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Abstract. The first long-term aerosol sampling and chemi- tween nss-sulfate and oxalate during the summer and win-
cal characterization results from measurements at the Caper seasons, indicating a likely photochemical in-cloud pro-
Verde Atmospheric Observatory (CVAO) on the island of cessing of the marine and anthropogenic precursors of these
Sao Vicente are presented and are discussed with respespecies. High temporal variability was observed in both chlo-
to air mass origin and seasonal trends. In total 671 samplesde and bromide depletion, differing significantly within
were collected using a high-volume R§sampler on quartz  the seasons, air mass history and Saharan dust concentra-
fiber filters from January 2007 to December 2011. The samiion. Chloride (bromide) depletion varied from 8.8 +8.5%
ples were analyzed for their aerosol chemical composition(62 + 42 %) in Saharan-dust-dominated air mass to 30+ 12 %
including their ionic and organic constituents. Back trajec- (87 £ 11 %) in polluted Europe air masses. During summer,
tory analyses showed that the aerosol at CVAO was stronglyoromide depletion often reached 100 % in marine as well as
influenced by emissions from Europe and Africa, with the in polluted continental samples. In addition to the influence
latter often responsible for high mineral dust loading. Seaof the aerosol acidic components, photochemistry was one
salt and mineral dust dominated the aerosol mass and mad# the main drivers of halogenide depletion during the sum-
up in total about 80 % of the aerosol mass. The 5-yeat®M mer; while during dust events, displacement reaction with
mean was 47.1+55.5 ugm, while the mineral dust and sea nitric acid was found to be the dominant mechanism. Posi-
salt means were 27.9+48.7 and 11.1+5.5 qgnrespec-  tive matrix factorization (PMF) analysis identified three ma-
tively. Non-sea-salt (nss) sulfate made up 62 % of the totafjor aerosol sources: sea salt, aged sea salt and long-range
sulfate and originated from both long-range transport fromtransport. The ionic budget was dominated by the first two
Africa or Europe and marine sources. Strong seasonal variaef these factors, while the long-range transport factor could
tion was observed for the aerosol components. While nitrateonly account for about 14 % of the total observed ionic mass.
showed no clear seasonal variation with an annual mean of

1.1+0.6 ug 3, the aerosol mass, OC (organic carbon) and

EC (elemental carbon), showed strong winter maxima due to

strong influence of African air mass inflow. Additionally dur- 1 Introduction

ing summer, elevated concentrations of OM were observed

originating from marine emissions. A summer maximum wasThe interest in research on atmospheric aerosols is not only
observed for non-sea-salt sulfate and was connected to periimited to heavily polluted megacities and other strongly an-
ods when air mass inflow was predominantly of marine ori- thropogenically polluted areas; also concerns naturally mo-
gin, indicating that marine biogenic emissions were a sig-bilized dust and sea salt aerosols which are in the focus of
nificant source. Ammonium showed a distinct maximum in marine chemistry, biology and atmospheric chemistry (Raes
spring and coincided with ocean surface water chlorophyllet al., 2010; Radhi et al., 2010; Heller and Croot, 2011; Car-
a concentrations. Good correlations were also observed bepenter et al., 2004; Quinn and Bates, 2005; Formenti et al.,
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2011). The creation and operation of the Cape Verde Atmo-derstanding of atmospheric processes quite difficult. Such
spheric Observatory (Observatério Atmospherico de Cabdong-term data sets have been often requested (Mahowald et
Verde: Humberto Duarte Fonseca, CVAO) in 2006, locatedal., 2005), but only a few data actually exist for the region of
on S&o Vicente Island, was a joint activity of British, Ger- the tropical North Atlantic (e.g., Kandler et al., 2007; Chia-
man and Cape Verdean scientific institutes with funding frompello et al., 1995). Chiapello et al. (1995) collected filter sam-
the European Union (EU), national scientific projects and in-ples over 3 years for metal analyses at the Cape Verde island
stitutions. On the one hand, the CVAO is downwind of the Sal from a region that was far from the coastline and influ-
Mauritanian coastal upwelling region off northwest Africa, enced by the island itself. There are also some data from ship
an area of high marine biological productivity. Observations cruises and short-term experiments near this region (Chen
made at the CVAO therefore provide information on links be- and Siefert, 2004; Rijkenberg et al., 2008; Kandler et al.,
tween atmospheric compositional changes, marine biology2011). Long-term observations were made in the subtropical
and climate. On the other hand, satellite, ground-based, shipegion at Izafia (Tenerife) 1500 km NNE from S&o Vicente,
and aircraft measurements have shown the outflow of Sabut Izafa is located at 2373 m a.s.l. (above sea level) and
haran dust into the Atlantic Ocean usually across the Capé&anta Cruz is influenced heavily by local pollution (Alastuey
Verde islands (Chiapello et al., 1999; Formenti et al., 2003;et al., 2005). Long-term measurements in a remote site in
Reid et al., 2003; Tesche et al., 2011; Gelado-Caballero ethe eastern tropical North Atlantic Ocean are not known. In
al., 2012), making them a suitable location for characterizinga recent study (Schulz et al., 2012), a marine atmospheric
mineral dust. The station is situated at the far edge of the ismonitoring network for long-term observations of dust trans-
land in the direction of air mass inflow to the island so that port and deposition to the ocean was asked for as well as en-
air masses observed at the station are free from local pollueouraged for future harmonized activities in marine aerosol
tion, thereby making the station suitable for also performingresearch. The measurements at the CVAO intend to improve
remote marine aerosol experiments. The atmospheric depan the present data scarcity and also meet other expectations.
sition of nutrients that are derived from dust — such as nitro- Within the present study the long-term Ryhigh-volume
gen, phosphorus and iron compounds — into the oceans playfdter measurements at the CVAO are discussed. The pre-
a crucial role in marine biogeochemical cycles and in somesented results aim to deliver the first long-term data set of
areas establishes a major nutrient input to the open oceareerosol chemical composition for further use, e.g., in marine
(Cropp et al., 2005; Ohde and Siegel, 2010; Bates et al.biogeochemistry research and for marine aerosol modeling,
2001). The role of desert aerosols in atmospheric processeshere long-term experimental data on the aerosol constitu-
strongly depends on a variety of physicochemical parametion and its size-resolved chemical composition are needed.
ters and their spatial distribution and transformations in theThe results are focused on samples collected since the cre-
atmosphere (Kelly et al., 2007; Lee et al., 2010). ation of the CVAO in 2007 until the end of 2011. The aspects

During late spring and summer, the CVAO site mostly re- addressed are particulate mass concentrations, chloride de-
ceives North Atlantic marine air masses along the NNE tradepletion, concentration of ionic components, organic matter
winds, which, although sometimes influenced by the Mauri-(OM) and elemental carbon (EC). The mineral dust fraction
tanian upwelling, provide the possibility for long-term stud- of the aerosol particles and its seasonal and interannual vari-
ies of “background” Atlantic air and its associated trace gasesbility are also discussed. Back trajectories were used to clas-
of oceanic origin. During late fall and winter, Cape Verde sify typical source regions. Related works from the CVAQ in-
is situated in the direct transport pathway of Saharan dustlude first investigations from short-term experiments of PM
from Africa to the North Atlantic. During this season dust is characterization (Fomba et al., 2013; Mdiller et al., 2010) and
transported in the lower troposphere and the deposition takesf specific organic single compounds (Mdller et al., 2009).
place mainly over the eastern tropical Atlantic (Schepanski
et al., 2009) and Cape Verde.

