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Abstract. Monomethylamine (MA), dimethylamine (DMA)
and diethylamine (DEA) were detected at non-negligible
concentrations in sub-micrometer particles at the Cap Verde
Atmospheric Observatory (CVAO) located on the island of
São Vicente in Cape Verde during algal blooms in 2007. The
concentrations of these amines in five stage impactor samples ranged from 0–30 pg m−3 for MA, 130–360 pg m−3 for
DMA and 5–110 pg m−3 for DEA during the spring bloom
in May 2007 and 2–520 pg m−3 for MA, 100–1400 pg m−3
for DMA and 90–760 pg m−3 for DEA during an unexpected
winter algal bloom in December 2007. Anomalously high
Saharan dust deposition and intensive ocean layer deepening were found at the Atmospheric Observatory and the
associated Ocean Observatory during algal bloom periods.
The highest amine concentrations in fine particles (impactor
stage 2, 0.14–0.42 µm) indicate that amines are likely taken
up from the gas phase into the acidic sub-micrometer particles. The contribution of amines to the organic carbon (OC)
content ranged from 0.2–2.5% C in the winter months, indicating the importance of this class of compounds to the carbon cycle in the marine environment. Furthermore, aliphatic
amines originating from marine biological sources likely
contribute significantly to the nitrogen content in the marine atmosphere. The average contribution of the amines to
the detected nitrogen species in sub-micrometer particles can
be non-negligible, especially in the winter months (0.1% N–
1.5% N in the sum of nitrate, ammonium and amines). This
indicates that these smaller aliphatic amines can be important
for the carbon and the nitrogen cycles in the remote marine
environment.
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Introduction

