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Abstract—We investigated cloud properties of warm clouds in

a tropical montane cloud forest at Pico del Este (1,051 m a.s.l.) in

the northeastern part of Puerto Rico to address the question of

whether cloud properties in the Caribbean could potentially be

affected by African dust transported across the Atlantic Ocean. We

analyzed data collected during 12 days in July 2011. Cloud droplet

size spectra were measured using the FM-100 fog droplet spec-

trometer that measured droplet size distributions in the range from

2 to 49 lm, primarily during fog events. The droplet size spectra

revealed a bimodal structure, with the first peak (D \ 6 lm) being

more pronounced in terms of droplet number concentrations,

whereas the second peak (10 lm \ D \ 20 lm) was found to be

the one relevant for total liquid water content (LWC) of the cloud.

We identified three major clusters of characteristic droplet size

spectra by means of hierarchical clustering. All clusters differed

significantly from each other in droplet number concentration

(Ntot), effective diameter (ED), and median volume diame-

ter (MVD). For the cluster comprising the largest droplets and the

lowest droplet number concentrations, we found evidence of

inhomogeneous mixing in the cloud. Contrastingly, the other two

clusters revealed microphysical behavior, which could be expected

under homogeneous mixing conditions. For those conditions, an

increase in cloud condensation nuclei—e.g., from processed Afri-

can dust transported to the site—is supposed to lead to an increased

droplet concentration. In fact, one of these two clusters showed a

clear shift of cloud droplet size spectra towards smaller droplet

diameters. Since this cluster occurred during periods with strong

evidence for the presence of long-range transported African dust,

we hypothesize a link between the observed dust episodes and

cloud characteristics in the Caribbean at our site, which is similar to

the anthropogenic aerosol indirect effect.

Key words: Caribbean trade wind cumulus, fog, Saharan

dust, aerosol indirect effect, tropical montane cloud forest,

Caribbean.

1. Introduction

The tropical montane cloud forests (TMCF) in the

northeastern part of Puerto Rico provide a perfect

natural laboratory to examine the impact of one of the

most abundant natural aerosols on cloud properties:

African dust (AD) (e.g., GOUDIE and MIDDLETON

2001). Each year in the summer months, trade winds

transport AD particles to the Caribbean (PROSPERO

and NEES 1986; MUHS et al. 1990; PROSPERO and LAMB

2003; HUANG et al. 2010; PROSPERO and MAYOL-BRA-

CERO 2013). Such transports have been found to be

important for the geochemical cycles, radiative bal-

ance, human health, and ecosystems of the region

(e.g., MUHS et al. 1990; LI et al. 1996; SHINN et al.

2000; GYAN et al. 2005; GIODA et al. 2013).

Natural and anthropogenic aerosol particles

influence cloud microphysical, radiative and chemi-

cal processes in the atmosphere. Their direct effect on

climate via scattering and absorption of radiation, as

well as their indirect effect via cloud formation

influencing Earth’s albedo and cloud persistence, has

received wide attention in recent years (KAUFMAN

et al. 2002; ANDREAE et al. 2004; HARTMANN et al.

2013; ROSENFELD et al. 2008). It is the small droplets

(smaller than drizzle) that affect cloud albedo, and

progress has been made in understanding these
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effects, but predicting cloud persistence is only pos-

sible with a high level of understanding of very

detailed processes (BOUCHER et al. 2013). Although

tropical ecosystems—e.g. in the Caribbean—are

supposed to react very sensitively to temperature

changes, cloud–aerosol interaction studies are very

rare in the Caribbean region.

TMCF are characterized by a persistent cloud and

fog cover (e.g., TANNER et al. 1992; BRUIJNZEEL et al.

2010). Here we will use the term fog synonymously

for a cloud with its base at the earth’s surface and

interacting with the vegetation. In Puerto Rico, NO-

VAKOV et al. (1994) were the first to measure total

cloud droplet number concentration, LWCtot (liquid

water content, which is the total mass of liquid water

in cloud droplets per unit volume of air), and effec-

tive radii at the El Yunque mountain site in 1992.

