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Abstract From May to September 2012, ozone reductions
associated with 15 Saharan dust outbreaks which occurred
between May to September 2012 have been evaluated. The
campaign was performed at a mountain station located near
the eastern coast of the Iberian Peninsula. The study has two
main goals: firstly, to analyze the decreasing gradient of ozone
concentration during the course of the Saharan episodes.
These gradients vary from 0.2 to 0.6 ppb h™' with an average
value 0f 0.39 ppb h™'. The negative correlation between ozone
and coarse particles occurs almost simultaneously. Moreover,
although the concentration of coarse particles remained high
throughout the episode, the time series shows the saturation of
the ozone loss. The highest ozone depletion has been obtained
during the last hours of the day, from 18:00 to 23:00 UTC.
Outbreaks registered during this campaign have been more
intense in this time slot. The second objective is to establish
from which coarse particle concentration a significant ozone
depletion can be observed and to quantify this reduction. In
this regard, it has been confirmed that when the hourly particle
concentration recorded during the Saharan dust outbreaks is
above the hourly particle median values (N > N-median), the
ozone concentration reduction obtained is statistically signifi-
cant. An average ozone reduction of 5.5 % during Saharan
events has been recorded. In certain cases, this percentage
can reach values of higher than 15 %.
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Introduction

In the Western Mediterranean Basin (WMB), mineral particles
and tropospheric ozone are two important components whose
atmospheric dynamics are determined by the particular mete-
orological and orographic conditions that this geographical
area presents.

Surface ozone is a secondary pollutant that can cause seri-
ous damage to human health, natural vegetation, crops, and
materials (Paoletti 2006). Additionally, ozone acts as a potent
greenhouse gas due to its ability to absorb light (IPCC 2013).
Millan et al. (2000, 2002) and Caballero et al. (2007) describe
in detail the complex processes responsible for the accumula-
tion of ozone particularly during spring and summer due to
orographic and human factors, and atmospheric dynamics in
the WMB. The largest cities of the WMB are mostly located
along the coastline, which is surrounded by mountain ranges
reaching altitudes of approximately 1500 m. The populations
of these cities increase during the summertime and conse-
quently do the emissions of NO, and other ozone precursors.
On summer days, a strong vertical development of an unstable
planetary boundary layer aided by the enhancement of coastal
and mountain breezes facilitates the transport of these pollut-
ants inland while strong sun insolation promotes their trans-
formation into O3 and other photochemical oxidants
(Escudero et al. 2016). When the air masses reach the moun-
tain barrier, whose southern and eastern slopes are strongly
heated, these can act as orographic chimneys that favor the
return of air masses aloft, with compensatory subsidence over
the sea. This process causes the formation of stratified layers
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that act as reservoirs of aged pollutants, and the ozone in the
lowest layers can be transported again by the sea breeze from
the coast inland the following morning. As a result of these
atmospheric re-circulations, O; persists along the
Mediterranean basin for several days during periods of sum-
mer atmospheric stability, and its concentrations frequently
exceed the European Community thresholds (Lelieveld et al.
2002; Castell-Balaguer et al. 2012; Escudero et al. 2014).

With regard to the mineral particles, the biggest contribu-
tion in the WMB is due to the frequent intrusion of air masses
from northern Africa. This transport presents a seasonal trend
pointing out a clear maximum during the spring and summer
months (Escudero et al. 2005; Querol et al. 2009; Pey et al.
2013). Saharan dust outbreaks (SDOs) that take place during
these months show a prevailing meteorological scenario that
favors the transport of African dusty air masses towards the
WMB. This pattern consists in the development of the North
African thermal low caused by the intense heating. The dust is
injected into the midtroposphere, and it is transported towards
the WMB thanks to a high pressure system (850-700 hPa)
(Escudero et al. 2005). Nevertheless, other meteorological
patterns throughout the year can take place. These SDOs are
primarily responsible for exceedances of the particulate matter
(PM) limit value that occur in the regional background sta-
tions in this area (Escudero et al. 2007).