Marine aerosol plays an important role in the Earth system,
especially in the climate and atmospheric chemistry, contributing significantly to a global aerosol burden and influencing both direct and indirect radiative forcing and a variety
of chemical processes (ICCP, 2007). It is known that marine
aerosol in sub-micrometer size range is mainly formed by
gas-to-particle conversion of sulfuric acid (Kulmala, 2003;
Kulmala and Kerminen, 2008). It has been shown that a
bubble bursting process can produce a wide spectrum of
particles ranging from a sub-micrometer particle (O’Dowd
and Smith, 1993; Mårtensson et al., 2003; Resch and Afeti,
1992) to a coarse particle (Blanchard, 1954; Knelman et al.,
1954; Woodcock et al., 1953). It is believed that ammonium sulfate and sodium chloride produced by these two processes account a large fraction of the mass in marine aerosols
(Arimoto et al., 1992; Fitzgerald, 1991; Raemdonck et al.,
1986). In addition, a non-negligible amount of organic material is shown to contribute to the particle mass in marine
aerosols (Cavalli et al., 2004; Hoffman and Duce, 1974,
1976; O’Dowd et al., 2004). Model studies have estimated
that the contribution of organic carbon to marine aerosol is
in a similar order of magnitude to anthropogenically influenced particle burden globally (Bond et al., 2004; Cooke et
al., 1999; Roelofs et al., 2008; Sprackeln et al., 2008). The
organic mass fraction of the marine aerosol contains water
soluble organic carbon (WSOC) and water insoluble organic
carbon (WISOC) (Cavalli et al., 2004; O’Dowd et al., 2008;
Facchini et al., 2008b; Yoon et al., 2007) with a WISOC fraction as high as 60% in sub-micrometer particles (Cavalli et
al., 2004; O’Dowd et al., 2008; Yoon et al., 2007). So far the
chemical composition of the WISOC mass fraction and the
transfer of the organic material into the particle phase are not
well known. On the other hand, the chemical composition
of the WSOC fraction is more comprehensively investigated.
For example, different field studies have shown the presence
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of a wide range of organic compounds such as carboxylic
acids (Kawamura and Gagosian, 1987, 1990; Kawamura and
Sakaguchi, 1999; Matsumoto and Uematsu, 2005; Kawamura and Usukura, 1993; Kuznetsova et al., 2005; Mochida
et al., 2003a, b; Wang et al., 2006), fatty acids (Mochida
et al., 2003b; Sicre et al., 1990), amino acids (Matsumoto
and Uematsu, 2005; Kuznetsova et al., 2005) and aliphatic
amines (Facchini et al., 2008a; Gibb et al., 1999).
The organic material in the remote marine environment
is thought to originate mainly from the marine biochemistry. One important primary mechanism to form organic
marine particles is the bursting of surface ocean film during the bubble bursting process. In addition to the primary
process, secondary mechanisms play an important role in
transferring organic material into the particle phase. Such
process includes the condensation of semivolatile gas phase
compounds from the photooxidation of trace gases. Theoretical model calculations suggest that isoprene oxidation
contributes about 2–30% to the secondary organic aerosol
(SOA) formation in the marine atmosphere (Arnold et al.,
2009; Healy et al., 2008; Gantt et al., 2009). Another process is the reactive uptake of gas phase species into the particle phase. Facchini et al. (2008a) have recently found considerable concentrations of dimethylamine and diethylamine
in sub-micrometer marine aerosol collected in the North Atlantic region, demonstrating a potential importance of amines
of biological origin for SOA formation. No clear explanation is given for the presence of high vapor pressure amines
in sub-micrometer aerosol though thermodynamic calculations suggest that amines displace ammonium in ammonium
sulfate, resulting in the formation of stable aminium sulfate salts in sub-micrometer marine aerosol (Kurten et al.,
2008; Barsanti et al., 2009). Indeed, good correlations are
reported between the concentrations of amines, non-sea-salt
sulfate (NSS) and methanesulfonic acid (MSA), suggesting
the emission of amines by phytoplankton and subsequent reactions with sulfate aerosol, leading to aminium salt formation (Facchini et al., 2008a). Moreover, different field studies
performed in the marine environment have shown the presence of aliphatic amines in the gas phase (Gibb el al., 1999;
van Nest and Duce, 1987), the aqueous phase (rain and seawater) (Gibb et al., 1999; van Nest and Duce, 1987) and the
particle phase (Cornell et al., 2001; Facchini et al., 2008a;
Gibb et al., 1999; Mopper and Zika, 1987). In addition, the
amine concentrations measured over the northern Atlantic
showed a seasonal variation, indicating that the production
of amine is most likely influenced by the primary biological
productivity of phytoplankton and therefore available nutrients in the ocean (Facchini et al., 2008a). However, information on their temporal and spatial variations in the remote
marine environment is still not well understood.
In the present study, we report the first time series of alkyl
amine concentrations and their mass size distributions in marine aerosol collected at the Cape Verde Atmospheric Observatory in the tropical East Atlantic Ocean between May 2007
Atmos. Chem. Phys., 9, 9587–9597, 2009

Fig. 1.
Cape Verde Atmospheric Observatory (CVAO)
(16◦ 510 4900 N, 24◦ 520 0200 W) at São Vicente and the Cape Verde
Ocean Observatory (17◦ 350 3900 N, 24◦ 150 12000 W).

and June 2008. A significant seasonal difference in the concentrations of amines is discussed in terms of air mass origins, primary marine productivity of the region and the influence of Saharan dust deposition.
2
2.1

Experimental
The Cap Verde Atmospheric Observatory (CVAO)

The Cap Verde Observatory consists of both atmospheric
and oceanic sites situated at the western edge of the Northeast Tropical Atlantic upwelling region off the coast of West
Africa (Fig. 1). The observatory sites have been designed
to be representative for the oceanic condition in the Northeast trade wind zone. The atmospheric observatory is located
at the lee side of the northeast coast of São Vicente island,
facing directly the ocean (16◦ 510 4900 N, 24◦ 520 0200 W). The
oceanic site (17◦ 350 3900 N, 24◦ 150 12000 W) is located about
60 nautical miles to the northeast of the atmospheric site in
3600 m water depth. The location was carefully chosen to be
in deep waters and with minimal influence of the island.
2.2

