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Results from Graustein and Turekian (1996) indicate an
upper troposphere source for elevated O3 in summer time
subtropical free troposphere (FT) of the eastern North Atlantic, and James et al. (2003) found evidence of deep stratospheric intrusions down to the lower FT over the Canaries
even in summer. Oltmans et al. (1996) reported evidence of
high O3 concentration (∼ 100 ppb) layers in the middle and
upper troposphere over the North Atlantic which are invariably associated with transport characteristics that strongly
support a stratospheric source for these layers.
However, other authors (e.g. Moody et al., 1996; Creilson et al., 2003; Hegarty et al., 2009) suggest that a substantial amount of photochemically generated tropospheric O3 is
transported from continental source regions over the North
Atlantic. Some studies have revealed the great impact of this
pollution over the air quality of Europe (e.g. Parrish et al.,
1993; Li et al., 2002a; Prather et al., 2003). As pointed out
by Stohl (2001) and Stohl et al. (2002), the long-range transport of O3 from North America to Europe is more efficient in
the middle and upper FT because the westerlies are stronger
than in the marine boundary layer (MBL), and also because
of a longer O3 lifetime. Val Martin et al. (2008) suggest that
a substantial amount of additional O3 formation occurs in the
anthropogenic plumes during transport to the central North
Atlantic lower FT.
Assessment of long-term trends in tropospheric O3 is difficult due to the scarcity of representative observing sites with
long records (Solomon et al., 2007). In addition, the longterm tropospheric O3 trends vary both in terms of sign and
magnitude and in the possible causes of the change (Oltmans
et al., 2006). Some O3 trends have been attributed to changes
in O3 precursor emissions (Scheel, 1983). However, further
studies reveal that O3 trends cannot be fully explained based
on its precursors alone. For example, Staehelin and Poberaj
(2008) argue that further increase in background O3 over
Europe and North America since the early 1990s cannot be
solely explained by regional O3 precursor changes because
anthropogenic O3 precursor emissions were drastically reduced in the industrialized countries as a consequence of air
quality legislation. Gilge et al. (2010) also state the apparent
contradiction between the rather constant O3 concentrations
observed at ground stations during the end of the 1990s to
2007 and the substantial reductions in anthropogenic emissions. The surface O3 positive trend found at elevated European sites was explained by Ordóñez et al. (2007) in terms of
an increased contribution of stratospheric O3 in the 90s. Conversely, Tarasova et al. (2003) found negative trends in a high
mountain in Russia, and Vingarzan (2004) and Tarasova et al.
(2009) reported a slower rate of tropospheric O3 increase or
in some cases lack of an increase over the past decade. Logan
et al. (2012) found a slow decrease in summer surface ozone
in alpine stations and in the free troposphere over Europe,
with an average trend of −0.15 ppb yr−1 since 1998. Spatial
and temporal evolution of atmospheric processes driving O3
concentrations affect stations located in different regions of
Atmos. Chem. Phys., 13, 1973–1998, 2013

the world in different ways, as it has been recently reported
by Oltmans et al. (2013). In this regard Jonson et al. (2006)
address the question if the observed O3 trends can be understood.
Model simulations suggest that the increase of background
tropospheric O3 observed in mountain tops can be only partially explained by changes in emissions of precursors over
continents, and may be affected by changes in the circulation of the troposphere (Jonson et al., 2006). For example,
Appenzeller et al. (2000) found a good correlation between
the North Atlantic Oscillation (NAO) index and column tropospheric O3 over the eastern North Atlantic, and Eckhardt
et al. (2003) demonstrated how the NAO controls the air pollution transport to the Arctic. Duncan and Bey (2004) explained that the CO burden from Europe tended to be higher
over the North Atlantic and lower over the Arctic when the
NAO was in the negative phase. So, reductions in O3 caused
by reductions in precursors may be masked by periodical
changes in atmospheric circulation. As noted by Jonson et al.
(2006), the changes suffered by the stratospheric O3 in the
last decades could alter the circulation patterns, which would
affect, in turn, the exchange between the stratosphere and troposphere.
Most of the studies address the origin of tropospheric
ozone from only one of the most common approaches: photochemistry or atmospheric dynamics, which is a limited and
partial view of the driving forces. Therefore, we propose,
firstly, a detailed analysis of a long-term (22 yr) surface O3
time series (1988–2009) at the Izaña high mountain station
(hereafter IZO), which is representative of background conditions of the lower troposphere in the subtropical North Atlantic region, where there is very little information available.
Secondly, we present an extensive and multidisciplinary review of the O3 transport processes into the FT of the North
Atlantic subtropical region, incorporating other components
such as particulate matter, CO, 7 Be, 210 Pb, and additional
information from backward trajectories, potential vorticity
(PV), and the NAO index.
The surface O3 measurement programme of IZO is run
with an independent quality assurance system, within the
World Meteorological Organization (WMO) Global Atmospheric Watch (GAW) Programme, which precludes data biases and prevents wrong interpretations in trends analysis.
Our paper is structured as follows: data and methods are described in Sect. 2. In Sect. 3 a surface O3 climatology and
transport pathways characterization is presented, and a discussion about surface O3 observations, their relationships
with other atmospheric components (PM10 , 210 Pb, PV, 7 Be,
and CO), and their connections with synoptic-scale dynamical processes driven by the NAO is given. In Sect. 4 a summary and main conclusions are provided.
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2

Data and methods

2.1

and backup instruments) fulfilled the assessment criteria as
“good” over the tested range up to 100 ppbv.

Measurement site

The Izaña GAW Observatory is located at 28.3◦ N, 16.5◦ W
at an altitude of 2373 m a.s.l. (annual mean pressure of
∼ 770 hPa) on Tenerife Island, (Canary Islands, Spain) on top
of a mountain platform on a dorsal ridge which crosses the
island from SW to NE. A belt of endemic pine forest (Pinus Canariensis CHr, Sm. Ex DC) grows between 600 and
2000 m a.s.l., whereas at higher levels there is only a sparse
cover of local species of broom (Spartocytisus supranubius)
growing on lava terrain. Except for a few scattered residences, Tenerife is uninhabited above the 1000 m level. The
horizontal distances from IZO to the north-west and to the
south-east coasts (the direction of the prevailing winds) are
less than 15 km. The nearest distance to the European continent is 1300 km and about 350 km to Africa.
2.2

