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The objective of this study was to analyze the influence of the physical and chemical components of rain affecting air quality in Cuba.
Samples were obtained from pollution monitoring stations throughout Cuba. Different chemical analyses including elements and
ions were conducted. Meteorological data was also included for the analysis. Results show that the pH was slightly basic for most
stations, except those of the eastern region which exhibit pH values below 5.6. The major anthropogenic sources of ions are the
burning of fossil fuel by power plants, cement factories, and nickel-processing industries and the burning of biomass through poor
agricultural practices. The western region exhibited increased concentrations of NO3 − and SO4 2− during the dry season, most likely
due to the long-range transport of pollutants from the northeastern United States as well as local pollutants. Marine aerosols clearly
influence Cuba’s rain. Only a small fraction of the potentially acidic ions contributes to the free acidity of Cuba’s rainwater, mainly
due to the neutralizing capacity of some ions such as Cl− , Na+ , Ca+2 , and NH4 + . The implementation of abatement techniques for
SO2 and NOX and some elements emissions from major stationary sources will be an effective measure to improve air quality in
Cuba.

1. Introduction
The fall of rain, snow, fog, and dew is the mechanism that
permanently removes gases and particles from the atmosphere [1], an important role, especially in countries with a
humid climate. The acidity and the concentration of ions in
rainwater depend on the type and magnitude of its sources,
its physical incorporation into the water system, and the
chemical transformation during the formation of clouds and
drag below them [2].
Acid rain is any form of wet precipitation of pH < 5.6 [2].
Acid rain is a major environmental problem, especially across
national boundaries in the Northern Hemisphere due to the
movement of air masses over long distances [2]. In recent
years such movement has spread to other parts of the world,
especially Asia and tropical countries, becoming a problem

for the tropics due to its abundant precipitation [3]. Acid
rain reduces growth in trees and increases their vulnerability
to pathogens and pests and causes leaching of nutrients,
acidification of soils, and modification to the ecology of
lakes. Acid rain also causes the dissolution of CaCO3 in the
monuments and buildings of limestone or marble [4].
Rainwater contains elements in the range of 𝜇g/L, some
of which dissolve at acid pH, affecting human health and the
ecosystem. The presence of those elements in the atmosphere
is mainly due to various anthropogenic activities [5].
During the period 1981–1994, an increasing trend in the
frequency of acid rain nationwide was observed in Cuba;
this trend has possibly intensified in recent years due to the
increased use of fuel oil with native sulfur content of 4–7%.
The purpose of this study is to analyze the influence
of the major physical and chemical components of rain on
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Figure 1: Location of the 11 air quality monitoring stations belonging to the Institute of Meteorology of Cuba.

Cuba that account for the origin of pollutants affecting its air
quality.

2. Materials and Methods
Monthly samples collected by the stations of the Centro
de Contaminación y Quı́mica de la Atmósfera (Pollution
and Atmospheric Chemistry Center) of the Institute of
Meteorology of Cuba were used. The period of sampling
was November 2008 to April 2010. The sampling method
recommended by the World Meteorological Office (WMO)
for operating manuals rain and wet precipitation collectors
was used [5–8]. Before each time it rains, collector was
cleaned with deionized water and exposed only during the
event. The samples were transferred to a polyethylene bottle.
An aliquot of whole event collected during a month was
transferred to a clean polyethylene bottle, creating a monthly
“average” sample stored in a dark place cooled to 4∘ C for
the chemical analyses. Figure 1 shows the location of the 11
monitoring stations.
A conductivity meter LF 539 WTD and a pH meter
Oakton 1100 series were used. The pH meter was calibrated
in the range 4–7 before every use. Ions NH4 + , Na+ , K+ , Mg2+ ,
Ca2+ , F− , NO2 − , NO3 − , SO4 2− , Cl− , CH3 COO− , HCOO− , and
CH3 SO3 − were quantified with a Dionex ion chromatograph
model ICS 3000. Optical emission spectrometry along with
inductively coupled plasma (ICP-OES) PE Optima XL 3–
300 was used for chemical element quantification. Certified
standards for elements and ions were used. Detection and

quantification limits were calculated as 3 and 10 times the
standard deviation, respectively.
The volume-weighted mean concentrations (VWMC)
for ions expressed in 𝜇eq/L for the elements in 𝜇g/L were
calculated according to (1) [1]:

VWMC=

∑ (𝐶𝑛 ∗ 𝑃𝑛 )
,
∑ 𝑃period

(1)

where 𝐶𝑛 is concentration of the analyte in the sample
expressed as 𝜇eq/L or 𝜇g/L, 𝑃𝑛 is mm of total rainfall collected
for the sample, and 𝑃period is the sum of the mm for the
sampling period.
Wet deposit flow (FD) expressed in meq/m2 ∗year or
mg/m2 ∗year was calculated using the following [9]:
FD = 𝐶𝑛 ∗ 𝑃𝑛 ,

(2)

where 𝐶𝑛 is concentration of chemical species expressed in
meq/L or mg/L and 𝑃𝑛 is mm of rainfall in the month or
period (mm).
Neutralization factors, NF, were calculated using the
following [10]:
NF𝑖+ =

𝑖+
,
(NO3 − + SO4 2− )

(3)
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where 𝑖 corresponds to the respective ions, NH4 + , Mg2+ , and
Ca2+ , as
NFNH4 + =

NH4 +
,
(NO3 − + SO4 2− )

NFMg2+ =

Mg2+
,
(NO3 − + SO4 2− )

NFCa2+ =

Ca2+
.
(NO3 − + SO4 2− )

(4)

Marine contribution to concentrations of ions was estimated according to the following [11]:
[X]sea = [Na+ ]rain (

[X]
) ,
[Na+ ] sea

(5)

where [X]sea is marine contribution to the X element in 𝜇eq/L,
[Na+ ]rain is concentration of Na+ in the rain (𝜇eq/L), and
([X]/[Na+ ])sea is the relative concentration of ions in seawater
(𝜇eq/L).
Contribution to the ions from the terrestrial crust, biogenic and anthropogenic (Xns ), called ion concentrations in
excess, was calculated according to the following:
[X]ns = [X]rain − [X]sea .

(6)

The ratio between neutralization potential (NP) and
acidification potential (AP) was calculated according to the
following [5]:
[NH4 + + (Ca2+ )ns ]
NP
.
=
AP [NO3 − + (SO4 2− )ns ]

(7)

Enrichment factors (EF) for elements and ions were
calculated according to the following [12]:
(X/Na+ )rainwater
,
(X/Na+ )seawater

(8)

(X/Fe)rainwater
,
(X/Fe)terrestrial crust

(9)

EF =
EF =

where X is the concentration of the ion or element of interest.
The principal component analysis with orthogonal rotation was performed using SPSS version 17 for Windows XP.
The type of monthly predominantly synoptic situation
(TSS) for western, central, and eastern Cuba was determined
using the statistic of mode, and the information was collected
regarding the number of cold fronts affecting each region.
Two periods of rain can be distinguished in Cuba: the low
volume rain periods, November–April that we are calling the
“dry period,” and May–October, the rainy period called “wet
period.”

3. Results and Discussion
Figure 2 shows acid rain in Pinares de Mayari, Gran Piedra,
and Palo Seco, but not in the rest of the stations.