Dust particles may also play a significant role as a reactive
surface on which heterogeneous chemistry can take place
(Adame et al. 2015). Therefore, gaseous pollutants may inter-
act with mineral dust varying their concentrations. Given the
importance of these reactions, various studies have been car-
ried out in an attempt to quantify this variation. These assess-
ments have used different approaches. Laboratory experi-
ments and the development of models have been performed
(Zhang et al. 1994; Dentener et al. 1996; Zhang and
Carmichael 1999; Hanisch and Crowley 2003); results obtain-
ed from models have been compared with field-observed data
(de Reus et al. 2000; Bauer et al. 2004) and finally, field
campaigns have been carried out to register in situ observa-
tions (Prospero et al. 1995; Bonasoni et al. 2004; Umann et al.
2005; Andrey et al. 2014; Adame et al. 2015).

These studies show that due to the interaction between
mineral dust and ozone, the concentration of ozone decreases.
This reduction not only takes place through direct uptake, in
which Oj is destroyed on the mineral aerosol surface and O, is
produced (Bauer et al. 2004), but it has also been observed
that heterogeneous surface reactions of several gasses on min-
eral aerosol may also be responsible for the tropospheric O;
decrease. In this way, the depletion of HNO5 and NOj; on dust
particles can remove some of the O; precursors (i.e., NOy)
favoring a reduction of photochemical O; production efficien-
cy (Zhang and Carmichael 1999; Harrison et al. 2001).
Under this premise, de Reus et al., 2000 state that both mech-
anisms, direct removal and heterogeneous removal of nitrogen

species, mainly HNOs, accounted for about 50 % of the total
net ozone destruction. Umann et al. (2005) obtained an ozone
reduction of 33 % during high dust concentration periods, and
they confirmed that this decrease stops when the atmospheric
HNOj; has been completely removed. The comparison of
ozone depletions observed under dust transport episodes, as
can be observed during the Saharan dust outbreaks (SDOs), is
complex since the timescale in which the ozone reduction is
obtained differs among the different studies. In any case, apart
from those already mentioned, maximum hourly reductions of
42 % with respect to monthly mean values have been obtained
in Mt. Cimone (Italy) (Bonasoni et al. 2004). Depletions in the
range of 13.9 to 17.7 % depending on the kind of the moni-
toring station have been found in southern Italy (Bencardino
etal. 2011), comparing days under Saharan dust influence and
days without any. On the other hand, Andrey et al. (2014)
analyzed numerous ozone vertical profiles and found an ozone
peak reduction (35 %) at about 4 km of altitude under Saharan
dust outbreak periods in the Canary Islands.

Although it is known that the entry of air masses from the
Sahara desert can rise the concentration of both, fine and
coarse particles, it is also true that especially in stations located
in the Mediterranean basin, the increase recorded by the
coarse ones, it is more relevant (Contini et al. 2014; Nicolas
et al. 2014; Brattich et al. 2015). Taking into account that the
sampling point used in this study is located in the western
Mediterranean, we have decided to analyze the interaction
ozone-dust mineral only in the coarse fraction (particle size
>1 um) since these particles are the best indicator of SDOs
and the main reason for ozone depletion (Bonasoni et al.
2004).

The aim of this work is to quantify the ozone concentrations
reductions due to several SDOs detected at a mountain station.
The study of interactions between ozone and coarse particles
will be based on an hourly time scale allowing for a better
observation of its features than with a daily time scale. Time
series of ozone concentrations in which its seasonal component
was removed have been used and as a result, the effect of the
solar radiation on the ozone variability has been minimized.
Consequently, ozone reductions shown in the manuscript have
very little dependence with the variation of this meteorological
variable. This approach has not been addressed in most studies
that have dealt with this interaction. Moreover, a particle con-
centration from which the ozone depletion can be considered
statistically significant will be determined.

Experimental
Monitoring site and data collection

The sampling site named “Aitana” (38°16°N; 0°41°W;
1558 m a.s.l) is on the top of a mountain range located inland
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in the province of Alicante, in southeastern Spain. The station
is situated 25 km from the Mediterranean coast and about
300 km from the nearest North Africa point (Fig. 1). These
features make the station a good receptor of Saharan dust
outbreaks. The station is placed inside a military area (EVA
n° 5), but the anthropogenic activity in it is scarce. Data
concentrations and temporal trends of PM at the site are
reported by Nicolas et al. (2014) and Galindo et al. (2016).