Sampling

The sampling at the atmospheric site was performed at the
top of a 30 m sampling tower to minimize the influence of
sea spray. A high volume (HV) sampler equipped with
a PM10 inlet (DHA-80, Digitel Elektronik AG, Hegnau,
Switzerland) was used to collect the aerosol samples during
a one year field campaign. The samples were collected on
pre-combusted quartz fiber filters (110◦ C for 24 h, 150 mm,
www.atmos-chem-phys.net/9/9587/2009/
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Munktell, Falun, Sweden) at a flow rate of 500 L min−1 . The
samples collected between 10 May 2007 and 15 June 2008
were chosen for this study. Additionally, size segregated
aerosol samples were collected during two intensive campaigns (17 May–14 June 2007 and 28 November 2007–5 January 2008) using a five stage Berner-type impactor with 50%
cut-off sizes at 0.14, 0.42, 1.2, 3.5 and 10 µm. The samples
were collected on pre-combusted aluminum foils (300◦ C,
24 h) at a flow rate of 75 L min−1 . Standard sampling duration was 48 h (72 h for several samples) and 24 h during
the intensive campaigns. The samples were stored frozen
(−20◦ C) until analysis.
The oceanic observatory consists of a steel wire mooring
with the autonomous recording instruments to measure relevant physical and biogeochemical variables at multiple, predefined depths. Of interest in the present study is data from
five SeaBird SBE 37 temperature recorders sampled at 27 m,
49 m, 68 m, 90 m, and 116 m water depth for the period of
July 2006–February 2008 and with a temporal resolution of
30 min. This temperature time series data have been supplemented with Advanced Microwave Scanning Radiometer (AMSR-E) Version 5 sea-surface temperature (SST) data,
available in daily resolution. In addition, level 3 near surface chlorophyll-a (Chl-a) data derived from MODIS satellite ocean color retrievals data have been used as a proxy for
ocean bio-productivity.
2.3
2.3.1

Chemical analysis
Methanesulfonic acid (MSA), oxalic acid,
inorganic anions and cations

A portion of the quartz fiber filter or aluminum foil was cut
and extracted in 2 mL Milli-Q grade water (Millipore, Massachusetts, USA). The water extract was filtered through a
pre-cleaned syringe filter (0.45 µm, Pall, New York, USA)
to remove insoluble materials. Anions including MSA and
oxalic acid were determined using capillary electrophoresis with a UV-detector (CE-DAD) (Spectra Phoresis 1000,
Thermo Separation Products, Waltham, MA, USA) and
cations were determined using ion chromatography (IC)
(Metrohm 690, Herisau, Switzerland). Detailed descriptions
of the CE-DAD and IC methods are reported by Neusüß et
al. (2000).
2.3.2

Total organic carbon (TOC) content

The total organic carbon (TOC) content was determined using a thermographic method (C-mat 5500, Ströhlein, Germany) described in Iinuma et al. (2007). Briefly, a part of the
quartz filter or aluminum foil was cut and heated up (690◦ C)
under nitrogen atmosphere for the organic carbon and under
oxygen atmosphere for the elemental carbon. The resulting
CO2 was detected by NDIR (non-dispersive infrared) absorption and quantified by an external calibration with potassium
hydrogen phthalate.
www.atmos-chem-phys.net/9/9587/2009/
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Alkyl amines

