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Introduction

The problem of acid precipitation has become a major envi-
ronmental concern in the world. Many long range projects in the
United States and Europe are devoted to the analysis of the pro-
blems associated with acid pollution deposition (2,5,10,13,18).

The importance of the contributions of ions in rainfall to
the quality of surface water has been widely discussed (9,12).
In their study of acid precipitation and drinking water supplies
Reed and Henningson (15) selected three problem areas in the eva-—
luation of the effect of acid precipitation, the increased levels
of heavy metals in raw water, biclogical imbalances in water sup-
plies, and increased corrosivity of delivered water.

Other works in the field of acid rain are concerned mainly
with the development of theoretical models of wet deposition of
contaminants (1,8). These works emphasize mostly the importance
of factor and meteorological analyses.

So far, in the Caribbean area, reports by Jordan and Fisher,
(7) for St. Thomas, Virgin Islands, Dalal, (4) for Trinidad and
Quinones (14) in Puerto Rico point out to the presence of nitrate
(NO3), sulfate (soﬁ‘ ), chloride (Cl17), magnesium (Mg), calcium
(Ca), sodium (Na), and potassium (K}, in the chemical composition
of rain samples. Quifiones, also reports pH values ranging from
4.8 to 7.6 measured in rain samples corresponding to the four
locations in his study.

More recently, research conducted by McDowell (12) revealed
that the pH of bulk precipitation for one location in eastern

Puerto Rico ranged from 4.1 to 6.5. These findings suggest that



acid rain may be a phenomenon of occurrence at some.selected
locations in Puerto Rico.

Considering that all surface waters in Puerto Rico are pol-
luted by both organic and inorganic contaminants, and, since no
systematic study of rain events throughout the different precipi-
tation areas of the island had been undertaken, our study was
aimed at determining the possible prevalence of acid rain on an
islandwide basis.

To this purpose, we established a network of rain sampling
stations which included fourteen precipitation areas in Puerto
Rico. Rainfall samples were collected for about nine months
which included the dry and most of the wet season., Chemical
analyses were performed to determine pH, specific conductivity
and ionic concentrations of nitrate (NO3), sulfate (Soiﬂ and

chloride (C17™) on the collected samples.



Experimental

Area Description

Location

Puerto Rico is the most eastern and smallest of the Greater
Antilles. It lies between 18° 31' N and 17° 55'N latitude and 65°
37'W and 67° 17'W longitude. It is about 100 miles from East to
West and 40 miles North to South. The overall area is slightly

over 3,400 square miles.

Precipitation

Rainfall in Puerto Rico varies markedly from place to place.
Measurements of rainfall are made at approximately 100 climatolo-
gical stations,

The majority of all Puerto Rico's rainfall is orographic in
nature. Moisture laden air from the ocean is carried by the
trade winds inland and forced to ascend over the mountains where
it gets cooled thus causing condensation in the form of rainfall.
Easterly waves and cold fronts are the two rainfall producing
mechanisms. Fasterly waves prevail from May through November.
During November to April the trailing edge of continental cold

fronts may have definite effects upon the island rainfall.

Wind
One of the most outstanding features of the wind in Puerto
Rico 1is the steadiness of the Trade Winds. They blow between

North-Northeast and South-Southeast. Being sorrounded by water,



the land and sea breeze effect is important in most coastal
areas.
Methodolegy

A network of fourteen sampling sites was established around
the island following an analysis of geographical factors, varia-
tion in population density, industrial point sources of pollution
and meteorological parameters. Precipitation records were main-
tained at each site.

Bulk rainwater samples were collected by means of a manual
collector system consisting of a two liter polyethylene bottle
equipped with a screw cap of the same material through which a
plastic funnel and an overflow tube were attached., After collec-
ting precipitation for seven days the bottles were immediately
closed with a self sealing screw cap to prevent evaporation and
or contamination.

At the laboratory, the samples were weighed and within 2-3
minutes after they were opened the pH measurement was made with a
standard pH meter. The‘samples were then filtered through
Whatman 40 paper and stored in stoppered polyethylene bottles
until further analyses.

Nitrate ion concentration was determined by the brucine
spectrophotometric assay (16), the sulfate ion concentration was
measured by a turbidometric spectrophotometric method using BacCl
as precipitating agent (17). An Orion chloride ion electrode,
model 93-17, was used to determine the chloride ion concentra-
tion. Specific conductivity measurements of the samples were

done with an YSI conductivity bridge.



