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Abstract

The first long-term aerosol sampling and chemical characterization results from measurements at
the Cape Verde Atmospheric Observatory (CVAO) on the island of So Vicente are presented
and are discussed with respect to air mass origin and seasonal trends. In total 671 samples were
collected using a high volume PMjyy sampler on quartz fiber filters from January 2007 to
December 2011. The samples were analyzed for their aerosol chemical composition including
their ionic and organic constituents. Back trajectory analyses showed that the aerosol at CVAO
was strongly influenced by emissions from Europe and Africa with the later often responsible for
high mineral dust loading. Sea salt and mineral dust dominated the aerosol mass and made up in
total about 80% of the aerosol mass. The 5 year PM;o mean was 47.1 £ 55.5 pg/m3 while the
mineral dust and sea salt means were 27.9 + 48.7 pg/m3 and 11.1 £ 5.5 pg/ms, respectively. Non-
sea-salt (nss) sulfate made up 62 % of the total sulfate and originated from both long range
transport from Africa or Europe and marine sources. Strong seasonal variation was observed for
the aerosol components. While nitrate showed no clear seasonal variation with an annual mean of
1.1 + 0.6 pg/ms3, the aerosol mass, OC and EC, showed strong winter maxima due to strong
influence of African air mass inflow. Additionally during summer, elevated concentrations of
OM were observed originating from marine emissions. A summer maximum was observed for

non-sea-salt sulfate and was connected to periods when air mass inflow was predominantly of
1
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marine origin indicating that marine biogenic emissions were a significant source. Ammonium
showed a distinct maximum in spring and coincided with ocean surface water chlorophyll a
concentrations. Good correlations were also observed between nss-sulfate and oxalate during the
summer and winter seasons indicating a likely photochemical in-cloud processing of the marine
and anthropogenic precursors of these species. High temporal variability was observed in both
chloride and bromide depletion differing significantly within the seasons, air mass history and
Saharan dust concentration. Chloride (bromide) depletion varied from 8.8 £ 8.5 % (62 £ 42 %) in
Saharan dust dominated air mass to 30 £ 12 % (87 + 11 %) in polluted Europe air masses. During
summer, bromide depletion often reached 100 % in marine as well as in polluted continental
samples. In addition to the influence of the aerosol acidic components, photochemistry was one
of the main drivers of halogenide depletion during the summer while during dust events,
displacement reaction with nitric acid was found to be the dominant mechanism. PMF analysis
identified three major aerosol sources including sea salt, aged sea salt and long range transport.
The ionic budget was dominated by the first two of these factors while the long range transport
factor could only account for about 14 % of the total observed ionic mass.

Key words: PMjo aerosol, seasonality, chemical composition, Saharan dust, halogenide
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1. Introduction

The interest in research on atmospheric aerosols is not only limited to heavily polluted megacities
and other strongly anthropogenically polluted areas but also concerns naturally mobilized dust
and sea-salt aerosols which are in the focus of marine chemistry, biology and atmospheric
chemistry (Raes et al. 2010; Radhi et al. 2010; Heller and Croot 2011; Formenti et al. 2011;
Carpenter et al. 2004; Quinn and Bates 2005). The creation and operation of the Cape Verde
Atmospheric Observatory (Observatério Atmospherico de Cabo Verde: Humberto Duarte
Fonseca, CVAOQ) located at the Sdo Vicente island in 2006 was a joint activity of British, German
and Cape Verdean scientific institutes with funding from the European Union (EU), national
scientific projects and institutions. On the one hand, the CVAO is downwind of the Mauritanian
coastal upwelling region off northwest Africa, an area of high marine biological productivity.
Observations made at the CVAO therefore provide information on links between atmospheric
compositional changes, marine biology and climate. On the other hand, satellite, ground-based,
ship and aircraft measurements have shown the outflow of Saharan dust into the Atlantic Ocean
usually across the Cape Verde islands (Chiapello et al. 1999; Formenti et al. 2003; Reid et al.
2003; Tesche et al. 2011; Gelado-Caballero et al. 2012), making it a suitable location for
characterizing mineral dust. The station is situated at the far edge of the island in the direction of
air mass inflow to the island so that air masses observed at the station are free from local
pollution thereby making the station suitable for also performing remote marine aerosol
experiments. The atmospheric deposition of nutrients that are derived from dust such as nitrogen,
phosphorus and iron compounds into the oceans plays a crucial role in marine biogeochemical
cycles and in some areas establishes a major nutrient input to the open oceans (Cropp et al. 2005;
Ohde and Siegel 2010; Bates et al. 2001). The role of desert aerosols in atmospheric processes
strongly depends on a variety of physicochemical parameters and their spatial distribution and
transformations in the atmosphere (Kandler et al. 2007; Kelly et al. 2007).

During late spring and summer, the CVAO site mostly receives North Atlantic marine air masses
along the NNE trade winds which, although, are sometimes influenced by the Mauritanian
upwelling, provide the possibility for long-term studies of “background” Atlantic air and its
associated trace gases of oceanic origin. During late fall and winter, Cape Verde is situated in the
direct transport pathway of Saharan dust from Africa to the North Atlantic. During this season
dust is transported in the lower troposphere and the deposition takes place mainly over the eastern

3
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tropical Atlantic (Schepanski et al. 2009) and Cape Verde.

In principle, atmospheric chemistry in this region of the Cape Verde Islands is expected to be
influenced by emissions from the ocean (Mahajan et al. 2010; Read et al. 2008), Saharan dust,
anthropogenically released gases and particles from continental Africa, south-western Europe and
in minor cases North-American sources.

The investigation of the role of mineral dust in the ocean has been the focus of a number of
research and ship cruises along the tropical Atlantic oceans (Bates et al. 2001; Chen and Siefert
2003; Allan et al. 2009). However, these measurements have mostly focused on short term
measurements during intensive field campaigns that last for 3-6 weeks, making predictions about
seasonal variability and long term understanding of atmospheric processes quite difficult. Such
long-term data sets have been often requested (Mahowald et al. 2005) but only a few data
actually exist for the region of the tropical North Atlantic (e.g., Kandler et al. 2007; Chiapello et
al. 1995). Chiapello et al. (1995) collected filter samples over three years for metal analyses at the
Cape Verde island Sal from a region that was far from the coastline and influenced by the island
itself. There are also some data from ship cruises and short term experiments near this region
(Kandler et al. 2007; Chen and Siefert 2004; Rijkenberg et al. 2008). Long-term observations
were made in the subtropical region at Izafia (Tenerife) 1500 km NNE from Sdo Vicente but
Izafa is located at 2373 m a.s.l. and Santa Cruz is influenced heavily by local pollution (Alastuey
et al. 2005). Remote site long-term measurements in the north-eastern tropical Atlantic Ocean are
not known. In a recent study by Schulz et al. (2012), a marine atmospheric monitoring network
for long-term observations of dust transport and deposition to the ocean was asked for as well as
encouraged for future harmonized activities in marine aerosol research. The measurements at the
CVADO intend to improve on the present data scarcity and also meet other expectations.

Within the present study the long-term PMjy high volume filter measurements taken at the
CVADO are discussed. The presented results aim to deliver the first long-term data set of aerosol
chemical composition for further use, e.g. in marine biogeochemistry research and for marine
aerosol modeling where long-term experimental data on the aerosol constitution and its size-
resolved chemical composition are needed. The results are focused on samples collected since the
creation of the CVAO in 2007 until the end of 2011. The aspects addressed are particulate mass
concentrations, chloride depletion, concentration of ionic components, organic matter (OM) and
elemental carbon (EC). The mineral dust fraction of the aerosol particles and its seasonal and

inter-annual variability are also discussed. Back trajectories were used to classify typical source
4
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regions. Related works from the CVAO includes first investigations from short term experiments
of PM characterization (Muller et al., 2010, Fomba et al., 2013) and of specific organic single
compounds Mauller et al. (2009).