They observed a barely significant (p\0:2) depen-

dence of droplet number concentration on non-sea-

salt sulfate concentration for part of the measured

clouds. Entrainment and mixing processes were

suggested, as explanations for this low sensitivity of

cloud droplet number concentration with respect to

aerosol number concentration. In 2004, the Rain in

Cumulus Clouds Over the Ocean—Puerto Rico Aer-

osol Cloud Interaction Study (RICO-PRACS)

followed with measurements at Pico del Este (ALLAN

et al. 2008; GIODA et al. 2008). A relationship was

found between prevailing wind direction (ESE to

ENE) and cloud properties based on a 7-day obser-

vation period in December 2004, with droplet spectra

measured during daytime hours. Droplet number

concentrations and LWCtot were higher, while med-

ian volume diameter (MVD) was lower when the air

mass arrived from the ESE in comparison to the ENE

sector. The authors attributed these differences to

changes in aerosol number concentration and prop-

erties due to additional anthropogenic pollution when

the wind came from ESE. The only characterization

of cloud properties and water fluxes in TMCF near

the top of Pico del Este in Puerto Rico based on

continuous measurements was done in summer 2002

during a 43-day observation period, but without

considering the possible relevance of the AD com-

ponent (EUGSTER et al. 2006). Fog occurred during

85 % of the time and only tended to disappear around

noon (local time) as a consequence of ascent of the

marine boundary layer or synoptic weather events

(HOLWERDA 2005; EUGSTER et al. 2006). Conse-

quently, the LWCtot and the volume weighted mean

diameter also followed a diel cycle, with lowest

values around noon (�5 mg m-3 and �8 lm,

respectively), and highest values at night (�100 mg

m-3 and �15 lm, respectively). This diel pattern

found at Pico del Este is typical for weather condi-

tions in a tropical climate (e.g., BROWN et al. 1983;

HOLWERDA 2005).

African Dust (AD) is one of the most abundant

types of natural mineral aerosols in the atmosphere

(e.g., GOUDIE and MIDDLETON 2001). Dust storms in

the Sahara desert or the Sahel remove dust particles

from the surface and convectively lift it to higher

atmospheric levels. AD particles can then be

transported to Europe (e.g., ANSMANN et al. 2005;

COZ et al. 2010), or, depending on the season, can

be transported by trade winds across the Atlantic

Ocean to South America and the Gulf of Mexico

(COLARCO et al. 2003; MARING et al. 2003; PROSPERO

and LAMB 2003; BRISTOW et al. 2010; HUANG et al.

2010; PROSPERO et al. 2010; PROSPERO and MAYOL-

BRACERO 2013). The physical properties of dust

strongly depend on its mineral composition, which

has been characterized in many studies near the

source (CHOU et al. 2008; FORMENTI et al. 2008;

KANDLER et al. 2009). Based on laboratory studies,

mineral dust particles are commonly believed to be

good ice nuclei (FIELD et al. 2006; KANJI and

ABBATT 2006; LÜÖND et al. 2010). However,

recently, the hygroscopicity of dust—the ability of

dust to take up water—has received more attention.

During extended transport phases (i.e., across the

Atlantic Ocean), gaseous species can condense on

dust particle surfaces, leading to liquid or soluble

coatings (LEVIN et al. 1996, 2005; LASKIN et al.

2005; LI AND SHAO 2009; MATSUKI et al. 2010;

TAKAHAMA et al. 2010). These processes are sum-

marized by the term ‘‘aging of dust’’. While

laboratory studies showed that pure dust has a low

hygroscopicity, the occurrence of small amounts of

soluble materials on the dust surface can enhance

its hygroscopic behavior (GUSTAFSSON et al. 2005;

GIBSON et al. 2006; KELLY et al. 2007; HERICH et al.

2009). However, aging alone does not always

increase the hygroscopicity of dust: SULLIVAN et al.
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(2009) showed that calcium sulphate and calcium

oxalate, which are ubiquitous components used as a

proxy for aged mineral dust, remained non-hygro-

scopic even when aged. Hence, our best

understanding is that both the mineralogical com-

position of aerosols and its secondary

components—which can coat dust particles during

long-range transport, e.g., as a result of heteroge-

neous chemical reactions—may control the cloud

condensation nuclei (CCN) activity of dust.

Different mechanisms describing how dust could

affect cloud properties have been proposed:

1. On the one hand, an increase in transported aged

dust particles can lead to increased numbers of

CCN, resulting in clouds with smaller, but more

numerous droplets, similar to the anthropogenic

direct aerosol effect (ROSENFELD et al. 2001; KELLY

et al. 2007).

2. On the other hand, large aged dust particles could

serve as giant CCN, provided they survive the

Atlantic passage. Larger droplets grow rapidly at

the expense of smaller droplets, which would lead

to a droplet size spectrum with larger, but fewer,

droplets (LEVIN et al. 1996).

3. However, if aging of dust did not enhance its

ability to act as CCN (SULLIVAN et al. 2009),

droplet size spectra in clouds and fog should be

unaffected by the presence or absence of AD,

although the number concentrations of aerosol

particles could rise enormously when dust is

present.

In theory, all these possibilities are realistic for AD

arriving in the Caribbean. It is therefore a priori not

clear if and how droplet size distributions in a Puerto

Rican cloud forest are affected by long-range trans-

ported dust.