Pinares de Mayari and Gran Piedra stations (under the
direct influence of the prevailing winds from the NE) show
the impact of high sulfur emissions from the mining sector of
Moa and the Felton thermoelectric plant burning fuel oil and
native crude oil for power generation. In the western region,
pH values in the dry season suggest the influence of seasonal
weather conditions, such as the arrival of cold fronts, which
have traveled from the NE US (with high industrialization)
and transport high concentrations of SO4 2− and NO3 − [13,
14].
Figure 3 shows that the concentrations of SO4 2− and
NO3 − are above the background values of 2.50 𝜇eq/L and
10 𝜇eq/L, respectively, reported in the Northern Hemisphere
[15]. The highest concentrations were quantified in Pinares
de Mayari and Gran Piedra, probably due to the influence
of mesoscale emissions of the thermoelectric plant located in
the northern part of the eastern provinces.
In the western and central regions greater concentrations
of non-sea sulfate, but not necessarily of nitrate, were determined during the dry period than in the wet period, and
this may be associated with the movement of air masses of
cold fronts from the US passing over Cuba and increasing
the SO4 2− concentrations due to their transport of pollutants,
in addition to industrial centers located NW of the Cuban
stations. Improved results could be obtained in the future
using individual events and back trajectories [17].
Figure 4 shows that the contribution to the total acidity in
urban stations of mineral acids (HNO3 and H2 SO4 ) ranges
between 80 and 90% with the contribution of the organic
acid (HCOOH and CH3 COOH) between 10 and 20%. In
rural stations the contribution of organic acid is 20 to 45%
and the mineral acid 65 to 80%. In Pinares de Mayari, a
rural station, only 10% are organic acids and 90% mineral,
suggesting again the direct influence of winds from the north
east coast (industrial area).
Table 1 shows that the highest rates of deposit, FD,
correspond to Cl− and Na+ , reflecting the influence of marine
aerosols on rainfall for the island. The FD of NO3 − , SO4 2− ,
NH4 + , Mg2+ , and Ca2+ in rural stations is much higher than
in a rural station of NW Europe, suggesting the transport of
chemical species from other sites. The high FD of formate in
Guantanamo suggests the biomass burning in the sugar cane
fields, an environmentally unwise practice [18]. Table 2 shows
that the FD in urban stations has the highest values for Cl− ,
Na+ , Ca2+ , and SO4 2− . The concentration of SO4 2− in Santiago
de Las Vegas is as high as in the industrialized area of NE US.
This suggests that Cuban fossil fuel burning contributes to
increased emissions of SO2 . However, the concentrations of
Ca and Mg explain the neutralization of acidic species. The
FD of formate and acetate quantified may be associated with
natural emissions of urban trees [9].
Table 3 shows the prevalence of Ca2+ as the principal
neutralizing ion of rain in Cuba, except in Colón where
it also contributes NH4 + ; this could be due to livestock
activities developed in the vicinity of the station. The high
values of Ca2+ are also linked to the resuspension of natural
soil particles, rich in limestone (calcium carbonate) due
to anthropogenic activities. Note that a correlation of 95%
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Figure 3: Volume weighted average concentrations of NO3 − and
non-sea SO4 2− in the rain for dry periods (November 2008–April
2009 and November 2009–April 2010) and rainy period (May 2009–
October 2009) in the 11 air quality monitoring stations of Cuba.

exists between ions Ca and Mg [19]. Similar influence of
limestone has been recently obtained by Hong-wei et al.
[20] in Guiyang, SW China. Other anthropogenic sources of
Ca2+ are the cement factories in La Habana and Nuevitas,
A similar effect produced by cement factories was reported
in the southern region of Jordan in 2013 [21]. The lower
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Figure 4: Contribution of mineral and organic acids to the total
acidity in the rain over the 11 air quality monitoring stations of Cuba.

neutralization factors were found in Pinares de Mayari and
Gran Piedra, which explains the acidity of rainfall of these
stations.
Table 4 shows that the majority of the ratio NP/AP was
>1, suggesting that, in rainfall at different localities in Cuba,
there is a predominance of alkali species over the acid, except
stations in Pinares de Mayari and Gran Piedra, consistent
with their more acidic pH values.
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Table 1: Wet deposition flow (FD) for ions (meq/m2 /year) monitoring air pollution urban stations in Cuba in the period of November 2008–
October 2009 and other urban places in the world.

−

Cl
NO3 −
SO4 2−
CH3 COO−
HCOO−
Na+
NH4 +
K+
Mg2+
Ca2+
∗

Palma
63.7
9.0
40.2
4.2
11.4
55.2
16.0
2.1
19.6
74.1

Colón
87.8
14.0
32.3
3.5
4.4
46.7
47.5
15.2
20.1
37.8

Palo Seco
44.0
11.4
24.5
4.7
3.1
41.2
12.5
4.2
13.1
29.5

Wet deposition flow, meq/m2 /year
C. Maestre
P. Mayari
67.6
32.8
10.3
22.5
37.9
44.4
6.2
3.1
10.8
3.8
41.3
32.1
21.1
11.4
8.3
2.6
15.0
15.4
54.2
32.1

G. Piedra
37.0
20.6
32.4
8.1
7.8
34.5
9.1
2.6
10.5
28.9

Guantanamo
59.1
11.9
37.3
11.9
37.3
50.7
18.1
11.3
20.7
67.4

NW Europe∗
—
5.0
15
—
—
—
5.0
—
2.0
5.0

Migliavacca et al. [8]; —not informed.