In principle, atmospheric chemistry in this region of the 2 Experimental
Cape Verde Islands is expected to be influenced by emissions
from the ocean (Mahajan et al., 2010; Read et al., 2008)2.1 Site and sampling
Saharan dust; and anthropogenically released gases and par-
ticles from continental Africa, southwestern Europe and inSampling was done at the CVAO, which is located at the
minor cases North American sources. northeastern shore of the island of S&o Vicente in Cape

The investigation of the role of mineral dust in the ocean Verde. The sampling site is situated 70 m from the coastline
has been the focus of a number of research and ship cruis€46°51'49 N, 245202 W) about 10 m a.s.l. This region expe-
along the tropical Atlantic Ocean (Bates et al., 2001; Chenriences constant northeastern winds from Africa through the
and Siefert, 2003; Allan et al., 2009). However, these mea-Canary Islands. The average annual temperature at the CVAO
surements have mostly focused on short-term measuremenis 23.6 £4.0°C, and it is an arid region with a maximum of
during intensive field campaigns that last for 3-6 weeks, mak-24—-350 mm rainfall per year. The precipitation frequency is
ing predictions about seasonal variability and long-term un-about 3 to 10 events per year mainly between August and
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October. Therefore, the wet deposition of particles in this re-Table 1.HV filters collected at the CVAO from 2007 to 2011.
gion is negligible. A more detailed description of the mete-

orological conditions can be found (Carpenter et al., 2010). 2007 2008 2009 2010 2011
Sample collection was performed on top of a tower with an 1531 amount 105 105 154 148 159
inlet height of 32 m to reduce the direct influence of sea spray 72h samples 45 69 66 105 85

on the collected particles. Due to the location of the sta- 24h samples during 60 36 88 43 74
tion, influences from the island like orographic influences in intensive campaigns

dust sedimentation and anthropogenic emissions are negligi- Collected at 32m 105 105 132 50 159
ble. Thus the collected samples are representative of a clean Collected at4m 22 98
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 influenceson separation a combination of AG18 and AS18 (2 mm)
from the island could be observed. was applied, while for the cation separation CG16 and CS16
All background meteorological data, temperature, relative(3 mm) were used. Chromatographic calibrations were car-
humidity and wind measurements were collected from 3lried out daily using a four-point standard (Fluka, Switzer-
and 10 m heights at a frequency of 1 Hz, then averaged ovefand). The detection limits for all ions measured by con-
1 min and 10 min to hourly values. Atmospheric pressure ancuctivity detection were within 0.002 pgTh except for cal-
broadband UV radiation were recorded at a 4 m height. cium, which was 0.02 pg nf. Bromide was detected using
Particle sampling was done using a high-volume (HV) UV/VIS detection (VWD-1, Dionex) with a detection limit
collector with a PMg-inlet (Digitel filter sampler DHA-80,  of 0.001 ug n3. Analyzed field blank filters were used for
Walter Riemer Messtechnik, Germany) that was operatedlank correction via subtraction. Non-sea-salt sulfate (nss-
with an average flow rate of 5001 mif in a 24h sampling  sulfate) was determined from the subtraction of sea salt sul-
period during intensive campaigns and was switched to 72 Hate (ss-sulfate) from the total sulfate. Ss-sulfate was deter-
sampling period otherwise. The high-volume samples weremined from the stable ratio ﬁO/ Na" =0.251 (Liebezeit,
collected on acquired 150 mm preheated quartz fiber filter011) in sea water under the assumption that sodium has no
(Munktell, MK 360) and were further preheated in our lab- other sources.
oratory at 110C for 24 h to get rid of the OC background  Organic and elemental carbon were analyzed by a two-step
content. Our unpublished results of tests at higher temperathermographic method (C-mat 5500, Stréhlein, Germany)
tures delivered similar blanks, but the mechanical stability ofwith nondispersive infrared sensor (NDIR) detection as de-
the filters (abrasion and breaking resistance) was better whescribed in the following literature: Neusiiss et al. (2002),
handling at 110C. Gnauk et al. (2008) and Carpenter et al. (2010). The de-
After sampling, the filters were stored at@ and subse- tection limits for quartz fiber filter analysis were 30 ngn
quently cooled and transported to a freezer. The long-ternfor EC and 100ngm? for OC. For the determination of
storage and transportation of the collected filters from theOM (organic matter) the estimation of Turpin (Turpin et
CVAO to Germany was always carried out in aluminum al., 2000) was applied with OM considered as twice OC

boxes at-20°C. (OM = 2°0C), which is recommended for aged aerosols. In
. previous studies, results of single organic compounds were
2.2 Laboratory analysis presented (Miller et al., 2009, 2010; Alastuey et al., 2005),

] - while in the present work only oxalic acid concentrations
The filters were equilibrated for 72 h under constant tempersna|| pe discussed.

ature (20+ TC) and humidity (50+59%) before and after  Ajr mass back trajectory analyses were performed to as-
collection and weighed using a microbalance (Mod. AT261 st in the data interpretation and to provide useful hints on
Deltq _Range, Mettler-Toledo, Switzerland) with a reading arious air mass origins. Back trajectories ensembles (van
precision of 10 pg. Pinxteren et al., 2010) were calculated (starting 500 m above
For ion analysis, 25 % of the P} quartz fiber filter was ground) using the NOAA HYSPLIT (HYbrid Single-Particle

extracted with 30 ml Milli-Q water (>18Kkcm, 15min | agrangian Integrated Trajectorigttp://www.arl.noaa.gov/
shaker, 15min ultrasonic bath, 15min shaker). Sample exteady/hysplit4.htn)imodel.

tracts were filtered through a 0.45 pm one-way syringe filter

to remove insoluble materials prior to ion analysis. The ion2.3  Positive matrix factorization (PMF) analysis

analysis was performed for cations NaNH,, K+, Mg?t,

C&t+ and anions Ci and Br, NO;, 364* and czoi* Source apportionment of the analyzed aerosol chemical com-
using a standard ion-chromatography technique (ICS3000position (OC, EC, N&, NH;, KT, Mg?", C&*", CI~, Br™,
DIONEX, USA) equipped with an automatic eluent genera- NO3, sof; and Cgoi‘) was performed using the multilin-
tion (KOH for anions and methanesulfonic acid (MSA) for ear engine algorithm (ME-2) developed by Paatero (1999).
cations) and a micromembrane suppression unit. For the arResults were analyzed according to the ME-2 graphic
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interphase Sofi from Canonaco et al. (2013). Since posi-
tive matrix factorization (PMF) is a weighted least squares

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 concen-
trations. The PMF was run using two to five factors, and each
factor solution was evaluated using the seed. It was found
that the three-factor solution could explain the data most ap-
propriately and thus provided the most meaningful results
(Fig. S2 in the Supplement). The obtained solution was in-

terpreted 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 fac-

tors can be found in the Supplement.

3 Results

3.1 Back trajectory analysis

Hourly back trajectory analyses were performed for moregigure 1. Typical 96 h air mass back trajectory ensembles calcu-
than 600 samples. In general, 96 h back trajectory ensembléasted for CVAO during the routine filter sampling periods; aerosol
were calculated. The plots represent a trajectory ensemblgpe and PMg mass concentration are given in parenthef®s2
consisting of 648 single back trajectories calculated for a 24 tMay 2011: marine air mass from the North Atlantic Ocean (mass,
time interval of the individual samples. For a few sampling 7 = 8.28ugnT3); (b) 14 January 2011: Saharan air mass (dust
periods, longer back trajectories were calculated for a bettefoaded/n = 15504 ug n3); (c) 12 July 2008: slightly polluted air
understanding of possible sources since submicron particle@@ss from the northwestem African coast and the Canary Islands,
could have longer atmospheric lifetimes (Jaenicke, 1980) de = 2161 Hg T, and(d) 2 February 2011 air mass from Europe
pending on the height (Williams et al., 2002). The most im- crossing the coastline of NW Africa and the Canary Islands (anthro-

X 2 . ) ogenically influencedy = 64.89 pg n3);
portant air mass origins were classified as follows (Fig. 1): Pod Y d Hg =)

(A) The air mass spent the last 96 h over the Atlantic Ocean
and was from the North Atlantic or western North At- Late fall and winter are the typical dust seasons at the Cape
lantic Ocean (16.5 % of all samples). Verde islands. During this time easterly and northeasterly
winds transport Saharan dust into the tropical eastern At-
(B) The air mass spent less than 48 h over the ocean in th@ntic. During spring and summer, the air mass origin is
last 96 h before arriving at CVAO and originated from mainly marine, but sometimes the trade winds cross the
the African continent, crossing over the Saharan, urbamafrican coast in Morocco and Western Sahara and at times
sites (Nouakchott, Dakar, etc.) as well as biomass burnoriginate from the Iberian Peninsula. Equatorial air masses
ing regions through the Mauritanian upwelling region to rarely reach the Cape Verde archipelago.
the CVAO (22.2 % of all samples).
3.2 Chemical characterization of the aerosol