In this study, we ask the question of whether

observed variations in cloud properties are linked to

events with long-range transported AD. We present

the first detailed analysis of the cloud properties in a

TMCF in Puerto Rico based on in situ measurements.

The main goal was to determine whether such in situ

measurements at a representative mountain in the

Caribbean are able to support the hypothesis that AD

transport across the Atlantic has an influence on cloud

properties, which in turn could lead to a feedback to

climate via the modification of the cloud–albedo

feedback process.

2. Materials and Methods

2.1. Research Site and PRADACS Field Campaign

Cloud droplet size spectra were measured at Pico

del Este (PE, 18�16.210N, 65�45.570W, 1,051 m

a.s.l.) in the northeastern part of Puerto Rico, around

20 km from the Atlantic coast during the Puerto Rico

African Dust And Clouds Study (PRADACS) field

campaign in summer 2011. For two reasons, PE is an

excellent place to study the impact of aged dust on

cloud properties: First, PE is frequently immersed in

clouds, a consequence of the orographically induced

lifting and hence cooling of the humid air masses

advected by the northeasterly trade winds from the

Atlantic Ocean, leading to the formation of TMCF

(BAYNTON 1969; GARCIA-MARTINO et al. 1996; HOL-

WERDA et al. 2006; BRUIJNZEEL et al. 2010). Second, in

the summer months, the site receives AD plumes that

are transported across the Atlantic Ocean by the trade

winds (PROSPERO AND NEES 1986; MUHS et al. 1990;

PROSPERO AND LAMB 2003; HUANG et al. 2010).

Although southeasterly winds advect air from the

smaller islands upwind of Puerto Rico, which may be

slightly polluted by anthropogenic emissions, the

prevailing wind directions from the northeast trans-

port air masses to PE that can normally be considered

to be clean (ALLAN et al. 2008).

The aim of the PRADACS project was to

investigate physical and chemical properties of the

long-range transported AD and to quantify its impact

on clouds in the TMCF. PRADACS consists of two

intensive field campaigns in August 2010 and June–

September 2011. Here we present a case study when

data were collected from 1–12 July 2011, during

which the data quality was adequate to address our

research question.

2.2. Instrumentation

A high-speed cloud droplet spectrometer (FM-

100, Droplet Measurement Technologies Inc., Boul-

der, CO, USA; see e.g., BURKARD et al. 2002; EUGSTER

Vol. 171, (2014) Puerto Rican Cloud Properties During African Dust Episodes 2445



et al. 2006; SPIEGEL et al. 2012) was used to measure

the size spectrum of cloud droplets. The instrument

was mounted �3 m above ground level on a

scaffolding tower close to the field container. The

inlet of the FM-100 was oriented towards 58� (NE) to

face the mean wind direction expected during this

time of the year (GARCIA-MARTINO et al. 1996).

Droplets were sized by means of forward light

scattering, and were recorded in 40 size bins covering

the diameter range of �2–49 lm. It would be

interesting to know the full size range from small

droplets up to drizzle and light precipitation (GULTEPE

2008), beyond the upper threshold of 49 lm imposed

by the FM-100. However, TWOMEY (1977) have

shown that cloud surface albedo primarily depends

on the droplet size numbers, not liquid water content

(for which the large droplets are key), and hence the

quantification of the smallest droplet sizes, which are

also the ones with the highest number concentrations

in clouds, is the key for addressing the question of

whether cloud properties depend on dust loads. The

40 size bins have been optimized according to the

Mie scattering curve as suggested by SPIEGEL et al.

(2012). For details on the measurement principle, we

refer to SPIEGEL et al. (2012).

In order to correct for droplet losses due to non-

isoaxial and non-isokinetic sampling, we measured

the wind vector next to the FM-100 inlet, using a

three-dimensional (3D) ultrasonic anemometer (with

integrated inclinometer; Solent HS, Gill Ltd., Ly-

mington, UK) mounted at 0.5 m vertical distance

from the FM-100 inlet. Both instruments were

installed stationary and operated at a data-recording

rate of 12.5 Hz (for details see EUGSTER et al. 2006).

Horizontal wind direction and inclination angle

represent one-minute averages computed from the

mean 3D wind vector. Temperature, air pressure and

rain were recorded by a Vantage Pro weather station

(Davis Model 6160C) installed within 100 m from

the FM-100.

In order to identify the presence of AD periods at

the measurement site, the following instruments and

data sets were used:

– A portable aerosol time-of-flight mass spectrome-

ter (ATOFMS, see for details GARD et al. 1997)

was deployed at PE in the framework of

PRADACS to characterize the chemical composi-

tion of individual aerosol particles and to

distinguish between periods of dust, pollution,

and marine influences.

