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h i g h l i g h t s
� First measurements of aerosol concentrations in the Galapagos Islands are shown.
� No evidence of new-formed particles in the marine boundary layer (MBL) was observed.
� Aitken mode in the MBL was aerosol from the free troposphere off the coast of Chile.
� Cloud processing in the MBL increases the concentration in the accumulation mode.
� Particle formation was triggered by biogenic emissions from the island's lowlands.
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a b s t r a c t

During the CHARLEX campaign in the Gal�apagos Islands, a Scanning Particle Mobility Sizer was deployed
on San Cristobal Island in JulyeAugust 2011 to carry out size-resolved measurements of the concen-
tration of submicron aerosols. To our knowledge these are the first measurements of aerosol concen-
trations in this unique environment. The particles with marine origin displayed a tri-modal number size
distribution with peak diameters of 0.016 mm, 0.050 mm and 0.174 mm and a cloud-processed intermodal
minimum at 0.093 mm. The mean total aerosol number concentration for the marine contribution was
470 ± 160 cm�3. A low particle concentration of 70 ± 50 cm�3 for the nucleation size range was
measured, but no evidence of new particle production in the atmospheric marine boundary layer (MBL)
was observed. The concentration of the Aitken size mode was found to be related to aerosol entrainment
from the free troposphere off the coast of Chile followed by transport within the MBL to the Gal�apagos
Islands. Cloud processing may activate the particles in the Aitken size range, growing through ‘in-cloud’
sulphate production and increasing the particle concentration in the accumulation size range. The
0.093 mm cloud processed minima suggests that the critical supersaturation at which the particle is
activated to a cloud droplet is in the 0.14e0.21% range. The daytime marine particle background con-
centration was influenced by human activity around the sampling site, as well as by new particle for-
mation triggered by biogenic emissions from the vegetation cover of the island's semiarid lowlands.
Effective CCN formation may play a role in the formation and properties of the stratus clouds, which
permanently cover the top of the windward side of the islands and establish one of their characteristic
climatic bands.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

CHARLEX (Climate and HAlogen Reactivity tropicaL Experiment)
was a ground-based study of the composition and chemistry of the
atmospheric marine boundary layer (MBL) carried out in the
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Fig. 1. CHARLEX study area at San Crist�obal Island showing the measurement sites at
Puerto Baquerizo Moreno (SCR-PBM) and La Lobería (SCR-LBR). The light blue line
indicates the typical wind direction and the distance travelled by the air masses on the
ground, before arriving at SCR-PBM. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Gal�apagos Islands (Ecuador) from September 2010 to February
2012 (G�omez Martín et al., 2013). The primary objective of the
campaign was to study the temporal evolution of the mixing ratios
of reactive halogen species in the Eastern Pacific MBL. The collected
data, combined with spatially resolved data from the same region
(Mahajan et al., 2012) and other locations around the world
(Prados-Roman et al., 2015), has enabled new insights into the
emission of reactive iodine precursors from the ocean (Carpenter
et al., 2013; MacDonald et al., 2014). Other important conclusions
of the study were the observations of low iodine monoxide (IO)
mixing ratios, which are insufficient to sustain iodine oxide particle
(IOP) formation over the open ocean (Mahajan et al., 2010) and also
rule out the MBL as the location of high IO column densities
detected from space over the Eastern Pacific (Sch€onhardt et al.,
2008). Finally, the contribution of iodine and bromine to surface
ozone O3 depletion was quantified.

In order to investigate a potential presence of IOPs in the open
ocean MBL, measurements of sub-micron particle size distribution
were performed for three weeks during the summer 2011 at San
Cristobal Island. Significant advances have been made during
recent years in identifying particle production in coastal zones (e.g.
O'Dowd and de Leeuw, 2007; Mahajan et al., 2011; Sorribas et al.,
2011, 2015), where iodine oxides and anthropogenic emissions
are the dominant species leading to particle production. However
studies in the open ocean are still scarce. New particle production
and growth events have been observed during periods of high
oceanic productivity over the N.E. Atlantic (Ehn et al., 2010; O'Dowd
et al., 2010), although the absence of such processes is the usual
pattern (e.g. Raes et al., 1997; Tomlinson et al., 2007).

The investigation of potential IOP-related new particle forma-
tion over the Eastern Pacific during CHARLEX was complemented
with the study of more general issues relevant for the global aerosol
budget. Besides new particle formation, field aerosol size distri-
butions encompass many other atmospheric processes including
condensation, coagulation or cloud processing.

Given that 70% of the Earth's surface is covered by oceans, ma-
rine aerosols are thought to play a key role in climate both through
direct and indirect effects. Global climate models and satellite re-
trievals (Myhre et al., 2007; Ma et al., 2008) require information
about particle size to enable calculations of the impact of aerosols
on the atmospheric radiative transfer. Field campaigns provide key
experimental data of aerosol properties based on location and
source region as determined by air mass back trajectories (e.g.
McGovern et al., 1999; Bates et al., 2002).