(C) Air masses from the Atlantic Ocean crossing the Mau- constituents

ritanian upwelling region, partially NW Africa, Canary

)
Islands (26.3 % of all samples). A total of 671 samples were collected and analyzed for their

(D) Air masses which originated from or in SW Europe and chemical composition over the stated time period. Table 1
crossed the Mauritanian upwelling region, coastal areashows the overview of the total number of investigated sam-

in NW Africa and/or the Canary Islands and the easternPles in this work during the investigated time period. The ob-
North Atlantic Ocean (17.7 % of all samples). served difference in the number of collected filters between

the years is related to the different sampling routines that
(E) Allfurther back trajectories (17.3 % of all samples) that were implemented. During the first 4 months of sampling in
could not be assigned to the above four major classes2007, the samples were collected as 72 h samples within 1
This includes air masses that reached the CVAO fromweek in the regime of 3 h sampling and 4 h sampling break.
western Africa (south of the Sahara), the equatorial At- After the first intensive campaign (May/June 2007) during
lantic Ocean and from North America. which sample collection was done for 24 h without a break
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Figure 2. Averaged PM constitution for 183 marine samplés) and 49 mineral-dust-dominated aerosol samfif¢€ollected at 32 m on
top of the tower.

between filter sampling, the collection was changed to 3 day®ble effect on the estimated dust concentrations since the value
continuous sampling and 3 days pause within the time periodvas far smaller compared to the uncertainty related to the de-
of August 2007 and December 2008. Afterwards the sam-termination of the other measured ions. Mineral dust, which
pling period was fixed at 72 h without a break. A few excep- in this region was mostly Saharan dust, was the most domi-
tions to this sampling regime were caused by power failuresnant component of the particulate matter, with a 5-year aver-
at the CVAO and sampler defect in July/August 2009 (cf. Ta-age of 25.8+51.1 ugnt, equivalent to about 55% of the

ble 1). This explains the higher number of filters observedtotal average aerosol mass concentration. Strong temporal
in 2009 to 2011 in comparison to 2007 and 2008. From Oc-and seasonal variations were observed for the dust concen-
tober 2009 to July 2010 samples were collected on top of drations, with concentration ranging from 0 to 575.6 ug’m
container due to the reconstruction of the tower. At the lower The highest dust concentration was found during the win-
sampling height (4 m) the direct sea spray from the nearbyter season due to frequent Saharan dust events that were
coastline influenced the aerosol constitution enormously. Instrongly influenced by the Harmattan, a characteristic wind
these samples the sea salt concentration was about four teansporting Saharan dust in lower heights to the Atlantic
five times higher than in samples collected from the top ofOcean between the end of November and the beginning of

the tower. March. A few heavy-dust events were observed in spring and
fall but not in the summer. In general, differences were found
321 Mineral dust estimation and marine aerosol in the aerosol chemical composition during days of and days

without dust storms.
The estimation of the mineral dust content in the aerosol The mean aerosol_composmon of Saharan-dust-c_jomm_ated
. : . amples corresponding to aerosol mass concentrations higher
samples was achieved by the subtraction of all determine

species, including the estimated mass of water, from thehan 90ugm? and that of marine-aerosol-dominated days
P ' 9 ' with aerosol mass less than 20 pg$are shown in Fig. 2.

total mass. This was done as a first approximation sinceB L 3 .
. ; . oth situations had same chemical components — includ-
major mineral dust component such as Al, Si or Fe were,

ing water-soluble ions, organic and elemental carbon, wa-

not measured due to technical reasons. Thus, the miner?l . o . L
. er and mineral dust — with different fractional composition.
dust assumed here is analogous to the rest of the unde:

termined aerosol component and is thus considered as th'g‘S would be expected aerosol water was lower during dust

X ) . torms than during marine-influenced days. Sea salt concen-
maximum possible dust concentrations. The water COntenfrations did not change significantly during and without dust
of the samples was estimated via the E-AIM (Extended ge sig y 9

Aerosol Inorganics Model) 11l of Clegg et al. (1998). This storms. However, the relative contribution of sea salt was

model, however, delivers higher water content values thanhlgher in marine-influenced air masses than in Saharan dust

S . L air masses.
the application of a hydration multiplication factor of 1.29 to : . .
. . Higher concentrations were also observed for sulfate, ni-
the mass of all water-soluble inorganic compounds as Sugfrate EC/OM, and the crustal elements such as potassium
gested later (Harrison et al., 2003; Sciare et al., 2005). Usin ' ’ P

; : 9nd calcium during dust events as compared to marine-
Clegg’s model, the average aerosol water concentration was

5.7+3.4 ug n. The uncertainty obtained due to the appli- influenced days. However, their relative compositions during

cation of this model was less than 10% (0.5 Ufrin the dust events were lower than during marine-influenced days

estimated water content. The estimated error had a negligi(—jue to the total absolute mass. During the non-dust period,
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Table 2. Minimum, maximum, 5 year average and standard devia-mass crossed the Saharan prior to their arrival at CVAO. Ta-

tions (ug nT3) of PMy aerosol components at CVAQ. ble 3 shows an overview of the mass concentration of the
number of samples sampled during different seasons. At the

Components  Min Max Mean Median SD CVAO, particle mass concentration was a good indicator of
Mass load 400 60183 47.20 3010 5550 the aerosol mineral dust content. Typicglly, mass cqncentra-
Dust 0.00 575.56 25.90 9.70 51.10 tions below 20 ug m? were observed during marine air mass
Sea salt 0.71 39.67 11.00 10.71 5.10 inflow (Fig. 1a). When aerosol mass concentrations were be-
Cl- 0.35 21.17 5.70 543 270 tween 20 and 90 ug ¥, the air mass originated from any
Br- Bdl 0.25 0.005 0.003  0.01 of the three abovementioned air mass classes (C to E), as
NO; 0.14 3.76  1.10 1.00 0.60 shown in Fig. 1b—d, or also of marine origin with higher
SO;” 0.31 7.38 250 233 120 wind speeds. The only exception was observed when the
czof( Bdl 0.46  0.08 0.06 0.10 samples were collected at a 4 m height, during which sea
Na+ 0.25 1274 3.70 3.72 170 salt concentrations increased dramatically and the above-
NHjlr Bdl 0.76  0.09 0.05 0.10 mentioned features did not hold. The spikes in the; Ppto-
K+ Bdl 0.86 0.13 0.13 010 file as shown in Fig. 3, corresponding to mass concentrations
Mg+ 0.05 134 040 037 0.20 above 90 pg m?, were indicative of days where aerosol mass
cat Bdl 444  0.64 0.46  0.60 was dominated by Saharan dust (Fig. 1b). On average, such
OM(0C*2) Bdl  6.67  1.02 067  1.04 strong Saharan dust events were observed about 11-19 times
EC Bdl 132 013 0.08 0.16 a year. The duration of Saharan dust events varied from 1 to

10 days, with the longest event also supported by back tra-
jectory analysis observed from the 25 December 2007 to 4
January 2008.

long-range transport from the northwestern African coastand 1he interannual variation of the monthly mean of theigM