– Aerosol optical depth (AOD) measurements from

the MODIS satellite (ZHANG and REID 2006; SHI

et al. 2011).

– Ground-based sun photometer measurements per-

formed at Cape San Juan, around 20 km NW of

PE, and at La Parguera at 130 km WSW of PE

(http://aeronet.gsfc.nasa.gov/new_web/data.html).

2.3. Data Processing and Deduced Cloud

Characteristics

Cloud droplet size spectra were averaged every

minute and corrected for the Mie scattering uncer-

tainties and for particle losses as proposed by

SPIEGEL et al. (2012). After correction, droplet size

spectra resolved diameters ranging from 2 to

49 lm, distributed over 24 bins, with a bin width

of Ddi ¼ 2 lm, where di is the geometric mean

diameter of each bin.

From the corrected cloud size spectra, we deduced

the following variables to characterize a cloud:

– Total droplet number concentration Ntot (cm-3)

and droplet number concentration per micrometer

ni (cm-3 lm-1):

Ntot ¼
X24

i¼1

ni Ddi with ni ¼
DNtot

Ddi

ð1Þ

– Total liquid water content LWCtot (mg m-3), as

well as liquid water content per particle size bin,

lwci (mg m-3 lm-1):

LWCtot ¼
X24

i¼1

lwciDdi with lwci ¼
1

6
pdi

3 ni qH2O;

ð2Þ

where qH2O denotes the density of water (kg m-3)

– Effective diameter ED (lm) is the droplet diameter

that has the same volume-to-surface ratio as the

measured spectrum:

ED ¼
P24

i¼1 d3
i ni DdiP24

i¼1 d2
i ni Ddi

ð3Þ
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– Median volume diameter MVD (lm) is the droplet

diameter that divides the total volume of the

droplet spectrum in two halves with equal volume:

MVD ¼ bk þ
0:5� cumk�1

lwck
LWCtot

0

@

1

A bkþ1 � bkð Þ; ð4Þ

where bk is the lower boundary of bin k, and with

cumk ¼
Xk

i¼1

lwci

LWCtot

Ddi; ð5Þ

where k 2 ½1; 24� is defined as the bin number in

which the MVD is found, and hence cumk [ 0:5, and

i 2 ½1; k�.

To identify variations in the droplet size spectra

that might be linked to AD, we used an indirect

approach. We first searched for cloud droplet size

spectra with similar features using conventional

hierarchical cluster analysis, and then tried to attribute

the different groups (i.e., clusters) of cloud spectra to

possible driving forces. Cluster procedures categorize

data points by forming groups (‘‘clusters’’). A hierar-

chical clustering procedure finds clusters in which the

members of inferior-ranking clusters become mem-

bers of larger, higher-ranking clusters (LEGENDRE and

LEGENDRE 1998, Chapter 8). By doing so, we were able

to avoid using our expectations for the grouping of the

events, which could have missed relevant features.

The grouping via hierarchical clustering was done

with Ward’s minimum variance method using hourly

means of the droplet size distributions. This method

aggregates groups by minimizing the within-group

variance (WILKS 2006).

Time series of hourly means of droplet size

distributions are serially auto-correlated, which

means that data obtained during one hour are not

independent of data measured during the previous

hour. To correct for such serial auto-correlation in

statistical comparisons between clusters, we used the

WILKS (2006) variance inflation correction approach:

the number of independent data points m0 in a time

series belonging to a specific cluster was derived

from the number of measured data points m corrected

via the lag-1 auto-correlation coefficient q1:

m0 ¼ m � ð1� q1Þ=ð1þ q1Þ. In the special case of

absence of serial auto-correlation, q1 ¼ 0 and hence,

m0 ¼ m. Then we compared the mean values of the

different clusters using Tukey’s honest significant

differences (HSD) test using m0 as the number of

independent values in the statistical test. Tukey’s

HSD test adjusts significance levels for multiple

testing. This is a standard procedure to account for

the increasing probability that multiple testing can

lead to randomly occurring significant comparisons

(false positives).

2.4. Idealized Droplet Size Distributions

In order to compare droplet size distributions

more quantitatively, we fitted the sum of two scaled

log-normal distributions (F) to the measured median

droplet distributions by means of least squares fitting:

F ¼ x1;logðDÞ þ x2;logðDÞ; ð6Þ

where D is the median droplet diameter of the mea-

surements in lm. The individual density functions

that are added in Eq. (6) with i ¼ 1; 2 are

xi;logðDÞ ¼
Xi;logffiffiffiffiffiffi

2 p
p

ri;logD
exp

� ln D=Di;log

� �� �2

2r2
i;log

( )
;

ð7Þ

where Xi;log is a scaling factor, Di;log is the median

diameter per mode and ri;log is the logarithmic width

of the distribution i.