1975

In situ surface O3 instrumentation

The surface O3 monitoring programme at IZO started in May
1987 using a UV absorption technique. The analysers used
in different periods from this time up to the present, as well
as the reference instruments and the quality assurance programmes are specified in Table 1. The terminology used in
Table 1 is the following:
– Basic instrument: analyser from which the final data result.
– Backup instrument: instrument that is monitoring in
parallel to the basic analyser.
– Reference instrument: analyser for independent comparisons and calibrations (not used for ambient air measurements).
O3 has been measured continuously recording 10-min
averages with the corresponding standard deviation from
May 1987 to July 1996. After this date, and up to now, 1min average O3 values with corresponding standard deviations are recorded for both the basic and the backup instruments. Zero-checks with an activated-carbon absorber
were performed on a daily basis to detect instrumental offset drifts. Surface O3 data at IZO have been also calibrated
against references that are traceable to NIST (US National
Institute for Standards and Technology) reference O3 photometer (Gaithersburg, Maryland, USA). The Izaña surface
O3 programme has been audited by the World Calibration
Centre for Surface Ozone, Carbon Monoxide and Methane
(WCC-Ozone-CO-CH4-EMPA) in 1996, 1998, 2000, 2004
and 2009. EMPA’s audit reports are available at http://www.
empa.ch/gaw/audits/IZO yyyy.pdf, where yyyy is the year.
The audits were performed according to the “Standard Operating Procedure (SOP) for performance auditing O3 analysers at global and regional WMO-GAW sites”, WMOGAW Report No. 97. All audited field instruments (basic
www.atmos-chem-phys.net/13/1973/2013/

2.3

Backward trajectories, O3 MCAR plots, residence
times, and BTMH plots

Five-day HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) version 4.0 dispersion model backward
trajectories (Draxler and Rolph, 2003; Rolph, 1983) with
a time resolution of 1h were calculated using the FNL (Final Analysis Data) meteorological dataset (from May 1987
to December 2004) and the GDAS (Global Data Assimilation System) meteorological dataset (from January 2004 to
December 2009), both from the National Centres for Environmental Prediction. The vertical component of the backward trajectories was computed using the vertical model velocity. The end point was set at Tenerife (28.3◦ N, 16.5◦ W)
at 2400 m a.s.l. (IZO 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 Tenerife (00:00 UTC) have been characterized using the permanence indices for the predefined source geographic sectors
described in Alonso-Pérez et al. (2007) and summarized in
Table 2. Permanence indexes were calculated as the fraction
of time that an air mass trajectory calculated for 120 h resides in a predefined particular geographic sector and also
in a predefined altitude range. We consider “low” an altitude
range between surface level and 1.5 km, “medium” an altitude range between 1.5 and 3 km, and “high” > 3 km (normally with a top height at 6 km). Permanence indexes were
obtained using 5-day HYSPLIT backward trajectories.
Source–receptor relationships of atmospheric composition
can be investigated with backward trajectory techniques,
tracing forward from a defined geographical origin to arrive
at measurement sites where the composition may have altered during transport (Fleming et al., 2012). One of these
techniques is the so-called “mean concentrations at receptor”
(MCAR). For each pixel of our geographical domain, we select the backward trajectories which arrive at IZO and pass
over that pixel. The daily mean O3 concentrations measured
at Izaña on the corresponding trajectory arrival days are averaged, and this average is plotted on that pixel. MCAR plots
allowed the identification of pathway regions with high and
low O3 . The methodology has been described by Rodrı́guez
et al. (2011). Monthly MCAR plots of surface O3 were determined using daily 5-day backward trajectories calculated
at 00:00 UTC and daily (nocturnal) surface O3 data at IZO
for the period 1988–2009.
The identification of the transport corridors and source regions of O3 was complemented by using the residence time
analysis technique (Poirot and Wishinski, 1986). For this issue, the geophysical region covered by the trajectories was
divided into 408 grid cells of 5◦ ×5◦ (latitude/longitude). The
problem with this method is that all of the backward trajectories begin at the receptor site, and thus the residence time
Atmos. Chem. Phys., 13, 1973–1998, 2013
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Table 1. Description of O3 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/
Quality Assurance

International Reference

Data acquisition

May 87–Jul 95

Dasibi-1008-AH
#4283 (Bi)

Dasibi-1008-RS
#5797 (Ri)
MPC/ 2 months

NIST Traceable

Continuous
Record: 10 min ± SD

Jul 95–Jul 96

Dasibi-1008-RS
#5797 (Bi)

NIST Traceable

Continuous
Record: 10 min ± SD

Jul 96–Feb 99

TEI 49-C
#55912-305(Bi)
Dasibi-1008-RS
#5797 (Bp)

EMPA Audit (Nov 96)
TEI 49C-PS
#56085-306 (Ri) (Apr 97)
MPC/ 3 months
EMPA Audit (Feb 98)

NIST-EMPA

Continuous
Record: 1 min ± SD

Feb 99–Nov 03

TEI 49-C
#62900-337(Bi)
Dasibi-1008-RS
#5797 (Bp)

TEI 49C-PS
#56085-306(Ri)
MPC/ 3 months
EMPA Audit (Jun 00)

NIST-EMPA

Continuous
Record: 1 min ± SD

Nov 03–Now

TEI 49-C
#62900-337(Bi)
TEI 49-C
#72491-371(Bp)

TEI 49C-PS
#56085-306(Ri)
EMPA Audit (Nov 04)
EMPA Audit (Nov 09)

NIST-EMPA

Continuous
Record: 1 min ± SD

Table 2. Geographical sectors used in the backward trajectory classification (function of the continental source regions and oceanic
sectors, latitude and longitude ranges).
Sector

Latitude
Range

Longitude
Range

North America
North Atlantic
North Europe
South Europe
Sahara
Sahel
Subtropical North Atlantic
Canary Islands

30–90◦ N
30–90◦ N
50–90◦ N
36–50◦ N
20–36◦ N
0–20◦ N
0–30◦ N
24.7–31.9◦ N

50–135◦ W
10.5–70◦ W
10.5◦ W–50◦ E
10.5◦ W–50◦ E
18◦ W–50◦ E
18◦ W–50◦ E
18–135◦ W
12.4–20.6◦ W

is maximum in the cells surrounding the sampling location
(Hopke et al., 2005). We refer to this effect as “central convergence”. We have used a modification proposed by Poirot
and Wishinski (1986) to avoid the geometrical “central convergence” effect and highlight the distant O3 sources.
Backward trajectories have been also used to compute
backward trajectory mean height (BTMH) plots. In this case,
on each pixel (1◦ × 1◦ cell), the mean height at that pixel of
the backward trajectories which arrive at IZO and pass over
that pixel is plotted.
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2.4