The sampling site is mostly (~70 % of days) within the
planetary boundary layer (PBL) during the midday in the
warm period. Therefore, both particle and ozone concentra-
tions may be affected by recirculation processes. This percent-
age falls to 30 % in autumn and winter seasons. A detailed
characterization of the main meteorological parameters and
the PBL dynamics in the study area can be consulted in
Galindo et al. (2016).

The instrument used to measure particle concentration was
an optical counter Grimm 190, which is able to determine par-
ticle number concentrations in 31 particle size channels from
0.25 to 32 um with a 1-min time resolution. The instrument is
based on the quantification of 90° scattering of light by parti-
cles. According to the manufacturer, the uncertainty in the par-
ticle counting determination is about 5 % and its resolution is 1
particle/liter. Previously to the campaign, the data (in mass
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Fig. 1 Location and topography of the monitoring site on the Spanish
Mediterranean coast
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concentration) provided by the Grimm spectrometer were ver-
ified by comparison with a gravimetric technique to ensure its
correct operation. The correlation obtained,
PM,o(Grimm) = 1.11-PM,¢(gravimetric) presented a correla-
tion coefficient of » = 0.84.

As aforementioned, only coarse particles (Ncoarse) have
been considered in this study. Ncoarse values have been ob-
tained as the result of the particle number concentration addi-
tion from each channel from 1 um. Although it is known that
the particles’ diameters measured by Grimm change with the
refractive index of the aerosol measured (Pio et al. 2014), this
is not going to affect the particle number concentration. This
effect should be taken into account just in the case the mass
concentration is obtained from the number concentration data.

Concentrations of O3 were registered using a Dasibi model
1008 UV absorption continuous analyzer. The analyzer has an
accuracy of better than 5 % and 1-min time resolution.
Meteorological data (temperature, wind velocity, solar radia-
tion, precipitation, relative humidity) were obtained from a
weather station located 10 m above the ground.

The study period comprised from May 2012 to September
2012. It is precisely during these months when the frequency
of SDOs in the study area is at its highest during the year.

Removing the seasonal component of ozone data

The use of daily records to analyze the ozone-particle interac-
tion may hide some ofits features. For that reason, hourly data
has been used to quantify the depletion of ozone concentra-
tions produced by the interaction with Saharan PM. As such,
to remove or at least to reduce the ozone variations due to
intrinsic fluctuations, as caused by solar radiation, the hourly
seasonal component in ozone data has been obtained using a
time series classic model. In this additive model, time series
(hourly O5 value) can be considered the sum of three compo-
nents: a trend component, a seasonal component, and an ir-
regular component. The seasonal component informs us about
the part of the ozone’s daily oscillatory behavior, mainly due
to meteorological variables. Although a well-defined trend
component for ozone during the study period was not found,
a clear hourly seasonal component was determined.

The seasonal component obtained can be seen in Fig. 2. As
it can observe, ozone seasonal component attains a trough
(—3.37 ppb) and a peak (+2.08 ppb) at 09:00 and 19:00 h
(UTC), respectively. Possibly, this maximum shows the Os
precursors transport from urban coastal areas to the sampling
point due to breeze regimen. These hourly concentrations of
the seasonal component will be subtracted from the hourly
concentration of ozone throughout the whole time series to
isolate the daily intrinsic fluctuations.

The hourly concentrations of ozone without this seasonal
component will be used to determine a coarse particle concen-
tration from which the ozone depletion can be considered
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Fig. 2 Ozone seasonal component obtained from May to September
2012 and applied to hourly ozone data measured at sampling point

statistically significant (section 3.2.2) and to quantify the per-
centages of this depletion during SDOs (section 3.3).

SDO identification

The identification of Saharan dust events that passed through the
area during the study period was checked in a governmental
database (http:www.calima.ws). In that webpage, the
identification of SDOs is carried out thanks to dust forecast
models (NAAPS, DREAM, and SKIRON) along with a
meteorological analysis based on ECMWF model. Moreover,
a backtrajectory analysis (HYSPLIT model, Draxler and Rolph
2015) was used to confirm the north-African origin of the air
masses during the SDOs identified. Four-day back-trajectories
ending in the sampling point at 1500 and 3000 m a.s.l were
obtained at 12:00 UTC for these days. The identification is
validated by checking the particle concentration time series in
regional background stations (RBS). This procedure is based on
a methodology for the identification and quantification of the
contribution of SDOs developed in Spain and Portugal (Querol
et al. 2006). Information about the methodology and the use of
the RBS can be consulted in http://ec.europa.
eu/environment/air/quality/legislation/pdf/sec_2011 0208.pdf.
The SDOs identified according to this method are shown in
Table 2.