Another section of the quartz fiber filter or aluminum foil was
cut and placed in a vial with L-norleucine (>99%, Fluka,
St. Louis, MO, USA) as an internal standard. The filter was
extracted in 0.7 mL methanol for 10 min under ultrasonication. Afterwards the methanol extract was filtered through
pre-cleaned syringe filter (0.2 µm, Pall, NY, USA) to remove
insoluble residuals. The extracted filter was washed twice
with 0.5 mL methanol and the washing solution was added
to the extracted solution after filtration. The extract was
evaporated to about 10 µL under a gentle stream of nitrogen
at 10◦ C. The resulting solution was derivatized with 10 µL
of 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (Waters AccQ·Tag™ , Milford, MA, USA) after adding 20 µL
of 0.025 N sodium hydroxide solution. Afterwards the solution was heated at approximately 55◦ C for 10 min. After cooling to room temperature, the solution was acidified with 10 µL 0.5 N acetic acid. A high performance liquid chromatography system with UV detection (HPLC-UV,
1100 series, Agilent Technologies, Santa Clara, CA, USA)
coupled to an electrospray ionization-ion trap mass spectrometer (ESI-ITMS, Bruker Daltonics, Bremen, Germany)
was used for the determination of the amines. The separation was carried out on a Waters SunFire C18 RP column
(3.5 µm, 2.1×100 mm) at 25◦ C using an eluent gradient program. The eluent composition was (A) 0.2% acetic acid in
water and (B) 0.2% acetic acid in acetonitrile. The gradient was programmed as follows: 0% B for 10 min, 0% B to
5% B in 30 min, 5% B to 10% B in 15 min, 10% B to 15%
B in 10 min, 15% B to 70% B in 12 min and held constant
for 8 min. The flow rate of the eluent was 0.2 mL min−1 .
The amines were detected with an UV detector at 254 nm
and simultaneously with ESI-ITMS in the negative ion mode.
Quantification was performed using the data obtained from
ITMS analysis with six point quadratic calibration curves.
The regression coefficients of the calibration curves were
better than 0.999 for all standard compounds. All standard compounds used in this study are the highest grade
commercially available (methylamine hydrochloride ≥98%
(Sigma-Aldrich, St. Louis, MO, USA), dimethylamine hydrochloride 99% (Sigma Aldrich, St. Louis, MO, USA), diethylamine hydrochloride 99% (Sigma-Aldrich, St. Louis,
MO, USA), morpholine 99.5% (Riedel de Haën, St. Louis,
MO, USA)). Size segregated aliphatic amine concentrations were determined from the impactor stages 2, 3 and
4, based on previous work that showed the highest amine
concentrations in smaller than 1 µm particles (Facchini et
al., 2008a). Analytical figures of merits for the HPLC/ESIMS method used in this study can be found in Supplementary Information (http://www.atmos-chem-phys.net/9/9587/
2009/acp-9-9587-2009-supplement.pdf).
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Table 1. Monthly average, median, minimum and maximum
aliphatic amine (MA methylamine, DMA dimethylamine, DEA diethylamine) concentrations in pg m−3 detected in stage 2 Berner
impactor samples, monthly average, median, minimum and max−3 and methane
imum ammonium (NH+
4 ) concentrations in ng m
−3
sulfonic acid concentration (MSA) in µg m
detected in PM1.2
(sum of stage 1, 2, and 3) impactor samples (n = number of samples).

May 2007 (n=11)

Fig. 2. Correlation of dimethylamine (DMA) and diethylamine
(DEA) detected in the stage 2 Berner impactor samples.

Average

Median

Minimum

Maximum

MA (pg m−3 )
DMA (pg m−3 )
DEA (pg m−3 )

20
220
60

20
210
60

10
130
5

30
360
110

−3
NH+
4 (ng m )
MSA (ng m−3 )

100
7

60
5

50
0.6

240
20

June 2007 (n=10)

3

Average

Median

Minimum

Maximum

DMA (pg m−3 )
DEA (pg m−3 )

60
200
80

30
210
70

10
50
60

120
390
140

−3
NH+
4 (ng m )
MSA (ng m−3 )

70
4

60
3

30
2

160
8

Results and discussion

3.1
3.1.1

Particle-phase aliphatic amines
Size-resolved impactor samples

In the size resolved samples collected during the intensive
campaigns (17 May–14 June 2007 and 28 November 2007–
5 January 2008), the highest concentrations of amines were
mostly found in stage 2 samples (0.14–0.42 µm) except
for a few days in which DMA and DEA were detected at
higher concentrations in stage 3 and 4 samples. No morpholine (see Sect. 3.1.2) was detected in the impactor samples. This may be explained by an artifact formation in the
acidic quartz fiber filter that absorbed the gas-phase amines
(see Sect. 3.1.3). The size-segregated samples showed a
good correlation between DMA and DEA (R=0.80), similar to the HV samples (Fig. 2). MA followed similar seasonal behavior to DMA and DEA though no correlation was
found between MA and other amines. The average concentrations of MA, DMA and DEA for the impactor samples are summarized in Table 1. The average mass concentrations for all three amines in December 2007 were a
factor of three to six higher than in May/June 2007 independent of incoming air mass origins. In contrast, the ammonium concentrations were higher in the summer months
than in the winter months with a maximum concentrations
on stage 2 (0.04–0.20 µg m−3 , 0.07 µg m−3 average) followed by stage 3 (0.01–0.20 µg m−3 , 0.05 µg m−3 average)
and stage 1 (0.005–0.05 µg m−3 , 0.008 µg m−3 average) for
the summer months and 0.002–0.01 µg m−3 (0.007 µg m−3
average) for stage 1, 0.02–0.20 µg m−3 (0.07 µg m−3 average) for stage 2 and 0.002–0.03 µg m−3 (0.007 µg m−3 average) for stage 3 in the winter months. Much higher concentrations of ammonium were observed in the stage 4 and 5
Atmos. Chem. Phys., 9, 9587–9597, 2009