2. Experimental
2.1 Site and sampling

Sampling was done at the CVAO which is located at the north-eastern shore of the island of S&o
Vicente in Cape Verde. The sampling site is situated 70 m from the coastline (16° 51' 49 N, 24°
52' 02 W, about 10 m a.s.l.). This region experiences constant north-eastern winds from Africa
through the Canary Islands. The average annual temperature at the CVAO is 23.6 £ 4.0°C and it
is an arid region with a maximum of 24-350 mm rainfall per year. The precipitation frequency is
about 3 to 10 events per year mainly between August and October. Therefore, the wet deposition
of particles in this region is negligible. A more detailed description of the meteorological
conditions can be found in Carpenter et al. (2010). Sample collection was performed on top of a
tower with an inlet height of 32 m to reduce the direct influence of sea spray on the collected
particles. Due to the location of the station, influences from the island like orographic influences
in dust sedimentation and anthropogenic emissions are negligible. Thus the collected samples are
representative of a clean atmosphere over the ocean and not contaminated by gases or particulates
from the island itself. However, though such events are very rare, during southwesterly winds
influences from the island could be observed.

All background meteorological data, temperature, relative humidity, and wind measurements
were collected from 31 m and from 10 m heights at a frequency of 1 Hz, then averaged over one
minute and ten minutes to hourly values. Atmospheric pressure and broadband UV radiation were
recorded at a 4 m height.

Particle sampling was done using a high volume (HV) collector with a PMjo-inlet (Digitel filter
sampler DHA-80, Walter Riemer Messtechnik, Germany) that was operated with an average flow
rate of 500 I/min in a 24 h sampling period during intensive campaigns and was switched to 72 h
sampling period, otherwise. The high volume samples were collected on acquired 150 mm pre-
heated quartz fiber filters (Munktell, MK 360) and were further pre-heated in our laboratory at
110 °C for 24 h to get rid of the OC background content. Our unpublished results of tests at
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higher temperatures delivered similar blanks but the mechanical stability of the filters (abrasion
and breaking resistance) was better when handling at 110°C.

After sampling the filters were stored at 5 °C and subsequently cooled and transported to a
freezer. The long term storage and transportation of the collected filters from the CVAO to

Germany was always carried out in aluminum boxes at -20 °C.

2.2 Laboratory Analysis

The filters were equilibrated for72 h under constant temperature (20 + 1 °C) and humidity (50 +
5%) before and after collection and weighed using a microbalance (Mod. AT261 Delta Range,
Mettler-Toledo, Switzerland) with a reading precision of 10 pg.

For ion analysis, 25 % of the PMjo quartz fiber filter was extracted with 30 ml MilliQ-water
(>18 MQ cm, 15 min shaker, 15 min ultrasonic bath, 15 min shaker). Sample extracts were
filtered through a 0.45 pm one-way syringe filter to remove insoluble materials prior to ion
analysis. lon analysis was performed for cations Na*, NH,", K*, Mg**, Ca*" and anions CI’, Br,
NOs, SO,* and C,0,% using a standard ion-chromatography technique (ICS3000, DIONEX,
USA) equipped with an automatic eluent generation (KOH for anions and methanesulfonic acid
(MSA) for cations) and a micro-membrane suppression unit. For the anion separation a
combination of AG18 and AS18 (2 mm) was applied while for the cation separation CG16 and
CS16 (3 mm) were used. Chromatographic calibrations were carried out daily using a four point
standard (Fluka, Switzerland). The detection limits for all ions measured by conductivity
detection were within 0.002 pg/m3 except for calcium that was 0.02 pug/ms. Bromide was detected
using UV/VIS detection (VWD-1, Dionex) with a detection limit of 0.001 pg/m3. Analyzed field
blank filters were used for blank correction via subtraction. Non-sea salt sulfate (nss-sulfate) was
determined from the subtraction of sea salt sulfate (ss-sulfate) from the total sulfate. Ss-sulfate
was determined from the stable ratio SO,*/Na*=0.251 (Liebezeit, 2011) in sea water under the
assumption that sodium has no other sources.

Organic and elemental carbon were analyzed by a two-step thermographic method (C-mat 5500,
Strohlein, Germany) with NDIR detection as described in the following literatures (Gnauk et al.
2008; Neustiss et al. 2002; Carpenter et al. 2010). The detection limits for quartz fiber filter
analysis were 30 ng/m3 for EC and 100 ng/m?3 for OC. For the determination of OM (organic

matter) the estimation of Turpin (Turpin et al. 2000) was applied with OM considered as twice
6
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OC (OM = OC = 2) which is recommended for aged aerosols. In previous studies, results of

single organic compounds were presented (Mdller et al. 2009; Mdller et al. 2010) while in the
present work, only oxalic acid concentrations shall be discussed.

Air mass back trajectory analyses were performed to assist in the data interpretation and to
provide useful hints on various air mass origins. Back trajectories ensembles (van Pinxteren et al.
2010) were calculated (starting 500m above ground) using the NOAA HYSPLIT (HYbrid Single-

Particle Lagrangian Integrated Trajectory, http://www.arl.noaa.gov/ready/hysplit4.html) model.

2.3 Positive Matrix Factorization (PMF) Analysis

Source apportionment of the analyzed aerosol chemical composition (OC, EC, Na*, NH,", K,
Mg**, Ca**, CI, Br, NO3, SO4# and C,04%) was performed using the multilinear Engine
algorithm (ME-2) developed by (Paatero 1999)). Results were analyzed according to the ME-2
graphic interphase Sofi from (Canonaco et al. 2013)). Since PMF is a weighted least square
method, individual estimates of uncertainties associated with each data value are required. In this
work the uncertainties were obtained from the calibration uncertainties of the main ions and
OC/EC that were applied on the measured concentrations. The PMF was run using 2 to 5 factors
and each factor solution was evaluated using the seed. It was found that the 3 factors solution
could explain the data most appropriately and thus provided the most meaningful results (Figure
SI-2 in the supplementary information). The obtained solution was interpreted on the basis of the
air mass back trajectories, the meteorological conditions and the chemical composition of the
filters. Further details on the results of the different factors could be found in the supplementary

information (SI).

3. Results

3.1 Back trajectory analysis

[Please insert Figure 1 here

Hourly back trajectory analyses were performed for more than 600 samples. In general, 96 h back

7
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trajectory ensembles were calculated. The plots represent a trajectory ensemble consisting of 648
single back trajectories calculated for a 24 hour time interval of the individual samples. For a few
sampling periods longer back trajectories were calculated for a better understanding of possible
sources since submicron particles could have longer atmospheric lifetimes (Jaenicke 1980)
depending on the height (Williams et al. 2002). The most important air mass origins were
classified as follows (Fig. 1):

(A) The air mass spent the last 96 h over the Atlantic Ocean and was from the northern or
northwestern Atlantic Ocean (16.5 % of all samples).

(B) The air mass spent less than 48 h over the Ocean in the last 96 hours before arriving at
CVAO and originated from the African continent crossing over the Saharan Desert, urban sites
(Nouakchott, Dakar, etc.) as well as biomass burning regions through the Mauritanian upwelling
region to the CVAO (22.2 % of all samples).

(C) Air masses from the Atlantic Ocean crossing the Mauritanian upwelling region, partially NW
Africa, Canary Islands (26.3 % of all samples).

(D) Air masses which originated from or in SW Europe and crossed the Mauritanian upwelling
region, coastal areas in NW Africa and/or the Canary Islands and the north-eastern Atlantic
Ocean (17.7 % of all samples).

(E) All further back trajectories (17.3 % of all samples) that could not be assigned to the above
four major classes. This include air masses that reached the CVAO from western Africa (south of
the Sahara), the equatorial Atlantic Ocean and from North-America.

Late fall and winter are the typical dust seasons at the Cape Verde islands. During this time
easterly and northeasterly winds transport Saharan dust into the tropical eastern Atlantic. During
spring and summer, the air mass origin is mainly marine but sometimes the trade winds cross the
African coast in Morocco and Western Sahara and at times originate from the Iberian Peninsula.

Equatorial air masses rarely reach the Cape Verde archipelago.