Results
Monthly and hourly ozone and coarse particles variations

Monthly average values of the main meteorological parame-
ters obtained during the study period are shown in Table 1.

19379
Table 1 Monthly average values for the main meteorological
parameters
TECC) SR(MWm?) v(ms') P(@mm) RH(%)
May-12 133 330.8 44 75.0 523
Jun-12 18.8 337.6 45 1.3 45.5
Jul-12 19.0 309.8 3.8 0.2 50.9
Ago-12 222 276.7 4.7 16.8 38.2
Sept-12 15.7 232.6 44 0.0 543
Global 17.8 297.8 44 93.3 48.0

T temperature, SR solar radiation, v wind speed, RH relative humidity, P
total precipitation

The highest temperature value was registered in August,
while levels of solar radiation were highest in May and June,
with a decrease in September. Although the SR levels always
increase from April to May, this year, the SR recorded in May
was unusually high. Wind velocity was steady during the
whole period. Very little precipitation was registered with
most rainfall accumulated during 3 days only (two in May
and one in August). Relative humidity showed low monthly
average values. Nevertheless, RH can influence measure-
ments in specific hours of day. It is known that optical instru-
ments could be influenced by RH and that the output from
these instruments increases with RH (Dinoi et al. 2016). For
this reason, hourly particle data recorded with relative humid-
ity higher than 70 % were not taken into account. We have
considered this threshold since from values of RH > 70 %,
particulate matter absorbs water vapor changing size and op-
tical properties (Dinoi et al. 2016; Donateo et al. 2006). A
procedure to correct the effect of RH on concentration mea-
surements can be seen in Donateo et al. 2006.

Figure 3 shows the monthly evolution of the principal sta-
tistics parameters for coarse particles and ozone.

In Fig. 3a, it can be observed that the median value of
particle concentration in August is between four and five
times higher than that obtained in May. Also, the 25th percen-
tile (P25) registered in August presents a similar value to the
75th percentiles (P75) obtained in May and September. These
months, May and September, were less influenced by the
Saharan dust than the others. A nearly reverse situation is
produced in the ozone parameters (Fig. 3b), although the dif-
ferences between months are not as clear as in the coarse
particles case. The high ozone concentration obtained in
May (57.5 ppb-median value) is associated with enhanced
photochemical activity. An increase in solar radiation com-
pared to April photodissociate to a greater extent the NO, that
is accumulated during winter time (Monks 2000; Ribas and
Penuelas 2004; Escudero et al. 2016). Ozone concentration
obtained in August (54.1 ppb-median value) is lower than in
September (58.9 ppb-median value) and, therefore, is lower
than expected considering the typical ozone trend in summer.
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Fig. 3 Box plots of coarse particles (d > 1 um) (a) and ozone (b) at Mt.
Aitana during the study period. The whiskers correspond to the 25th and
75th percentiles, and the round inside de box represents the median value.
Maximum and minimum concentrations are represented by dashes

The less solar radiation registered in August in relation to July
(see Table 1) may justify the decrease in ozone levels recorded
in August. Nevertheless, it does not justify the lower ozone
value obtained in August compared with the one recorded in
September, since September shows the SR lowest value (see
Table 1). For that reason, the low ozone concentration record-
ed in August could be also attributed to the large number of
days that were under the influence of Saharan air masses dur-
ing this month (see Table 2 in the next section).

In Fig. 4, hourly average patterns of coarse particles and
ozone concentrations recorded at sampling point during the
study period are shown.

Particle mean concentration was 0.45 = 0.05 cm > , more
than double the concentration recorded in the autumn-winter
period of the same year (data not shown) and higher than the
values obtained in summer in similar environments such as
Mt. Cimone (2165 m a.s.l., 0.25 cm >; Marinoni et al. 2008).
This is likely due to the fact that spring and summer 2012 were
particularly intense in SDOs along with other processes such
as formation of secondary particles and convective resuspen-
sion. Also, as aforementioned, the sampling site remains for
an elevated percentage of days during the summer period

@ Springer

within the PBL meaning it can be influenced by the recircu-
lation of air masses from the coast. Regarding the hourly evo-
lution, particle concentration reached its maximum between
11:00 and 16:00 UTC and began to decrease about 20:00
UTC. This behavior has already been observed in stations
with similar altitude (Marinoni et al. 2008).