3. Results

3.1. Cloud Characteristics at Pico del Este

Data coverage of the field campaign from 1 July

2011 (00:00 UTC) to 12 July 2011 (23:59) was 73 %

(209 h). During the measurement time, the site

received air masses from two different mean flow

directions: from east-northeast (ENE � 84�, which

was further east than initially expected) and from east-

southeast (ESE � 110�, Fig. 1a). Due to orography,

these two different flow directions were also charac-

terized by two different vertical wind components.

For the ENE wind directions, the vertical component

was higher than for ESE winds (Fig. 1b, c). This
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pattern is also visible in wind speeds, with generally

lower vertical wind speeds for the ESE sector, but

comparable wind speeds for the horizontal component

(Fig. 1e). No diel trend was seen in the horizontal or

vertical wind speeds and horizontal wind direction.

Similarly, Ntot was independent of collection time

during the day (Fig. 2a). However, some of the cloud

characteristics were subject to a diel trend: LWCtot,

MVD and ED were smallest at noon and highest at

night (Fig. 2b–d). Thus, during the field campaign, we

basically measured foggy conditions during the entire

day, but fog tended to have a smaller LWCtot with

smaller droplets during daytime compared to night-

time. A rising cloud level, which is able to explain this

feature was already observed by EUGSTER et al. (2006).

Consequently, we measured closer to the cloud base

during the day than at night. Hence, the higher LWCtot

and ED as well as rather constant Ntot during night

compared to daytime represent the corresponding

vertical gradients of cloud properties. In comparison

to the RICO-PRACS study, conducted at the same

location, but during a different time of the year

[December 2004; ALLAN et al. (2008)] when AD

transport events are unlikely, we measured smaller

Ntot, but larger droplets as reflected by larger LWCtot,

ED and MVD. This may result from seasonal

differences in cloud properties, but also from differ-

ences in instrumentation and data processing.

3.2. Identification of Three Characteristically

Different Droplet Size Distributions

The cluster analysis revealed three major clusters of

droplet size distributions (Fig. 3), with higher similar-

ity between clusters 1 and 2 in comparison with cluster

3. The most frequent cluster was cluster 2 (51.2 % of

the time, 107 h), followed by cluster 3 (35.4 %, 74 h)

and the less frequent cluster 1 (13.4 %, 28 h). While
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clusters 2 and 3 appeared in events of up to 20 h

duration, cluster 1 contains events that persisted only

for 1–3 h, except on 9 July 2011 (Fig. 4), when cluster

1 lasted from 6:00 to 21:00 (only interrupted by 2 h

where data are missing due to technical problems). All

three clusters are characterized by a bimodal droplet

size distribution (Fig. 5; Table 1), often attributed to

mixing effects (WARNER 1969).
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The FM-100 instrument cannot detect and charac-

terize droplets that are smaller than �2 lm. Hence, in

Fig. 5a–c, it remains unknown at which exact droplet

size the maximum droplet number concentrations

actually occurs in the first mode of the bimodal droplet

size distribution. Nevertheless, the log-normal fit

matches the measured data very well (Fig. 5a–c), and

hence the quality of the parametric size distributions

used for comparing the three clusters appears to be

sufficient to reliably detect differences. The median

diameter D1;log of the first mode was similar for all

three clusters, while the scaling factor X1;log decreased

from the first to the third cluster, indicating that the

number of droplets with a diameter below 6 lm was

highest for cluster 1 and smallest for cluster 3. The peak

of the second mode moved towards larger droplet sizes

from cluster 1 to 3, and was highest for the first cluster

and smallest for the last cluster, reflected in a

decreasing X2;log from cluster 1 to 3 and an increasing

D2;log. Because the smallest droplets have a very low

volume compared to the larger droplets in the second

mode of the droplet size distribution, the first mode

completely disappears in the size distribution of

LWCtot (Fig. 5d–f). Based on the definition of the

log-normal distribution, the fitting parameters X2;log

and D2;log correspond to LWCtot and MVD, respec-

tively, indicating that the median of the LWCtot

distribution (MVD) increased slightly from cluster 1

to 3 (Fig. 6c). Especially for clusters 2 and 3, the

LWCtot is higher and Ntot slightly lower than what was

measured in earlier studies at the same site. The reason

for this is that to the best of our knowledge, this is the

first study in which measurements were corrected for

droplet losses during the measurement process. This is

especially important for the LWCtot measurements,

which are dominated by larger droplets that are most

strongly affected by such a correction (SPIEGEL et al.