Potential vorticity

Potential vorticity (PV; 1 PVU = 10−6 m2 s−1 K kg−1 ) analysis is a widely used tool to understand the stratosphere-totroposphere (STT) exchange (e.g. Danielsen, 1968) since PV
– the product of absolute vorticity and thermodynamic stability – is greater in the stratosphere than in the troposphere
(Hoskins et al., 1985). The dynamical tropopause is typically defined with a PVU value ranging from 1 PVU (Shapiro
et al., 1987) to 2 PVU (Appenzeller et al., 1996; Parrish et al.,
2000). The dynamical tropopause is defined by (WMO) as
the 1.6 PVU iso-surface. This value is used by some authors
to identify the signature of stratospheric air (e.g. Stohl et al.,
2000; Cristofanelli et al., 2006), while other authors consider
two threshold values for the dynamical tropopause – 2 and
1.5 PVU – for deep stratospheric intrusion analysis, as Akritidis et al. (2010). It is assumed that PV > 1 PVU are typical values of tropospheric regions that have been impacted
by stratospheric intrusions. Beekman et al. (1994) made use
of the positive correlation of PV with O3 in separating tropospheric O3 sources on the basis of high and low PV. However,
we should note that diabatic heating can reduce the PV values
without changing O3 . Thus, PV must be viewed as a bottom
indicator of air masses with upper troposphere/lower stratosphere (UTLS) signature.
PV was obtained from ERA-Interim ECMWF (European
Centre for Medium-Range Weather Forecasts) reanalysis.
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 were
retrieved at 300, 400, 500, 600, 700, 775, 850 and 925 hPa
levels from January 1988 to December 2009 in a regular grid
with a spatial resolution of 0.5◦ latitude/longitude within the
geographical domain 20◦ N–50◦ W/70◦ N–30◦ E.
Maximum PV(PVmax ) intercepted by daily 5-day backward trajectories for IZO was computed as follows: for each
one of the 120 h of the backward trajectory, the PV is calculated by performing a 3-D nearest-neighbour interpolation
with the 8-isobaric PV levels of the ECMWF reanalysis. PV
was stored for each 1-h point back of the back trajectory. In
this work we have used the PVmax found along each backward trajectory together with its latitude and longitude.
2.5

7 Be

and 210 Pb radiotracers

The 210 Pb radiotracer (half-life 22 yr) is the decay daughter of 222 Rn (half-life 3.8 days) which is emitted from soils
(Turekian et al., 1977). So, 210 Pb is a tracer of air masses with
continental boundary layer (CBL) signature (Balkanski et al.,
1993). The 7 Be radiotracer (half-life 53.3 days) is produced
by cosmic ray spallation reactions with nitrogen and oxygen
in the stratosphere and upper troposphere (Viezee and Singh,
1980).
The 7 Be and 210 Pb radionuclides were measured at IZO
on a daily basis within the AEROCE (AEROsol Ocean chemistry Experiment) project (Prospero et al., 1995) in the period
of 1989–1991 as tracers for UTLS and CBL air, respectively.
2.6

Carbon monoxide (CO)

Carbon monoxide (CO) is a good tracer of anthropogenic
pollution because it has a relatively long lifetime in the FT,
which permits the study of long-range transport. Daily and
hourly night-time CO averaged concentrations at IZO, corresponding to the period 2008–2011, have been used for the
analysis of long-range transport of photochemical O3 from
polluted regions. CO concentrations have been obtained using an automated TEI 48C-TL (Thermo Electron Corporation) NDIR instrument. The NDIR system was calibrated every 3 months using a 10-ppm CO in N2 standard from Air
Liquide. Automatic zero checks and ambient air measurements are alternated in 15-min intervals to account for shortterm drift. A Sofnocat 423 CO scrubber is used for the zero
checks. The inlet filter is exchanged every 3 months. Oneminute averages including additional instrument status information are stored. The NDIR system has been audited by the
WCC-Ozone-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.
However, continuous NDIR data have been corrected using
discrete NOAA measurements of weekly samples collected
in flasks. Consequently, we expect an error lower than 10 %.
CO data are used in this work to assess pollution long-range
transport by analyzing averaged daily O3 /CO ratios. Thus,
www.atmos-chem-phys.net/13/1973/2013/
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the error associated to CO measurements is acceptable for
our purposes.
2.6.1

PM10

Daily nocturnal PM10 (particles less than 10 microns in diameter) concentrations at IZO in the period 2002–2009 have
been used for assessing the impact of dust-laden Saharan air
masses on O3 records. The PM10 measurement programme
was described by Rodrı́guez et al. (2011).
2.6.2

North Atlantic Oscillation (NAO) index

The NAO is one of the major teleconnection patterns of the
winter Northern Hemisphere (Wallace and Gutzler, 1981),
and represents a measure of the strength of the westerlies across the North Atlantic. Monthly mean values of the
NAO index have been obtained from NOAA Climate Prediction Center ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/
nao index.tim. Indices are normalized using the 1981–2010
base period monthly means and standard deviations.
2.6.3

Tropospheric Ozone Residual (TOR)

Tropospheric Ozone Residual (TOR) data are measurements
of tropospheric O3 obtained by subtracting the stratospheric
component of O3 (in the stratospheric aerosol and gas experiment) from the total atmospheric column of O3 (by use of the
Total Ozone Measurement Spectrometer (TOMS) and Solar
Backscattered Ultraviolet (SBUV) instruments).
Data over the North Atlantic, northern Africa and Europe
within the geographical domain 10◦ N–30◦ E/50◦ N–60◦ W
have been computed from the database available at the following NASA site: http://asd-www.larc.nasa.gov/TOR/data.
html. A description of the technique can be found in Fishman
and Balok (1999) and Fishman et al. (2003).
The TOR seasonal average value for each phase of the
NAO within the period 1988–2005 was obtained by averaging for each season the TOR monthly mean values of those
months in which NAO > +0.5 (positive NAO) or NAO <
−0.5 (negative NAO). Thus, to calculate the TOR mean value
corresponding to winter of positive NAO phase, seventeen
months of ten years were used; for winter of negative NAO
phase, three months of three years; for spring of positive
NAO phase, twelve months of nine years; and for spring of
negative NAO phase, eleven months of nine years. It should
be noted that no TOR data are available in 1994, 1995 and
1996, and in much of the years 1993 and 1997.