Results and Discussion
A, Rainfall data

Three hundred seventy three bulk rain samples were collected
at fourteen sampling locations around Puerto Rico, (Fig. 1) from
October 1984 to June 1985, FEach sample was assumed to be repre-—
sentative of the rainfall occurring during a seven day period.
Eleven sampling stations reported 0.05 or less inches of rain
during mid January and in these cases there was either no sample
or the volume collected was not enough for analyses, This was
the case at Lajas, in which no sample was collected in nine
difﬁerent seven days periods for lack of rainfall.

Table I presents the mean values obtained from the analyses
of pH, specific conductivity, ion concentrations and rainfall
data for each location. All three ions analyzed, NO37, SOj;, and
Cl™ were present in the samples obtained at the precipitation
areas under study. There was a wide fluctuation in the concen-
tration of all the ions with maximums appearing during the day
season, mainly January, and minimums at mid May after a big rain-
storm,

The presence of chloride, the highest constituent of the
three ions analyzed in the rainfall of Puerto Rico, with values
ranging from 0.9 to 58 mg/l, can be attributed to the spread of
oceanic salts by the action of the wind., We obtained an average
combined data maximum concentration of chloride of 38 mg/l which
compares with the value found by Jordan (7) in $t. Thomas V.I.
but, it is somewhat higher than the ones reported by Quilones in

Puertc Rico (14).



There is no data related to the contribution of chloride to
the environment from man made emissions in Puerto Rico. In other
areas studied, specially coastal areas, anthropogenic emissions
of Cl are considered negligible compared to natural ones.

The nitrate ion was present in almost all of the rain sam-
ples analyzed with values in the range of 0.01 to 3.08 mg/l. The
mean value of 0.20 mg/l obtained from the data shown on Table T
is within the range of values reported by Jordan in St. Thomas
(7) but only half of what was found by Quifiones {14) at four
locations in Puerto Rico.

Nitrate in precipitation has it origin in the nitrogen oxi-
des which are emitted into the atmosphere. The action of bacte-
ria in the ground and lighthing are the main natural producers of
nitrogen oxides, while the combustion of fossil fuels is the most
important source of man made emissions. Nitrogen oxides produce
nitrates and for each mole of nitrate in precipitation one mole
of the hydrogen ion is available.

We also found that sulfate is an ionic component of precipi-
tation at all the locations sampled (Table 1). The wvalues ob-
tained ranged from 0.21 mg/l to 32 mg/l with maximums obtained
usually after a dry period. The mean value for all stations of
2.36 mg/1l shows a slight increase over those reported by Jordan
(7) and Quifiones (14) for some locations in the Caribbean.

Sulfate in precipitation comes mainly from three sources:
natural biological action, ocean spray and man made emissions.
The sulfate from the ocean is considered neutral sulfate and will

not contribute to the formation of hydrogen ions. Calculations



of rain samples' sulfate to chloride ratio show that in seven
locations in Puerto Rico the ratio value exceeded 0.14 which is
the sulfate to chloride ratio in sea spray (Table III).

This excess sulfate can be assumed to come from sulfur dio-
xide and hydrogen sulfide emissions to the atmosphere. For each
mole of sulfate in rain two moles of hydrogen ions are produced,
thus increasing the acidity of rain.

A very important step in the evaluation of the chemical com-
position of rain in the determination of its pH. Table (I) in-
cludes the mean values of this parameter obtained for the loca-
tions under study. Values ranged from a minimum of 4.2 in rain
samples from Adjuntas to a maximum of 6.1 on those from San

Sebastién.

B. Data Analyses

Tables (IV-XVII) present Correlation Coefficients (r) among
ions and parameters of rain samples collected at the sampling
stations., There was great variation in the correlation coeffi-
cients obtained among the fourteen stations. At Gurabo, for
example, significant correlations (P<0.05) were obtained in nine-
teen out of twenty one correlations considered, while in Ponce
only two of twenty one were sifnificant.

Table II shows the significant correlation coefficients
among major ions obtained in their correlations to pH and conduc-
tivity for all locations.

In general, more frequent significant correlations were

found in the pH vs Soi—correlation than in the pH vs NOS. Based



on these data analyses, we can say that in our study, in which
three hundred seventy three rain samples were analyzed, the
was a better indicator of rain acidity than the NOJ.