3.2 Chemical characterization of the aerosol constituents

671 samples were collected and analyzed for their chemical composition over the stated time
period. Table 1 shows the overview of the total number of investigated samples in this work
during the investigated time period. The observed difference in the number of collected filters
between the years is related to the different sampling routines that were implemented. During the

first four months of sampling in 2007, the samples were collected as 72 hours samples within one
8
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week in the regime 3 h sampling and 4 h sampling break. After the first intensive campaign
(May/June 2007) during which sample collection was done for 24 h without a break between
filter sampling, the collection was changed to 3 days continuous sampling and 3 days pause
within the time period of August 2007 and December 2008. Afterwards the sampling period was
fixed at 72 h without a break. A few exceptions to this sampling regime were caused by power
failures at the CVAO and sampler defect in July/August 2009 (cf. Table 1). This explains the
higher number of filters observed in 2009 to 2011 in comparison to 2007 and 2008. From
October 2009 to July 2010 samples were collected on top of a container due to the reconstruction
of the tower. At the lower sampling height (4 m) the direct sea spray from the nearby coastline
influenced the aerosol constitution enormously. In these samples the sea-salt concentration was

about four to five times higher than in samples collected from the top of the tower.

[0 Please insert Table 1 here

Mineral dust estimation and marine aerosol

The estimation of the mineral dust content in the aerosol samples was achieved by the subtraction
of all determined species including the estimated mass of water, from the total mass. This was
done as a first approximation since major mineral dust component such as Al, Si or Fe were not
measured due to technical reasons. Thus, the mineral dust assumed here is analogous to the rest
of the undetermined aerosol component and is thus considered as the maximum possible dust
concentrations. The water content of the samples was estimated via the E-AIM model 11l of
Clegg et al. (1998). This model, however, delivers higher water content values than the
application of a hydration multiplication factor of 1.29 to the mass of all water soluble inorganic
compounds as suggested by Harrison et al. (2003) and Sciare et al. (2005). Using Clegg’s model,
the average aerosol water concentration was 5.7 + 3.4 ug/ms. The uncertainty obtained due to the
application of this model was less than 10% (0.5 pg/m?3) in the estimated water content. The
estimated error had negligible effect on the estimated dust concentrations since the value was far
small compared to the uncertainty related to the determination of the other measured ions.
Mineral dust which in this region was mostly Saharan dust was the most dominant component of
the particulate matter, with a five-year average of 25.8 £ 51.1 pg/m? equivalent to about 55 % of
the total average aerosol mass concentration. Strong temporal and seasonal variations were

observed for the dust concentrations with concentration ranging from zero to 575.6 pg/mé.
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The highest dust concentration was found during the winter season due to frequent Saharan dust
events that were strongly influenced by the Harmattan, a characteristic wind transporting Saharan
dust in lower heights to the Atlantic Ocean between the end of November and the beginning of
March. A few heavy dust events were observed in spring and fall but not in the summer. In
general, differences were found in the aerosol chemical composition during days of and days
without dust storms.

The mean aerosol composition of Saharan dust dominated samples corresponding to aerosol mass
concentrations higher than 90 pug/ms3 and that of marine aerosol dominated days with aerosol
mass less than 20 pug/m3 is shown in Figure 2. Both situations had same chemical components
including, water soluble ions, organic and elemental carbon, water and mineral dust, with
different fractional composition. As would be expected aerosol water was lower during dust
storms than during marine influenced days. Sea salt concentrations did not change significantly
during and without dust storms. However, the relative contribution of sea salt was higher in

marine influenced air masses than in Saharan dust air masses.

[1 Please insert Figure 2 here

Higher concentrations were also observed for sulfate, nitrate, EC/OM, and the crustal elements
such as potassium and calcium during dust events as compared to marine influenced days.
However, their relative compositions during dust events were lower than during marine
influenced days due to the total absolute mass. During non-dust period long range transport from
the northwestern African coast, Europe and secondarily formed PM from the ocean were the
main sources of nss-aerosol constituents. However, in the case of sulfate, nss-sulfate from

oceanic sources was more important.

[1 Please insert Table 2 here

3.3 Temporal and seasonal variations

Results of the measured chemical components are shown in Table 2 including their 5 year
averages, minima and maxima. This is the first unique dataset of nearly continuously collected

PM from the Cape Verde archipelago and in the region of the northern tropical Atlantic over a
10
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time period of five years. In the following, the temporal and seasonal variations of the PM
constituents are discussed with respect to the meteorological conditions and air mass origin.
Figure 3 shows the temporal trends of some of the investigated chemical components within the
stated time period. The red lines represent the time period during which sample collection was
performed on top of a container, while the blue lines represent measurements that were

performed on the 30 m tall tower.
[1 Please insert Figure 3 here

3.3.1 PMjp mass concentration

During the five years of PM collection at the 32 m sampling height an average mass
concentration of 47.1 + 55.5 pug/m? was observed. Aerosol mass showed strong variability with
minimum and maximum values of 4.0 pg/m3 and 601.8 pg/ms, respectively (Table 2). The
highest and lowest daily mean concentrations were observed in January 2008 and March 2009,
respectively. Low concentrations were observed during days with low wind speeds of remote
Atlantic Ocean air mass inflow, and/or after precipitation events which typically occurred in the
fall. The highest aerosol mass was observed during days of Saharan dust storm when air mass
crossed the Saharan desert prior to their arrival at CVAQ. Table 3 shows an overview of the mass
concentration of the number of samples sampled during different seasons. At the CVAO, particle
mass concentration was a good indication of the aerosol mineral dust content. Typically, mass
concentrations below 20 pug/m3 were observed during pure marine air mass inflow (Figure 1A).
When aerosol mass concentrations were between 20 pg/m?3 and 90 pg/m? the air mass originated
from any of the three above mentioned air mass classes C to E as shown inFigures 1B-D or also
of marine origin with higher wind speeds. The only exception was observed when the samples
were collected at a 4 m height, during which sea salt concentrations increased dramatically and
the above mentioned trends could not hold. The spikes in the PM;q profile as shown in Figure 3,
corresponding to mass concentrations above 90 pg/m® were indicative of days where aerosol
mass was dominated by Saharan dust (Figure 1B). On average, such strong Saharan dust events
were observed about 11-19 times a year. The duration of Saharan dust events varied from one to
ten days with the longest event also supported by back trajectory analysis observed from the 25"
of December2007 to 4™ of January 2008.

11
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[J Please insert Table 3 here

In Figure 4, the inter-annual and seasonal variation of some chemical aerosol components is
presented. The inter-annual variation of the monthly mean of the PM, mass concentration is
shown in Figure 4. The highest mass loadings were observed in 2008 and the lowest in 2009. A
strong seasonal trend was found in the mass loadings. The average mass concentrations were
71.8+£34.3,33.7 £15.3, 36.5 £ 10.3 and 43.7 £ 12.6 pug/m3 for winter, spring, summer and fall,
respectively. The highest temporal variation was observed during the winter season due to
frequent change in air mass inflow. The lowest mass concentrations were observed in the spring
season (April to June) despite some episodic dust events during this period (e.g. May 2007) while
the highest concentrations were observed during the late fall and winter (December to February).

Similar seasonal trends were reported by (Chiapello et al. 1995) for the island of Sal despite their
more continental location on the island whereby anthropogenic activities could strongly affect
mass loadings. According to (Schepanski et al., 2009) the Sahara produces larger amount of dust
during summer but the dust is transported at higher altitudes of up to 10 km within the Sahara Air
Layer while in winter the dust is transported along the north-east trade winds at far lower
altitudes. Thus the higher amounts of Saharan dust, anthropogenically released gaseous and
particulate compounds from the African continent are responsible for the winter elevated PMjy
mass concentrations while marine and non-African air mass inflow were responsible for low

mass loadings.