MA (pg m−3 )

December 2007 (n=24)
Average

Median

Minimum

Maximum

MA (pg m−3 )
DMA (pg m−3 )
DEA (pg m−3 )

180
570
320

150
540
290

2
100
90

520
1400
760

−3
NH+
4 (ng m )
MSA (ng m−3 )

70
4

70
4

20
1

200
7

samples collected during winter months, most likely due to
the absorption of ammonium on coarse dust particles originating from the African continent (Figs. 3 and 4).
The exact sources of the amines at the Cape Verde islands
are not clear at present though high amines concentrations
during algal blooms in spring and winter months support the
marine biological origins of amines. The amine concentrations determined in the present study are approximately a
factor of ten lower than previously reported values for the
North East Atlantic (Facchini et al., 2008a). The reason for
this difference may be due to lower primary productivity in
the region of Cape Verde in comparison to Mace Head. The
lower primary productivity is also reflected in the methanesulfonic acid (MSA) concentrations which were about a factor of eight lower in the Cape Verde samples than the values
reported for Mace Head (Table 1).
www.atmos-chem-phys.net/9/9587/2009/
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3.1.2

Fig. 3. Grouping of the incoming air masses in two sectors, based
on backward trajectories (NOAA HYSPLIT model (Draxler and
Rolph, 2003) run time 72 h, starting height 1000 m): Air masses
from the North Atlantic Ocean and air masses from the African
continent. Incoming flows from the Canary Islands were not considered.
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High volume sampling

The particulate aliphatic amines were determined from
PM10 HV samples collected from May 2007–June 2008.
Monomethylamine (MA), dimethylamine (DMA), diethylamine (DEA) and morpholine (MP) were detected. Figure 5
shows the time series of the MA, DMA, DEA and MP concentrations. The most abundant amine was DMA (average
44%, min 16%, max 76% of the total amines determined) followed by DEA and MP (average 22%, min 5%, max 54% and
24% average, min 2%, max 67%). The contribution of MA
to the total detected amine concentration ranged from 0–43%
with 10% on average. The concentration of DMA appears to
correlate somewhat with that of DEA (r=0.6). On the other
hand, the concentrations of MP and MA showed no correlation with other amines though a similar seasonal variation to
DMA and DEA was observed (Fig. 5). This indicates that
DMA and DEA most likely originate from common sources
which differ from the sources of MA and MP.
3.1.3

Discrepancy between sampling techniques

The detected amine concentrations in HV samples are about
a factor of ten higher than in the impactor samples. Additionally, morpholine was not detected in the impactor samples
at all. The reason for this discrepancy most likely originates
from the absorption of gas-phase amines to the HV filter substrate (positive artifacts). Furthermore the impactor sampling
can be afflicted by negative artifacts such as bounce off. Nevertheless, the amine measurements from the HV filters can be
used for the indication of the seasonal amine variations because both the HV and impactor samples showed a similar
seasonal trend. Furthermore, the ratios of amines determined
for the HV samples are similar to those of the impactor samples.
3.1.4
Fig. 4. Average winter ammonium concentrations for air masses
originating from the African continent detected in impactor samples
(n=19, n=number of samples).