Bdl: below detection limit; SD: standard deviation

loadings were observed in 2008 and the lowest in 2009. A
3.3 Temporal and seasonal variations strong seasonal trend was found in the mass loadings. The

average mass concentrations were 71.8+34.3, 33.7+15.3,
Results of the measured chemical components are shown i86.5+10.3 and 43.7 +12.6 ugh for winter, spring, sum-
Table 2, including their 5-year averages, minima and max-mer and fall, respectively. The highest temporal variation was
ima. This is the first unique data set of nearly continuouslyobserved during the winter season due to frequent change in
collected PM from the Cape Verde archipelago and in the re@ir mass inflow. The lowest mass concentrations were ob-
gion of the tropical North Atlantic over a time period of 5 served in the spring season (April to June) despite some
years. In the following, the temporal and seasonal variationgpisodic dust events during this period (e.g., May 2007),
of the PM constituents are discussed with respect to the metevhile the highest concentrations were observed during the
orological conditions and air mass origin. Figure 3 shows thelate fall and winter (December to February).
time series of some of the investigated chemical components Similar seasonal trends were reported by Chiapello et
within the stated time period. The red lines represent the timeal. (1995) for the island of Sal despite their more continental
period during which sample collection was performed on toplocation on the island whereby anthropogenic activities could
of a container, while the blue lines represent measurementstrongly affect mass loadings. According to Schepanski et

that were performed on the 30 m tall tower. al. (2009) the Sahara produces larger amount of dust during
summer, but the dust is transported at higher altitudes of up to
3.3.1 PMg mass concentration 10 km within the Sahara Air Layer, while in winter the dust

is transported along the northeast trade winds at far lower
During the 5 years of PM collection at the 32 m sampling altitudes. Thus the higher amounts of Saharan dust together
height an average mass concentration of 47.1+55.5ffym with anthropogenic gaseous and particulate compounds from
was observed. Aerosol mass showed strong variabilitythe African continent are responsible for the winter elevated
with minimum and maximum values of 4.0 pg+h and PM;o mass concentrations, while marine and non-African air
601.8 ug N2, respectively (Table 2). The highest and low- mass inflow were responsible for low mass loadings.
est daily mean concentrations were observed in January 2008
and March 2009, respectively. Low concentrations were 0b-3.3.2 Sea salt
served during days with low wind speeds of remote Atlantic
Ocean air mass inflow, and/or after precipitation events,Sea salt concentration was estimated as
which typically occurred in the fall. The highest aerosol mass1.17- ([Na*] +[CI~]) (Anguelova, 2002). The tempo-
was observed during days of Saharan dust storm when airal variation of sea salt concentrations is shown in Fig. 3.
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Figure 3. Time series of mass concentration and major,gslerosol components in filter samples collected during the 5 years from 2007
to 2011. During the period from 23 October 2009 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 32 m above ground.

The observed concentration of sea salt was strongly despeeds were often combined with air masses coming from
pendent on the meteorological conditions and the samplindNorth America crossing the northern Atlantic to CVAO. This
height. The averaged wind speed at the CVAO was aboubbservation was made after the back trajectory analysis and
at 7.3m s, while the maximum wind speed observed was it is valid for the majority of these events.

about 13ms?. During days with high wind speeds the sea  During such days, the aerosol mass was slightly higher
salt concentrations increased strongly. The highest windhan in days with lower (<4 ms") wind speed or dominant
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Figure 4. Annual variability and monthly mean of P} mass concentration, non-sea-salt sulfate, elemental carbon (EC), organic matter
(OM), nitrate and ammonium during the 5 years of measurements for samples collected on the tower.

Table 3. Seasonality of PN particle mass concentration collected with a DHA-80 HYV filter sampler between January 2007 and November
2011 on top of the towér

Season Mar—May Jun—-Aug Sep-Nov Dec-Feb Total
Mass: >200ugms 2 0 1 15 18
Mass: 90-200 ug m 7 4 10 22 43
Mass: 20-90ugm® 62 98 91 98 349
Mass: <20 ugm3 47 22 19 41 129
Total samples 118 124 121 176 539

* Samples collected between 23 October 2009 and 9 July 2010 were not included here because of the lower
sampling height on the container roof.

marine air mass inflow. The averaged sea salt concentradays of high wind speeds, but a strong correlation between
tion was 11.1+5.5ugm? in samples collected on top of sea salt and the local wind speed was not observed. Accord-
the tower and 58.3 + 28.3 ugm for samples collected atthe ing to de Leeuw et al. (2000) and Niedermeier et al. (2014),
4 m sampling height. Sea salt and other sea-spray-associatasga salt concentrations may increase significantly at wind
aerosol components increased enormously (about a fact@peeds above 10 ms depending on the wind direction and

of 4-5) at the lower sampling height. This was due to thethe oceanic waves. The highest sea salt concentration de-
fact that sample collection at 4m height was done withintermined at the tower was 54 ugthin spring 2011 in an

the internal marine boundary layer (Niedermeier et al., 2014)episode when the local wind speed was 13tghe tem-
whereby aerosol mass was mostly affected by the surf zonegporal variability of sea salt was not as strong as compared
Increases in sea salt concentrations were observed during those of mineral dust and aerosol mass. No seasonal trend
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was observed in the sea salt concentrations, and theMég 22 % (Ganor et al., 2000; Mihalopoulos et al., 1997). It has
ratio found in the dust (0.12) and non-dust (0.11) samplesalso been observed that under marine air mass conditions the
was similar to the ratio in sea salt (0.12), implying no influ- contribution of biogenic sources to nss-sulfate may rise up
ence of the dust storms on sea salt and particularly on sodiurto 100 % (Bates et al., 1992). At the CVAO, the minimum

concentrations. concentration of nss-sulfate during the winter and the sum-
mer was about 0.20 and 0.70 pgfarespectively. As a first
3.3.3 Sulfate approximation, assuming that these lowest concentrations of

nss-sulfate were of biogenic contribution from the ocean, this

Sulfate consisted of ss-sulfate and of nss-sulfate mainlywould imply that the biogenic contribution to the total nss-
of secondary origin. In Fig. 3, the temporal variability of sulfate could be estimated to be, on average, about 40 + 20 %
the total sulfate concentration is presented. Sea salt sulin this region. Thus, although anthropogenic activities influ-
fate had a similar temporal trend to sea salt; thus, the varience nss-sulfate concentrations especially during dust storms
ations observed in the time series are attributed to variaand air mass coming from Europe via the Moroccan coast,
tions in nss-sulfate concentration. On the average, ss-sulfatghotochemical production of nss-sulfate and emission of ma-
made up only 38% of the total sulfate measured at therine precursors could also have been important during the
tower. This, however, increased when sampling was donesummer in this region.
at a lower height. The highest sulfate concentrations were
strongly connected to Saharan dust events, but not all dus2.3.4 OM and EC
events were responsible for the elevated sulfate concentra-
tions. When air mass containing dust did not have con-These two carbon sum parameters showed a good correla-
tact with anthropogenic Sfpollution sources, the nss-sulfate tion in their time series. The 5-year average for OM and EC
was not elevated and vice versa. During the dust season, mavas 1.02 +1.04 and 0.13 +0.16 pgfrespectively. The ob-
rine sources of nss-sulfate played a minor role. The averserved EC value was quite similar to the annual mean of
aged nss-sulfate concentration in winter marine air masse8.18 ugnt3 found by T. Nunes (personal communication,
was 0.47 +0.31 pg P, while for the dust days the averaged 2013) for the year 2011 on the island of Santiago, which is
nss-sulfate concentration was 2.46 + 1.05 pgnThe strong  a slightly more anthropogenically influenced region than the
increase in sulfate concentrations during the dust events iI€VAO. Figure 3 shows the variability in both EC and OM
indicative of anthropogenic activities in Africa that influ- concentration over the investigated time period. Elevated EC
ences the aerosol composition. Natural sources of 8  concentrations were strongly connected to elevated OM con-
unlikely since the only nearby natural source is the ocean andentration but not vice versa. The number of samples with
nss-sulfate secondarily produced from oceanic precursorglevated OM concentration was greater than those with ele-
would therefore not vary significantly with air mass origin. vated EC concentration because of additional natural single
In Fig. 4 the interannual and seasonal variation of nss-sulfatesources of OM, especially during the summer. High concen-
is given. The average monthly concentration ranged fromtrations of OM and EC were strongly correlated to air masses
0.43 to 3.0 ug m3, with higher concentrations observed dur- originating from the African continent.
ing the summer months especially during July and August. During the Harmattan season (end of November to mid-
A unique source for this high summer concentration has notle of March) aerosols from the African continent carried
been identified. However, the increased photochemical activhot only Saharan dust but also anthropogenic emissions from
ity during the summer as compared to the winter months anghip tracks near the African coast, the African coastal cities
the changes in the emission of dimethyl sulphide (DMS) dueof Dakar and Nouakchott, and sometimes biomass burning
to higher biological activities in the ocean could possibly in- aerosols (EC and OM) as well as biological material into the
fluence the measured nss-sulfate concentration. Cape Verde region (Milton et al., 2008). During such peri-