Ozone mean concentration was 57.7 = 0.2 ppb. The hourly
evolution shows the typical ozone profile that takes place in
high altitude locations. That is, it shows a lower oscillation of
levels throughout the day and higher average concentrations
with respect to stations located in lower altitudes. This ozone
behavior in mountain stations can be confirmed in the
EMEP/CCC-Report 2/2014 (http://www.nilu.
no/projects/ccc/reports.html). The major cause of the
absence of a marked diurnal trend in mountain sites is
because these sites are not affected by direct emissions. In
addition, in these places located close to the Mediterranean
coast during the spring-summer period, we must consider that
ozone concentrations do not decrease significantly at night
since they stay in contact with the stratified air masses rich
in ozone that are found in upper layers (Millan et al. 2002;
Caballero et al. 2007). However, the ozone evolution present-
ed a maximum hourly oscillation (maximum
value—minimum value) of 10 %. The maximum ozone con-
centration was reached about 19:00 UTC and took place with
some delay compared with solar radiation. On summer days,
the typical sea breezes bring the pollutants inland while strong
sun insolation promotes their transformation into O; and other
photochemical oxidants (Caballero et al. 2007). As such, this
delay is probably due to the transport and new photochemical
production from precursors emitted along the coast up to the
sampling point. This fact has been seen in other studies per-
formed in the Mediterranean basin (Millan et al. 2000).
Minimum levels were recorded at 10:00 UTC, and there was
no significant decrease in concentration levels during the night
(>56 ppb), considering that the monitoring site used to be
within PBL and is therefore affected by regional
recirculations.

SDOs: effects on particles and ozone
Coarse particles increase

The SDOs identified according to section 2.3 are shown in
Table 2. The sampling site was influenced by SDOs for a total
of 75 days (~50 % of the entire study period). These Saharan
dust events were distributed in 15 different periods (SDO #).
The length of them ranged between 1 and 12 days. Between
May and September 2012, about 70 % of the total SDOs
registered over the whole year took place.

The presence of mineral dust was registered during the
months of June and August for 20 and 19 days, respectively,
making them the months most affected by SDOs during the
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Table 2 Saharan dust outbreaks

recorded from May 2012 to Abbreviate name Date Length (days) Coarse
September 2012 concentration
(cm™>) during event

SDO 1 10 May to 11 May 2 0.10

SDO 2 17 May to 19 May 3 0.81

SDO 3 26 May to 4 June 10 0.39

SDO 4 7 June to 8 June 2 0.31

SDO 5 14 June to 20 June 7 0.75

SDO 6 24 June to 2 July 9 1.14

SDO 7 7 July to 11 July 5 0.36

SDO 8 13 July to 14 July 2 0.74

SDO 9 17 July 1 0.35

SDO 10 22 July 1 0.41

SDO 11 25 July to 5 August 12 1.03

SDO 12 8 August to 17 August 10 1.21

SDO 13 19 August to 21 August 3 043

SDO 14 28 August to 29 August 2 0.66

SDO 15 18 September to 23 September 6 0.58

study period. During these months, the most intense intrusions
were also recorded (SDO 6 and SDO 12). It is important to
note that in the course of a SDO, particles do not always have
high concentrations as will be proven later in the article. In
some meteorological scenarios, the transport of dust from
Saharan desert is carried out at a considerable altitude. In fact,
these transport episodes over Europe can reach altitudes of up
6 km without impact on the lower atmospheric levels
(Escudero et al. 2005). Also, particle concentration can fluc-
tuate and levels can alternate between periods of time with
high intensity and others with a lower impact.