Another reason is the degradation of amines during the transport from the source region to the Cape Verde islands though
no evidence is found so far for the presence of degradation
products. Furthermore, no correlation was found between
MSA and amines for the Cape Verde samples, different from
the study at the Mace Head station (Facchini et al., 2008a).
The reason for this difference is not clear at this moment
though it can be postulated that dimethylsulfide (DMS), a
precursor of MSA, and amines might originate from different kinds of phytoplankton in the Cape Verde region than
Mace Head.

www.atmos-chem-phys.net/9/9587/2009/

Contribution of the detected amines to the OC (organic carbon) and nitrogen species in submicron
particles

Considering the fact that amines determined in the current study are only C1 to C4 compounds, the amines contribute non-negligible amounts to the total OC (Fig. S1, Supplementary Information, http://www.atmos-chem-phys.net/
9/9587/2009/acp-9-9587-2009-supplement.pdf), ranging up
to 0.5%C during the summer months and 2.5% C during
the winter months for the stage two samples (Table 2). In
comparison, the most abundant carboxylic acid (oxalic acid)
contributes on average 6.9% C in the summer months and
average 4.4% C in the winter months to the OC (Table 2).
On the other hand, the contributions of the amines to the
OC in the stage 3 and 4 samples did not show a strong
seasonal variation indicating that only little or no amines
absorption occurred into dust particles unlike ammonium
for the size segregated samples collected during the winter
Atmos. Chem. Phys., 9, 9587–9597, 2009
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Fig. 6. The contribution (%) of amines to the organic carbon content
in stage 2, 3 and 4 impactor samples. Red colored bars show the
air masses from the African continent and green bar shows the air
masses from the North Atlantic Ocean. The numbers shown above
the bars indicate the number of samples collected for each category.
Table 2. Percentage contribution of the amines and oxalic acid
(stage 2) to the organic carbon content (OC) detected from stage 2
Berner impactor (n = number of samples).
Summer (n=19)
Carbon content (%)
Amines
Oxalic acid

Average

Median

Minimum

Maximum

0.2
6.9

0.2
6.7

0.02
0.4

0.5
17.6

Winter (n=26)

Fig. 5. (a) Monthly averages with standard deviation of dimethylamine (DMA, filled green circle) and diethylamine (DEA, crossed
quarter) detected from the quartz fiber filter from a high volume
sampler [ng m−3 ]. (b) Monthly averages with standard deviation of
monomethylamine (MA, filled blue triangle) and morpholine (MP,
crossed circle) detected from the quartz fiber filter from a high volume sampler [ng m−3 ].

intensive campaign (Fig. 6). This is further supported by the
observation that the contributions of the amines to the OC in
the stage 3 and 4 samples did not vary dramatically regardless of the wind directions. Detailed discussions about the
seasonal variation of the amines are given in Sect. 3.2.
The contributions of the determined amines to the
detected nitrogen species in the stage 2 impactor samples are shown in Fig. S2 (Supplementary Informahttp://www.atmos-chem-phys.net/9/9587/2009/
tion,
acp-9-9587-2009-supplement.pdf). The detected nitrogen
content was calculated as a sum of the determined ammonium, nitrate and the aliphatic amines. Ammonium
was the most abundant nitrogen containing species in the
submicrometer particle in these samples. The amines
showed non-negligible contributions to the sum parameter in
Atmos. Chem. Phys., 9, 9587–9597, 2009

Carbon content (%)
Amines
Oxalic acid

Average

Median

Minimum

Maximum

0.8
4.4

0.6
4.1

0.2
0.5

2.5
11.1

comparison to the inorganic species for the stage 2 samples,
ranging from 0.1% N to 1.5% N (0.8% N average and 0.7% N
median) in the winter months and from 0.02% N–0.7% N
(0.2% N average, 0.1% N median) in the summer months.
These values are comparable to the contributions of the
amines to the OC for the stage 2 samples, indicating that the
amines may have a non-trivial impact on the nitrogen cycle
in the marine environment. Gibb et al. (1999) estimated
the ammonia and amine cycles for the Arabian Sea and
suggested that only a small amount of the marine produced
amines stays in the particle phase as the large fractions
of ammonia and amines are photo-oxidized or are washed
away by rain. This suggests that the amines detected in this
study represent only a small fraction of the amines in the
nitrogen cycle of the region and aliphatic amines may play
a non-negligible role in the whole nitrogen cycle beside the
ammonia in the remote marine environment.