Themain objective of the present paper is reporting in detail the
aerosol measurements carried out during CHARLEX. The absence of
open ocean nucleation events, consistent with generally low IO
mixing ratios implying slow IOP growth, was briefly reported by
(G�omez Martín et al., 2013). Here, besides a more detailed discus-
sion of the lack of newly-formed particles, the modal and total
particle concentration and the sub-micron size distribution vari-
ability in the Gal�apagos Islands are reported and discussed in terms
of aerosol dynamic processes and transport patterns.

2. Materials and methods

2.1. Sampling sites and meteorology

The Gal�apagos Archipelago is a group of volcanic islands located
in the East Equatorial Pacific, 1000 kmwest of the Ecuadorian coast.
The unique regional climate is determined by the interaction of
ocean currents and winds, governed by the seasonal shift of the
Inter-Tropical Convergence Zone, and strongly influenced by the El
Ni~no Southern Oscillation (ENSO) (Alpert, 1963). The aerosol mea-
surements reported in this study were carried out at the onset of
the cold/dry season (JulyeAugust) of an ENSO-neutral year (2011)
(NOAA ENSODiagnostic Discussions, 2011). Under these conditions,
the southern shores of the islands were permanently subjected to
the prevailing south-easterly trade winds and the air masses
reaching the coast can be considered to be representative of the
background south-eastern open ocean.

San Crist�obal is the easternmost and fifth largest island of the
archipelago. Puerto Baquerizo Moreno (0� 540 14.5300S,
89� 36050.9200W) is the only town of the island, situated in Ship-
wreck Bay on the south-western coast. The dry lowlands sur-
rounding the town are characterized by nanophyllous desert scrub
vegetation (Hamann, 1979). The sampling site (hereafter SCR-PBM)
was placed in the permanently manned meteorological station of
the National Institute for Meteorology and Hydrology (INAMHI)
(WMO 84008), to thewest of the town at 6m elevation abovemean
sea level. Given the situation of the station and the prevailing wind
direction during the campaign, the site can be classified as back-
ground rural area with a low urban influence (Fig. 1), and a natural
contribution to the aerosol loading coming from the south of the
island composed of biogenic emissions should be also taken into
account. A second sampling site was located at La Lobería beach
(hereafter SCR-LBR), which is 2.1 km south of SCR-PBM and can be
considered as representative of background marine aerosol.

Back-trajectories analysis was used to characterise the origin
and the path of the air masses arriving at both sampling sites. The
120 h back-trajectories were calculated using HYSPLIT (Hybrid
Single Particle Lagrangian Integrated Trajectory) (Draxler and Hess,
1998), with the vertical velocity field from the Global Data Assimi-
lation System (GDAS) meteorological data. Fig. 2a shows the calcu-
lated back-trajectories arriving at 12:00 UTC for the overall period
of the campaign, which come from the open ocean having previ-
ously travelled parallel to the coast of Chile and Peru. The only
significant difference between the back-trajectories arriving at each
site is the strip of land over which the air masses pass before
arriving at SCR-PBM (Fig. 2b and c). This area on San Crist�obal Island
is covered by a relatively dense desert scrub and therefore, biogenic
emissions can be expected to modify the marine background levels.
In this context, the particle number size distributions measured at
SCR-PBM are classified according to the intensity of the particle
source as follows: (a) daytime observations, comprising a complex
mix of aerosol state classes with a variety of particle sources (ma-
rine, rural and biogenic) and (b) night time, representative of the
marine background aerosol. At SCR-LBR, marine background



Fig. 2. (a) Air mass trajectory at surface level identified according to the 5-day back-
trajectories calculated with HYSPLIT model. (b) Final section of the back-trajectories
arriving at SCR-PQM and (c) SCR-LBR.
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aerosol can be considered as the only contribution to both day- and
night time observations.

2.2. Instrumentation

Surface aerosol measurements were carried out at SCR-PBM and
SCR-LBR. At SCR-PBM, the inlet was placed at about 6 m above
ground level. The aerosol sampling was carried out by means of a
vertical stainless steel pipe (1 cm inner diameter and 150 cm
length) with a flow rate of 12 l min�1, resulting in a Reynolds
number of 1700. The sampled air flow was subsequently split in
two and conducted via air dryers to a Scanning Mobility Particle
Sizer (SMPS) and an Ultrafine Condensation Particle Counter
(UCPC). At SCR-LBR, the inlet was located on top of the instrument
container, about 3 m above ground level and 100 m away from the
shoreline. The sampled aerosol was drawn into the UCPC inlet
through a 1.5 m long stainless steel pipe with 4 mm inner diameter.
The sampling system efficiency (including the dryers) was calcu-
lated according to the AEROCAL program available from P. Baron's
website: www.aerosols.wustl.edu/AAARworkshop08/html/
calculator.htm.

