O3/CO ratios of 0.41 and 0.43 ppbvppby respectively, ing a good correlation betweenz@nd CO, and thus un-
which lie within the climatological median-P100ths@O ambiguous transport of likely anthropogenig,Care ob-
range for this season (Table 4). The events with the highserved in spring and winter. Thus, a residence time anal-
est Q/CO values ((B63+ 0.07 ppbvppbv?) were recorded ysis of air masses with an#CO correlation> 0.75 has

in spring, all of them for @> P75th (Type 3) being within been performed for these two seasons (Fig. 13a). The results

www.atmos-chem-phys.net/13/1973/2013/ Atmos. Chem. Phys., 13, 19288 2013
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9 Table 5. O3/CO ratios at 1ZO for events with hourly £2CO data
g5 _ourface O, vs CO Slope=0.84 (*=0.95) correlationr > 0.75
2008-2011 | A | e Slope=0.91 (r2=0.82) T
807 A %]  Slope=0.81 (r2=0.55)
;Z ] ‘A " ; O3 range @Q/CO . Cases (2008-2011)
o I R (ppbv) (ppbv ppbv )
3 Al b HH

Typel P50th—P75th .01+0.03 8 in winter

+ Type2 P75th-P100th .48+£0.07  5inwinter

Type 3 P75th—P100th .53+ 0.07 58 in spring
Type 4 P75th—P100th .67+0.14 7 in summer
Type5 P75th—P100th .45+ 0.04 7 in autumn

+ + Winter

* % Spring

A A Summer

H W Autumn

T In winter the Q/CO ratios found during long-range trans-
70 80 90 100 110 120 130 140 150

CO(ppbv) port events £ 0.42 ppbvppbv?l) agree quite well with the
climatological ratio for this season. The ratios do not dif-
Fig. 12.CO (ppbv) vs. surface §ppbv) at IZO for winter (JFM),  fer substantially from those calculated for highy @alues
spring (AMJ), summer (JAS) and autumn (OND) in the period of (~. p75th) and from those obtained for all values of for
2008-2011. Data have been grouped and depicted as for Fig. 8. he study period. So, in winter, when the westerlies blow
with their maximum intensity, @ measured at 1ZO might
Table 4. Averaged Q/CO ratios (ppbvppbvl) at 1ZO for winter, ~ have a large contribution of long-range pollution transport
spring, summer and autumn (all cases and those wits ®75th),  from North America. The @CO ratios reported near the
and estimated type of air mass (FP = Fresh Pollution; A=Aged airpollution sources range from 0.2 to 0.3 ppbvppbye.g.
mass; UT = Upper Troposphere). Types of air masses have been [&£hin et al, 1994 Dickerson et al.1995 Li et al., 2002k
belled according to the £2CO range values. Hegarty et al.2009. The higher ratios found at 1ZO imply
an additional @ amount and/or CO reduction which may
Mean+SD Median P25th  P75th  Type  arise, in part, from photochemical processing during trans-

Winter 039+ 0.07 0.38 034 044 EP porting. In these conditions we could consider that the trans-
O3> P75th 0424+0.06  0.40 0.37 0.45 FP port events labelled Type 1 and Type 2 (Table 5) correspond
Spring 0474010 046 040 053 A to fresh pollution that is transported rapidly from North

O3> P75th 058+0.10  0.56 051 062 A+uUT  America to the subtropical FT. In spring the climatological

O3/CO ratios differ notably if we consider{¥alues> P75th

(~ 0.58 ppbv ppbv?) or all Oz values ¢ 0.47 ppbv ppbv1).

The average ratio found in pollution transport events labelled
Autumn Q47+010 047 041 054 A Type 3 ¢~ 0.53ppbvppbvl) is between these two values.
O3 >P75th  054+£008 054 049 060 A+UT  Tpig may be due to the fact that in spring a higher inso-

lation speeds up in situ photochemistry in the Friefger
et al, 1999, and also to large-scale downward transport of
identify a main contribution from pollution episodes over Os-rich air from the upper troposphere. Thusg/CO ra-