[1 Please insert Figure 4 here

3.3.2 Sea salt

Sea salt concentration was estimated as 1.17*([Na']+[CIT) (Anguelova, M. D, 2002). The
temporal variation of sea salt concentrations is shown in Figure 3. The observed concentration of
sea salt was strongly dependent on the meteorological conditions and the sampling height. The
averaged wind speed at the CVAO was about at 7.3 ms™ while the maximum wind speed
observed was about 13 ms™. During days with high wind speeds the sea salt concentrations
increased strongly. The highest wind speeds were often combined with air masses coming from
North America crossing the northern Atlantic to CVAO. This observation was made after the

back trajectories analysis of and is valid for the majority of these events.
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During such days, the aerosol mass was slightly higher than in days with lower (< 4 ms™) wind
speed or dominant marine air mass inflow. The averaged sea salt concentration was 11.1 + 5.5
pg/m3 in samples collected on top of the tower and 58.3 + 28.3 ug/m3 for samples collected at the
4 m sampling height. Sea salt and other sea spray associated aerosol components increased
enormously (about a factor of 5) at the lower sampling height. This was due to the fact that
sample collection at 4 m height was done within the internal marine boundary layer (Niedermeier
et al. 2013) whereby aerosol mass was mostly affected by the surf zone. Increase in sea salt
concentrations were observed during days of high wind speeds but a strong correlation between
sea salt and the local wind speed was not observed. According to De Leeuw et al., (2000) and
Niedermeier et al., (2013), sea salt concentrations may increase significantly at wind speeds
above 10 ms™ depending on the wind direction and the oceanic waves. The highest sea salt
concentration determined at the tower was 54 pug/m3 in spring 2011 in an episode when the local
wind speed was 13 ms™. The temporal variability of sea salt was not strong as compared to those
of mineral dust and aerosol mass. No seasonal trend was observed in the sea salt concentrations
and Mg/Na ratio found in the dust (0.12) and non-dust (0.11) samples was similar to the ratio in
sea salt (0.12), implying no influence of the dust storms on sea salt especially on sodium

concentration was observed.

3.3.3 Sulfate

Sulfate consisted of sea salt sulfate (ss-sulfate) and of non-sea salt sulfate (nss-sulfate) mainly of
secondary origin. In Figure 3, the temporal variability of the total sulfate concentration is
presented. Sea salt sulfate had a similar temporal trend as sea salt, thus, the variations observed in
the time series are attributed to variations in nss-sulfate concentration. On the average, ss-sulfate
made up only 38 % of the total sulfate measured at the tower. This, however, increased when
sampling was done at a lower height. The highest sulfate concentrations were strongly connected
to Saharan dust events but not all dust events were responsible for the elevated sulfate
concentrations. When air mass containing dust did not have contact with anthropogenic SO,
pollution sources, the nss-sulfate was not elevated and vice versa. During the dust season marine
sources of nss-sulfate played a minor role. The averaged nss-sulfate concentration in winter
marine air masses was 0.47 + 0.31 pg/m3 while for the dust days the averaged nss-sulfate
concentration was 2.46 = 1.05 pg/ms3. The strong increase in sulfate concentrations during the

dust events is indicative of anthropogenic activities in Africa that influences the aerosol
13
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constitution. Natural sources of SO, are unlikely since the only nearby natural source is the ocean
and nss-sulfate secondary produced from oceanic precursors would therefore not vary
significantly with air mass origin. In Figure 4 the inter-annual and seasonal variation of nss-
sulfate is given. The average monthly concentration ranged from 0.43 pg/m? to 3.0 pg/m? with
higher concentrations observed during the summer months especially during July and August. A
unique source for this high summer concentration has not been identified. However, the increased
photochemical activities during the summer as compared to the winter months and the changes in
the emission of DMS due to higher biological activities in the ocean could possibly influence the
measured nss-sulfate concentration. Seasonal trends have been observed for methanesulfonic
acid (MSA) and DMS which are known precursors of nss-sulfate with higher concentrations
observed in the summer as in the winter (Sciare et al. 2009).

It has been reported (Kouvarakis and Mihalopoulos 2002; Kettle et al. 1999) that sea surface
water temperature influences the production of nss-sulfate and other organic materials in the
ocean surface micro layer leading to pronounced seasonal cycle in nss-sulfate concentrations with
maximum observed in summer and minimum in winter. Studies in the Mediterranean sea (a
region with relatively high anthropogenic pollution) have evaluated the biogenic contribution to
nss-sulfate concentration to be between 6 % and 22 % (Ganor et al. 2000, Mihalopoulos et al.
1997). It has also been observed that under marine air mass conditions the contribution of
biogenic sources to nss-sulfate may rise up to 100 % (Bates et al. 1992). At the CVAO, the
minimum concentration of nss-sulfate during the winter and the summer was about 0.20ug/m3
and 0.70 pg/m3, respectively. As a first approximation, assuming that these lowest concentrations
of nss-sulfate were of biogenic contribution from the ocean, it would imply that the biogenic
contribution to the total nss-sulfate could be estimated to be averagely about 40 + 20 % in this
region. Thus, although anthropogenic activities influence nss-sulfate concentrations especially
during the dust storm and in air masses coming from Europe via the Moroccan coast,
photochemical production of nss sulfate and increased emission of marine precursors are even

more important during the summer in this region.

3.3.4OM and EC
These two carbon sum parameters showed a good correlation in their time series. The 5 year
average for OM and EC was 1.02 £ 1.04 pg/m3 and 0.13 + 0.16 pg/ms, respectively. The

observed EC value was quite similar to the annual mean of 0.18 pg/m? found by Nunes et al.
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(2013) for the year 2011 on the island of Santiago which is a slightly more anthropogenically
influenced region than the CVAO. Figure 3 shows the variability in both EC and OM
concentration over the investigated time period. Elevated EC concentrations were strongly
connected to elevated OM concentration but not vice versa. The number of samples with elevated
OM concentration was greater than those with elevated EC concentration because of additional
natural single sources of OM, especially during the summer. High concentrations of OM and EC
were strongly correlated to air masses originating from the African continent.

During the Harmattan season (end of November to middle of March) aerosols from the African
continent carried not only Saharan dust but also anthropogenic emissions from ship tracks near
the African coast, the African coastal cities of Dakar, Nouakchott and sometimes biomass
burning aerosols (EC and OM) as well as biological material into the Cape Verde region (Milton
et al. 2008). During such periods the EC concentration was three times higher than in air masses
coming from Europe and five times higher than in marine air masses. The lower transport height
is a further important factor for the measured elevated concentrations of dust and other aerosol
components during the winter season. The averaged concentration of EC and OM given in Table
2 were in the same range as those recently reported for marine environments by Alves et al.
(2007). The lowest concentration for EC was found in dominant marine air masses.

It has been reported that biogenic material containing organic substances of low solubility in the
upper sea water layer are emitted via the surface micro layer (SML) into the atmosphere and are
found mainly in submicron particles (O'Dowd and De Leeuw 2007; Facchini et al. 2008; Mdller
et al., 2009). Secondary organic aerosols formation from marine sources has also been reported in
different marine environment (Kawamura and Gagosian 1987; O'Dowd et al. 2004; Facchini et
al. 2010). In Figure 4, the monthly and interannual variation of OM and EC are presented. A
strong seasonal trend is observed for OM and EC with higher values observed during the winter
seasons as otherwise. This winter maximum is similar to that observed for the mass concentration
and it is attributed to the influence of continental air masses from Africa which often carries a lot
of Saharan dust as well as anthropogenically emitted particles. Beside the anthropogenic sources
of OM and EC, OM was also be emitted from the SML of the ocean itself. The amount of the
marine OM production depends on oceanic biological activity which has a distinct seasonality
(Sciare et al. 2009). A smaller summer maximum of OM (Figure 4) was also observed which had
its origin from direct marine emissions or in marine emissions of gaseous precursors of PM such

as dimethylsulphide (DMS), isoprene, organic amines and others (Gantt & Meshkidze, 2013).
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The lowest OM concentrations were observed in April and October at CVAQ. With the exception
of the high values observed for EC in May 2007 which was due to a dust storm during this
month, the EC values remain low throughout the other seasons. Thus, the high EC concentration

in this region was mostly due to long range transport from Africa in the dust season.