The sub-micron particle number size distribution in the
9e407 nm range was monitored using a SMPS, which consists of an
Electrostatic Classifier (TSI Model 3080) and an UCPC (TSI Model
3776). The sheath flow was 6.0 l min�1 and it was dried with silica
gel in a closed loop. The sampled aerosol flowwas 0.6 l min�1 and it
was dried below 40% relative humidity using a Perma Pure Nafion
sample air dryer (Perma Pure Inc., Toms River, N). As a result of the
different operational flows of the Electrostatic Classifier and the
UCPC, an excess and filtered flow of 0.9 l min�1 was added using a
critical orifice to control the flow, upstream of the UCPC inlet. The
SMPS data were corrected for losses caused by diffusion and mul-
tiple charges inside the instrument using the AIM software (version
9.0.0, TSI, Inc., St Paul, MN, USA). A second UCPC was used to
measure the total concentration of particles larger than 3 nm (50%
detection at 3 nm). The aerosol sampled by this second UCPC was
also dried using a Perma Pure Dryer. The difference in total particle
concentration between the UCPC and SMPS systems gives the
particles in the (3e9) nm size range. The responses of the SMPS and
the UCPC were cross-compared previous to the CHARLEX campaign
following the guidelines of the Spanish Network on Environmental
DMAs (G�omez-Moreno et al., 2015). Additionally, both UCPCs were
compared at their arrival at the Galapagos Islands, showing de-
viations below 8%.
The SMPS system was running from 30 July to 5 August 2011 at
SCR-PBM. The UCPC system ran from 21 July to 10 August at SCR-
PBM and from 6 to 10 August at SCR-LBR. For analytical purposes,
particle number size distributions are assumed to have four-size
fractions: the nucleation size fraction (3e9) nm, the aged nucle-
ation size fraction (9e30) nm, the Aitken size fraction (30e100) nm
and the accumulation size fractions (100e473 nm). The particle
concentrations within these four size fractions are denoted by
NNUC, NNUC

AGE, NAIT and NACC, respectively. The term ‘mode’ was used
to describe each mode of the size distribution functionwhen it was
log-normal fitted.

In addition to the particle instruments, the solar radiation was
measured using a global radiometer (Kipp& Zonen CPM11) and the
ozone concentration was measured with a UV absorption monitor
(2BT 205). Meteorological data (pressure, temperature, relative
humidity, precipitation, wind speed (WS) and direction and sea
surface temperature (SST)) were provided by the INAMHI weather
station at SCR-PBM at 6:00, 09:00, 12:00, 15:00 and 18:00 local
time (no night time data).

3. Results and discussion

3.1. Aerosol size distributions and concentrations

Time series of the total particle concentration with diameter
larger than 3 nm (N3) and global solar radiation recorded at SCR-
PBM during the CHARLEX campaign are shown in Fig. 3a. The
mean value for N3 was 1600 ± 1300 cm�3 (± indicates one standard
deviation). The median value was 1200 cm�3 with 16th and 84th
percentiles of 260 cm�3 and 3000 cm�3, respectively. The daily
cycle of N3 shows the minimum hourly mean levels during the
night from 00:00 LT to 04:00 LT with a mean value of 270 cm�3. An
increase is observed in the early morning when the sunrise starts at
06:00 LT, reaching themaximum at 08:00 LT with 3600 cm�3. Later,
the N3 decreased slowly to reach the levels usually observed during
the night at 23:00 LT. The daily evolution observed from 06:00 LT to
23:00 LT is attributed to the contribution of several aerosol sources
such as marine, rural and biogenic, and from 00:00 LT and 04:00 LT
to the marine background source only. This is discussed in detail in
Section 3.2.

From 6 to 10 August, N3 was also monitored at the SCR-LBR site
(blue dots in Fig. 3a). The mean value for N3 was 470 ± 160 cm�3

and a daily evolution was not observed. Taking into account the
pathway of the air masses arriving at the sampling area (Fig. 2), the
particle levels can be considered as a background marine contri-
bution. Additionally, the N3 levels observed at SCR-LBR were a
factor 1.8 higher than those observed at SCR-PBM during the night.
These differences in N3 levels will be analysed in Section 3.2.1.

The sub-micron particle number size distributionwas measured
at SCR-PBM from 30 July to 5 August. In Fig. 4 the colour surface plot
(top panel) and the evolution of the particle concentration for
nucleation, aged nucleation, Aitken and accumulation size fractions
(NNUC, NNUC

AG , NAIT and NACC) are shown. The daily mean cycle evo-
lution of N3 was dominated mainly by particles with diameters
lower than 30 nm, e.g., the nucleation and aged nucleation size
fractions, during the day. At night, the concentration was domi-
nated mainly by NNUC, NAIT and NACC (this is not appreciated in the
bottom panel of Fig. 4 due to the scale), with 70 ± 50 cm�3,
80 ± 30 cm�3 and 73 ± 21 cm�3. The NNUC

AGE was lower with
36 ± 24 cm�3. Higher night time NACC was only observed between
30 July and 1 August (see Fig. 4 top panel).