2012). But it is also well known that averaging times

are important in cloud studies, since longer averaging

periods relate to larger spatial scales, and hence the

presence of clear patches in the clouds reduces the

average droplet number concentrations (GULTEPE and

ISAAC 1999). Besides the increase in LWCtot, ED

increased from cluster 1 to 3 (Fig. 6d), while Ntot

decreased (Fig. 6a). Tukey’s HSD test identified

significant differences among all three clusters

(p \ 0.05) for Ntot, MVD, and ED. Contrastingly,

LWCtot did not differ between clusters 2 and 3, but

cluster 1 had significantly lower LWCtot than the other

two clusters.

There was no significant difference among the

clusters with respect to the horizontal wind direction

(Fig. 6e), and only cluster 3 had a significantly

smaller vertical wind component than clusters 1 and 2

(Fig. 6f). The total amount of rain during the

occurrence of cluster 3 was twice the value observed

in cluster 2, and nearly no rainfall was measured

during the occurrence of cluster 1 (Table 2). The

different amounts of rain might be caused by the

droplet size distributions, as clouds with larger

droplets are known to precipitate faster than others.

This agrees with our observations as cluster 3 was the

cluster with the largest droplets (Fig. 6) and highest

rainfall intensities (Table 2).

Cluster 1 differed from clusters 2 and 3 in terms

of its diel frequency of occurrence (Fig. 7). While the

occurrence of clusters 2 and 3 was distributed

similarly over the day, cluster 1 only occurred during

daytime, which is when the LWCtot was smallest

(Fig. 2b). This diel dependence of cluster 1 was most

likely the reason for the lowest LWCtot and its

significant difference compared to clusters 2 and 3.

3.3. Link Between Cloud Droplet Distribution

and Dust Events

The appearance of cluster 1 agreed with periods

when dust aerosol number concentrations as

Table 1

Best fit parameters determined for the scaled log-normal droplet

size distributions (deduced from the median droplet size distribu-

tion with Ntot the droplet number concentration, in cm-3) and

median liquid water content distributions LWCtot (in mg m-3) by

means of least-squares fitting of Eq. (7) to measurements grouped

in three clusters

Variable Cluster D1;log r1;log X1;log D2;log r2;log X2;log

Ntot 1 2.8 0.5 121.3 13.0 0.4 160.5

2 2.8 0.9 96.3 16.8 0.3 142.3

3 2.7 0.9 48.7 19.0 0.3 88.7

LWCtot 1 – – – 17.3 0.3 264.4

2 – – – 20.9 0.3 492.8

3 – – – 25.0 0.3 464.7

LWCtot shows a unimodal distribution related to the second peak of

droplet sizes (larger droplets); hence, no fit for the first distribution

is given. See text for details
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measured by the ATOFMS exceeded those of sea

salt, and both were well above background concen-

trations (e.g., on 9 July 2011, Fig. 4a). Also, orange

colored dust deposition was observed in cloud water

samples collected simultaneously with ATOFMS and

FM-100 measurements. ATOFMS counts of dust and

sea salt aerosols during the appearance of cluster 2

were lower than those of cluster 1, especially on 10

and 11 July. Conversely, the increased aerosol optical

depth of coarse-mode aerosols measured at Cape San

Juan and La Parguera on 9 July (Fig. 4c, d) agrees

with dust recorded at PE.

It is highly probable that the measured dust does

not originate from a local source, but rather was

transported over the Atlantic, as time series of AOD

measurements from the MODIS satellite for an area

including Puerto Rico confirm (Fig. 4b). HYSPLIT

back-trajectories (not shown) arriving on 9 July show
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Figure 6
Boxplots of the three clusters using hourly mean values of (a) the droplet number concentration Ntot, (b) liquid water content LWCtot,

(c) median volume diameter MVD, (d) effective diameter ED, (e) horizontal wind direction, and (f) inclination angle. Each box comprises the

median (thick horizontal line), the mean (colored cross), and the inter-quartile range (shaded area).The whiskers show the full data range up

to a maximum of 1.59 the interquartile range. Data points outside that range are termed outliers (?). Different letters denote significant

differences at p \ 0.05

Table 2

Total amount of rainfall as well as mean rainfall intensity

measured with a Davis Vantage Pro rain gauge, within 100 m

distance from the fog droplet size distribution measurements during

the occurrence of each cluster

Cluster Total rainfall (mm) Rainfall intensity (mm h-1)

1 3 0.028

2 41 0.38

3 89 1.2

Besides the inaccuracy of such a sensor, scale effects due to spatial

variations in precipitation should be considered when interpreting

these data [see e.g., HOLWERDA et al. (2006)]
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air masses from Africa, with trajectories passing

south of the Sahara across the southern Sahel.