Elsewhere, seasonal trends have been observed fards the EC concentration was three times higher than in air
methanesulfonic acid (MSA) and DMS, which are known masses coming from Europe and 5 times higher than in ma-
precursors of nss-sulfate with higher concentrations observedne air masses. The lower transport height is a further impor-
in the summer than in the winter (Sciare et al., 2009). Ittant factor for the measured elevated concentrations of dust
has also been reported (Kouvarakis and Mihalopoulos, 2002and other aerosol components during the winter season. The
Kettle et al., 1999) that sea surface water temperature influaveraged concentration of EC and OM given in Table 2 were
ences the production of nss-sulfate and other organic materin the same range as those recently reported for marine envi-
als in the ocean surface microlayer (SML), leading to pro-ronments (Alves et al., 2007). The lowest concentration for
nounced seasonal cycle in nss-sulfate concentrations, witkEC was found in dominant marine air masses.
the maximum observed in summer and the minimum in win- It has been reported that biogenic-material-containing or-
ter. Studies in the Mediterranean Sea (a region with relativelyganic substances of low solubility in the upper sea wa-
high anthropogenic pollution) have evaluated the biogenicter layer are emitted via the SML into the atmosphere and
contribution to nss-sulfate concentration to be between 6 andre found mainly in submicron particles (O'Dowd and De
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Leeuw, 2007; Facchini et al., 2008; Mller et al., 2009). Sec-the summer except during 2008m where a strong decline in
ondary organic aerosols formation from marine sources hasitrate concentrations from January to December was ob-
also been reported in a different marine environment (Kawa-served. Ammonium, on the other hand, showed seasonal
mura and Gagosian, 1987; O’'Dowd et al., 2004; Facchini ettrends with annual maximum observed in spring and early
al., 2010). In Fig. 4, the monthly and interannual variation summer (Fig. 4). As can be observed in Fig. 4, ammonium
of OM and EC are presented. A strong seasonal trend is obseasonality was not correlated with either the aerosol mass
served for OM and EC, with higher values observed duringloading or the nss-sulfate trend. This suggests that the ob-
the winter seasons than otherwise. This winter maximum isserved ammonium in this region is not strongly linked to
similar to that observed for the mass concentration, and immmonium sulfate and may have another major source dif-
is attributed to the influence of continental air masses fromferent from long-range transport from the continent. Marine
Africa, which often carries a lot of Saharan dust as well as ansources of NH were reported earlier by Jickells et al. (2003)
thropogenically emitted particles. Beside the anthropogenidrom isotopic measurements. Quinn et al. (1988) also ob-
sources of OM and EC, OM was also be emitted from theserved simultaneously high concentrations of ammonia in
SML of the ocean itself. The amount of the marine OM pro- the Pacific Ocean and in the ocean’s atmosphere and indi-
duction depends on oceanic biological activity, which has acated that the ocean was the potential source of the ammo-
distinct seasonality (Sciare et al., 2009). A smaller summemia. They observed an averaged ammonium concentration of
maximum of OM (Fig. 4) was also observed which had its about 108 ng m? in the remote eastern North Pacific Ocean
origin from direct marine emissions or in marine emissionsin May, which is on the same order of magnitude as that ob-
of gaseous precursors of PM, such as DMS, isoprene, organiserved at CVAO during May: 165+ 129 ngth Clarke and
amines and others (Gantt et al., 2011; Gantt and MeskhidzeRorter (1993) have also shown good correlation between at-
2013). The lowest OM concentrations were observed in Aprilmospheric ammonium and chlorophylconcentrations. Al-

and October at CVAO. With the exception of the high valuesthough long-range transport cannot be neglected, our results
observed for EC in May 2007, which was due to a dust stormindicate that the ocean has a significant contribution to the
during this month, the EC values remain low throughout theobserved ammonium especially during the spring in this re-
other seasons. Thus, the high EC concentration in this regiogion.

was mostly due to long-range transport from Africa in the

dust season. 3.3.6 Calcium

3.3.5 Nitrogen-containing ions Calcium showed strong temporal variation throughout the
year depending on the air mass origin and sampling height
Ammonium and nitrate showed no correlation with one an-(Fig. 3). This variation indicates that calcium was from both
other. These ions might have had other sources. The 5sea spray and mineral dust, corresponding to sea salt (ss)
year average of ammonium and nitrate was 0.09 +0.1 andnd nss-calcium. The calcium peaks were correlated with ei-
1.1+0.1 ug 3, respectively. Clarke and Porter (1993) and ther peaks in aerosol mass loading or sea salt concentrations.
Quinn et al. (1988) found similar ammonium concentration The minimum and maximum concentrations were 0.01 and
in remote oceanic regions and suggested it could be of ma4.44 ug n3, respectively. The maximum and minimum val-
rine biogenic origin. The concentration of both ions (ammo- ues were related to days of Saharan dust events and days of
nium and nitrate) was not influenced by the sampling heightdominant marine air mass inflow, respectively. A strong cor-
implying their content in sea salt is very low. Nitrate-like relation between nss-calcium and total soluble calcium (with
ammonium also showed strong temporal variation (Fig. 3).-2 = 0.98) during dust events confirmed that the Saharan dust
Ammonium concentrations varied from below the detectionwas the main source of nss-calcium in these samples. Thus,
limitto 0.76 ug T3, while nitrate concentrations varied from soluble nss-calcium was often a good indicator of Saharan
0.14 to 3.7 upgm?3 (Table 2). This strong variation was at- dust in this region. Calcium-rich aerosol was often mobi-
tributed to the changing air mass origin. In marine air massesized from the NW Sahara. During the atmospheric transport
the nitrate concentration was lower than in air masses comthe insoluble CaC®was processed to more soluble com-
ing from the African or European continent, implying long- pounds, e.g., in clouds. Sea salt and mineral dust contributed
range transport was a significant source of the observed ni9.15+0.15 and 0.49+0.48 ugm, respectively, to the total
trate concentrations. For ammonium, summer concentrationsoluble calcium average concentration of 0.64 +0.63 pg.m
were found to be 44 % higher than the winter concentrations
for clean marine air masses, which would suggest that ma3.3.7 Potassium and magnesium
rine biological and photochemical processes could strongly
influence the ammonium concentrations in this region. Variations in potassium and magnesium concentrations
Nitrate concentrations, however, never showed a strongvere also attributed to the varying air mass inflow and
seasonal trend as shown in Fig. 4. A slight increase in thehe different sampling height with maximum concentra-
nitrate concentrations (about 20 %) was often observed irtions of potassium and magnesium observed at 0.86 and
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Table 4. Comparison of published averaged oxalate concentration ifyRErosols with the results of this study.

Sampling site Sampling interval Oxalate [ug A} Reference
CVAO, marine non-polluted Winters 2007-2011 0.07+0.06 This study
CVAO, marine non-polluted Summers 2007-2011 0.06 £0.05 This study
CVAO, continentally influenced 2007-2011 0.12+0.06 (Africa) This study

0.12+0.05 (Europe)
Amsterdam Island 2003-2007 0.0003-0.017 Rinaldi et al. (2011)
Mace Head 2006 0.0027-0.039
Tropical to western North Pacific Sep-Dec 1990 0.040 Kawamura and

Sakaguchi (1999)

Tropical Atlantic April 1996 0.052+0.030 Johansen et al. (2000)
Atlantic Ocean 28N-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)

1.34 ug 3, respectively (Table 2). The 5-year average con-higher than during non-dust winter days. The high values
centrations at the tower of potassium and magnesium wergere usually connected to dust storms, while peaks in ox-
0.13+0.09 and 0.40+0.20 ugTh, respectively, of which alate concentrations during the summer season were con-
nss-potassium and nss-magnesium made up only 0.02 £ 0.Qected to periods of high photochemical activity; periods of
and 0.02+0.04ugm? of the total average, respectively. high marine activities, whereby potential oxalate precursors
This corresponds to only about 10 % of potassium and 5 %could have been emitted to the atmosphere; and periods when
of magnesium. Thus the ocean was the main source of thesather precursors that might have been transported from Eu-
ions in this region. Nss-potassium peaks were often linkedrope. A distinct seasonality in oxalate concentration was ob-
with nss-calcium and mass loading peaks, implying conti-served with a maximum during the summer season (June to
nental air masses from Africa could account for some of theAugust). The formation of oxalate depends on the presence

nss-potassium concentrations found in this region. of organic precursors, such as ethene (Warneck, 2003), gly-
oxal (Carlton et al., 2007) and sunlight, which are more avail-
3.3.8 Oxalate able during the summer.