North America in winter, with backward trajectory heights tios between 0.47 and 0.54 ppbv ppBvmight be typical of

below 4 km, whereas in spring aged air masses (previoushaged air masses originating in North America, while ratios

transported from North America) are found over North At- above 0.54ppbv ppbV might be explained by a mix of aged
lantic at slightly higher altitudes (above 4-5 km), although it air masses and upper troposphegerfoh air masses. These
must be stated that there is substantial overlap in the ranges @fssumptions are consistent with the analysis of residence
altitude of both seasons (Fig. 13a and b). In both cases maximes and heights of air masses characterized by higtCO
imum residence times are observed over the eastern US arabrrelation (Fig. 13a). In spring air masses come normally
western North Atlantic, on a corridor bounded by the paral-from higher altitudes than in winter, and the maximum of air
lels 20 and 50 N. High trajectories suggest that pollution masses residence times is located north-east of the maximum
was injected previously over the US east coast into the FTfound in winter, over western and central North Atlantic,

These results agree with previous studies in which the warnfurther from pollution sources. On the other hand the sea-

conveyor belt associated with cyclonic pressure systems liftsonal averaged £CO slopes (0.84 ppbvppbV for winter

O3 produced photochemically in the CBL up into the FT over and 0.91 ppbv ppbV* for spring; see Fig. 12), which include

eastern continental US, and then thgi©transported by the  all kinds of G; production and transport processes are higher

westerlies across the North Atlantic onto Europerkow-  than the Q/CO ratios found in well-identified, long-range
tiz et al, 1996 Stohl and Trick) 1999 Cooper and Parrish  pollution transport (0.42—0.53 ppbv ppth), suggesting the

2009. contribution of a second source og'he corridor of North

Summer ®6+0.15 0.55 0.44 0.65 A+UT
O3> P75th 071+0.13 0.70 0.61 0.78 A+UT
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Fig. 13.Residence time of air masses (corrected by central convergence) that sha@0 @Qourly correlationr > 0.75 for winter and
spring(a, b). Colour bars indicate residence time in arbitrary units. Mean, P25th and P75th of 5-day backward air masses travelling altitude
for these events in winter and spring are depic(e}iResidence time of air masses that show aG® hourly ratio> 0.75ppbvppbv1,

and corresponding averaged backward trajectories height.

American pollution eventsQooper et al. 2002 Hegarty lations, on the other hand, in winter and spring. Therefore,
et al, 2009 overlaps to a large extent the belt with relatively a mixture of photochemical £produced as a result of pol-
high PVimax values found in winter and spring betweerf 45 lution export from North America and£Jrom stratospheric
and 5% N, crossing the North Atlantic (Fig. 10). Differences intrusions over the North Atlantic into the FT seems to be
found between the §0CO ratios at IZO and seasonagfCO a likely process. This result agrees wiilegarty et al(2009
slopes, on the one hand, and between the latter witRO  who highlighted that some frequent meteorological patterns
ratios near the pollution sources, on the other hand, could beould produce a well-stirred region of the atmosphere over
explained with the following conceptual model based on twothe North Atlantic that continuously interleaves air masses
processes: (1) £continued to be produced in the plume dur- originating from the lower mid- and upper troposphere, and
ing transportation in the FTHonrath et al.2004 Mao et al, thus favouring the mixing of polluted air masses with strato-
20009; and (2) contribution from the upper-level air trans- spheric Q-rich air masses.

ported downward in the descending dry airstream of cyclones Concerning high @ values recorded at IZO in sum-
over the North Atlantic, which may have enhanced the lowermer time some authors (e.§chmitt and Carreterd 992
tropospheric @ keeping levels highHegarty et al.2009. Raes et al.1997 Li et al,, 20028 hypothesized that, un-
Bearing in mind that high ©values at IZO are normally der some conditions during the summer, pollutants and
associated to high-altitude backward trajectories — high-PVphotochemically-produced{an be transported to the Ca-
and high/Be values — this conceptual model might concili- nary Islands from the Iberian Peninsula and adjacent regions
ate the apparently contradictory results of finding simultane-in Europe. Such conditions would be favoured by a cou-
ous positive @-CO correlation (Fig. 12), on the one hand, pled system consisting of the Iberian thermal low at ground
and positive @-PV (Fig. 9a) and @’Be (Fig. 9b) corre- level and anticyclonic subsidence aldfti{l an et al, 1997).
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However, this transport is most likely to occur within the Peninsula as main areas of occurrence of COLs in summer
MBL and not in the FT, as stated I8tohl et al.(2002 who time in the Northern Hemisphere.