3
3.1

Results
Surface O3 diurnal cycle

Large-scale subsidence, associated to the descending branch
of the Hadley cell, is an important meteorological feature of
Atmos. Chem. Phys., 13, 1973–1998, 2013
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Fig. 1. Diurnal variation of surface O3 residuals for each month
of the year in the period 1988–2009. The O3 residuals have been
calculated on a daily basis as the differences of surface O3 for every
hour compared with the night background level.
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The diurnal cycles of O3 (Fig. 1) were obtained from the
differences of O3 for every hour compared with the night
background level. The reference background level has been
computed as follows. Firstly, the averages of the pre- (00:00–
07:00 h UTC) 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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usually very weak, resulting in a lower dilution of upslope
air. The “ozone valley” in the daytime is a feature also observed in other high mountain stations: Mauna Loa (Oltmans
and Levy II, 1994), and Jungfraujoch (Schuepbach et al.,
2001).
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3.2

Annual and seasonal variations of surface O3

Daily nocturnal (22:00–06:00 UTC) O3 values – representative of subtropical FT conditions – have been analyzed for
the entire record (1988–2009) using decomposition in three
terms: interannual trend, annual cycle, and residual. A least
squares fit of the daily data to the function
p
X
f (t) = a1 + a2 t + a3 t +
[bi cos(wi t) +
2

i=1

ci sin(wi t] +

4
X

[dj cos(kj )t + ej sin(kj t)],

j =1

has been performed, where t is the time in days (t = 1 for
1 January 1988), a1 , a2 , a3 , bi and ci are the parameters of
the interannual trend to be determined, p = 7, dj and ej are
the parameters of the annual cycle (which is assumed constant) to be determined, wi = 2πi/N with N equal to the
number of days in the period 1988–2009 (N = 8036, number of valid data = 7790), and kj = 2πj/T with T = 365.25
days. See Gómez-Peláez et al. (2006) for a detailed interpretation of this function. Note that in this work we have
added a quadratic term in time, following Gómez-Peláez et
al. (2010), in order to allow a non-periodic growth rate.
Figure 2 shows the interannual trend and the interannual
trend + annual cycle. The average yearly mean O3 value at
IZO for the 22 yr period is 46.1 ppbv. The corresponding
standard deviation of the mean is 0.12 ppbv. The root mean
square of the residuals is 8.9 ppbv, and the peak-to-peak
annual cycle amplitude is 15.4 ppbv. The O3 increase observed between 1996 and 1998 is striking. There is a slight
positive trend in the annual mean (0.09 ± 0.02 ppbv yr−1 or
0.19 ± 0.05 % yr−1 ) that is slightly lower than at Mauna Loa
(0.37 ± 0.26 % yr−1 , Oltmans and Levy II, 1992). In European alpine stations such as Sonnblick, Jungfraujoch, Hohenpeissenberg and Zugspitze trends are observed in the
0.1–0.4 % yr−1 range (Gilge et al., 2010). Over some Europeans stations (Hohenpeissenberg, Zugspitze and Mace
Head) small trends or reductions during summer are observed, while there is an increase during winter (Oltmans
et al., 2006). Mace Head, a site that is representative of
O3 changes in the air advected from the North Atlantic to
Europe in the MBL, has shown a positive trend of 0.16 ±
0.04 ppb yr−1 over the entire period 1988–2007, but this positive trend has reduced during recent years (Tripathi et al.,
2010). Hence, tropospheric O3 trends over Europe do not
show a homogeneous behaviour.
Long-term O3 series should be analyzed by seasons since
the processes of transport/production of surface O3 and its
precursors can be very different in each season. In Fig. 3 we
have plotted the long-term surface O3 P10th, P25th, P50th,
P75th and P90th (1988–2009) for winter, spring, summer
and autumn. Pnth is the n-percentile. In winter a change (increase) in all percentiles is observed in 1997 with a maximum
in 1999. A similar behaviour is found in spring, but only in
www.atmos-chem-phys.net/13/1973/2013/

1979

P50th, P75th and P90th with maximum values in 1998. The
lower percentiles do not show significant changes. In summer the increase is smoothed, being only evident in higher
percentiles (P75th and P90th). In autumn the change is observable from 1996 in percentiles ≥ P50th. Changes in percentile data series observed in the period 1996–1998 will be
discussed in Sect. 4.
Figure 4a shows non-detrended monthly means for surface O3 at IZO, Mauna Loa (Oltmans and Levy II, 1994),
Zugspitze-Schneefernerhaus (Nienerowski, 2004), Jungfraujoch (Logan et al., 2012), and Sonnblick (Federal Environment Agency Austria). Data from Mauna Loa and the
alpine stations have been downloaded from the World Data
Centre for Greenhouse Gases (WDCGG; http://ds.data.jma.
go.jp/gmd/wdcgg/). IZO shows characteristics intermediate
to those recorded at Mauna Loa and the alpine stations.
Rodrı́guez et al. (2004) compared the O3 annual course at
IZO with that observed at Mauna Loa, noting that in summer
O3 monthly means sharply decrease in the latter, while high
O3 events (daily mean values of 60–70 ppbv) are recorded at
IZO. However, the typical continental annual cycle, with a
broad spring/summer maximum observed in the alpine stations, is not seen at IZO where the annual cycle peaks in late
spring (May–June). This is an indication that IZO is not affected by photochemical production from regional emissions
in summer.
The annual course is shifted towards high values (> P75th)
in spring, mid-values (P25th < Pnth < P50th) in winter, and
low values (< P25th) in autumn time, while summer contributes significantly in both low and high values (Fig. 4b).
ND is the number of daily mean surface O3 data in each percentile range for the total period 1988–2009. O3 data above
P90th are found in spring and summer whereas O3 levels below P10th are found in late summer and autumn.
3.3

Synoptic climatology of surface O3 :
transport pathways

A previous analysis of transport pathways of O3 at IZO was
performed by Rodrı́guez et al. (2004). In the present work we
have incorporated a longer data series and followed a different approach, using the MCAR plots for each month for the
entire surface O3 dataset (Fig. 5). This methodology does not
assume a priori geographical areas, and allows us to visualize the regions from which air masses reaching IZO come
with different O3 concentrations. Since at higher altitudes
in the troposphere higher concentrations of O3 are expected,
we have calculated the corresponding BTMH plots for each
month of the year for the same period (Fig. 6).
Figure 5 shows in winter (January–March) a well-defined
pattern with air masses coming from the North Atlantic and
North America with a top latitude located at about 60◦ N. It
is also noticeable a latitudinal gradient with higher O3 values
in northern regions. Concerning the height of the backward
trajectories (Fig. 6), a similar latitudinal distribution to the
Atmos. Chem. Phys., 13, 1973–1998, 2013
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pretation of this function. Note that in this work we have
added a quadratic term in time, following Gómez-Peláez
et al. (2012), in order to allow a non-periodic growth rate.
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1981