3.3.5 Nitrogen containing ions

Ammonium and nitrate showed no correlation amongst each other. These ions might have had
other sources. The 5-year average of ammonium and nitrate were 0.09 £ 0.1 and 1.1 £ 0.1 pg/ms,
respectively. Clarke and Porter (1993) and Quinn et al. (1988) found similar ammonium
concentration in remote oceanic regions and suggested it could be of marine biogenic origin. The
concentration of both ions (ammonium and nitrate) was not influenced by the sampling height
implying their content in sea salt is very low. Nitrate like ammonium also showed strong
temporal variation (Figure 3). Ammonium concentrations varied from below detection limit to
0.76 pg/m3 while nitrate concentrations varied from 0.14 pg/md to 3.7 pg/m3 (Table 2). This
strong variation was attributed to the changing air mass origin. In marine air masses the nitrate
concentration was lower than in air masses coming from the African or European continent
implying long range transport was a significant source of the observed nitrate concentrations. For
ammonium, summer concentrations were found to be 44 % higher than the winter concentrations
for clean marine air masses which would suggest that marine biological and photochemical
processes could strongly influence the ammonium concentrations in this region.

Nitrate concentrations, however, never showed a strong seasonal trend as shown on Figure 4. A
slight increase in the nitrate concentrations (about 20%) was often observed in the summer except
during 2008 where a strong decline in nitrate concentrations from January to December was
observed. Ammonium on the other hand, showed seasonal trends with annual maximum observed
in spring and early summer (Figure 4). As can be observed in Figure 4, ammonium seasonality
was not correlated with either the aerosol mass loading or the nss-sulfate trend. This suggests that
the observed ammonium in this region is not strongly linked to ammonium sulfate and may have
another major source different from long range transport from the continent. Marine sources of
NH;3 were reported earlier by Jickells et al. (2003) from isotopic measurements. Quinn et al.
(1988) also observed simultaneously high concentrations of ammonia in the Pacific Ocean and in
the oceans atmosphere and indicated that the ocean was the potential source of the ammonia.

They observed an averaged ammonium concentration of about 108 ng/m? in the remote north-east
16
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Pacific Ocean in May which is within the same other of magnitude as that observed at CVAO
during May at 165 = 129 ng/m3. Clarke and Porter (1993) have also shown good correlation
between atmospheric ammonium and chlorophyll A concentrations. Although long range
transport cannot be neglected, our results indicate that the ocean has a significant contribution to

the observed ammonium especially during the spring in this region.

3.3.6 Calcium

Calcium showed strong temporal variation throughout the year depending on the air mass origin
and sampling height (Figure 3). This variation indicates that calcium was both from sea spray and
mineral dust corresponding to, sea salt (ss) and nss-calcium. The calcium peaks were correlated
with either peaks in aerosol mass loading or sea salt concentrations. The minimum and maximum
concentrations were 0.01 pg/m3 and 4.44 pg/m3, respectively. The maximum and minimum
values were related to days of Saharan dust events and days of dominant marine air mass inflow,
respectively. A strong correlation between nss-calcium and total soluble calcium (with r2 = 0.98)
during dust events confirmed that the Saharan dust was the main source of nss-calcium in these
samples. Thus, soluble nss-calcium was often a good indicator for Saharan dust in this region.
Calcium-rich aerosol was often mobilized from NW-Sahara. During the atmospheric transport the
unsoluble CaCO3 was processed to more soluble compounds, e.g. in clouds. Sea salt and mineral
dust contributed 0.15 + 0.15 pg/m? and 0.49 + 0.48 pg/m3, respectively, to the total soluble

calcium average concentration of 0.64 + 0.63ug/ma.

3.3.7 Potassium and Magnesium

Variations in potassium and magnesium concentrations were also attributed to the varying air
mass inflow and the different sampling height with maximum concentrations of potassium and
magnesium observed at 0.86 pg/m3 and 1.34 pg/m3, respectively (Table 2). The 5 year average
concentration at the tower of potassium and magnesium were 0.13 = 0.09 pg/m3 and 0.40 *
0.20 pg/m3, respectively, of which nss-potassium and nss-magnesium made up only 0.02 = 0.06
pHg/me and 0.02 £ 0.04 pug/m3 of the total average, respectively. This corresponds to only about 10
% of potassium and 5% of magnesium. Thus the ocean was the main source of these ions in this
region. Nss-potassium peaks were often linked with nss-calcium and mass loading peaks,
implying continental air masses from Africa could account for some of the nss-potassium

concentrations found in this region.
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3.3.8 Oxalate

Oxalate concentrations were low in comparison to those reported in urban and continental
aerosols. Table 4 shows an overview of the measured oxalate concentration and those of other
reported works. The average oxalate concentration during polluted air masses was about 0.12 +
0.06 pg/m3. This value was twice as much as the concentrations observed during marine air mass
inflow. Comparatively to reported oxalate concentrations (Table 4), the observed concentrations
were within reported range. The values were higher than those reported in other marine
environments such as in Mace Head or Amsterdam Island (Rinaldi et al. 2011) but lower than
those reported in continental aerosols such as in Hong Kong (Yao et al. 2002) or Sapporo, Japan
(Pavuluri et al. 2012). The differences between the results in this study and the above mentioned
works is strongly related to the different air mass inflow regions in these areas. Mace Head is
more remote than CVAQO while Hong Kong and Sapporo are more urban than CVAO.

In general, elevated oxalate concentrations were observed in polluted European and African air
masses (Table 4). The maximum oxalate concentration was measured at 0.46 pg/ms in September
2009 during a period where air mass originated from West Africa. During the Saharan dust
influenced winter days, the oxalate concentration was higher than during non-dust winter days.
The high values were usually connected to dust storms while peaks in oxalate concentrations
during the summer season were connected to periods of high photochemical activity, high marine
activities whereby potential oxalate precursors could have been emitted to the atmosphere and
periods when other precursors that might have been transported from Europe. A distinct
seasonality in oxalate concentration was observed with a maximum during the summer season
(June to August). The formation of oxalate depends on the presence of organic precursors, such
as ethene (Warneck 2003), glyoxal (Carlton et al. 2007), and sunlight which are more available

during the summer.

[1 Please insert Table 4 here

In general, the aerosol chemical composition was influenced by sea-salt, organic compounds
emitted from the ocean surface micro layer, organic matter, and long range transported particulate
matter or precursors from anthropogenic emissions in northwestern Africa, the Canary Islands,
and the European continent. The Cape Verde islands themselves were only a minor source of PM

because of the prevailing North-East trade winds and the location of the CVAO at the
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northeastern shore of the island S&o Vicente.

3.4 Inter-relationship between ionic species

3.4.1 Nitrate and nss-sulfate

Nitrate and nss-sulfate showed good correlations during the winter and the summer (r2 = 0.72)
seasons (Nov-Apr and May-Oct, Figure 5) which could be attributed to their anthropogenic origin
due to observation of frequent elevation of these concentrations during long range transport from

Europe and Africa.

[1 Please insert Figure 5 here

The higher slope of the regression line during summer in comparison to that of winter is
indicative of the presence of an additional source of nss-sulfate such as the production through
photochemical processes. In principle, both ions in the particle phase or their gas phase
precursors might be transported in higher amounts from the European and African continent
during winter.

However, during summer the photochemical production of particle phase nitrate and sulfate is
higher and the production of nss-sulfate from marine precursors such as DMS may also increase.
This may therefore lead to the observed increase in the nss-sulfate concentration reflected by the
increase in the slope. The combined effects of increased winter emissions of anthropogenic
precursors reduced winter and enhanced summer photochemical conversion and summer
enhanced ocean emissions might explain the effect depicted in Figure 5.

However, further investigations are necessary in order to clearly explain the depicted difference.

3.4.2 Nss-sulfate and Oxalate

The scatter plot of nss-sulfate and oxalate shows weak correlation between both species during
winter and summer. However, the winter correlation (Fig. 6a) was weaker than the summer
correlation with a lot of scattering in the data. These correlations were only observed during days
with high marine air mass influence and low aerosol mass loading with negligible influence from
anthropogenic emissions. During a period of eleven days with dominant marine influenced air

mass in spring 2011, an even stronger correlation between nss-sulfate and oxalate (r2 = 0.90) was
19
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observed (Fig. 6¢).This suggests that there is a strong influence of surface water temperatures on
oxalate and nss-sulfate concentrations. It can be assumed that the clean air mass was fed only by
marine emissions of DMS, ethene and other marine organic precursors and subsequent
photochemical aqueous phase reactions might have led to the formation of oxalate (Tilgner and
Herrmann 2010). As mentioned above, high surface water temperature are known to also
influence the production of nss-sulfate. Thus we conclude that both nss-sulfate and oxalate
could have originated from different precursors of marine origin such as from marine organisms’

e.g algae or from their emissions.