4. Discussion

Only two studies had previously attempted to

assess the cloud–aerosol interactions in Puerto Rico

(NOVAKOV et al. 1994; ALLAN et al. 2008), and they

reached different conclusions: ALLAN et al. (2008)

found that changes in cloud microphysical behavior

were mainly linked to changes in aerosol number

concentrations and aerosol properties, whereas NO-

VAKOV et al. (1994) only found a very weak

sensitivity of droplet number concentrations on CCN

concentrations, most probably due to entrainment and

mixing processes in the clouds.

If AD particles become good CCN during the

atlantic passage due to processing, then the idea that

cloud properties in Puerto Rican TMCF do respond to

AD transport can be supported with the study by

ALLAN et al. (2008). Based on the study by NOVAKOV

et al. (1994), a response of cloud properties to AD in

Puerto Rico would additionally depend on the mixing

processes in these clouds, because cloud microphys-

ics are closely related to the question of whether

condensation or mixing is the dominant process. We

will therefore compare our results with these earlier

studies with respect to environmental conditions, and

then address the question of mixing processes in

order to draw conclusions for the impact of AD.

4.1. Cloud Properties and Wind Direction

A dependency of cloud properties on prevailing

wind direction was reported by ALLAN et al. (2008).

They observed smaller droplet sizes, but larger

droplet number concentrations and higher LWCtot

when the wind was coming from the ESE, and larger

droplet sizes but a smaller droplet number concen-

tration and smaller LWCtot when the prevailing wind

direction was ENE. They identified additional CCN

from anthropogenic pollution in the ESE sector,

originating from smaller populated islands along the

air mass trajectory, as the main reason for this

behavior.

Interestingly, prevailing wind direction, and thus

air pollution, is unlikely to explain the observed

differences in cloud properties of our three clusters,

because all clusters cover very similar wind direc-

tions. The spread in horizontal wind directions is

large, and the mean values of the wind direction do

not differ significantly among the clusters (Fig. 6e).

Due to the orography, the significantly smaller

vertical wind component of cluster 3 (Fig. 6f) can

be seen as an indication of a more southeasterly

dominated and—according to ALLAN et al. (2008)—

more polluted air mass during the appearance of

cluster 3. However, cluster 3 has the largest droplets,

but the lowest number concentrations, which is

opposite to the cloud properties under ESE flow

conditions observed by ALLAN et al. (2008). Hence,

we conclude that the differences in cloud properties
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of the three clusters are most likely caused by

something other than differences in wind directions.

In the next section, we therefore examine the mixing

behavior of the three clusters.

4.2. Mixing and Entrainment

The effect of mixing on droplet spectra is

complex, and has recently been addressed in a review

by DEVENISH et al. (2012). For a quantitative analysis

of the mixing in clouds, additional measurements at

different cloud heights would be needed. Unfortu-

nately, such measurements are not available from

PRADACS, and hence we had to use a more

simplified approach, similar to the one presented by

NOVAKOV et al. (1994), to qualitatively address the

question of mixing and entrainment for our three

cloud clusters.

In an ideal adiabatic cloud model, all cloud

droplets of a spectrum experience the same
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center cluster 2; bottom cluster 3). Data were collected between 1 and 12 July 2011. The coefficient of determination is shown in color in all
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supersaturation history along their trajectory from the

cloud base to the measurement point. However, due to

mixing and entrainment, a measured cloud spectrum

contains droplets with very different pathways

through the cloud, leading to a broader cloud spectrum

than expected from purely adiabatic cooling. Depend-

ing on the timescales of turbulent mixing and

thermodynamic changes of the droplet (evaporation

and condensation), mixing is either inhomogeneous or

homogeneous. At the inhomogeneous limit, droplet

number concentrations decrease, but droplet sizes stay

constant. Hence, rapid changes in LWCtot are basi-

cally a result of changes in droplet numbers. Thus,

inhomogeneous mixing should be expressed by a

good correlation between LWCtot and Ntot. In cluster

3, this correlation is higher than in clusters 1 and 2

(Fig. 8), suggesting that cluster 3 describes the typical

cloud droplet size distribution of an inhomogeneously

mixed cloud at PE. On the other hand, under

homogeneous mixing conditions, changes in LWCtot

are caused by changes in droplet diameter. Conse-

quently, homogeneously mixed clouds are best

characterized by a good correlation between LWCtot

and MVD. This was observed in clusters 1 and 2. In

these cases, LWCtot increases according to a (MVD/

2)3 power law (Fig. 8).