Mean coarse particle concentration during time periods
with SDOs was 0.72 ¢cm ™, and the maximum hourly value
recorded reached 7.20 cm . In days without SDOs, the coarse

Ozone =---N coarse

T T T T T T T 0.3
8 1012141618202

Hour (UTC)

0246

Fig. 4 Ozone and coarse particles average hourly evolution at sampling
point from May to September 2012

particle concentration was much lower (0.25 cm >-mean con-
centration). To establish the effect that SDOs have on coarse
particles, the hourly variation of particle concentration during
SDO periods is represented in Fig. 5 for three different levels:
the evolution of the mean hourly value (N-mean), the median
hourly value (N-median), and the 75th percentile hourly value
(N-P75). The evolution of these three statistical parameters
has been obtained from the hourly particle concentrations re-
corded during SDOs. Additionally, the time evolution of the
mean value obtained without SDO (N-NSDO) has been rep-
resented too.

1.4
[N-P75 e N-median
1.2 - N-P25 ¢ N-mean
=—N-NSDO
1 4
L 08 1 i
L
= 0.6 5 N
0.4 Illll I
feees N
02 HHHYH
0 T T T

0 246 810121416182022
Hour (UTC)

Fig. 5 Hourly evolution of the mean (white diamonds), median (black
rounds) and range P25-P75 (box) values during SDOs and mean hourly
variation obtained in periods without Saharan dust
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From Fig. 5, it can be seen that the hourly trends of N-
median and N-NSDO are quite similar, although N-median
shows a noticeable increase after 10:00 UTC. N-P75 and N-
mean (in a lower degree) present a progressive increase
throughout the day. It seems that the impacts during SDOs
periods are more intense during the last hours of the day. In
fact, N-P75 presents a clear peak from 18:00 to 23:00 UTC,
recording in this time period hourly average concentrations
greater than 1 cm >. It is important to point out that this time
slot is unique for the SDOs recorded from May to September
2012. In other study periods with other SDOs, the period of
day with the highest particle concentrations could be different.

Ozone level reductions according to the SDO strength

In order to determine a particle concentration from which a
statistically significant decrease in ozone concentrations is
produced, a comparison between hourly ozone average con-
centrations recorded without SDO (O3-NSDO) and those ob-
tained under SDO has been carried out.

Four different ozone scenarios depending on the particle
concentration during a SDO are taken into account: (a) during
SDOs independently of the hourly particle concentration (O3-
SDO), (b) during SDOs when particle concentration exceeds
the median hourly values (O3-N > N-median), (c) during
SDOs when particle concentration is above the hourly particle
mean values (O3-N > N-mean), and (d) during SDOs when
particle concentration is over the P75 hourly particle values
(O3-N > N-P75). The hourly values of median, mean, and the
P75 are those shown in Fig. 5.

With the ozone concentrations obtained from each of the
four intensities, the corresponding ozone percentage reduction
(JAO; (%)) has been calculated. Moreover, to ascertain when
the ozone reduction can be considered significant, a statistical
comparison (Mann-Whitney test) has been performed. The
ozone concentration obtained without SDO (O5-NSDO) has
been used as a reference level. Table 3 shows the results.

Table 3  Ozone concentrations related to periods without SDOs and
periods with SDOs according to four levels of particles intensity: ozone
percentage reductions and significance levels

Data® O, = error (ppb) | AO; (%) Significance®

05-NSDO 1268 58.1+0.2

05-SDO 1709 57.5+0.2 1.0 0.257
O3-N>N-median 901 55.8+0.2 4.0 0.000
0O5-N > N-mean 574 54.7+03 59 0.000
0O5-N > N-P75 479 542+03 6.7 0.000

#Number of hourly records

® Levels upper than 0.05, do not reject the null hypothesis (H,), that is, the
means are statistically equals between the groups
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A statistically significant ozone reduction (4.0 %) is obtain-
ed when N > N-median (p value <0.05). Table 3 also reveals
that an increase in the particle concentration during SDOs
produces a greater decrease in ozone concentrations.

In Fig. 6, the hourly evolution of the main statistical pa-
rameters of the ozone concentration obtained during periods
without SDOs (O3-NSDO) (Fig. 6a), and those obtained under
the influence of SDOs when N > N-mean (Fig. 6b) and N > N-
P75 (Fig. 6¢) are shown. Hourly evolution of the N-mean, N-
P75, and N-NSDO are also shown.