In general, the aerosol chemical composition was influ-

Oxalate concentrations were low in comparison to those re€nced by sea salt; organic compounds emitted from the

ported in urban and continental aerosols. Table 4 shows aR¢ean surface microlayer; organic matter; and long-range-

overview of the measured oxalate concentration and those dfansported particulate matter or precursors from anthro-

other reported works. The average oxalate concentration du0genic emissions in northwestern Africa, the Canary Is-

ing polluted air masses was about 0.12 +0.06 pgnThis lands and the European continent. The Cape Verde islands

value was twice as much as the concentrations observed duft€mselves were only a minor source of PM because of

ing marine air mass inflow. Comparatively to reported ox- the prevailing northeast trade winds and the location of the

alate concentrations (Table 4), the observed concentrations VAQ at the northeastern shore of the island S&o Vicente.

were within reported range. The values were higher than

those reported in other marine environments such as in Mac8.4 Inter-relationship between ionic species

Head or Amsterdam Island (Rinaldi et al., 2011) but lower

than those reported in continental aerosols such as in Hong.4.1 Nitrate and nss-sulfate

Kong (Yao et al., 2002) or Sapporo, Japan (Pavuluri et al.,

2012). The differences between the results in this study andNitrate and nss-sulfate showed good correlations dur-

the abovementioned works is strongly related to the differening the winter and the summerri=0.72) seasons

air mass inflow regions in these areas. Mace Head is moréNovember—April and May—October, Fig. 5), which could be

remote than CVAO, while Hong Kong and Sapporo are moreattributed to their anthropogenic origin due to observation of

urban than CVAO. frequent elevation of these concentrations during long-range
In general, elevated oxalate concentrations were obiransport from Europe and Africa.

served in polluted European and African air masses (Ta- The higher slope of the regression line during summer

ble 4). The maximum oxalate concentration was measuredh comparison to that of winter is indicative of the pres-

at 0.46 ug m? in September 2009 during a period where air ence of an additional source of nss-sulfate such as the pro-

mass originated from western Africa. During the Saharan-duction through photochemical processes. In principle, both

dust-influenced winter days, the oxalate concentration wasons in the particle phase or their gas phase precursors might
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45 - 3.4.3 Ammonium and chlorophylla
::(5) | Wisummen Figure 7 shows the concentration profiles of ammonium,
T a0 Slope = 1.35 chlorophyll « and oxalate. The temporal variability of am-
N R*=0.72 monium and chlorophyli: showed similar trends, implying
e 2 ) a coincidence of these species. Increase in ammonium con-
£ 201 winter centration was often correlated with an increase in chloro-
9§ 15 - S':fi;;fl phyll a concentration in the ocean’s surface. The chloro-
© 10 - ' phyll a concentration was taken from monthly averaged
05 - MODIS (Moderate-Resolution Imaging Spectroradiometer)
0.0 : ‘ A Aqua satellite images over a region east and northeast of Séo
0.0 1.0 2.0 3.0 Vicente achieved frorhttp://disc.sci.gsfc.nasa.gov/giovanni/
Nitrate [ug/m’] overview/index.html The chlorophylla maximum was ob-

served between May and June. Chlorophytioncentrations
Figure 5. Correlation between nitrate and nss-sulfate between sumin the region northeast of Cape Verde are usually higher in
mer and winter in samples collected from July 2010 to Novemberspring than in the other seasons, and they are influenced by
2011. the delivery of nutrients by higher upwelling intensity (Lath-
uiliere et al., 2008; Ohde and Siegel, 2010) in the Mauri-
Janian upwelling region. The observed coincidence between
ammonium and chlorophydl suggests that the ocean might

However, during summer the photochemical production Ofbe a source of ammonium in this region as illustrated above.
particle phase nitrate and sulfate is higher. This may therefore A Similar correlation between chlorophyll and ammo-
lead to the observed increase in the nss-sulfate concentratidi4"™ has been reporte_d before. Clarke and Porter (19_93)
reflected by the increase in the slope. The combined effectfoUnd @ good correlation between enhanced ammonium
of increased winter emissions of anthropogenic precursor&€r0s0l concentrations and enhanced chlorophyll concentra-
reducing winter and enhancing summer photochemical conlionS during an equatorial Pacific Ocean cruise and con-
version might explain the effect depicted in Fig. 5. However cluded that the observed ammonia was a result of equatorial

further investigations are necessary in order to clearly exp|a"+|pwelling. Jickells et al. (2003) also concluded on the basis

be transported in higher amounts from the European an
African continent during winter.

the difference of isotopic measurements of ammonium in marine aerosols
that the ocean was a possible source of their observed ammo-
3.4.2 Nss-sulfate and oxalate nium concentrations in the North and South Atlantic Ocean.

Quinn et al. (1988) also observed ammonia in the remote
The scatterplot of nss-sulfate and oxalate shows weak corPacific Ocean and the atmosphere and concluded that the ob-
relation between both species during winter and summerserved atmospheric ammonium originated from the ocean.
However, the winter correlation (Fig. 6a) was weaker thanAlthough the ocean is a significant source of ammonia dur-
the summer correlation (Fig. 6b), with a lot of scattering in ing remote conditions, long-range transport of ammonia or
the data. These correlations were only observed during dayammonium salts from the African continent or SW Europe
with high marine air mass influence and low aerosol masswvere also important sources of ammonia in this region.
loading, with negligible influence from anthropogenic emis-
sions. During a period of 11 days with dominant marine- 3.4.4 Elemental carbon (EC) and nss-potassium
influenced air mass in spring 2011, an even stronger corre- o . )
lation between nss-sulfate and oxalat®  0.90) was ob- A similar temporal_ variation was observed in the time se-
served (Fig. 6¢).This suggests that there is a strong influenct€S Of nss-potassium and elemental carbon concentrations
of surface water temperatures on oxalate and nss-sulfate cofUring dust events when elevated OC and EC concentrations
centrations. It can be assumed that the clean air mass was /€€ 0bserved (Fig. 8) with correlation factef & 0.6). In
fluenced by marine emissions of DMS, ethene and other maP'inciple, this correlation was only observed during about
rine organic precursors and subsequent photochemical aquép% of the time when air mass inflow was from Africa.

ous phase reactions might have led to the formation of oxJ\ss-potassium is a known tracer for biomass burning activ-

alate (Tilgner and Herrmann, 2010). As mentioned aboveities' This correlation thereby suggests that biomass burning

high surface water temperatures are known to also influenc&®uld partly account for the observed EC concentrations at
the production of nss-sulfate. Thus we conclude that both< VAO, especially QUrlng air mass inflow from Africa. How-
nss-sulfate and oxalate within this period could have orig-ever' when the air mass origin was from Europe or from
inated from different precursors of marine origin, such astN€ oceans, no correlation could be observed between nss-
from marine organisms — e.g., algae — or from their emis-Potassium and EC.

sions.