NOVAKOV et al. (1994) found a linear relationship

between LWCtot and Ntot for cumulus clouds, which

are dominated by inhomogeneous mixing. In these

clouds, the available number of CCN did not

influence the droplet number concentration. This

compares best with cluster 3 in our study. In contrast

to cluster 3, clusters 1 and 2 more likely reflect

homogeneously mixed clouds. Hence, our best inter-

pretation is that clouds in clusters 1 and 2 are more

likely to react to changes in aerosol concentration

than those in cluster 3. This could also be the reason

why clusters 1 and 2 were more closely related

according to the cluster analysis (Fig. 3), with cluster

3 being more distinct. In summary, the differences

between cluster 3 and the two other clusters are most

likely due to different cloud dynamics, with cluster 3

representing conditions where an influence of CCN

(as for example aged AD) on cloud properties is

unlikely, whereas clusters 1 and 2 represent condi-

tions where CCN particles might have an effect on

cloud properties.

4.3. Aerosol Indirect Effect

The droplet size distribution exerts two important

indirect climate forcings (e.g., BAEDE 2007): (1) the

effect that an increasing number of aerosol particles

acting as CCN distributes the liquid water available

in a cloud over a higher number of droplets that are

smaller and increase cloud albedo, which in turn

tends to lead to a climatic cooling; and (2) the cloud

lifetime effect, which means that a shift towards

smaller cloud droplets increases its lifetime due to

decreased efficiency in producing rain from such

clouds.

Clusters 1 and 2 were both subject to homoge-

neous mixing conditions where we could expect a

dependency of droplet number concentration on the

abundant aerosol concentration. As both clusters did

not differ significantly in wind directions, we assume

that there are no significant differences in abundant

anthropogenic aerosols, which could be the reason for

the different droplet sizes and number concentrations.

There is additional evidence from the ATOFMS data

that supports the link between periods, with AD

transport and droplet number concentrations belong-

ing to cluster 1 periods during which the dust counts

exceed the counts of sea salt particles (Fig. 4a).

Consequently, we conclude that long-range trans-

ported AD increased the amount of smaller droplets

during our field campaign in a similar way as

described by ROSENFELD et al. (2001) and KELLY

et al. (2007). Most likely, soluble material partly

condensed on the dust during the Atlantic passage,

thereby increasing the ability of these dust particles to

become CCN as expected under the aerosol indirect

effect.

As with all statistical evidence, the question of

causal relationship remains open and must be

addressed in the future by performing specific,

independent measurements that are able to clearly

establish what the true role of AD really is. It would

be essential to know whether these salts identified by

ATOMFS form a coating on AD particles and

generate processed aerosols that can act as CCN.

This is important, because the general understanding

is that dust particles normally act as ice nuclei and

hence should not be very active in warm clouds such

as those found at PE. Our measurements, including
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the ATOMFS data, were unable to distinguish AD

from other, possibly more local dust in the same air

mass, and they cannot clarify the question whether

sea-salt coexists with dust particles, or whether it

coats them. Future studies should hence focus on this

question, which must remain open in our study. Also,

the role of interactions between dust particles and

sea-spray salt needs to be investigated in more detail

in the future.

5. Conclusions

Cloud properties are intimately linked to aerosol

properties. Natural aerosols exist in the form of

mineral dust particles from various sources: sea

spray, volcanic ash, biological aggregates and many

more. An important source of dust observed in

Puerto Rico is of African origin, and particles are

transported over long distances with the trade

winds from Africa to the Caribbean. Hence, the

episodic influx of such AD particles raises the

question of whether these aerosols directly influ-

ence cloud properties, and also indirectly influence

climate (via the aerosol indirect effect). If such a

link is relevant for the Caribbean, one expects that

an increase in CCN should lead to an increased

number of cloud droplets, but of smaller drop size.

We conclude that:

1. This is the first study that evaluated the relation-

ship between long-range AD transport and cloud

properties that are relevant for the cloud–albedo

feedback in a tropical montane cloud forest, where

vegetation response to changes in cloud properties

are believed to be relevant.

2. We observed evidence for conditions with influ-

ence of AD on cloud properties in one out of three

clusters; this was obtained by means of hierarchi-

cal cluster analysis of droplet size distributions

measured at high time resolution.

3. Since this specific cluster represents conditions

when AD was observed at the field site, we

conclude that long-range transported AD can lead

to more numerous cloud droplets in the TMCF at

Pico del Este (Puerto Rico), which is similar to the

anthropogenic aerosol indirect effect.

This holds under the assumption that cloud dynamics

are slow, and hence clouds are homogeneously

mixed. We argued that local air pollution sources

are unlikely to have caused this statistical relationship

during AD transport events, but recommend that

future studies aim at obtaining independent measure-

ments that are able to establish that this is not due to

co-occurrence of AD and locally emitted aerosols,

which are responsible for this finding.
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