In Fig. 6a, it can be seen that the hourly average concen-
tration and the height of the boxes (P75-P25) show hardly
variation (since ozone data did not have a seasonal compo-
nent). Nevertheless, in Figs. 6b, c, the values of P75-P25 are
lower, (meaning the variability of the concentrations is small-
er), and present a greater variation in time. In Fig. 6d, the
hourly Oz percentage reductions for the two scenarios with
higher particle intensity are presented. As can be appreciated,
the reduction is maximal between 18:00 and 23:00 UTC. In
this time zone, there are percentages of reductions higher than
10 %. Even in the N > N-P75 case, a peak value of ~15 % is
reached at 20:00 UTC. In Fig. 5, the reason for this behavior
can be found given that in it is during this period of time
(18:00-23:00 UTC) when the N-mean and, above all, the N-
P75 record their highest values. Thus, during these hours, the
impact of SDOs is greater than throughout the rest of the day
and therefore the ozone reduction is also higher.

Ozone reduction characterization and percentages
of decrease

In Fig. 7, the hourly variation of ozone and coarse particles
recorded during SDO 6 (24 June - 2 July) is shown. Hourly
concentrations of N-median are also represented as a reference
for particle intensity level for each hour. Likewise, O;-NSDO
is also shown. During the fourth and fifth days of the SDO 6
(27 and 28 June), particle levels (N) started to increase and
concentrations upper than the N-median (N > N-median) were
registered. Meanwhile, ozone concentrations decreased. The
ozone decrease is, in this case ~11 ppb. When the Ncoarse >
N-median, the ozone decrease is both, steady and statistically
significant, lasting until the O3 level reaches its minimum
concentration. This depletion takes place in about 36 h.
Therefore, ozone concentration presents a decreasing gradient
of 0.31 ppb-h™" in this SDO, but it is similar in the most of
SDOs. In fact, the decreasing gradients obtained in the re-
maining SDOs vary from 0.2 to 0.6 ppb h™', with an average
value of 0.39 ppb h™".

Moreover, it can be seen that from noon of 29 June and
during most of 30 June, particles remained quite high.
However, the ozone concentration began to increase progres-
sively, until reaching the O3-NSDO value. Once again, this
behavior has been confirmed in most of the SDOs analyzed. It
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Fig. 6 Box plot of hourly
evolution of ozone at Mt. Aitana
during NSDO (a), during SDO
when N > N-mean (b), and when
N > N-P75 (¢). (Maximum and
minimum concentrations are
represented by dashes. The
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whiskers correspond to the 25th
and 75th percentiles, and the
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is possible that saturation in ozone reduction is produced. This
fact can be caused by a complete removal of ozone precursors
in the study area. Unfortunately, this statement cannot be ver-
ified since the concentrations of the ozone precursors were not
measured.

On the whole, during the 9 days that SDO 6 lasted, the
ozone mean fell by 4.3 % compared to the ozone mean value
recorded without SDOs (O53-NSDO; 58.1 ppb).
Approximately, 40 % of the particle data during SDO 6 (98
hourly values) were over the N-mean and 59 % (145 hourly
values) over N-median. These levels were recorded mainly in
the middle of the Saharan outbreak. The minimum ozone

0 2 4 6 8 10121416182022
Hour (UTC)

hourly value recorded was 45.7 ppb. This value implies an
isolated reduction of 21.3 % in relation to O3-NSDO. In
Fig. 7, it is also shown that the highest particle concentration
does not coincide with the lowest ozone value.

A summary of the percentages of the ozone reductions for
the SDOs identified is shown in Table 4. The percentages have
been calculated taking as a reference the O3-NSDO value,
58.1 ppb (see Table 3). Two criteria have been established to
quantify these percentages. On the one hand, only ozone
values linked to particles whose concentrations are over the
N-mean, the N > N-mean, were used. The mean value of
ozone when the N > N-mean is also indicated in the table.