analyzed the southward flow of European pollution in sum-

mer over the Mediterranean Basin and North Africa. The3.8 The role of the NAO in tropospheric Oz budget over
MCAR plots of O pathways (Fig. 5) do not show signifi- the subtropical North Atlantic

cant transport of @from Europe, and there is no relation-

ship between @ and CO (Fig. 12). These results suggest The large swing in the phase of the NAO between 1995 and
a low probability of occurrence of pollution transport from 1996 brought international attention to the physical connec-
Europe within the subtropical FT over the North Atlantic. tion between the NAO and e.g. availability of water in Scan-
These results agree witbuncan and Bey2004 who con-  dinavia for hydropower generatioklgrrell et al, 2003. In-
cluded that there was no evidence of a summer time CO maxdeed, changes in time series pattern have also been observed
imum at 1ZO in either the observations or the model sim-in surface @ records at 1ZO between 1996 and 1998 (Fig. 3).
ulations they performed for 1ZO. Concerning potential pol- Logan et al.(2012 show a significant change in monthly
lution from North America, we have found a single 7-day mean time series of surface ozone at the alpine stations in
long-range transport pollution event at Izana in this season1997. These changes cannot be attributed to changes in O
Owen et al(2006 documented that, on average, 38 % of the precursors, but to dynamical processes.

North American CO export occurs below 3 km altitude, and  Positive phases of NAO indicate stronger Azores high and
that advection of pollution layers at low levels, but decoupledstronger Icelandic low and thus more active westerlies over
from the BML, is responsible for the majority of transport to the North Atlantic above 50N. However, in lower mid-

the central North Atlantic during summer time. However, in latitudes and in the subtropical North Atlantic, winter pos-
summer air masses arriving to 1ZO from the North Atlantic itive phases of NAO mean less zonal west-to-east transport.
show a strong subsidence (see Fig. 6), most of them travellingositive NAO also implies drier conditions than average over
at levels higher than 3km. Moreover, aged air masses frormorthern Africa and a strong subtropical high pressure over
North America that recirculate, turning around the Azoresthe North Atlantic resulting in an increase of dust mobi-
high anticyclonically Auvray and Bey2005, are decoupled lization through strengthening of trade winds over the Sa-
from the air mass pathways to 1ZO for the same reason. Thidiara Chiapello et al. 2005 Evan et al. 2006, and higher
may be the explanation for finding loweg@O ratios at IZO  frequency of dust intrusions over the subtropical North At-
than at the Azores Pico station. lantic, and specifically over the Canariéddnso-Ferez et al.

The climatological Q/CO ratios at 1ZO in summer time 2011). As we have shown in previous sections, Saharan air
are significantly higher: 0.56 ppbv ppbVif we consider the  masses loaded with mineral dust are associated with low
whole dataset, and 0.71 ppbvppBvor O3 > P75th (P75th  concentrations of surfacez@t 1ZO. The negative phase of
03/CO ratio~ 0.78 ppbvppbv?). We have analyzed all the NAO results in a higher flow of westerlies in the rang&-30
episodes in which @CO ratio> 0.75ppbvppbv?l. Inthese 45 N, as can be derived from the circulation patterns over
cases @ does not correlate with CO @CO correlation  the North Atlantic under positive and negative phases of the
< 0.1). We have identified 41 cases in the period 2008—2011NAO shown by Hurrel and Dickson (2004).

10% of them in spring and 90 % in summer. The median Figure 14 shows the correlation between NAO and the
value of the relative humidity associated to these events wagonal component of the wind) at 700 hPa (NCEP reanaly-
12 %, so very dry air suggesting a mid—upper tropospheresis) in winter, spring, summer and autumn for the entire pe-
origin. The residence time analysis shows two predominantiod 1988—-2009. A strong negative correlation is found in
origins of the air masses arriving at 1ZO (Fig. 13b): one lo- winter and autumn within the 20-240! belt, with a weaker
cated over North Africa and the central Mediterranean Basingcorrelation in spring. These results indicate a more effec-
and the other one in a corridor stretching from the Canary Istive air mass transport from North America to the Canaries
lands to the west of the Iberian Peninsula. These air massesithin the low mid- and subtropical latitude belts (between
come from altitudes higher than 4 km, showing a strong sub20° and 40 N) with negative phase of NAO. Hence, this
sidence. All these events are associated with COL or deefitransport belt” appears to be more active over the subtrop-
low developments, which indicates they come from the up-ical North Atlantic during negative phases of NAO in win-
per troposphere and likely could be influenced by STT pro-ter and spring. The effect of intercontinental transport is ex-
cesses. The geographical origin of these events agrees withected to be weaker in summdii ét al., 20023.
the P\jhax distribution over North Africa (Fig. 10), and the Hurrell et al. (2003 concluded that, generally, positive
maximum residence time distribution of air masses with NAO phase winters are associated with a north-eastward shift
"Be > 8mBqnt 3 (Fig. 11). These results also agree wilix in the Atlantic storm activity. These results agree with the
eto et al (2005 who identified North Africa and the Mediter-  findings ofAndrade et al(2008, who reported that the inter-
ranean Basin (centred over the Italian Peninsula), and the coennual correlation between the enlarged winter (October to
ridor between the Canary Islands and the west of the IberiatMarch) NAO index and the total number of storms observed
in the Azores Islands is negative and statistically significant.
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Table 6. Mean surface @ for NAO > +0.5 and NAO< —0.5 for all seasons. However, the highest differences between the
each season in the period 1988-2009 with the corresponding startwo phases of NAO are observed in spring 3ppbv), and
dard deviation of the mean. The third column shows the confidencghe |owest in autumm¢ 1 ppbv). The confidence level of0
level for the difference between the means. differences is higher than 99 % for winter and spring. We
can see in Fig. 16 that a significant change in air mass fre-
quencies after 1996 is observed. For example, a consider-
able reduction in frequency of African air masses associated
Winter 429+£03 452+03 100.0% with O3 < P25th, and a significant increase in frequency of
(n =605 (n =349 air masses associated witly © P75th from North America