Bonasoni et al. (2004) found also negative correlation between surface O3 and coarse dust particles from North Africa
at the high altitude Mt. Cimone station (North Italy). Andrey
et al. (2010) found decreases of tropospheric O3 up to 30 %
in some layers, between 2 and 6 km altitude, during dustladen Saharan air mass intrusions over Tenerife, compared to
situations of non-Sahara air masses. This result agrees with
the relationship between surface O3 and PM10 found in this
work.
The relationship between surface O3 and 210 Pb is shown
in Fig. 8b. In summer we obtain a logarithmic fit with a good
correlation which resembles the O3 -PM10 fit in the same season. Prospero et al. (1995) had reported preliminary results of
O3 -210 Pb 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-Pérez et al., 2007), IZO is only slightly impacted
by the top of the Saharan Air Layer (SAL). So we can see
Saharan CBL signature with relatively high values of 210 Pb,
although the O3 -210 Pb relationship is not as clear as that seen
in summer. In winter no correlation between surface O3 and
210 Pb is found.
The low O3 values associated with African trajectories
which, in turn, cause a systematic rise in relative humidity
records at IZO (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 O3 concentrations are generally low (Güsten et al., 1996); (2) air masses
originate from similar or lower latitudes which are not enriched with the latitudinal O3 gradient existing in spring
and summer in the Northern Hemisphere (London and Liu,
1992); (3) O3 might be destroyed by dry deposition on suspended dust particles because of a larger surface area to dry
deposition (Güsten et al., 1996); and (4) heterogeneous removal processes on dust aerosol by nitric acid (de Reus et al.,
2000).
3.5

High surface O3 concentrations

Figure 7b shows the monthly frequency of air masses that
contribute most to O3 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 O3 at IZO. The highest daily O3 values
(> 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 O3 concentrations between P75th and
P90th (not shown here) show maximum values over the eastern United States (US) and North Atlantic between 30◦ and
55◦ N in winter, over the North Atlantic, from 25◦ to 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 O3 records differ
ment Agency Austria). Data from Mauna-Loa and the alpine
markedly
from other seasons because the O3 concentration
stations have downloaded from the World Data Centre for

Greenhouse Gases (WDCGG; http://ds.data.jma.go.jp/gmd/
www.atmos-chem-phys.net/13/1973/2013/
wdcgg/).
IZO shows characteristics intermediate to those
recorded at Mauna-Loa and the alpine stations. Rodrı́guez
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et
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surface
O
and
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from
North
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3
den changes in O3 concentration.
at the high altitude Mt. Cimone station (North Italy). Andrey
et al.Upper
(2010)troposphere
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of tropospheric O3 up to 30 %
3.6
contribution
in some layers, between 2 and 6 km altitude, during dustWe
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PVmax
found over
by daily
5-daycompared
backward
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air mass
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Tenerife,
to
trajectories
when
intercepting
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PV-reanalysis
situations of non-Sahara air masses. This result agreesfields
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for
day of the
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1988–2009.
have
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theeach
relationship
between
surface
O3 and We
PM10
found
in this
that
mean
values
of
PV
in
all
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are
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work.
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3
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lands
occur averages
(Alonso-Pérez
al.,
2007),
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Seasonal
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for
max
impacted
by theOtop
of
the
Saharan
Air
Layer
(SAL).
So
we
several
surface
bins
(Fig.
9a)
for
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spring,
sum3
can see
signature
relatively high values of
mer
andSaharan
autumn.CBL
A fair
O3 -PVwith
max correlation is found in
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−1 for
Pb, although
theOO33-PV
-210max
Pb slope
relationship
notPVU
as clear
as
all seasons
with an
∼ 100 is
ppbv
that seen
in summer.
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noa correlation
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surwinter,
spring
and
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and
slope
slightly
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−1 Pb
face
O3PVU
and 210
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Fig. 6. Backward trajectory mean height plots for each month of the year for the period 1988–2009. Color bars indicate height in kilometers.
Fig. 6. Backward trajectory mean height plots for each month of the year for the period 1988–2009. Colour bars indicate height in kilometers.

The lowofOair
associated with
African
3 values
importance
mass subsidence
regardless
of trajectories
the origin
which,
in
turn,
cause
a
systematic
rise
in
relative
humidity
of O3 measured at IZO. Cooper et al. (2002) found over
the
records at IZO (Cuevas, 1995), might be due to a sum of−1
western North Atlantic an O3 /PV ratio of ∼ 72 ppbv PVU all
or some of the following causes: (1) air masses come from
in spring time and ∼ 42 ppbv PVU−1 in late summer/early
lower levels within the Saharan CBL where O concentraautumn. O3 /PV ratios found by Rao et al. (2003)3 at 500 hPa
tions are generally low (Güsten et al., 1996); (2) air masses
in Northern Europe range from 60 to 120 ppbv PVU−1 ,
originate from similar or lower latitudes which are not enwhich are of the same order as the O3 /PVmax ratios found
riched with the latitudinal O3 gradient existing in spring
at IZO.
and summer in the Northern Hemisphere (London and Liu,
Figure 10 shows the spatial distribution of averaged PV
1992); (3) O3 might be destroyed by dry deposition by max
susrecorded by daily
5-day backward trajectories when they are
pended dust particles because of a larger surface area to dry
crossed with the ECMWF PV-reanalysis fields for each seadeposition (Güsten et al., 1996); and (4) heterogeneous reson. Thresholds of 1 and 1.6 PVU are marked with black
moval processes on dust aerosol by nitric acid (de Reus et al.,
lines. PVmax maps provide an estimation of geographi2000).
cal regions of potential STT transport. PVmax might work
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◦
◦
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to 120 ppbv PVU−1 , which are of the same order as the
authors to identify stratospheric intrusions in high mounO3 /PVmax ratios found at IZO.
tain
stations (Zanis et al., 1999; Stohl et al., 2000; BonaFigure 10 shows the spatial distribution of averaged
soni et al., 2000; Cristofanelli et al., 2006), although it is
PVmax recorded by daily
5-day backward trajectories when
not possible
to consider 7 Be as an unambiguous stratospheric
they are crossed with the ECMWF PV-reanalysis fields for
tracer (Zanis et al., 1999; Stohl et al., 2000). Gerasopoueach season. Thresholds of 1 and 1.6 PVU are marked with
los et al. (2001) found at four high-altitude alpine stations
black lines. PVmax maps provide an
estimation of geothat high-7 Be values
(above 6 mBq m−3 ) correspond to air
graphical regions of potential STT transport. PVmax might
masses from the north and high altitudes, as it is characterwork as a meridional-height coordinate: the highest and most
istic for stratospheric intrusions. Reiter et al. (1983) showed
northerly the air mass travels, the more PV
is associated.
that the range of 7 Be values > 7.4 mBq m−3max
corresponds to
In Fig. 10 a latitudinal distribution, with much higher values
direct stratospheric intrusions near the station, without a long
of PVmax in the north, is clearly appreciated.
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55
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withTherefore,
the distribution
of backward
pattern
air.
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al.,
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et
al.,
2009),
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discussed
later
on.
summarized in Table 3. The percentage of cases per seasonIn
summer PVmax values are substantially reduced. However,
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Winter