Fig. 5 shows the mean number particle size distribution, with
each curve representing two different time segments of the day,
which are characterized by different particle sources (see Section
3.2). A tri-modal particle number size distribution function was
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Fig. 3. Time series of (a) total particle concentration with diameter higher than 3 nm measured at SCR-PBM (black line) and SCR-LBR (blue dots) and global solar radiation (red), (b)
ozone concentration (green), air temperature (dark blue), sea temperature (light blue), wind speed (orange) and wind direction (pink) at SCR-PBM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (Top panel) Colour surface map and (bottom panel) time series of hourly particle concentration for nucleation-new, nucleation-old, Aitken and accumulation size ranges
(NNUC

new, NNUC
AG , NAIT and NACC) measured at SCR-PBM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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observed in the MBL aerosol (mean 00:00e05:00 LT), Fig. 5, with
the first mode (nucleation) centred at a diameter of 0.016 mm, the
second mode (Aitken) at 0.050 mm and the third mode (accumu-
lation) at 0.174 mm. The inter-modal minima occurred at 0.022 mm
and at 0.093 mm, between the nucleation and Aitkenmodes and the
Aitken and accumulation modes, respectively.

A comparison of the number size distributions found in the
study area with those observed in other marine environments has
been carried out. Similar modal structures have been previously
reported in the subtropical Northeast Atlantic (Raes et al., 1997), in
the Indian Ocean (Bates et al., 2002) and in the Pacific (Clarke et al.,
2006), showing Aitken and accumulation modes with similar mean
geometric diameters and an inter-modal minimum around
60e80 nm. Themodal parameters corresponding to eachmean size
distribution, based on fits of the tri-modal particle number size
distribution function to the measured distributions are shown in
Table 1. For the mixed air mass category, the total concentration
increases within all modes and the Aitken and accumulationmodes
are shifted to smaller diameters. In a more anthropogenized
maritime environment in the Mediterranean area, the aerosol
number distribution consisted of nucleation, Aitken and accumu-
lation modes with a number concentration significantly higher
than that encountered in themarine category (Piazzola et al., 2012).
This comparison indicates that the marine category is not impacted
by pollution transported over the Pacific Ocean as was found over
the Mediterranean Sea. In addition, the new particle formation
events that seem to take place over the Mediterranean Sea are not
observed over our sampling area.

3.2. Discussion of the particle contribution analysis

3.2.1. Marine aerosol
In the MBL, the ocean is not the only particle source. The stable

shape of the number particle size distribution under marine



0

5

10

15

20

25

30

35

40

10 100 1000

x 102

Diameter (nm)

dN
/d

lo
gD

 (c
m

-3
) (

5-
23

h)
 

0

50

100

150

200

250

dN
/dlogD

 (cm
-3) (0-4h)

Fig. 5. Number size distribution for marine (blue line) background air masses and a
mix of marine, rural and biogenic contributions (black line) at SCR-PBM. The vertical
bars represent one standard deviation in the mean number in that bin size over the
averaging period (Marine e 25hr, Mixed e 108 h). The fitting number size distributions
of the three-lognormal modes for both contributions are in dashed lines, corre-
sponding to the modal parameters in Table 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Ratio of the accumulation size range concentration (NACC) to the total volume
(VTOTAL) vs. total volume concentration for both marine and mixed aerosol.
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conditions reported throughout the literature could result from
four possible atmospheric processes contributing to particle con-
centration: (1) new particle formation driven by sulphuric acid and
iodine oxides resulting from emissions of DMS and iodine-bearing
molecules from the ocean surface, facilitated by the presence of
other condensable compounds such as organic products from
isoprene oxidation (Russell et al., 1994; O'Dowd and de Leeuw,
2007; Mahajan et al., 2011), (2) entrainment of particles from the
free troposphere (FT) (Raes et al., 1997), (3) aqueous-phase chem-
istry on non-activated aerosol which can be activated and become
cloud droplets or cloud condensation nuclei (CCN) to further form
stratiform clouds over the ocean (Magaritz et al., 2010), and (4) sea
spray aerosol production by wind stress at the ocean surface
(O'Dowd and Smith, 1993). Below, these processes are discussed in
order to understand the particle contribution within each size
range of the observed size distribution.

New particle formation is an infrequent process in the MBL,
which is observed in the presence of low pre-existing aerosol sur-
face area concentration (Heintzenberg et al., 2000, 2004). Aerosol
dynamics calculations predict a threshold dry aerosol surface of
15 mm2 cm�3 to inhibit the binary nucleation (H2SO4eH2O) under
remote MBL conditions (Raes, 1995), and from experimental data
this threshold has been evaluated to be 3 mm2 cm�3 (O'Dowd et al.,
1996). Another example is found during the two cruises described
in Tomlinson et al. (2007), where a reduction in aerosol surface area
from 27 mm2 cm�3 to 10 mm2 cm�3 accompanied the only nucle-
ation events observed during both campaigns. Our measurements
show that the mean aerosol surface of the marine contributionwas
10 ± 4 mm2 cm�3, which is high enough to inhibit a strong nucle-
ation process and the consequent growth by condensation pro-
cesses. The low surface IO mixing ratios observed throughout the
Table 1
Modal parameters (Total concentration (N), geometric diameter (Dg) and geometric stan
three-lognormal distributions to the data shown in Fig. 5.

Nucleation mode Aitken mode

N cm�3 Dg nm sg N cm�3

Marine 23 16 1.3 90
Mixed 1110 16 1.49 450
CHARLEX campaign (G�omez Martín et al., 2013) also rule out IOP
nucleation (Mahajan et al., 2010).