Fig. 7 Time evolution of hourly 70 7
concentrations of coarse particles 24Jun | 25Jun | 26Jun | 27Jun | 28Jun | 20Jun | 30Jun | tJul | 2Jul
and ozone during SDO 6, from 24
June to 2 July. Colored area
represents N-median average
hourly values __ 60 1
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Table 4 Summary of the

percentages of the ozone SDO number ~ Data® Percentage® Percentage®

depletion during SDOs. O3 levels (N > N-mean) (minimum O3 hourly value)

obtained when N > Nmean and

minimum O3 hourly values N (cm®) O; (ppb) AO; (%) N (cm’) O3 (ppb) AO;3 (%)

during SDOs
SDO 2 51 (35) 0.7 58.1 0.0 1.8 56.1 -34
SDO 3 7(17) 1.3 57.8 -0.5 0.8 55.8 —4.0
SDO 5 37 (63) 1.3 50.0 -13.9 0.7 46.0 —20.8
SDO 6 40 (98) 22 55.6 —4.3 3.7 45.7 -213
SDO 7 2(2) 1.0 59.3 +2.1 0.8 58.0 —0.2
SDO 8 28 (14) 1.1 57.8 -0.5 1.0 55.4 —4.7
SDO 9 13 (12) 0.9 489 —15.8 1.0 479 —22.7
SDO 10 4(1 1.4 538 74 12 522 ~102
SDO 11 50 (146) 1.6 59.5 +2.4 4.8 54.7 -59
SDO 12 65 (156) 1.6 53.7 —7.6 1.4 493 —-15.1
SDO 13 19 (11) 1.4 52.8 -9.1 0.8 50.2 —13.6
SDO 14 40 (20) 0.9 51.8 —-10.8 0.7 49.0 —-15.7
SDO 15 33 (35) 0.7 53.7 -6.2 1.1 474 -18.4

?Percentage (and number) of hourly data that are over N-mean for each SDO

® Percentage of ozone depletion when N > N-mean

¢ Percentage of ozone depletion when the minimum hourly value of ozone is registered

On the other hand, the minimum ozone hourly value recorded
during the SDO is considered. This value is also indicated in
Table 4. During SDO 1 and SDO 4, particle concentration did
not exceed the N-mean, for that reason these SDOs are not
specified in Table 4. In fact, these SDOs registered the lowest
concentrations of coarse particles during the events (see
Table 1).

Table 4 shows that the depletion percentages can vary be-
tween 0.5 % (SDO 3) and 15.8 % (SDO 9). An average value
of the ozone percentage reduction of 5.5 % can be established.
These values increase significantly if the minimum hourly
value of ozone recorded during the SDO is considered. In
these cases, the percentages can reach values higher than
20 % during several outbreaks (SDO 5, SDO 6, and SDO
9). As it was discussed above, the minimum hourly value of
ozone does not match the maximum hourly value of particle
concentration.

During two SDOs (SDO7 and SDO 11), the percentage
obtained, under criterion N > N-mean, increases slightly.
This could be related to the high level of ozone registered
when, during SDO, particles begin to increase (N > N-mean).
Although the ozone reduction occurs, this depletion is not
enough to obtain a negative value in AOs.

Conclusions
The main consequence of the interaction between ozone

and mineral dust is a decrease in ozone concentration.
Nevertheless, the efficiency of the reduction requires that

@ Springer

the mineral dust concentration remains above a threshold
value. This study demonstrates that a significant reduction
in ozone concentrations is obtained when the hourly parti-
cle concentration recorded during dust events exceeds the
median hourly values (N > N-median). The study also
shows that ozone depletion is more effective during the last
hours of the day, from 18:00 to 23:00 UTC. This is due to,
in this time period, the greatest impacts of coarse particles
during the Saharan dust outbreaks identified have been re-
corded. Moreover, in the interaction aerosol-ozone, two fea-
tures have been observed. The first is the time synchroni-
zation between the particle increase with the ozone de-
crease. During the interaction, the ozone concentration pre-
sents an average decreasing gradient of 0.39 ppb h™'. The
second one is the saturation of this reduction with time,
although the particle levels remain high.

When particle concentration is higher than the mean hourly
value (N > N-mean), during SDOs, an average value of the
ozone percentage reduction of 5.5 % for the whole study pe-
riod can be established. If an isolated SDO is considered, this
value can rise beyond 15 %. When evaluating the loss when
the minimum hourly ozone value is registered, the percentage
can exceed 20 %.

The conclusions drawn in this work motivate a new re-
search in this unique environment. It is essential to continue
not only collecting O3 data but also measuring concentrations
of O3 precursors. That way, it will be possible to investigate
what percentage of O; depletion is due to its direct uptake in
coarse particles and what is caused by the inhibition of the O
production.
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