Atmos. Chem. Phys., 14, 8888904 2014 www.atmos-chem-phys.net/14/8883/2014/


http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html
http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html

K. W. Fomba et al.: Long-term chemical characterization of tropical and marine aerosols 8895

4.0 45
35 1 A 4.0 B *

* - *
* 3.5 .
30 % P g *
T 25 . £ 20 i
> Y =25 - ..
2 20 . A ©
[0} - [u) | ., * ’
E 1'5 . ."/""0/ . . u_5 20 .0. "’ *
5 PR . S - @? 15 L
%] ‘ s W " .-*o‘,
o 107, e, . 230 o * y=11.199x + 0.6626
2 e~ L e y=13.432x +0.3209 P s R? = 0.5869
B3 1 g R?= 0.5034 05 | *
*
0.0 - : : 0.0
0.00 0.05 0.10 0.15 0.20 0.00 0.10 0.20 0.30 0.40
Oxalate [ug/m?] Oxalate [ug/m?]
1.2 0.07
0.06
11 = y = 14.23x + 0.3605
@ R% = 0.9078 0.06
"’E 10 | % 002003004005006007 005 2
B Oxalate [ug/m?] :TJ
= 09 005 &
o =
£ om
m? 08 0.04 3;
g 0.04 —
0.7
0.03
0.6 0.03
#mnss-Sulfate  -@-Oxalate
0.5 0.02
N N N N N N
m@'} f\?-\? > ﬂ§§> m'\,"' & &S S S
6”\ & Qc,\ \(§’\ Q"’\ \Q“’\‘ \Qo,\ \s,\ \6"\ \6.,\ (f’\
O I A A A N

Figure 6. Correlation between nss-sulfate and oxalate in filter samples during 2010/2011. Aoowinter, (b) summer. Below(c) con-
centration and correlation during a marine clean air episode in May 2011.

0.35 0.9
-m-NH4+ 0.8
"E 0.30 —+—QOxalate '7 .
B —Chl-A 07 &
o 0.25 T
= L 06 §
§ 020 05 2
g 0.15 04 >
£ 03 &
5 0410 3 g
5 02
E 008 - 0.1
© 0.00 - : : ) ] : : : | ] : : : 0
I~ I~ I~ I~ w0 9] @ @ [=}] (=] [=)] [s)] o o o o — — — —
2228 TS IIIEIITIICR
£ 53 8B £ 53 8B £ 53 8B 558385 583 8
S350 8S&5068S&508S8&5068 &350

Figure 7. Monthly mean of chlorophylk: in the tropical NE Atlantic (selected area for averaging: lat (16.985, 24.895),-1@4.87,
—18.278)), oxalate and ammonium in R§aerosol samples collected at the CVAO.

www.atmos-chem-phys.net/14/8883/2014/ Atmos. Chem. Phys., 14, 8&384 2014



8896 K. W. Fomba et al.: Long-term chemical characterization of tropical and marine aerosols

Table 5. Comparison of major non-sea-salt components and halogenide depletion (mean values and standard deviation as an estimation o
the scatter) in four classes of particulate matter collected at the tower at the CVAO.

Concentration Dust-rich Saharan Marine aerosol Marine aerosol Europe- Mean of
[ugm=3] aerosol summer winter influenced all samples
aerosol
Mass concentration 173.4+955 16.4£4.5 145+5.8 35.3+13.6 47.3+555
(N) (56) (43) (33) (55) (539)
Dust (estimated) 144.6+95.8 27+2.6 20+ 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 2.46+1.05 1.01+0.45 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 [%] 8.8+8.5 26+15 20+13 30+12 16+10
Bromide depletion [%] 62+42 88+13 83+20 87+11 80+20
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Figure 8. Time series of nss-potassium (ns$-¥and elemental carbon (EC) measured during air mass inflow from Africa revealing similar
temporal variations.

3.5 Bromide and chloride depletion in PMg ride (bromide) depletion is estimated as the percentage loss
in chloride (bromide) from sea salt chloride (bromide) con-
centrations leading to higher values of the sodium to chloride
Bromide and chloride deficits indicate significant reactive cy- (bromide) ratios. In the atmosphere, when bromide and chlo-
cling of halogens and do influence the reactive capacity ofride react with acidic gases or particles containing nitric, sul-
the marine environment by release of more reactive chlorideyric or organic acids to form HQ X, and other compounds,

to the atmosphere. Bromide and chloride deficits in marinethe evaporation of volatile bromine/chlorine compounds oc-
aeI’OSO|S haVe been reported in diﬁerent marine enVironmentéurS’ and bromide and chloride losses are observed in ma-
(Mozurkewich, 1995; Kerminen et al., 1998; Kumar and rine aerosols, leading to an increase in the sodium to chloride
Sarin, 2010; Yao and Zhang, 2012). The reported (Liebezeit(promide) ratio. This effect of bromide/chloride depletion is

2011) sodium-to-chloride (bromide) mass ratio in sea salt isxnown to increase with decreasing particle size from about
0.56 (162.4), and the molar ratio is 0.85 (46.73). The chlo-
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Figure 9. Variability of bromide and chloride deficit in comparison to the total fgivhass concentration (all curves represent 10 sample
running mean) and the season.

30to 100 % in the presence of anthropogenic pollutants (Hsiparticles and gaseous compounds thus had sufficient time to
et al., 2007; Quinn and Bates, 2005). In this study, bromideadsorb onto and react with sea salt particles, resulting in a
and chloride depletion was observed in RMamples and higher exchange and displacement of halogenides from sea
is discussed according to seasons, sampling height and dusalt particles as compared to periods when particles spend
concentration. less time over the ocean as is the case during Saharan dust
Figure 9 shows the temporal variation in the chlo- events.
ride/bromide depletion and aerosol mass concentration dur- The chloride depletion during winter and summer marine
ing 5 years of measurements at CVAO. Bromide loss wasair masses (Fig. 1a) was about 5% lower than the loss ob-
always higher than chloride loss, with average bromide andserved during SW-Europe-influenced air mass inflow. The air
chloride losses of about 80 and 16 %, respectively. Periodsnass origin, aerosol acidic component concentration and the
of Saharan dust influence observed as peaks in the aerosséa salt particle atmospheric lifetime were the determining
mass concentrations usually yielded 62 % bromide and 9 %actors towards the halogenide depletion. The deficits were
chloride loss. higher in the summer than in the winter. This was likely due
At lower sampling height, fresh sea spray particles haveto varying solar irradiation intensity and the concentration
shorter residence time in the atmosphere prior to their coldifference of the aerosol acidic components of sulfuric and
lection and thus should have insignificant bromide/chloridenitric acid in these samples. During marine-influenced air
deficits. However, due to the mixture of aged and long-range-mass inflow the nss-sulfate concentration in the summer was
transported aerosols with the freshly emitted marine parti-twice as much as that observed in the winter, likely due to
cles, bromide (chloride) depletion of about 4 % was observedhe increase in photochemical production activities and the
at this height. In Table 5 the average chloride and bromideemission of marine nss-sulfate precursors, as previously ex-
deficits for the typical air mass inflow of the particles and plained. Thus the additional nss-sulfate source and higher so-
their precursors are given. Higher halogen depletion was oblar irradiation are most probably among the reasons for the
served during periods of low aerosol mass concentration wittincreased chloride/bromide loss during the summer in com-
less influence of Saharan dust. Long-range-transported angarison to the winter for marine-influenced air masses.
aged sea salt particles lose more chloride (bromide) due to Nevertheless, although the concentration of nitrate and
their long atmospheric residence time and thus more timenon-sea salt sulfate was high during Saharan dust events,
for interaction with acidic compounds. The highest chloride the chloride/bromide depletion was found to be the lowest.
(bromide) loss of about 30 % (87 %) was observed when the=igure 9 depicts a clear anti-correlation between PM mass
air mass crossed southwestern Europe prior to its arrival atoncentration and halogenide loss. This effect was clearly
CVAO and had relatively long (72 h) residence time over theseen in winter 2007/2008 and 2010/2011. During the winter
ocean. The more anthropogenically influenced SW Europea2008/2009 the dust events were less intensive, and the winter
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Figure 10. Scatterplots betweefm) Nat and CI-, and(b) Nat and CI + NO; + nss-SCﬁ‘ during summer marine air mass inflow and
betweer(c) Na™ and CI", and(d) Nat and CI~ + NOj3 during Saharan dust events at the CVAO.