However, a mean NNUC ¼ 70 ± 50 cm�3 was observed in the
marine air masses and therefore, a weak nucleation process cannot
be discarded. In our study, this background concentration within
the nucleation size range was not dependent on the concentration
of pre-existing aerosol, since no relationship was observedwith the
aerosol surface concentration. Only about half of the new particles
grew, resulting in an average NNUC

AGE ¼ 36 ± 24 cm�3. The rest of the
new particles possibly coagulated with particles within the accu-
mulation size range, thus resulting in an increase of the particle
concentration within the coarse size range.

The low concentration of new particles raises the question about
the origin of the particles within the Aitken size range. In our study,
themean NAIT was 76 ± 29 cm�3, which is a factor of 2.1 higher than
the mean NNUC

AGE . A potential explanation of the observed Aitken size
range particles is the entrainment of pre-existing aerosol from the
free troposphere (FT) and subsequent condensational growth (Raes
et al., 1997). This question has been analysed in previous studies in
terms of the NACC/VTOTAL ratio. Since FT air has very low VTOTAL,
entrainment acts as a simultaneous dilution process for VTOTAL,
increasing the NACC/VTOTAL ratio with decreasing VTOTAL (Van
Dingenen et al., 2000). Such behaviour is observed in Fig. 6 for
marine and mixed particle contributions. However, the behaviour
for the marine source is clearer than for the mixed source, probably
as a result of perturbation by other particle sources within the
mixed category. Therefore, this result is consistent with entrain-
ment of FT aerosol within the Aitken size range into the MBL,
explaining the concentration observed in this Aitken size range.

Fig. 7a shows the median height of the back-trajectories vs.
backward hours and Fig. 7b the median height of the MBL vs.
backward hours calculated with the HYSPLIT Model. Also the 10-
and 90- percentiles of both median heights are shown in each
dard deviation (sg)) of the mean particle number size distributions based on fits of

Accumulation mode

Dg nm sg N cm�3 Dg nm sg

50 1.55 80 174 1.46
44 1.6 180 120 1.6



Fig. 7. Median height, 10- and 90- percentiles of the: (a) back-trajectories vs. backward hours and (b) the marine boundary layer vs. backward hours calculated by HYSPLIT Model.
(c) Points where the intersection between the heights of the MBL and the back-trajectories are occurring.
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figure. Both median heights vs. time were estimated using the
height of 1-day back-trajectory at 00:00 LT for each day during the
campaign. Fig. 7a shows that the height of an air parcel decreased
considerably during the 6th and 5th day before the arrival to the
sampling site. This descent of the air masses is linked to the usual
global and tropical atmospheric circulation pattern at latitudes
~30�S, which depends on the Hadley and Ferrel cells. At these lat-
itudes, both cells result in sinking air from high altitudes to the
ground level and therefore, tropospheric entrainment is proposed
as an aerosol source at ground level. Additionally, Fig. 7b shows that
the MBL heights were estimated to be between 500 m and 800 m,
which compare reasonably well with those derived by Zeng et al.
(2004).

The transport from the FT to the MBL seemed to occur as an
injection (punctual entrainment) or as a continuous entrainment at
the place where the intersection between the heights of the MBL
and the back-trajectories occurs (red points in Fig. 7c). Thus, the
aerosol is likely to be entrained in theMBL off the coast of Chile and
later transported within theMBL to the Gal�apagos Islands. It cannot
be ruled out that during the entrainment, a nucleation process
forms new particles, however condensation, coagulation and cloud
processing would increase the size of the newly formed particles
before arriving at the sampling site.

The minimum observed between the second and third modes
(Fig. 5) is the so-called Hoppel minimum, which has been
frequently observed in the MBL (Hoppel et al., 1986). It has been
hypothesized that particles previously within the Aitkenmodemay
become activated, resulting in cloud droplet formation followed by
the growth of accumulation mode particles by aqueous phase
processes and coagulation (Mochida et al., 2011). Over time, this
growth process results in the Hoppel minimum, which is the size
separation between previously activated and inactivated sizes.
Thus, if measurements of cloud droplet concentration are not
available, the accumulation size range concentration is expected to
be equivalent to the CCN concentration at the peak in-cloud su-
persaturation (Hoppel et al., 1986). Moreover, following the criteria
used by Van Dingenen et al. (1995), the likely CCN concentration
peak can be estimated at two supersaturation values of 0.15% and
0.75%, which are assumed to be all particles above 100 nm and
40 nm, respectively. During our study, the CCN concentration at
0.15% supersaturation was in the range of 20e130 cm�3
(mean ± standard deviation ¼ 80 ± 32 cm�3), which is in agree-
ment with previous campaigns over the Central Southern Pacific
(Hoppel et al., 1986). The analysis gives a mean CCN concentration
at 0.75% supersaturation of 150 ± 70 cm�3 with minimum and
maximum values of 39 cm�3 and 327 cm�3, respectively.