www.atmos-chem-phys.net/9/9587/2009/
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Fig. 7. Monthly modeled MODIS-Aqua satellite images from the Cape Verde Island region (Giovanni, NASA) and MODIS ocean color
based time series of Chl-a (chlorophyll-a) averaged over the region 12.5–20.5◦ N/20.5–28.5◦ W. The green filled squares are the average
Chl-a concentration with error bars indicating 1/10 of the variability over the region, and the open black circles gives the percentage of cloud
cover over the region.
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2007
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01.Jan
|

01.Mar

01.May

01.Jul

2008

Fig. 9. Temporal evolution of the upper ocean temperature structure
based on moored instruments from the TENATSO Ocean Observatory and merged with AMSR-E satellite sea surface data. The broken line indicates the depth of the mixed layer base. Contours are
given for every 2◦ C, color coding is every 1◦ C. The mooring was
recovered by the end of February 2008.
Fig. 8. DMA, DEA and MP concentrations as a function of the
weekly average Chlorophyll-a concentrations calculated from SeaWiFS data (OBPG SeaWiFS 8-Day Global 9-km Products; catchment area 7◦ around the Atmospheric Observatory). No weekly
chlorophyll-a data were available for January 2008–March 2008.
The chlorophyll-a concentration was plotted against the aliphatic
amines concentrations from incoming air masses from the North
Atlantic Ocean (DMA filled green circle, DEA crossed quarter, MA
blue filled triangle and MP crossed circle) for the samples taken
with a high volume sampler.

3.2
3.2.1

Seasonal variation and influencing factors
Influence of biogenic activities on seasonal
variation

The measured aliphatic amines show higher concentration in
the spring 2007 and in the winter 2007/2008 than the rest
of the measurement periods (Fig. 5). These high values
might be connected to higher biomass production, assuming that the amines are of marine biological origin. Indeed,
the MODIS data (Fig. 7) shows high chlorophyll-a concentrations for May and June 2007 and December 2007 and
January 2008, coinciding with higher average amine concentrations for these months (Fig. 5). It should be noted
that no enhanced amine concentrations were observed during the spring 2008. Due to high cloud cover of the region
during this period, no reliable MODIS Chl-a data (Giovanni,
NASA) is available to assess the extent of biological activity for the spring 2008 (Fig. 7). The interaction of the amines
and the biomass production is reflected in the relationship between the amine concentrations and Chl-a shown in Fig. 8.
Chl-a, used as an indicator for high bioactivity, can be determined from satellite measurements (SeaWiFS weekly averages, catchment area 7◦ around the Atmospheric Observatory) and correlated with amine concentrations. To be independent from continental influences, only samples with
air masses originating from the North Atlantic Ocean (see
Fig. 3) are considered. The concentrations of amines tend
to increase with increasing Chl-a content (Fig. 8), strongly
Atmos. Chem. Phys., 9, 9587–9597, 2009

indicating the marine biogenic origin of aliphatic amines determined in this study.
3.2.2