Table 2: Wet deposition flow (FD) for ions (meq/m2 /year) in monitoring air pollution rural stations in Cuba during the period of November
2008–October 2009 and other rural sites in the world.
Ion
Cl−
NO3 −
SO4 2−
CH3 COO−
HCOO−
Na+
NH4 +
K+
Mg2+
Ca2+
a

S. Vegas
93.9
16.9
56.0
6.6
6.1
72.2
15.7
8.2
41.5
103

Casablanca
35.2
8.5
15.1
2.5
4.8
22.1
7.7
1.2
6.4
28.5

Wet deposition flow, meq/m2 /year
Nuevitas
U. Oriente
108
74.3
7.8
8.4
32.2
35.6
3.0
5.2
1.3
3.6
57
58.7
7.9
22.1
7.2
12.3
20.4
10.2
85.7
42.1

NE of USAa
25.0
30.0
65.0
—
—
20.0
15.0
2.0
5.0
15.0

Piracicaba Brasilb
7.4
18.4
20.0
—
—
3.5
16.5
4.2
2.0
5.8

Migliavacca et al. [8]; b Lara et al. [16]; —not informed.

Table 3: Mean values of the neutralization factors for Ca2+ , NH4 + , and Mg2+ in rainwater collected at monitoring air pollution stations in
Cuba.
Monitoring station
La Palma
Santiago de las Vegas
Casablanca
Colón
Nuevitas
Palo Seco
Contramaestre
Pinares de Mayari
Universidad de Oriente
Gran Piedra
Guantánamo

NF Ca2+ (𝜇eq/L)
1.3
1.3
1.3
0.8
2.0
0.8
1.1
0.5
1.0
0.6
1.4

Table 5 shows that the enrichment factors (EF) for Cu,
Mn, Ba, Co, and Ni were below 7, suggesting predominant
crustal origin; EF between 1 and 6 were considered indicative
of natural origin by differences in their concentrations in the
earth’s crust for different parts of the world [12]. Zinc, Se, and
Pb have an anthropogenic origin.
The principal component analysis for major ions at all
stations showed a component that groups mainly NO3 −

NF NH4 + (𝜇eq/L)
0.3
0.2
0.3
0.8
0.2
0.3
0.4
0.2
0.5
0.2
0.4

NF Mg2+ (𝜇eq/L)
0.3
0.5
0.2
0.4
0.7
0.3
0.3
0.3
0.3
0.2
0.4

and SO4 2− , which agrees with the anthropogenic sources of
fossil fuels. The other component group, the Cl− and Na+ ,
represents marine influence. In the stations Contramaestre
and Guantanamo the third component grouping CH3 COO−
and K+ can be associated with biomass burning, probably
related to the burning of the foliage of sugarcane for easier
manual cutting and also burning of crop residues to finish
off the sugar harvest (Table 6). In Contramaestre it was also
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∗

NP/AP∗
1.7
1.8
1.7
1.8
2.6
1.1
1.7
0.7
1.7
0.8
2.0

NP: neutralization potential; AP: acidification potential.

observed that Ca2+ grouped with CH3 COO− and K+ , which
could be attributed to the resuspension of soil particles by the
increase of heavy vehicles in the fields as well as the use of
trucks on unpaved roads during the cutting of sugar cane [18].
Table 7 shows the prevalence of polar continental anticyclone the dry period, characterized by high polar influence
on Cuban territory that introduces lower temperatures and
northerly winds from the American continent. In the wet
period, the North Atlantic anticyclone predominates and is
characterized by humid winds coming from the east. Air
masses coming from the mainland (west) bring concentrations of NO3 − and SO4 2− much higher than those from the
North Atlantic (east) [22]. It is noted also that the west was
affected by a greater number of cold fronts (Table 7), in which
clouds produce rain associated with their trajectory through
an important part of the industrialized NE area of the US,
increasing the transport of contaminants to the Caribbean,
mainly during the dry period [15, 23].
Figures 5 and 6 confirm this hypothesis since the western
and central regions reach higher concentrations during the
dry period than during the wet period; in the eastern region
the contrary situation was observed. Also, cold fronts can
carry pollutants from urban and industrial sites located in
western Cuba, increasing concentrations of NO3 − and nonsea SO4 2− in the eastern and western regions. In the eastern
region stations highest concentrations were observed during
the wet period possibly associated with the predominance
of the North Atlantic anticyclone, characterized by the
predominance of the NE winds component that facilitates the
transport of NO3 − and non-sea SO4 2− from a thermoelectric
plant and the industrial zone for nickel processing to the
monitoring stations in the eastern provinces.