[1JPlease insert Figure 6 here

3.4.3 Ammonium and chlorophyll A

Figure 7 shows the concentration profiles of ammonium, chlorophyll A and oxalate. The
temporal variability of ammonium and chlorophyll A showed similar trends implying a
coincidence of these species. Increase in ammonium concentration was often correlated with an
increase in chlorophyll A concentration in the ocean’s surface. The chlorophyll A concentration
was taken from monthly averaged MODIS Aqua satellite images over a region east and northeast

of Sdo Vicente achieved from http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html. The

chlorophyll A maximum was observed between May and June. Chlorophyll A concentrations in
the region northeast of Cape Verde is usually higher in spring than in the other seasons and it is
influenced by the delivery of nutrients by higher upwelling intensity (Lathuiliere et al. 2008;
Ohde and Siegel 2010) in the Mauritanian upwelling region. The observed coincidence between
ammonium and chlorophyll A suggest that the ocean might be a source of ammonium in this

region as previously explained above.

[1 Please insert Figure 7 here

A similar correlation between chlorophyll A and ammonium has been reported before. Clarke
and Porter (1993) found good correlation between enhanced ammonium aerosol concentrations
and enhanced chlorophyll concentrations during an equatorial Pacific Ocean cruise and
concluded the observed ammonia was a result of equatorial upwelling. Jickells et. al. (2003) also

concluded on the basis of isotopic measurements of ammonium in marine aerosols that the ocean
20
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was a possible source of their observed ammonium concentrations in the North and South
Atlantic Ocean.

Quinn et al. 1988 also observed ammonia in the remote Pacific Ocean and the atmosphere and
concluded that the observed atmospheric ammonium originated from the ocean. Although the
ocean is a significant source of ammonia during remote conditions, long range transport of
ammonia or ammonium salts from the African continent or SW Europe were also important

sources of ammonia in this region.

3.4.4 Elemental carbon (EC) and nss-potassium

A similar temporal variation was observed in the time series of nss-potassium and elemental
carbon concentrations during dust events when elevated OC and EC concentrations were
observed (Figure 8) with correlation factor (rz2 = 0.6). In principle, this correlation was only
observed during about 50% of the time when air mass inflow was from Africa. Nss-potassium is
a known tracer for biomass burning activities. This correlation thereby suggests that biomass
burning could partly account for the observed EC concentrations at CVAO especially during air
mass inflow from Africa. However, when the air mass origin was from Europe or from the

oceans, no correlation could be observed between nss-potassium and EC.

[1 Please insert Figure 8 here

3.5 Bromide and chloride depletion in PMyg

Bromide and chloride deficits indicate significant reactive cycling of halogens and do influence
the reactive capacity of the marine environment by the release of more reactive chloride to the
atmosphere. Bromide and chloride deficits in marine aerosols have been reported in different
marine environments (Kerminen et al. 1998; Yao and Zhang 2012; Mozurkewich 1995, Kumar
A, and Sarin M., 2010). The reported (Liebezeit 2011) sodium to chloride (bromide) mass ratio in
sea-salt is 0.56 (162.4), and the molar ratio is 0.85 (46.73). The chloride (bromide) depletion is
estimated as the percentage loss in chloride (bromide) from sea salt chloride (bromide)
concentrations leading to higher values of the sodium to chloride (bromide) ratios. In the
atmosphere, when bromide and chloride react with acidic gases or particles containing nitric,

sulfuric, or organic acids to form HOX, X, and other compounds, the evaporation of volatilee
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bromine/chlorine compounds occur and bromide and chloride losses are observed in marine
aerosols leading to an increase in the sodium to chloride (bromide) ratio. This effect of
bromide/chloride depletion is known to increase with decreasing particle size from about 30 % to
100 % in the presence of anthropogenic pollutants (Hsu et al. 2007; Quinn and Bates 2005). In
this study, bromide and chloride depletion was observed in PMy, samples and are discussed

according to seasons, sampling height and dust concentration.

[1 Please insert Figure 9 here

[J Please insert Table 5 here

Figure 9 shows the temporal variation in the chloride/bromide depletion and aerosol mass
concentration during 5 years of measurements at CVAQO. Bromide loss was always higher than
chloride loss with average bromide and chloride losses of about 80 % and 16 %, respectively.
Periods of Saharan dust influence observed as peaks in the aerosol mass concentrations, usually
yielded low bromide (62 %)/chloride (9 %) loss as otherwise. The lowest depletions were
observed when measurements were performed close to the coastline at a 4 m sampling height.

At lower sampling height, fresh sea spray particles have shorter residence time in the atmosphere
prior to their collection and thus should have insignificant bromide/chloride deficits. However,
due to the mixture of aged and long range transported aerosols with the freshly emitted marine
particles, bromide (chloride) depletions of about 4 % was observed at this height. In Table 5 the
average chloride and bromide deficits for the typical air mass inflow of the particles and their
precursors are given. Higher halogen depletion was observed during periods of low aerosol mass
concentration with less influence of Saharan dust. Long range transported and aged sea-salt
particles loose more chloride (bromide) due to their long atmospheric residence time and thus
more time for interaction with acidic compounds. The highest chloride (bromide) loss of about
30% (87 %) was observed when air mass crossed southwest Europe prior to its arrival at CVAO
and had relatively long (72 h) residence time over the ocean. The more anthropogenically
influenced SW European particles and gaseous compounds thus had sufficient time to adsorb
onto andreact with sea salt particles resulting in a higher exchange and displacement of
halogenides from sea salt particles as compared to periods when particles spends less time over
the ocean as it’s the case during Saharan dust events.

The chloride depletion during winter and summer marine air masses (Figure 1A), was about 5%
22
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lower than the loss observed during SW Europe influenced air mass inflow. The air mass origin,
aerosol acidic component concentration and the sea salt particle atmospheric life time were the
determining factors towards the halogenide depletion. The deficits were higher in the summer
than in the winter. This was likely due to varying solar irradiation intensity and the concentration
difference of the aerosol acidic components of sulfuric and nitric acid in these samples. During
marine influenced air mass inflow the nss-sulfate concentration in the summer was twice as much
as that observed in the winter, likely due to increase in the emission of marine nss-sulfate
precursors as previously explained. Thus the additional nss-sulfate source and higher solar
irradiation are most probably one of the reasons for the increased chloride/bromide loss during
the summer in comparison to the winter for marine influenced air masses.

Nevertheless, although the concentration of nitrate and non-sea salt sulfate was high during
Saharan dust events, the chloride/bromide depletion was found to be the lowest. Figure 9 depicts
a clear anti-correlation between PM mass concentration and halogenide loss. This effect was
clearly seen in winter 2007/08 and 2010/11. During the winter 2008/09 the dust events were less
intensive and the winter sampling period 2009/10 took place at a lower sampling height with a
greater influence of sea spray.

During dust events, there is not only an increase in acidic species, but also an increase in cations
and carbonates. The increase in cations concentration provides additional reactive sites for the
acidic species thus reducing the possibility for the direct reaction on sea salt particles, and
therefore, decreasing the overall displacement of halogenides from sodium. Furthermore, gaseous
halogenides could react with CaCO3 as shown by Sullivan et al. (2007) leading to a buffering
effect of the dust on the sea salt particles, thereby resulting in a more externally mixed aerosol.
Thus a combination of low residence time as mentioned above and higher competition of cations
sites during dust events leads to a lower effective loss of chloride and bromide from sea salt
particles in comparison to the other situations. We thus suggest that in this region of the Atlantic,
these three processes, photochemistry, air mass residence time and concentration of acidic
components are the determining driving factors towards halogenide deficits in the observed

aerosol.