Spring

Summer

Autumn

3.8
47.8 ± 1.9
45.0
44.7 ± 0.3

14.6
60.3 ± 1.4
59.4
53.6 ± 0.4

8.9
56.8 ± 2.2
56.8
45.5 ± 0.5

1.4
46.3 ± 4.1
42.3
40.4 ± 0.3

with 7 Be > 8 mBq m−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
7 Be events on O values at IZO is considerable, recording in
3
these events O3 averages that are 7 ppbv and 11 ppbv above
O3 climatological values (considering all days independently
of 7 Be values) for spring and summer, respectively.
We have plotted the residence time of air masses with daily
7 Be > 8 mBq m−3 for each season of the year in Fig. 11.
Higher residence times are observed in mid-latitudes over
Fig.north-eastern
10. PVmax maps
for winter over
(JFM),thespring
summer
the
US extending
North(AMJ),
Atlantic
in
(JAS)
and
autumn
(OND)
in
the
period
1988–2009.
They
have
been
winter. In spring several maximum residence times are obconstructed from the coordinates of PVmax values found by 5-day
served
over the North Atlantic, but a maximum which exbackward trajectories arriving at IZO every day at 00:00 UTC in
tends along a north–south corridor over the eastern North
ECMWF PV-reanalysis fields. Thresholds of 1 and 1.6 PVU are
Atlantic
stretching from Great Britain to the Canary Islands
marked with black lines.
is notable. Similar results were obtained by Rodrı́guez et al.
(2004)
O3 values within
P50th–P100th
in spring.
In sum7
Thefor
relationships
between
surface O3 and
Be are
shown
mer
the
corridor
is
strengthened
to
the
vicinity
of
the
Canary
in Fig. 9b for winter, spring, summer and autumn. The
slope
Islands,
secondary
maximum to
is found
of O3 -7and
Be abest
fit corresponding
winterinisnorth-eastern
similar to the
North America7 extending over North Atlantic. In autumn this
slope of O3 - Be best fit found by Dibb et al. (unpublished
maximum is also identified, and some secondary high resimanuscript, 2006; www.espo.nasa.gov/docs/intex-na/Dibb
dence times near the Canary Islands are observed. In relation
et al INTEXA.pdf) in mid and upper troposphere over North
to the height at which air masses were travelling, it is noteAmerica during INTEX A flight experiment (1 mBq m−3 =
worthy that in the
spring and summer they come from alti0.037 × fCi m−3 ).
tudes above 5 km. To summarize,
the source regions of high
et al. (2002b) simulated 7 Be and 210 Pb concentrations
7 BeLi
air masses with maximum impact on O3 at IZO are regat Tenerife for summer-time and suggested that the positive
istered
in a region around the Canaries extending to the north
O3 -7 Be and negative O3 -210 Pb correlation simply reflect the
over
North Atlantic in spring and summer. This region corespective common vertical trends. However, Cuevas (1995)
incides with areas where COL developments and STT proand Cuevas et al. (2000) reported some case analysis of high
cesses have been
reported in previous studies (e.g. Cuevas
O and high 7 Be data associated with air mass transport from
and3 Rodrı́guez, 2002; James et al., 2003; Rodrı́guez et al.,
the western part of cut-off lows (COLs) developed to the west
2004). Nieto et al. (2005), from a 41-yr climatology of COLs
of the Iberian Peninsula in spring and summer. Rodrı́guez
in the Northern Hemisphere, reported three preferred areas of
et al. (2004) have also shown that episodes of O3 > P90th
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sult is also consistent with the high altitudes of backward trajectories observed over North Africa and the Mediterranean
basin in July and August (Fig. 6).
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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 constructed from the coordinates of PVmax values found by 5-day backward trajectories arriving at IZO every day at 00:00 UTC in ECMWF
Fig. 10. PVmax maps for winter (JFM), spring (AMJ), summer
PV-reanalysis fields. Thresholds of 1 and 1.6 PVU are marked with black lines.
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days, a good correlation (r > 0.75) between hourly concentrations of O3 and CO is observed within the period 2008–
2011. We have separated the events in five groups according
to O3 ranges and seasons. The O3 /CO ratios are summarized
in Table 5. In winter the events Type 1 and Type 2 show
O3 /CO ratios of 0.41 and 0.43 ppbv ppbv−1 , respectively,
which lie within the climatological median-P100th O3 /CO
range for this season (Table 4). The events with the highest O3 /CO values (0.53 ± 0.07 ppbv ppbv−1 ) were recorded
in spring, all of them for O3 > P75th (Type 3) being within
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In autumn events of high O3 –CO correlation, associated to
long-range transport, were also recorded (Type 5), but the averaged O3 /CO ratio (0.45 ± 0.04 ppbv ppbv−1 ) is lower than
the climatological mean for this season.
As demonstrated in Table 5, most of the events showing a good correlation between O3 and CO, and thus unambiguous transport of likely anthropogenic O3 , are observed in spring and winter. Thus, a residence time analysis of air masses with an O3 –CO correlation > 0.75 has
been performed for these two seasons (Fig. 13a). The results
Atmos. Chem. Phys., 13, 1973–1998, 2013

O3 characterization in the subtropical North Atlantic troposphere

CO
port
◦
N.
are
sibuted
orth
.
ase
hed
ddle
bethe
een
of
30–
ope
ope
bv,
otokely
ries
ace
O3
ansults
port
the