Local upwelling

The marine bioproductivity is expected to be high in spring
and low in the winter time. However, the satellite images
show a strong algal bloom at the Cape Verde region in the
winter 2007/2008. This algal bloom was most likely supported by nutrient input to the ocean surface water. In this
region two mechanisms can increase the available nutrient
content in the surface water. One is the upwelling and the
other is the dust deposition which might foster increased biological activity by enhanced nutrient supply.
A nutrient level in the surface water around the Cape Verde
islands is generally low and so as the primary productivity.
Only during certain periods of the year nutrients are brought
up to the surface water from deeper ocean. There are two
physical processes for upwelling: (1) the local upwelling effect through the divergence of the wind field and (2) the supply of nutrients through entrainment of nutrient rich water
during the phases of mixed layer deepening. We will use
surface Chl-a as a proxy for primary productivity (Fig. 7) as
a qualitatively good correlation between primary productivity and near surface Chl-a concentrations has been shown to
exists (e.g. Behrenfeld and Falkowski, 1997). In the Cape
Verde region the Chl-a, and hence the primary productivity, normally increases in late spring/early summer as a result of enhanced wind driven upwelling. The upwelling induced entrainment of nutrients is typically associated with
a shallow mixed layer as water is brought up to the surface. However, for the year 2007/2008, high Chl-a levels
appeared also in the winter months, from December 2007
to February 2008. This is the period when the enhanced
amines have been found (Fig. 5, Table 1). The temporal temperature evolution of the mixed layer is closely examined to
further investigate the reason for enhanced primary productivity in the winter months. Daily averages of temperature
data from moored instruments from the Cap Verde Ocean
www.atmos-chem-phys.net/9/9587/2009/
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ary 2008 with a peak in January 2008 (Fig. 10). Especially
high mass concentrations were observed on 10 May 2007
(331 µg m−3 ), 31 December 2007 (339 µg m−3 ) and 29 January 2008 (601 µg m−3 ). Backward trajectories show the
North African origins of the air masses for these three days,
indicating Saharan dust events. This is further supported by
EUMETSAT images (copyright by EUMESAT2007) showing sandstorm events for these days. It is likely that the
anomalous algal bloom in the winter 2007/2008 was related
to both, entrainment of nutrient into the oceanic mixed layer
as well as dust deposition from the atmosphere.
4

Fig. 10. Monthly average and variability of the particle mass in
µg m−3 from the quartz fiber filters taken with a high volume sampler.

Observatory are combined with satellite derived SST data.
Small scale variability was removed by applying a one-week
running mean to the gridded data (Fig. 9). The ocean mixed
layer (ML) base was derived as the depth where the surface
temperature had decreased by 0.36◦ C. The temporal evolution of the ML shows a pronounced seasonal cycle with the
shallowest depth (order 30 m) in the summer months (July–
September) and the deepest ML depth in the winter months
from January–March. Shorter time variability is likely the result of advection of temperature anomalies and local air-sea
interaction. In particular, the ML base decreased by about
50 m very rapidly from end of November 2007 until middle
of January 2008. The strong deepening is most likely the
result of intense buoyancy loss of the surface water through
enhanced evaporation and cooling. This deepening may have
been associated with entrainment of colder, nutrient rich water from below which may have fuelled primary productivity. Indeed, similar anomalies with high biomass production
in winter have been reported from field experiments in this
Mauritanian upwelling region (Bricaud et al., 1987; Pradhan
et al., 2006), in which the upwelling process was thought to
be responsible for algal blooms.
3.2.3

Dust deposition

Another form of nutrient input during the winter months is a
dust deposition process (Moor et al., 2006; Pradhan et al.,
2006; Jo et al., 2006). In this respect, the nutrient input
by dust was simulated by Coale et al. (1996) and Martin et
al. (1994) in field experiments, demonstrating the enhanced
primary productivity from the increase in biologically available iron in the ocean surface. During the field campaign,
the islands were subjected to strong dust plumes in the winter months and much higher average particle mass concentrations were observed between November 2007 and Februwww.atmos-chem-phys.net/9/9587/2009/

Summary

The concentrations of aliphatic amines were determined
at the Cape Verde Atmospheric Observatory on the Island
São Vicente during a one year field campaign between
May 2007 and June 2008. The highest amine concentrations were determined in fine particles (impactor stage 2,
0.14–0.42 µm), suggesting the formation of amines in the
particle phase through the reaction of gas-phase amines with
acidic sub-micrometer particles. Moreover, elevated levels
of amines were observed in spring and winter months which
coincided with high near surface Chl-a concentrations derived from ocean color satellites, indicating high primary
production. The high primary productivity in the summer
months may be connected to the upwelling process bringing nutrient rich deep sea water to the surface while high
winter Chl-a may be associated with intense mixed layer
deepening which entrained nutrient rich water into the upper water layer. Moreover, Saharan dust deposition during
the summer and notably the winter months may provide nutrients to the surface water. It can not be concluded from
our data whether the atmospheric or the oceanic processes
played the most important role for the nutrient supply. Further research is warranted for better understandings of the
particle-phase amine origins, parameters controlling the formation of amines in sub-micrometer particles and the role of
particle-phase amines in the ocean-atmosphere nitrogen cycle.
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