3.5.1 Contribution of acidic species to chloride depletion
The most important aerosol acidic species are nitric and sulfuric acids since their concentrations

are far higher than those of other acidic species such as oxalic acid (in non-dusty aerosol). As
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explained above, the highest chloride deficit was observed when air mass inflow was from
Europe. The scatter plot of equivalent concentrations of Na* and CI” (Figure 10a) shows that the
data points fall below the theoretical values in sea water and only approaches this line when the
CI" concentration is matched with nitrate and nss-sulfate concentrations (Figure 10b). Thus,
assuming all available nitrate and nss-sulfate species were involved in chloride depletion, this
would account only for about 90% of the chloride depletion. The actual contribution of these
species is, however, much less since they may also be associated with NH4*, nss-K* or Ca?* that
are possible neutralizers of the available nitric and sulfuric acids.Thus, considering the
neutralization of sulfuric or nitric acid by ammonium or other cations, the excess sulfuric or nitric
acid available will be even less and they would thus account for less than 90% of the chloride
depletion. This indicates that during air mass inflow from Europe other process mechanisms
different from acid displacement reactions such as photochemical reactions with ozone or NO

(Behnke and Zetzsch 1990) could have been involved in chloride depletion.

[1 Please insert Figure 10 here

A similar tendency was observed in samples where air mass inflow was of marine origin during
the summer. The estimated chloride loss was about 26 % and the concentrations of the acidic
components were also elevated, but the acid displacement of neither nitric nor sulfuric acids was
sufficient to account for the chloride loss. Their contribution however could only explain about
95 % of the chloride loss assuming these species were not associated with other cations. The only
situation whereby acidic species could sufficiently account for chloride loss was during Saharan
dust events as shown in Figure 9c and 9d. The scatter plot shows good correlation slightly above
theoretical sea water line for Na® and CI" when Clconcentrations are marched with NOjs,
indicating that ,within error margins, nitric acid displacement was the main reaction leading to
chloride loss during dust events. This claim is supported by results of size resolved distribution of
aerosol components previously reported by Miller et al. (2010) which showed that during dust
events, about 90 % of nitrate is found in the coarse mode together with sea salt particles while
nss-sulfate concentration are concentrated in the fine mode. Thus in all non-Saharan dust
influenced days at CVAO, photochemistry was a determining factor towards chloride loss, while

during dust events, nitric acid played the major role.
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3.6 PMF source apportionment analysis

The positive matrix factorization analysis (PMF) was applied to identify the possible sources of
the aerosol observed at the CVAO during the investigated time period. The chemical composition
matrix was made of the 12 analyzed chemical species (water soluble ions, OC and EC). Three
major sources were identified by having clear different signatures as fresh sea-salt, aged sea-salt
and long range transport. Figure 11 shows the source profiles (blue bars) and the relative
contribution of each factor to the total species concentration in the samples (red squares). There
was no ideal tracer for mineral dust since trace metal analysis were not performed on these filters.
However, due to the strong correlation between nss-Ca** and Ca?* during dust storms (r2 = 0.99),
calcium occurrence was considered as a possible indicator of mineral dust or long range
transported dust particles. The fresh sea salt factor was characterized by similar (Liebezeit 2011)
sea water proportions of Na (35 %), Cl (54 %), sulfate (7 %) and magnesium (4 %). The model
obtained fractions were quite similar to reported sea water concentration and indicated that PMF
is a useful tool in identifying sources in complex aerosol samples. In principle, this factor
represents freshly emitted sea salt particles due the strong agreement with sea water proportions
and the little association with non-sea salt species. Thus, freshly emitted sea salt particles
dominated the ionic composition of the aerosol as it made up about 50 % of its ionic and organic
matter content (Figure 12). This factor could account for the total bromide and 50 % of chloride,

sodium, potassium and magnesium concentrations in the samples.

(1 Please insert Figure 11 and Figure 12 here

The aged sea salt source was the second most important source making up about 36% of the total
ionic and organic mass. It was characterized by elevated sulfate (14 %), nitrate (6 %) and OC
(4 %) concentrations associated with sea salt particles. This source describes sea salt particles that
interact with acidic gases or marine emitted organic matter such as SOA and nss-sulfate from
DMS chemistry. The lower chloride (42 %) to sodium (31 %) ratio in this factor is a strong
indication of chloride loss due to one of the processes mentioned above. As has also been
reported in other works (Amato et al. 2009), sulfate and nitrate association with sea salt particles
in this work was also considered as an indicator for the aged sea salt source. This source could

account for about 62 % of the total observed soluble calcium, 58 % of the sulfate, 45 % of the
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nitrate and 25 % of the organic matter observed in the samples.

Finally, the long range transport factor was characterized by calcium, organic and elemental
carbon, as well as elevated sulfate and nitrate concentrations. This factor could explain 14% of
the source of the investigated ionic and organic components. The unique tracer for this factor was
the presence of EC. EC as well as OC can originate from traffic emissions, biomass burning, or
ship emissions. Emitted particles from such anthropogenic activities may only reach the CVAO
via long range transport. This factor could account for the presence of all EC, 80% of the OC and
60% of the nitrate observed at the CVAO. A comparison of this factor with our Saharan dust
estimation showed most of the time a similar time series. Therefore, the estimated mineral dust
profile could be explained by the long range transport source.

Although the PMF model could not successfully separate mineral dust and long range transported
particles due to the limited data input, the obtained results are still representative of this region of
the Atlantic and are unique and show that mineral dust contributes to not more than 14 % of the

water soluble ions and organic mass budget at CVAO.

4. Conclusions

Saharan dust and sea salt dominate the PMj, aerosol constitution in near surface air masses at the
CVAQO. At the standard collection height of 32 m at the CVAO, the long term mean of sea salt
and total PMyo aerosol were 11 pg/ms and 47 pg/m3, respectively, of which Saharan dust made up
55% of the PMyy, mass. Secondary ionic species, elemental carbon, organic matter and water
completed the particle constitution. Seasonal variations were found for aerosol mass, dust, nss-
sulfate, EC, OM and ammonium. Marine precursors could explain about 40 + 20 % of the
observed nss-sulfate. Ammonium and oxalate were often correlated with chlorophyll A which
suggests that ammonia and oxalic acid had also marine precursors in this environment. A distinct
seasonality was observed for the halogenide depletion with the minimum in winter due to the
occurrence of Saharan dust events and the lower irradiation intensity in non-dust periods.
Chloride depletion varied between 10 % and 35 %. In marine air masses during the summer and
in polluted air masses from SW Europe, bromide was often fully depleted while chloride
observed its highest depletions. Photochemistry, air mass residence time and concentration of
acidic components were the main factors controlling halogenide depletion in this region. While

photochemistry was decisive during summer, nitric acid played a major role towards chloride
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depletion during dust storms.

Ground based long-term investigation of PM at the CVAO is an important step towards
understanding the role of aerosols in ocean atmosphere interactions especially in the tropical
Northeast Atlantic. The observed strong annual and seasonal variation of the aerosol constitution
provides useful information to the type of atmospheric nutrient deposition and the ocean responds
to this deposition over the past five years. Such investigations are quite useful since they provide
the relevant background knowledge for understanding in the long term the role the atmosphere
and the Ocean plays in the global climate. Such long term observations are highly encouraged
and would be essential in initializing model runs that can then in more detail describe the link
between the atmosphere ocean interaction and the global climate. Air mass origins with dust
source regions, oceanic and meteorological influences during air mass transport must be further

investigated to understand their effects on the global climate.
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Table 1:  HV-Filters collected at the CVAO from 2007 to 2011.
2007 2008 2009 2010 2011

Total amount 105 105 154 148 159
72-hour-samples 45 69 66 105 85
24-hour-samples
during intensive 60 36 88 43 74

campaigns

Collected at 32m 105 105 132 50 159
Collected at 4m 22 98

Table 2 Minimum, maximum, 5 year average and standard deviations (ug/m?) of PMyq

aerosol components at CVAO.