One of the properties that can be used to characterise the CCN
activity of an aerosol is the critical supersaturation, being the
lowest supersaturation at which the particle is activated to a cloud
droplet. The critical supersaturation (SScritical) is described by
K€ohler Theory (K€ohler, 1936) and a simple parameterization to the
evaluation can be found in Hoppel et al. (1996), using the following
equation for ammonium sulphate aerosols:

SScriticalð%Þ ¼
"
K
�
Dmin
2

� 10�4
��3=2

#
� 100 (1)

where K ¼ 1.71 � 10�11 cm3/2 and Dmin is the Hoppel minimum in
mm. The critical supersaturation in our study was calculated
assuming that the particle concentration is dominated by ammo-
nium sulphate aerosols and the Hoppel minimumwas observed in
the size range of (0.081e0.108) mm (if the minimum diameter and
the adjacent SMPS channels are considered, Fig. 4a). The value
obtained is in the range 0.14e0.21%. It should be noted that these
supersaturations are lower than those evaluated by Blot et al.
(2013) during an aircraft campaign at 150 m altitude, being the
range of observed values between 0.20 and 0.30%. This results from
a shift of the Hoppel minimum to a smaller size, indicating higher
critical supersaturations. These differences may be related to our
minimum being shifted to larger sizes due to longer travel of the air
mass over the remote ocean.

A further aerosol contribution to the accumulation size range in
the MBL could be the sea spray aerosol (SSA) (Ovadnevaite et al.,
2014). SSAs are formed by two processes: through breaking
waves via bubble bursting and by direct tearing of wave crests at
high WS. The SSA production and lifetime in the MBL for sub-
micrometre particles is complex. The SSA size and concentration
evolution are affected, among other factors by condensation, cloud
and evaporation processes, WS and MBL dynamics. In clean marine
air masses and high winds, the sea salt aerosol dominates the
accumulationmode (O'Dowd and Smith,1993) with concentrations
of about 70 cm�3 (O'Dowd and de Leeuw, 1997), which is similar to
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the particle concentration for accumulation size fraction in the
marine category.

The steady state dry deposition method (Smith et al., 1993)
combined with the SSA flux parameterization derived by Clarke
et al. (2006) can be used to estimate the contribution of SSA to
the marine component. There are important uncertainties in the
application of the steady state approximation and flux parameter-
izations (de Leeuw et al., 2014), and therefore the following cal-
culations should be regarded as mostly qualitative. The mean
number flux (F) per log D interval from the Clarke et al. (2006)
parameterization was evaluated for WS ¼ 2.5 m/s and 5 m/s.
These values are taken to be representative respectively of the
minimum and maximum of the WS daily cycle at SCR-PBM. Night
time meteorological data was not recorded, but from full day
measurements during the previous year (G�omezMartín et al., 2013)
and the WS observed at 6:00 LT, an estimated WS of 2.5 m/s for the
0:00e4:00 LT lapse can be deduced. The daytime WS during the
SCR-LBR measurement period was (4.8 ± 2.1) m/s. The particle
number size distributions obtained with the steady state method
are quite similar than the observed distribution for WS ¼ 2.5 m/s
but significantly lower for WS ¼ 5 m/s. Note that the marine
contribution measured throughout the campaign has been
deduced from the night time data, and therefore it has to be
compared to the particle concentration obtained for 2.5 m/s. The
observations of the marine aerosol at SCR-LBR were carried out
during daytime and should be compared to the 5 m/s distribution.
The calculated values predict a reduction of total particle concen-
tration for accumulation mode of one order of magnitude,
depending on WS.

Besides the background open ocean production of SSA, a further
flux form the surf may enhance the SSA concentration at SCR-LBR
compared to SCR-PBM. De Leeuw et al. (2000) proposed a rela-
tionship between the flux in the surf zone and the associated
aerosol number concentration similar to the steady state equation,
but replacing the deposition velocity by the WS/L ratio, where L is
the width of the surf zone. Considering the Clarke et al. (2006) flux
parameterization and assuming 5 m/s and 40 m for WS and L,
respectively, the surf-produced aerosol number concentration at
the sampling point is similar to the difference in concentration at
SCR-PBM and SCR-LBR sites with about 200 cm�3.

Summarizing, it is likely that SSA contributes to the accumula-
tion mode and it is plausible that the WS daily cycle is partly
responsible for the differences observed between the marine
aerosol concentrations measured in both sites. It is worth pointing
out that meteorological data (including WS) were recorded at the
INAMHI station at 6:00, 09:00, 12:00, 15:00 and 18:00 LT, and
therefore analysis of correlation between these and the marine N3
is not possible. Using the 6:00 LT meteorological values as repre-
sentative of night time values does not results in significant cor-
relation with N3 at 95% confidence level. The N3 measurements at
SCR-LBR show a correlation of R ¼ 0.44 (p ¼ 0.046) with WS. This
tenuous relationship with WS may suggest that it is actually the
surf contribution what mostly explains the observed differences
between both sites.

3.2.2. Mixed urban, biogenic and marine aerosols
The SCR-PBM sampling site is located in an urban site and close

to a forested area and therefore both anthropogenic and natural
particle contributions to the observed particle concentrations can
be expected. The concentration of primary particle pollutants
shows weekly patterns, reflecting the day to day variations of the
anthropogenic emission activities (Adame et al., 2014). In urban
areas, the decrease of human activity during weekend days, which
was corroborated ‘in situ’ during the campaign, produces lower
emissions, and therefore lower particle concentrations. With the
aim of determining whether there was an urban particle contri-
bution, the differences between the particle concentration during
weekdays and weekend days have been analysed.