4. Conclusions
The high levels of acid deposit, mainly of sulfates in different
locations similar to those that have appeared in adverse
environmental impacts in areas of North America, suggest
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Figure 5: Monthly variation of NO3 − concentrations in rain during
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Table 4: Mean values of pH and relationship neutralization potential/acidification potential in rainwater collected at monitoring
stations of air pollution in Cuba during the period of November
2008–October 2009.
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Figure 6: Monthly variation of non-sea SO4 2− concentrations in
rain during the period of November 2008–April 2010 at the monitoring stations grouped in the western region, central region, and
eastern region.

that anthropogenic emissions of SO2 , through the use of fossil
fuel with 4–7% sulfur content, constitute the main problem
for Cuba air quality.
The anthropogenic origin of the elements nickel, zinc,
selenium, and lead, which generate risks to human health
and ecosystems, shows the need to control and develop
environmentally sound production processes.
In most parts of the country, calcium concentrations
contribute to neutralize the acidity of rainfall, thus avoiding
most problems with acid rain. The free acidity of rainfall is
only evident in areas where the influence of emissions of
precursor gases is higher due to local sources and there are
lower concentrations of neutralizing compounds, such as the
stations in Pinares de Mayari, Gran Piedra, and Palo Seco. In
this sense an isotopic analysis of H and O in rain could be
very useful for better estimating the origin of Ca+2 [19].
At the national level, the most probable anthropogenic
sources are the burning of fossil fuels in power plants, the
nickel industry, the cement factories, and the burning of
biomass in cane fields. It is therefore important to stress the
need to control and monitor efficiently and effectively these
activities.
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Table 5: Enrichment factors of the elements present in rainwater collected in Cuba in the period of November 2008–October 2009.

Station
Palma
Nuevitas
Contramaestre
P. Mayari
U. Oriente
G. Piedra
Guantanamo
∗

Zn
7
7
1
3
1
2
1

Cu
1
1
1
1
0.4
0.4
2

Enrichment factors∗
Mn
Ba
0.03
0.3
0.01
0.3
0.01
0.2
0.01
0.1
0.01
0.1
0.01
0.2
0.03
0.1

Se
—
893
—
846
—
—
663

Co
—
—
—
0.9
—
—
0.7

Ni
—
0.4
—
—
—
—
—

Pb
—
65
—
—
—
—
—

Enrichment factors > 7 indicate anthropogenic origin.

Table 6: Principal components for the air quality monitoring stations of Contramaestre and Guantanamo.
Monitoring stations
Ion
−

Cl
NO3 −
SO4 2−
CH3 COO−
Na+
NH4 +
K+
Mg2+
Ca2+
% variance
Probable contribution

1
0.91
0.02
0.25
−0.03
0.92
0.05
0.34
0.81
0.36
29
Sea salt

Contramaestre
2
0.16
−0.11
0.33
0.95
0.15
0.10
0.88
0.20
0.74
27
Biomass burning/soil

3
0.14
0.91
0.86
0.14
0.01
0.87
0.18
0.13
−0.08
27
Anthropogenic

1
−0.13
0.92
0.96
−0.25
−0.08
0.82
0.06
0.92
0.93
47
Anthropogenic/soil

Guantanamo
2
0.90
−0.09
−0.05
0.16
0.95
0.24
0.38
−0.36
−0.18
23
Sea salt

3
0.39
−0.11
−0.16
0.92
0.18
−0.14
0.88
0.01
0.03
21
Biomass burning

Table 7: Predominant type of synoptic situation (TSS) and number of cold fronts affecting regions of Cuba during the period of November
2008–April 2010.
Period
Dry period
November
2008–April 2009
Wet period
May 2009–October
2009
Dry period
November
2009–April 2010

Synoptic
situation
TSS
# Cold fronts
TSS
# Cold fronts
TSS
# Cold fronts

Western region

Central region

Eastern region

Polar continental
anticyclone
(type VIII)
17
Atlantic anticyclone
(type I)
3
Polar continental
anticyclone
(type VIII)
28

Polar continental
anticyclone
(type VIII)
15
Atlantic anticyclone
(type I)
3
Polar continental
anticyclone
(type VIII)
18

Polar continental
anticyclone
(type VIII)
13
Atlantic anticyclone
(type I)
3

Seasonal variation of nitrate and sulphate in precipitation
is determined by magnitude of and proximity to emission sources and meteorological factors affecting local and
regional transport of pollutants.
In order to reduce the risks of air pollution on human
health and the environment, it would be desirable to extend
the number of monitoring stations and the quantification of
their corresponding chemical species. Considering each rain
event, it could be possible to refine the allocation of sources in

Atlantic anticyclone
(type I)
11

different locations, using for example back-trajectories [17],
and specifically contribute to the solution of environmental
problems in Cuba.
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