ope
in
hat,
near
the
CO
−1
,
sses
rath
Pico
O3

90
85

E. Cuevas et al.: Surface O3 characterization in the subtropical North Atlantic troposphere
Surface O3 vs CO
2008-2011

Table 5. O3 /CO ratios at IZO for events with hourly O3 -CO data
correlation r > 0.75.
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However, this transport is most likely to occur within the
MBL and not in the FT, as stated by Stohl et al. (2002) who
analyzed the southward flow of European pollution in summer over the Mediterranean Basin and North Africa. The
MCAR plots of O3 pathways (Fig. 5) do not show significant transport of O3 from Europe, and there is no relationship between O3 and CO (Fig. 12). These results suggest
a low probability of occurrence of pollution transport from
Europe within the subtropical FT over the North Atlantic.
These results agree with Duncan and Bey (2004) who concluded that there was no evidence of a summer time CO maximum at IZO in either the observations or the model simulations they performed for IZO. Concerning potential pollution from North America, we have found a single 7-day
long-range transport pollution event at Izana in this season.
Owen et al. (2006) documented that, on average, 38 % of the
North American CO export occurs below 3 km altitude, and
that advection of pollution layers at low levels, but decoupled
from the BML, is responsible for the majority of transport to
the central North Atlantic during summer time. However, in
summer air masses arriving to IZO from the North Atlantic
show a strong subsidence (see Fig. 6), most of them travelling
at levels higher than 3 km. Moreover, aged air masses from
North America that recirculate, turning around the Azores
high anticyclonically (Auvray and Bey, 2005), are decoupled
from the air mass pathways to IZO for the same reason. This
may be the explanation for finding lower O3 /CO ratios at IZO
than at the Azores Pico station.
The climatological O3 /CO ratios at IZO in summer time
are significantly higher: 0.56 ppbv ppbv−1 if we consider the
whole dataset, and 0.71 ppbv ppbv−1 for O3 > P75th (P75th
O3 /CO ratio ∼ 0.78 ppbv ppbv−1 ). We have analyzed all the
episodes in which O3 /CO ratio > 0.75 ppbv ppbv−1 . In these
cases O3 does not correlate with CO (O3 –CO correlation
< 0.1). We have identified 41 cases in the period 2008–2011,
10 % of them in spring and 90 % in summer. The median
value of the relative humidity associated to these events was
12 %, so very dry air suggesting a mid–upper troposphere
origin. The residence time analysis shows two predominant
origins of the air masses arriving at IZO (Fig. 13b): 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 altitudes higher than 4 km, showing a strong subsidence. All these events are associated with COL or deep
low developments, which indicates they come from the upper troposphere and likely could be influenced by STT processes. The geographical origin of these events agrees with
the PVmax distribution over North Africa (Fig. 10), and the
maximum residence time distribution of air masses with
7 Be > 8 mBq m−3 (Fig. 11). These results also agree with Nieto et al. (2005) who identified North Africa and the Mediterranean Basin (centred over the Italian Peninsula), and the corridor between the Canary Islands and the west of the Iberian
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Peninsula as main areas of occurrence of COLs in summer
time in the Northern Hemisphere.
3.8

The role of the NAO in tropospheric O3 budget over
the subtropical North Atlantic

The large swing in the phase of the NAO between 1995 and
1996 brought international attention to the physical connection between the NAO and e.g. availability of water in Scandinavia for hydropower generation (Hurrell et al., 2003). Indeed, changes in time series pattern have also been observed
in surface O3 records at IZO between 1996 and 1998 (Fig. 3).
Logan et al. (2012) show a significant change in monthly
mean time series of surface ozone at the alpine stations in
1997. These changes cannot be attributed to changes in O3
precursors, but to dynamical processes.
Positive phases of NAO indicate stronger Azores high and
stronger Icelandic low and thus more active westerlies over
the North Atlantic above 50◦ N. However, in lower midlatitudes and in the subtropical North Atlantic, winter positive phases of NAO mean less zonal west-to-east transport.
Positive NAO also implies drier conditions than average over
northern Africa and a strong subtropical high pressure over
the North Atlantic resulting in an increase of dust mobilization through strengthening of trade winds over the Sahara (Chiapello et al., 2005; Evan et al., 2006), and higher
frequency of dust intrusions over the subtropical North Atlantic, and specifically over the Canaries (Alonso-Pérez et al.,
2011). As we have shown in previous sections, Saharan air
masses loaded with mineral dust are associated with low
concentrations of surface O3 at IZO. The negative phase of
NAO results in a higher flow of westerlies in the range 30◦ –
45◦ N, as can be derived from the circulation patterns over
the North Atlantic under positive and negative phases of the
NAO shown by Hurrel and Dickson (2004).
Figure 14 shows the correlation between NAO and the
zonal component of the wind (u) at 700 hPa (NCEP reanalysis) in winter, spring, summer and autumn for the entire period 1988–2009. A strong negative correlation is found in
winter and autumn within the 20–40◦ N belt, with a weaker
correlation in spring. These results indicate a more effective air mass transport from North America to the Canaries
within the low mid- and subtropical latitude belts (between
20◦ and 40◦ N) with negative phase of NAO. Hence, this
“transport belt” appears to be more active over the subtropical North Atlantic during negative phases of NAO in winter and spring. The effect of intercontinental transport is expected to be weaker in summer (Li et al., 2002a).
Hurrell et al. (2003) concluded that, generally, positive
NAO phase winters are associated with a north-eastward shift
in the Atlantic storm activity. These results agree with the
findings of Andrade et al. (2008), who reported that the interannual correlation between the enlarged winter (October to
March) NAO index and the total number of storms observed
in the Azores Islands is negative and statistically significant.
www.atmos-chem-phys.net/13/1973/2013/
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Table 6. Mean surface O3 for NAO > +0.5 and NAO < −0.5 for
each season in the period 1988–2009 with the corresponding standard deviation of the mean. The third column shows the confidence
level for the difference between the means.

Winter
Spring
Summer
Autumn

A
NAO > +0.5

B
NAO < −0.5

Confidence Level

42.9 ± 0.3
(n = 605)
51.4 ± 0.5
(n = 440)
44 ± 0.7
(n = 366)
40.3 ± 0.3
(n = 368)

45.2 ± 0.3
(n = 349)
53.9 ± 0.6
(n = 362)
46.3 ± 0.6
(n = 456)
40.8 ± 0.3
(n = 537)

100.0 %
99.9 %
98.8 %
76.2 %

Sprenger and Wernli (2003) found that that there is a strong
relationship between the negative phase of NAO and cyclone
frequency across the North Atlantic, and specifically that during the negative phase of NAO the low tropospheric destination of the deep STT extends over a large region of the North
Atlantic below the 40◦ N parallel, covering the Canary Islands. Nieto et al. (2000) reported that during positive NAO
years, a high occurrence of COLs is detected for all the longitudes from 70◦ N to about 44◦ N, while during negative NAO
years this high density of COLs is detected on a band from
60◦ N to 35◦ N over the North Atlantic, so shifted southwards
and, consequently, most likely to influence the subtropical region of the North Atlantic.
Creilson et al. (2003), using TOR data, found that the latitude band of greatest tropospheric O3 was in the central
mid-latitudes (35–40◦ N) and not the upper latitudes (40–
45◦ N). In Fig. 15 we have plotted the averaged TOR in winter (January–March) and spring (April–June) for years with
NAO > +0.5 and for years with NAO < −0.5, as well as the
corresponding ozone relative differences between negative
and positive NAO phases for each season. It is noteworthy
that in winter a negative phase of NAO results in higher tropospheric O3 amounts over most of the geographical domain
of our study, and clearly over the Eastern North Atlantic.
These results agree with Pausata et al. (2012), who found
an increase of few ppbv of surface O3 concentrations in stations of the western part of the Iberian peninsula in winter
under negative phase of NAO, corresponding to the increase
of TOR as can be seen in Fig. 15e. In spring with a negative phase of NAO, there is a significant increment in tropospheric O3 (∼ 10 %; 5 Dobson Units) in a band that stretches
across the eastern North Atlantic (over the Canaries), North
Africa, the western Mediterranean basin, and southern countries of Eastern Europe. The relationship between TOR and
NAO breaks down in summer and autumn when the westerlies are not so strong (Creilson et al., 2003).
These results are confirmed by our analysis using surface
O3 at IZO (Table 6). In years with NAO < −0.5 surface O3
is systematically higher than in years with NAO > +0.5 in
www.atmos-chem-phys.net/13/1973/2013/