Fig. 8a shows the daily cycle of mean N3 concentration and solar
irradiance during weekdays and weekend days. Weekends showed
lower N3 than weekdays between 06:00 LT and 18:00 LT, that is
during daytime, when the local human activities were more
frequent. It is not possible to differentiate the particle size contri-
bution to the weekend N3 because the particle size distributionwas
only measured during 1.5 weekends and therefore, the particle
concentration within each size range it is not considered as being
representative. The marine contribution to the daily cycle of mean
N3 can be considered as the average particle concentration from
00:00 LT to 04:00 LT shown in Section 3.1 with 270 cm�3. The
biogenic contribution can be represented approximately by the
particle concentration during weekends, assuming that the urban
influences are negligible. Under this assumption, the urban
contribution would be approximately the difference between the
particle concentration during weekdays and weekends. Fig. 8b
shows the daily cycle of mean N3 concentration, following this
classification of particle sources. During the campaign the urban
contribution exhibited patterns related to the road traffic intensity
near to SCR-PBM, evidencing the strong influence of fresh emis-
sions during (06:00e09:00 LT) and (14:00e15:00 LT).

The daily cycle of the biogenic contribution for N3 concentration
is also shown in Fig. 8b. In most environments the peak emission of
biogenic volatile organic compounds (BVOCs) is expected to occur
at midday (Jardine et al., 2010), but some are also emitted at night.
Our observations show that the concentration of newly formed
particles at SCR-PBMwas observed to be higher before midday. The
maximum concentration occurs at 09:00 LT, i.e. 3 h after the
photochemical activity kicks off. This could result from low BVOC
concentrations and a lower rate of emission from the vegetation
cover than the rate of consumption in the nucleation process.
Another explanation may be the accumulation of precursors over-
night, contributing to early morning aerosol peaks. A second
maximum of the biogenic contribution for N3 was observed during
sunset (see below).

The vegetation types at Gal�apagos Islands vary from desert and
desert scrub tomesic evergreen forest, and its distribution is closely
associated with the pattern of variation in the local climatic con-
ditions, as well as with variations in altitude and exposure
(Hamann, 1979). The back-trajectories plotted in Fig. 2b show that
air masses travel over a strip of land before arriving at SCR-PBM.
This area is covered by relatively dense desert scrub, containing a
high proportion of endemic taxa (Schofield, 1984). There are no
studies about the emissions of BVOCs by terrestrial vegetation at
the Gal�apagos Islands. While the research focus has been on forest
emissions around the world, very little is known about BVOCs
emissions from desert plants and the impact on climate in sec-
ondary organic aerosol production (Spracklen et al., 2011).
Although higher air temperatures and solar insolation of desert
ecosystems may drive high BVOC emissions rates (Jardine et al.,
2010), emissions of salicylic ester from desert plants has been
suggested to be a significant factor for secondary organic aerosol
formation in desert regions (Matsunaga et al., 2008). Emissions of
isoprene, monoterpenes and oxygenated compounds from several
plant species in the desert regions of the Western USA have been
also reported (Geron et al., 2006). Jardine et al. (2010) showed that
the BVOCs emissions followed ambient temperature and light and
displayed strong diurnal patterns with maxima during midday.
However, the ambient concentration of some BVOCs was found to
have two maxima: one during midday and a secondary peak late in
the evening or midnight. This behaviour could be related to the
particle concentration increases during late evening observed in
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concentration in terms of marine, urban and biogenic particle source and solar irradiance.
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Fig. 8a and b.
The only significant (p < 0.05) individual Pearson correlations of

N3 (which in daytime is mostly N ~ NNUC þ NNUC
AGE) with composi-

tional/meteorological variables are with wind direction, O3 and
radiation. As shown in Fig. 2, when the predominant wind is from
the S-SW sector (180�e225�), the land strip traversed by the air
mass is narrow (2.2 km) and there are no farming activities within
the trajectory (the terminal of the Island's airport is the only
building in that area). In the S-SE sector (135�e180�), where the
distance to the coast ranges from 2.2 km (S) to 8.4 km (SE), the
island surface is densely covered by vegetation and there are
houses and a quarry within the last 1 km of the air mass trajectory.
Ozone plays a role both in urban and biogenic particle formation,
and therefore cannot be used to discriminate the two components.
Correlation between N3 and O3 anomalies (average of the mea-
surements period subtracted) is significant for daytime daily aver-
ages (R ¼ 0.56, p ¼ 0.018). When only data points within the (S-SE)
sector are considered, the correlation coefficient and its level of
significance decrease (R¼ 0.42, p¼ 0.12). Thus, theweaker biogenic
and anthropogenic sources in the S-SW sector appear to determine
simultaneously the variability of N3 and O3. There is indeed a weak
correlation between the daily averages of wind direction and O3
(R¼�0.51, p¼ 0.033), with O3 levels being lower in the S-SWwind.
In the S-SE sector, N3 and O3 concentrations are strongly modified
by the biogenic and anthropogenic sources, with different in-
tensities versus time. The correlation between N3 and wind direc-
tion was (R ¼ �0.43, p ¼ 0.08).