Spring 514+ 0.5 539+0.6 99.9% . . . . .
(1 = 440) (n = 362 and North Atlantic are registered in winter at 1ZO. In winters

A B Confidence Level
NAO > +05 NAO < -05

Summer  44£0.7 463+ 0.6 98.8% with negative phases of NAO, a more active jet stream and
(n =366 (n = 456) a higher frequency of storms over the North Atlantic within

Autumn  403+0.3 408+0.3 76.2% the 30-48 N belt are observed, resulting in a stronger trans-
(n=2369 (n =537 port west-to-east of potentially polluted air masses from US

and major impact of storms over this belt. This is a probable
explanation to the sharp increase observed in theeOord
Sprenger and Wern{2003 found that that there is a strong between 1996 and 1998 (Fig. 3). This is in agreement with
relationship between the negative phase of NAO and cyclonghe flattening in surface $series observed at European sta-
frequency across the North Atlantic, and specifically that dur-tions since the late 1990s (e @rdofiez et al. 2007 Gilge
ing the negative phase of NAO the low tropospheric destina-t al, 201Q Logan et al.2012).
tion of the deep STT extends over a large region of the North
Atlantic below the 40N parallel, covering the Canary Is-
lands.Nieto et al.(2000 reported that during positive NAO 4 Summary/conclusions
years, a high occurrence of COLs is detected for all the longi-
tudes from 70N to about 44 N, while during negative NAO A detailed analysis of a high-quality, long-term (22-yr) sur-
years this high density of COLs is detected on a band fromface G time series (1988—-2009) at the subtropical high
60° N to 35> N over the North Atlantic, so shifted southwards mountain 1ZO station has been conducted. Diurnal and sea-
and, consequently, most likely to influence the subtropical ressonal G variations have been assessed. SurfagediOr-
gion of the North Atlantic. nal variations show the lowest values during the afternoon
Creilson et al(2003, using TOR data, found that the lat- mainly due to an efficient dry deposition on the mountain
itude band of greatest tropospheri¢ @as in the central slopes. The annual mean difference between the daily up-
mid-latitudes (35—40N) and not the upper latitudes (40— slope and the downslope surface @lues ranges from 2 to
45° N). In Fig. 15 we have plotted the averaged TOR in win- 5 ppbv. The amplitude and width of the diurnag Qralley”
ter (January—March) and spring (April-June) for years withis basically modulated by two factors: the solar radiation, and
NAO > +0.5 and for years with NAG< —0.5, as well asthe  the consequent heating of the slopes surrounding the obser-
corresponding ozone relative differences between negativgatory, and the synoptic wind strength.
and positive NAO phases for each season. It is noteworthy Daily nocturnal (22:00-06:00 UTC) £values have been
that in winter a negative phase of NAO results in higher tro-analyzed for the entire record. The average yearly mean
pospheric @ amounts over most of the geographical domain Os value at 1ZO for the 22 yr period is 46.1 ppbv and the
of our study, and clearly over the Eastern North Atlantic. peak-to-peak annual cycle amplitude is 15.4 ppbv. There is
These results agree withausata et a2012, who found  a slight positive trend in the annual mearl@+0.05%yr 1
an increase of few ppbv of surface Goncentrations in sta-  or 0.09 ppbvyr?l). There is a notable increase in Gbserved
tions of the western part of the Iberian peninsula in winter between 1996 and 1998. Seasongldycles show a broad
under negative phase of NAO, corresponding to the increasenaximum beginning in late spring (May), with frequent daily
of TOR as can be seen in Fig. 15e. In spring with a nega-means of 60—70 ppbv. The annual minimum is found in Oc-
tive phase of NAO, there is a significant increment in tropo- tober with G values often falling in the range 30-45 ppbv.
spheric Q (~ 10%; 5 Dobson Units) in a band that stretches  An analysis of the climatology of §pathways using back-
across the eastern North Atlantic (over the Canaries), Norttward trajectories showed that higheg ®@alues are asso-
Africa, the western Mediterranean basin, and southern couneiated with air masses travelling above 4 km altitude from
tries of Eastern Europe. The relationship between TOR andNorth America and the North Atlantic Ocean, while low O
NAO breaks down in summer and autumn when the westeris transported from the Saharan CBL, largely corresponding
lies are not so stron@teilson et al.2003. to transport at lower altitudes<(1500m a.s.l.).
These results are confirmed by our analysis using surface An extensive review of the potential z0production
Oz at 1IZO (Table 6). In years with NAG: —0.5 surface Q and transport processes into the FT of the North Atlantic
is systematically higher than in years with NAO+0.5 in subtropical region has been presented, incorporating other
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Fig. 14. Correlation between zonal wind componenj &t 700 hPa and NAO-index in winter (JFM), spring (AMJ), summer (JAS) and
autumn (OND) for the period 1988—-2009.