sampling period 2009/2010 took place at a lower samplingof other acidic species, such as oxalic acid (in non-dusty
height with a greater influence of sea spray. aerosol). As explained above, the highest chloride deficit was
During dust events there is not only an increase in acidicobserved when air mass inflow was from Europe. The scatter-
species but also an increase in cations and carbonates. Thpot of equivalent concentrations of Nand CI (Fig. 10a)
increase in cations concentration provides additional reacshows that the data points fall below the theoretical values
tive sites for the acidic species, thus reducing the possibilin sea water and only approaches this line when the ClI
ity for the direct reaction on sea salt particles and, there-concentration is matched with nitrate and nss-sulfate concen-
fore, decreasing the overall displacement of halogenidesrations (Fig. 10b). Thus, assuming all available nitrate and
from sodium. Furthermore, gaseous halogenides could reactss-sulfate species were involved in chloride depletion, this
with CaCQ, as shown by Sullivan et al. (2007), leading to would account only for about 90 % of the chloride depletion.
a buffering effect of the dust on the sea salt particles andThe actual contribution of these species is, however, much
thereby resulting in a more externally mixed aerosol. Thus dess since they may also be associated withINHss—W
combination of low residence time as mentioned above andr C&*, which are possible neutralizers of the available ni-
higher competition of cations sites during dust events leadsric and sulfuric acids. Thus, considering the neutralization
to a lower effective loss of chloride and bromide from sea saltof sulfuric or nitric acid by ammonium or other cations, the
particles in comparison to the other situations. We thus sugexcess sulfuric or nitric acid available will be even less and
gest that in this region of the Atlantic these three processeshey would thus account for less than 90 % of the chloride
— photochemistry, air mass residence time and concentratiodepletion. This indicates that during air mass inflow from
of acidic components — are the determining driving factorsEurope other process mechanisms different from acid dis-

towards halogenide deficits in the observed aerosol. placement reactions, such as photochemical reactions with
ozone or NO (Behnke and Zetzsch, 1990), could have been

3.5.1 Contribution of acidic species to chloride involved in chloride depletion.
depletion A similar tendency was observed in samples where air

mass inflow was of marine origin during the summer. The
. .. . - i i 0, -
The most important aerosol acidic species are nitric and Sulgsumated chloride loss was about 26 %, and the concentra

furic acids since their concentrations are far higher than thosdlons of the acidic components were also elevated, but the
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i Long range transport investigated time period. The chemical composition matrix
o o -1 was made of the 12 analyzed chemical species (water-soluble

i 08 ions, OC and EC). Three major sources were identified by
03 1 - m | os having clear different signatures as fresh sea salt, aged sea
02 m a B " salt and long-range transport. Figure 11 shows the source

01l m I I | 5 profiles (blue bars) and the relative contribution of each fac-
" e , , " wl, tor to the total species concentration in the samples (red
i ‘ squares). There was no ideal tracer for mineral dust since

= Sea salt 1 trace metal analysis were not performed on these filters.

° - 08 However, due to the strong correlation between nss-@ad

Ca&t during dust storms-€ = 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 propor-

0.4
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0.2
0.1

Rel. contribution to factor
uoyde.y ssew Juauodwo)

o o “ ) tions of Na (35 %), Cl (54 %), sulfate (7 %) and magnesium
| o Aged sea salt 1 (4 %). The model-obtained fractions were quite similar to re-
" - 08 ported sea water concentration and indicated that PMF is a
03 1 . L 0.6 useful tool in identifying sources in complex aerosol sam-
02 L 04 ples. In principle, this factor represents freshly emitted sea
01 | & Ligs salt particles due to the strong agreement with sea water pro-
" s o portions and the little association with non-sea salt species.

ocC
EC
Cl
B
Na+
K+

Thus, freshly emitted sea salt particles dominated the ionic
composition of the aerosol as it made up about 50 % of its
Figure 11. Source profiles identified from measured Rjvtom- ionic and organic matter cpntent (Fig. 12). This'factor cpuld
ponents at CVAO. Results are from 671 analyzed filters. The rela-2ccount for the total bromide and 50 % of chloride, sodium,
tive contribution of each species to a given factor is represented byPotassium and magnesium concentrations in the samples.
blue bars, while the relative contribution of each factor to the total The aged sea salt source was the second-most-important
species concentration is represented by a red square (right axis). 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
acid displacement of neither nitric nor sulfuric acids was particles. This source describes sea salt particles that interact
sufficient to account for the chloride loss. Their contribu- With acidic gases or marine emitted organic matter, such as
tion, however, could only explain about 95 % of the chloride SOA and nss-sulfate from DMS chemistry. The lower chlo-
loss, assuming these species were not associated with othgee (42 %) to sodium (31 %) ratio in this factor is a strong
cations. The only situation whereby acidic species could sufindication of chloride loss due to one of the processes men-
ficiently account for chloride loss was during Saharan dusttioned above. As has also been reported in other works (Am-
events as shown in Fig. 10c and d. The scatterplot show&to et al., 2009), sulfate and nitrate association with sea salt
good correlation slightly above the theoretical sea water lingparticles in this work was also considered as an indicator of
for Nat and CI when CI concentrations are marched with the aged sea salt source. This source could account for about
NOj, indicating that, within error margins, nitric acid dis- 62 % of the total observed soluble calcium, 58 % of the sul-
placement was the main reaction leading to chloride loss durfate, 45% of the nitrate and 25 % of the organic matter ob-
ing dust events. This claim is supported by results of size-served in the samples.
resolved distribution of aerosol components previously re- Finally, the long-range transport factor was characterized
ported by Miiller et al. (2010) which showed that during dust by calcium, organic and elemental carbon as well as elevated
events about 90 % of nitrate is found in the coarse mode tosulfate and nitrate concentrations. This factor could explain
gether with sea salt particles, while nss-sulfate concentratiod4 % of the source of the investigated ionic and organic com-
are concentrated in the fine mode. Thus in all non-Saharanponents. The unique tracer for this factor was the presence of
dust-influenced days at CVAO, photochemistry was a deterEC. EC as well as OC can originate from traffic emissions,
mining factor towards chloride loss; while during dust events,biomass burning or ship emissions. Emitted particles from

NO3-
S04 2.
€204 2-
NH4+
Mg2+
Ca2+

nitric acid played the major role. such anthropogenic activities may only reach the CVAO via
long-range transport. This factor could account for the pres-
3.6 PMF source apportionment analysis ence of all EC, 80 % of the OC and 60 % of the nitrate ob-

served at the CVAO. A comparison of this factor with our Sa-
The PMF analysis was applied to identify the possible haran dust estimation showed most of the time a similar time
sources of the aerosol observed at the CVAO during the
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and seasonal variation of the aerosol constitution provides
useful information on the type of atmospheric nutrient de-
position and how the ocean has responded to this deposition
over the past 5 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 play in the global climate. Such long-term obser-
vations are highly encouraged and would be essential in ini-
tializing 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 and
oceanic and meteorological influences during air mass trans-
Figure 12. Average contribution of each source to the total analyzed port must be fu'rther investigated to understand their effects
on the global climate.

Aged Sea salt
36%

species.

series. Therefore, the estimated mineral dust profile could bd he Supplement related to this article is available online

explained by the long-range transport source. at doi:10.5194/acp-14-8883-2014-supplement
Although the PMF model could not successfully separate

mineral dust and long-range-transported particles due to the

“mm.ed dat.a input, the obtglned resu.lts are siill representa.tlveAcknowledgementsThe efforts of Luis Mendes and Helder Timas

of this region of the Atlantic, are unique and show that min-

ld b han 14 % of th lubl Nascimento in sampling and maintenance activities at the CVAO
eral dust contributes not more than 0 of the water-solu &nd of the TROPOS laboratory assistants for their helpful work

ions and organic mass budget at CVAO. are greatly appreciated. The study was supported by the German
BMBF within the SOPRAN | and Il projects (FKZ: 03F0462J and

) 03F0611J) and the EU specific Support Action TENATSO (37090).
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