The correlation between N3 and irradiance for hourly averages is
strongly significant (R ¼ 0.49, p < 1 � 10�6), since the daily cycle
determines both photochemistry and human activities. The corre-
lation coefficient between the average daily profiles (Fig. 8a) of N3
and radiation is R ¼ 0.71, with p ¼ 1 � 10�6. Note that a mismatch
exists between the daily cycles, which results in no significant
correlation when only daytime data are considered. Consistent
with this, no significant correlation remains after subtracting the
respective average daily cycles from the two data series. Besides the
aforementioned biogenic emission pattern, human activities also
affect the shape of the daily N3 evolution, partially decoupling it
from the solar irradiance profile. For instance, the early rush hour
may be reflected by the abrupt onset around 06:00 LT (black curve
in Fig. 8a).

As mentioned above, meteorological data were recorded only
five times a day. Therefore, strictly speaking, only N3 data points at
these five local times (mixed aerosol category) can be considered
for correlation analysis. Still the meteorological data points at
midnight can be interpolated using a cubic spline. Since tempera-
ture, relative humidity and WS have strong daily cycles depending
on irradiance, the interpolated meteorological series also show
similar correlations to N3. However, yet again the absence of the
night-time data renders the correlation between N3 and these
variables insignificant. Ozone and wind direction display flat daily
cycles, so that time series of daytime data in 3-h intervals can be
considered for further analysis by simply removing the full
campaign averages. N3 and O3 anomalies remain significantly
correlated in this time resolution (R ¼ 0.43, p ¼ 1 � 10�4) and the
correlation between N3 and wind direction becomes significant
(R ¼ �0.42, p ¼ 4 � 10�5). Separation of datasets by wind sector
reduces the individual correlations although both correlations with
O3 and WS remain significant. A multiple linear regression of N3
against O3 and wind direction results in significant coefficients
(p < 0.003) for both independent variables and a correlation coef-
ficient of R ¼ 0.58, implying 33% of explained variance.

Finally, analysis of the correlations between the different modal
sizes of the mixed aerosol (six days of measurements,
6:00e23:00 LT) reveals some features of the underlying marine
aerosol loading. As could be expected, the anomalies of N3, NNUC,
NNUC
AGE and NAIT are significantly correlated amongst them, with the

strength of the correlation decreasing with increasing size differ-
ence. Correlation is mostly concentrated in a sub-daily time scale
and stems from the variability of the biogenic and anthropogenic
sources. However, NACC is only significantly correlated with NAIT
with a much poorer correlation, and the correlation is due to a
negative trend in both six-day anomaly time series, which is not
evident in the smallest modes. In fact, the same correlation analysis
of the marine aerosol (00:00e4:00 LT) shows that all modal sizes
are highly correlated due to this negative six-day trend rather than
as a result of sub-daily variability. This simply means that the
accumulation mode is exclusively of marine origin, and the poorer
correlation between NACC and NAIT for themixed aerosol reflects the
contribution of anthropogenic/biogenic aerosol to the Aitkenmode.
The marine origin of NACC in the mixed aerosol is also indicated by a
significant anti-correlation with WS (R ¼ �0.05, p ¼ 6 � 10�3)
which, as mentioned in section 3.2.1, is also observed for the entire
data series of N3 using interpolated night time WS data.

4. Conclusions

The first measurements of the sub-micron size distribution at
the Gal�apagos Islands are reported. Observations were carried out
over a three-week period, with a SMPS particle spectrometer and
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an ultrafine particle counter. The daily evolution observed from
06:00 LT to 23:00 LT is attributed to the contribution of several local
aerosol sources, including human activities and emissions from the
vegetation of the arid lowlands. The marine particle contribution,
observed from 00:00 LT to 04:00 LT was typically a tri-modal
number size distribution with peaks near 0.016 mm, 0.050 mm and
0.174 mm diameter and a cloud-processed intermodal minimum at
0.093 mm. The mean total aerosol number concentration for the
marine contribution was 470 ± 160 cm�3. No evidence for signifi-
cant new particle formation in the marine boundary layer was
found, being the particle concentration within the nucleation size
range of 70 ± 50 cm�3. A potential explanation of the observed
Aitken size range particles is the entrainment of pre-existing
aerosol from the free troposphere (FT). According to the analysis
of back trajectories, the aerosol enters from the FT off the coast of
Chile and it is transported within the MBL to the Gal�apagos Islands.
It is hypothesized here that the accumulation mode is composed of
particles previously within the Aitken mode, which become acti-
vated and grow through in-cloud sulphate production. The
0.093 mmcloud processedminima indicates critical supersaturation
(at which the particle is activated to a cloud droplet) in the range
0.14e0.21%. New experimental efforts should be now conducted to
characterise chemically the marine aerosol and to measure CCN,
which in combination with modelling would enable an evaluation
of its impact on the formation of stratus clouds on the windward
side of the islands.
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