measurements from the 1ZO station such as MO, ‘Be, is within 30-50 ppbv and CO within 85-115 pbbv (with an
210pp, and additional information from backward trajectories Os/CO slope of 0.91 ppbv ppbV) is observed. This supports
and PV. A clear negative logarithmic relationship was ob-the hypothesis of long-range transport of photochemically
served between P} and surface @for all seasons. A sim- generated @from North America. In order to determine the
ilar relationship was found betweers@nd?1°Pb. impact of long-range transport of American pollution events,
A positive correlation between Oand PVhax, and be-  we observed and analyzed, within the period of 2008—-2011,
tween @ and 'Be is found throughout the year, indicat- those days in which there were at least five consecutive days
ing that relatively high surface Ovalues at 1ZO originate  with a good correlationr(> 0.75) between hourly concen-
from the middle troposphere and in some cases from the uptrations of @ and CO. These events presented the highest
per troposphere. Spatial analyses of,;R¥show a belt with  O3/CO ratios (0563 0.09 ppbvppbv?) in spring. In winter
relatively high values between 4%&nd 53 N crossing the  this ratio was lower £ 0.42 ppbvppbvl) and agrees quite
North Atlantic. In winter and spring this high RMxbeltco-  well with the climatological ratio for this season. The time
incides with the corridor where anthropogenic pollution is residence analysis highlights a main contribution from pol-
exported from North America to the North Atlantic. In sum- lution episodes over North America in winter, whereas in
mer the relatively high PMax values found in the vicinity of  spring the origin of the air masses are identified over North
the Canary Islands over North Africa are notable. The im-America as well over North Atlantic at high altitudes. So,
pact of high’Be events on @ values at 1ZO is consider- in winter, when the westerlies blow with their maximum
able; @ averages recorded during these events are 7 ppbintensity, and to a lesser extent in springs @easured at
and 11 ppbv above climatological values for spring and sum4Z0O might be affected by long-range pollution transport from
mer, respectively. Residence time analysis of air masses wittNorth America.
daily "Be > 8mBqnt 3 (threshold value above which an air  Differences found between the daily/QO ratios at 1ZO
mass has stratospheric signature) showed a region around tlaed seasonal §0CO slopes, and between the latter with
Canaries extending to the north over North Atlantic in spring O3/CO ratios near the pollution sources could be explained
and summer. This region coincides with areas where COLwith the following conceptual model based on two processes:
developments and STT processes have been reported in prét) Oz continued to be produced in the plume during its trans-
vious studies. port in the FT; and (2) contribution from the upper-level air
The influence of long-range pollution transport events ontransported downward in the descending dry airstream of cy-
O3 levels has been studied using CO data. At IZO a goodclones over the North Atlantic, which may have enhanced
correlation between $and CO in winter (with an @CO the lower tropospheric ©keeping levels high. This con-
slope of 0.84 ppbvppbw) and in spring, when surface30  ceptual model conciliates the apparently contradictory re-
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sults of finding simultaneous positiveg@CO correlation and
positive @—PVmax and G—'Be correlations in winter and
spring. So, a mixture of photochemicag Produced as a re-
sult of pollution export from North America and “natural”
O3 from stratospheric intrusions over the North Atlantic into
the FT seems to be a likely process. In summer the MCAR
plots of G; pathways do not show significant transport af O
from Europe, and no relationship betweendnd CO is also
found. These results suggest a low probability of occurrence
of pollution transport from Europe within the subtropical FT
over the North Atlantic. We have analyzed all the episodes in
which O3/CO ratio> 0.75ppbvppbv?. In these cases, 10 %
of them in spring and 90 % in summerz @oes not correlate
with CO (O3—CO correlation< 0.1).