Components Min Max Mean Median Stdev
mass load 4.00 601.83 47.20 30.10 55.50
Dust 0.00 575.56 25.90 9.70 51.10
Sea salt 0.71 39.67 11.00 10.71 5.10
o} 0.35 21.17 5.70 5.43 2.70
Br Bdl 0.25 0.005 0.003 0.01
NO3 0.14 3.76 1.10 1.00 0.60
SO, % 0.31 7.38 2.50 2.33 1.20
Co04 % Bdl 0.46 0.08 0.06 0.10
Na+ 0.25 12.74 3.70 3.72 1.70
NH,* Bdl 0.76 0.09 0.05 0.10
K* Bdl 0.86 0.13 0.13 0.10
Mg** 0.05 1.34 0.40 0.37 0.20
Ca* Bdl 4.44 0.64 0.46 0.60
OM (0OC*2) Bdl 6.67 1.02 0.67 1.04
EC Bdl 1.32 0.13 0.08 0.16

Bdl : below detection limit.
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Table 3:

sampler between January 2007 and November 2011 on top of the tower*.

season Mar-May Jun—Aug Sep—Nov Dec-Feb Total
Mass: >200 pg/m? 2 0 1 15 18
Mass: 90-200 pg/m3 7 4 10 22 43
Mass: 20-90 pg/m3 62 98 91 98 349
Mass: <20 pg/m? 47 22 19 41 129
Total samples 118 124 121 176 539

*Samples collected between 23™ of October 2009 and 09™ of July 2010 were not included here

because of the lower sampling height on the container roof.

Seasonality of PMj, particle mass concentration collected with DHA-80 HV-filter

Table 4: Comparison of published averaged oxalate concentration in PM;o aerosols with
the results of this study
Sampling site Sampling interval Oxalate [ug/m?] Reference
CVAQ, marine non- Winters 2007-2011  0.07+0.06 This study
polluted
CVAO, marine non- Summers 2007- .
polluted 2011 0.06+0.05 This study
0.12+0.06
' Africa
CVAQ, continentally 2007-2011 (Afric2 This study
influenced 0.12+0.05
(Europe)
Amsterdam Island 2003-2007 0.0003 - 0.017 L
(Rinaldi et al. 2011)
Mace Head 2006 0.0027 —0.039
Tropical to Northwest (Kawamura and Sakaguchi
Pacific Sep-Dec 1990 0.040 1999)
Tropical Atlantic April 1996 0.052+0.030 (Johansen et al. 2000)
Atlantic Ocean 25°N - 4°S November 1999 0.074+0.048 (Virkkula et al. 2006)
Hong Kong December 2000 0.35 (Yao et al. 2002)
Sapporo , Japan August 2005 0.196 (Pavuluri et al. 2012)
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1107 Table 5: Comparison of major non-sea-salt components and halogenide depletion (mean
1108 values and standard deviation as an estimation of the scatter) in four classes of
1109 particulate matter collected at the tower at the CVAO.
1110
_ Dust — rich Marine Marine Europe
Concentration ) Mean of all
Saharan aerosol aerosol influenced
[ng/m3] . samples
aerosol summer Winter aerosol
Mass concentration 173.4+95.5 16.4+4.5 145458 35.3%x13.6 47.3+55.5
(N) (56) (43) (33) (55) (539)
Dust (estimated) 144.6+95.8 2.742.6 2.0+4.1 6.1+9.9 25.8+51.4
oM 3.16£1.69 0.58+0.35 1.04+0.7 0.86+0.47 1.01+1.04
EC 0.38£0.32  0.05+0.05 0.04+0.03 0.12+0.08 0.13£0.16
Nitrate 1.75£0.69  0.58+0.28 0.48+0.22 1.36+0.49 1.10+0.56
Non-sea-salt Sulfate 2.46x1.05 1.01+045  0.47+0.31 1.76%0.99 1.54+1.04
Ammonium 0.064+0.08  0.07£0.05  0.036+0. 0.165+0.18 0.088+0.10
Time over Ocean [h] <48 >120 >120 >72 --
Chloride depletion [%] 8.848.5 26+15 20+13 30+12 16+10
Bromide depletion [%] 62+42 88+13 83+20 87+11 80+20
[CIT7/[Na"]
_ 1.06 0.95 1.03 0.80
(1.17 in sea water)
[CI'+ NO3] /[Na'] 1.19 1.02 1.10 0.91
1111
1112
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Figure 1. Typical 96 hour air mass back trajectory ensembles calculated for CVAO during the
routine filter sampling periods, aerosol type and PMj, mass concentration are given in
parentheses: A) 02-May-2011: marine air mass from Northern Atlantic Ocean (mass, m=8.28
png/md); B) 14-Jan-2011: Saharan air mass (dust loaded, m=155.04 pg/ms3); C) 12-Jul-2008:
slightly polluted air mass from the Northwest-African coast and the Canary Islands, m=21.61
pg/m3. D) 02-Feb-2011: Air mass from Europe crossing the coast-line of NW Africa and the
Canary Islands (anthropogenically influenced, m=64.89 pg/ms?);
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1127  Figure 2. Averaged PMjo constitution for 183 marine samples (left) and 49 mineral dust
1128 dominated aerosol samples (right) collected at 32 m on top of the tower.
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Figure 3. Time series of mass concentration and major PM;o aerosol components in filter samples
collected during the five years from 2007 to 2011. During the period from 23 October 20009 till
09 July 2010 (red line) all samples were collected on top of a storage container with an inlet
height of 4 m above ground, all other samples were collected on top of the tower with an inlet

height of 32m above ground.
40



1137
1138

1139
1140

1141
1142
1143
1144
1145

180
160
140
120
100
80
60
40
20

mass conc. [pg/m?

0.5

0.4

0.3

EC (ng/m’]

0.2

0.1

0.0

2.5

2.0 A

nitrate [ug/m?3

0.5

0.0

1.5 4

1.0

mass

& 2007
| 2008
A 2009
> 2010
¥ 2011

EC

¢ @ 2007
i | 2008
A 2009
X 2010
¥ 2011

X %
~@=ECmean

cC 0
[ T]
s B 1 6

Jun

Jul
Aug
Sep

C-DEE_E'CBMQ‘U)%
EPrs 85223802 8

sulfate [pg/m?3)

OM [ug/m3

conc. [pg/m3)

3.0

2.5

2.0 -

1.5

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

0.4

0.3 -

0.2 4

0.1

0.0

nss SO,

& 2007
| 2008
A 2009
% 2010
K 2011
=@-mean

lan

Jun

Jul

C_QI*-’- C_DBQ_IU>U
Eg25E853353838
NH,*
4
L 4
& 2007
| 2008
A 2009
% 2010
K 2011
R = - —=@®-=mean
3 ammX
AI
e o T~ € 353 W o g > 0L
F222853253:238

Figure 4. Annual variability and monthly mean of PM1o mass concentration, non-sea-salt sulfate,

elemental carbon (EC), organic matter (OM), nitrate, and ammonium during the five years of

measurements for samples collected on the tower.
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Figure 5. Correlation between nitrate and nss-sulfate between Summer and Winter in samples

collected from July 2010 to November 2011.
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1158  Figure 6. Correlation between nss-sulfate and oxalate in filter samples during 2010/2011, above
1159  (a) winter, (b) summer, and below (c) concentration and correlation during a marine clean air
1160  episode in May 2011.
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1168  Figure 7. Monthly mean of chlorophyll A in the tropical NE Atlantic (selected area for averaging:
1169  Lat(16.985, 24.895), Lon(-24.87, -18.278)) , oxalate and ammonium in PMy, aerosol samples
1170  collected at the CVAO.
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Figure 8. Time series of nss-potassium (nss-K*) and elemental carbon (EC) measured during air

mass inflow from Africa revealing similar temporal variations.
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Figure 10. Scatter plots between a) Na* and CI', b) Na* and CI"+ NO3z+ nss-SO,* during summer

marine air mass inflow and ¢) Na* and CI', d) Na" and CI"+ NO3™ during Saharan dust events at
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Figure 11. Source profiles identified from measured PMi, components at CVAO. Results are
from 671 analyzed filters. The relative contribution of each species to a given factor is represent
as blue bars while the relative contribution of each factor to the total specie concentration is
represented as red square (right axis).
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Figure 12. Average contribution of each source to the total analyzed species
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