1991

all seasons. However, the highest differences between the
two phases of NAO are observed in spring (∼ 3 ppbv), and
the lowest in autumn (∼ 1 ppbv). The confidence level of O3
differences is higher than 99 % for winter and spring. We
can see in Fig. 16 that a significant change in air mass frequencies after 1996 is observed. For example, a considerable reduction in frequency of African air masses associated
with O3 < P25th, and a significant increase in frequency of
air masses associated with O3 > P75th from North America
and North Atlantic are registered in winter at IZO. In winters
with negative phases of NAO, a more active jet stream and
a higher frequency of storms over the North Atlantic within
the 30–45◦ N belt are observed, resulting in a stronger transport 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 the O3 record
between 1996 and 1998 (Fig. 3). This is in agreement with
the flattening in surface O3 series observed at European stations since the late 1990s (e.g. Ordóñez et al., 2007; Gilge
et al., 2010; Logan et al., 2012).

4

Summary/conclusions

A detailed analysis of a high-quality, long-term (22-yr) surface O3 time series (1988–2009) at the subtropical high
mountain IZO station has been conducted. Diurnal and seasonal O3 variations have been assessed. Surface O3 diurnal variations show the lowest values during the afternoon
mainly due to an efficient dry deposition on the mountain
slopes. The annual mean difference between the daily upslope and the downslope surface O3 values ranges from 2 to
5 ppbv. The amplitude and width of the diurnal O3 “valley”
is basically modulated by two factors: the solar radiation, and
the consequent heating of the slopes surrounding the observatory, and the synoptic wind strength.
Daily nocturnal (22:00–06:00 UTC) O3 values have been
analyzed for the entire record. The average yearly mean
O3 value at IZO for the 22 yr period is 46.1 ppbv and the
peak-to-peak annual cycle amplitude is 15.4 ppbv. There is
a slight positive trend in the annual mean (0.19±0.05 % yr−1
or 0.09 ppbv yr−1 ). There is a notable increase in O3 observed
between 1996 and 1998. Seasonal O3 cycles show a broad
maximum beginning in late spring (May), with frequent daily
means of 60–70 ppbv. The annual minimum is found in October with O3 values often falling in the range 30–45 ppbv.
An analysis of the climatology of O3 pathways using backward trajectories showed that higher O3 values are associated with air masses travelling above 4 km altitude from
North America and the North Atlantic Ocean, while low O3
is transported from the Saharan CBL, largely corresponding
to transport at lower altitudes (< 1500 m a.s.l.).
An extensive review of the potential O3 production
and transport processes into the FT of the North Atlantic
subtropical region has been presented, incorporating other
Atmos. Chem. Phys., 13, 1973–1998, 2013
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The geographical origin of these events agree with the PVmax
distribution over North Africa and the maximum residence
time distribution of air masses with 7 Be > 8 mBq m−3 .
Taking into account all O3 –CO relationships found at
IZO and in other studies, we propose the following approach concerning the origin of O3 at IZO. Fresh Pollution O3 from North America, mainly observed in winter, might be associated with O3 /CO ratios between ∼
0.34 and ∼ 0.4 ppbv ppbv−1 . O3 /CO ratios within ∼ 0.40–
0.55 ppbv ppbv−1 range likely correspond to aged air masses
originated in North America and North Atlantic, in winter,
spring and autumn. Aged air masses in combination with
inputs from the upper troposphere observed in spring, summer and autumn might be identified by O3 /CO ratios from
∼ 0.55 to 0.62 ppbv ppbv−1 . In summer time high O3 values
are associated with O3 /CO ratios > 0.65 ppbv ppbv−1 , normally the result of STT processes in regions neighbouring
the Canary Islands (North Africa, and the corridor extending
from Great Britain to the Canaries).
To summarize, tropospheric O3 recorded in the subtropical
North Atlantic is the result of the interaction between transport of photochemical produced O3 within the North American CBL, the in situ photochemical O3 produced within the
FT during its transport over the North Atlantic, and the “natural” O3 intrusions from the lower stratosphere over the North
Atlantic and North Africa. However, we cannot discern the
relative contribution of each main source quantitatively. For
this, further studies are needed which might be supported
with photochemical model simulations.
Finally, the role played by the NAO in the O3 content over
the North Atlantic, and specifically at IZO has been analyzed.
The predominant high positive phase of NAO changes appreciably from 1995–1996. Since this date the NAO alternates between negative or neutral phases and positive phases.
This change in the pattern of atmospheric circulation over the
North Atlantic results in an increased flow of the westerlies in
the mid-latitude and subtropical North Atlantic, thus favouring the transport of O3 and its precursors from North America, and a higher frequency of storms over North Atlantic,
with a likely higher incidence of STT exchange processes in
mid latitudes. This resulted in an increase of tropospheric O3
in the subtropical North Atlantic region after 1996 that has
been reflected in surface O3 records at IZO.
Averaged TOR data in winter for years with NAO < −0.5
shows higher tropospheric O3 amounts on most of our study
region, and clearly in the eastern North Atlantic compared
to years with NAO > +0.5. In spring there is a significant
increase in tropospheric O3 in a band that stretches across
the eastern North Atlantic (over the Canaries), North Africa,
the western Mediterranean basin, and southern countries of
Eastern Europe in years with negative phase of NAO. These
results are confirmed by surface O3 at IZO. Years with
NAO < −0.5 show surface O3 values systematically higher
than those for years with NAO > +0.5. The highest differences between the two phases of NAO are observed in spring
Atmos. Chem. Phys., 13, 1973–1998, 2013

(∼ 3 ppbv), and the lowest in autumn (∼ 1 ppbv). This is an
important issue in O3 trend analysis since changes in the
phase of the NAO could mask changes in emission of O3 precursors that have occurred in the last twenty years. O3 trends
over the subtropical North Atlantic region must be properly
interpreted taking into consideration phases of NAO. There
is still considerable uncertainty in the prediction of NAO, but
some studies suggest an intensification of the positive phase
of NAO in a scenario of global warming (Gillett et al., 2003),
which would impact on the content of tropospheric O3 over
the North Atlantic through the atmospheric mechanisms analyzed in this work.
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en el Observatorio de Izaña (Tenerife) y su Relación con la
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