The residence time analysis of air masses wigh-QP75th
shows two main origins: one located over North Africa
and the central Mediterranean Basin, and the other one in
a corridor stretching from the Canary Islands to the west
of the Iberian Peninsula. These air masses come from alti-
tudes higher than 4km and show a strong subsidence. All
these events are associated with COL or deep-low develop-
ments, which indicates they are caused by STT processes.
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The geographical origin of these events agree with thgRRV (~ 3ppbv), and the lowest in autums (L ppbv). This is an
distribution over North Africa and the maximum residence important issue in @ trend analysis since changes in the
time distribution of air masses witlBe > 8mBqgnT 3. phase of the NAO could mask changes in emissiongyb@-
Taking into account all @-CO relationships found at cursors that have occurred in the last twenty yeagtrénds
1ZO and in other studies, we propose the following ap- over the subtropical North Atlantic region must be properly
proach concerning the origin of 0at 1ZO. Fresh Pol- interpreted taking into consideration phases of NAO. There
lution Oz from North America, mainly observed in win- is still considerable uncertainty in the prediction of NAO, but
ter, might be associated with 3O ratios between~ some studies suggest an intensification of the positive phase
0.34 and~ 0.4ppbvppbvl. Os/CO ratios within~0.40—  of NAO in a scenario of global warmingllett et al, 2003,
0.55 ppbv ppbv! range likely correspond to aged air masseswhich would impact on the content of tropospherig @ver
originated in North America and North Atlantic, in winter, the North Atlantic through the atmospheric mechanisms an-
spring and autumn. Aged air masses in combination withalyzed in this work.
inputs from the upper troposphere observed in spring, sum-
mer and autumn might be identified by/QO ratios from
~ 0.55 to 0.62 ppbvppbv!. In summer time high @values  AcknowledgementsThis study has been developed within the
are associated with 0CO ratios> 0.65ppbv ppbv?, nor- GAW Programme at the I#® Atmospheric Research Cen-
mally the result of STT processes in regions neighbouringter, financed by AEMET. We are particularly grateful to the
the Canary Islands (North Africa, and the corridor extendinglzaia Observatory staff wivw.aemet.izana.ojg for carrying
from Great Britain to the Canaries). out carefully essential routine operations. We appreciate the
To summarize, tropospheric;®@ecorded in the subtropical accurate audits performed by the World Calibr.ation Centre
North Atlantic is the result of the interaction between trans- (WCC-Empa) fqr _Surface Ozor_le_, Carbon Monoxide, Mgthane
port of photochemical produceds@vithin the North Amer- and Carbon Dioxide, for providing a trustful and creditable

. L - - O3 and CO data quality assurance system at thédz@bser-
ican CBL, the in situ photochemicaliproduced within the vatory. Data of radiotracers were obtained from the AEROCE

FT durl!’lg Its .transport over the North Atlantic, and the “natu- project (Joseph Prospero as Principal Investigator). The authors
ral” Og intrusions from the lower stratosphere over the North\youid also like to express their gratitude to NOAA-ARL for
Atlantic and North Africa. However, we cannot discern the the provision of the HYSPLIT transport and dispersion model
relative contribution of each main source quantitatively. For (www.arl.noaa.gov/ready.htinused in this publication. PV data
this, further studies are needed which might be supportedhave been obtained from ERA-Interim ECMWF reanalysis.
with photochemical model simulations. Monthly NAO index data have been obtained from NOAA/CPC.
Finally, the role played by the NAO in thes@ontent over Zonal wind datasets were retrieved from NCEP/NCAR r_eanalysis.
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