However, when the mean values of pH and Soi‘are examined,
Table (I) a high concentration of Soz“does not necessarily mean a
low pH because of the many other factors that control the acidity
of rain (3,6,11) and also because much of the SO%‘present might
come from ocean spray and would not contribute to the production
of hydrogen ions.

The Cl° was much higher and more frequently correlated to
the specific conductivity than SO and NO3 as shown on Tables

(IV-XVII). This was expected in view of the higher concentration

values obtained for C17.

C. Meteorological aspects
The main precursors of acid rain, sulfate and nitrate, may
stay up in the atmosphere after they are emitted until they
settle down as dry deposition or are washed down by precipita-
tion. Their movement depends on the wind direction and speed.
Fig. 1 presents the location of the sampling stations and the
prevailing direction of the wind in relation to the geography of
Puerto Rico. Surface winds, which would be the ones responsible
for the diffusion of pollutants, are characterized in the North-
ern part of the island by their NE and ENE components, In the
South, the wind of the SE gquadrant tends to be stronger than the

other quadrants,



Fig. 2 shows the pH contour lines obtained by data extrapola-
tion of the pH values from each location. The pH increases to a
5.4 maximum followed by a decrease to a 4.3 minimum in the North-
ern part of the island and in an East-West direction. In the same
direction there is another maximum of 6.1 decreasing to 4.4 in
the West coast.

In the Southern portion there is a 5.5 maximum starting from
the coast and decreasing to a 4,2 in the mountains.

A possible explanation to this pH behavior is in terms of the
wind patterns and the probable sources of emissions. The 5.4
maximum lies within the Luquillo rain forest, while the 4,3 mini-
mum in Corozal is Southwest of the densely populated metropolitan
area of San Juan. The next maximum pH 6.1 is in the mainly agri-
cultural area of San Sebastian.

In the Southern portion of the island we encounter the same
situation with respect to the wind direction, the minimum pH of
4.2 lying Northwest of the populated and industrial area of

Ponce.

Conclusions

Acid rain, by definition, is rain having a pH value of 5.6 or
below. But, also, in the absence of basic materials such as NH
and CaCO3 , average pH values of "pure" rain can be expected to
be in the vecinity of 5 (3).

Based upon the findings of this study we can conclude that
acid rain, although still not a very serious problem, is a pheno-

menom present in the environment of the island of Puerto Rico.
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This is more noticeable at the areas of Corozal and Adjuntas.
The dry season, running from January to April, manifested a high-
er acidity in rain than the periods of October to December and
the month of May sampled in our work. The Soi‘was found to be
a better indicator of acidity than NOS'

Our study indicates that prevailing wind patterns play a very
important role in the geographical distribution of pollutants
that cause the acidity of rain in Puerto Rico.,.

Considering the damage that acid rain causes to the environ-
ment, particularly aquatic ecosystems, we suggest that a monitor

system should be implemented in those geographical areas where

this phenomenom seems toc be developing into a serious problem.
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Table I,

Adjuntas
Arecibo
Bayamdn
Corozal
Fajardo
Gurabo
Isabela
Lajas
Mayaguez
Ponce

Rio Piedras
San Sebastidn
Utuado

Yabucca

12

Mean values from analyses of rainfall samples
in Puerto Rico.

Cond
ymohs

19.32
36.64
40.79
27.93
30.88
31.27
32.67
31.74
42.68
28.31
30.06
58.66
32.46

28.53

NO3  SCf c1-

mg/L mg/L mg/L
0.24 2.07  9.36
0.23 4.40 18.16
0.18 1.93  15.31
0.23 1.67 14.36
0.33  2.45 17.51
0.29 1.90 17.01
0.29 2.36 16.17
0.22 2.94 12.83
0.12  3.19  8.96
0.04 2.16 11.32
0.23  1.64 13.58
0.11 1.44  17.60
0.18  2.53  19.23
0.08 2.40 15.76

Rainfall

inches
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Table II

Correlation coefficients (r) among major ions
and parameters of rain samples collected at
fourteen sites in Puerto Rico (P<0.05)

pH pH Cond Cond S0

vs vS vs vs vs

soﬁ— NOB— sog- NO,- NO -
Adjuntas - - - —_—— _
Arecibo 0.80 0.67 0.44 —-— 0.81
Bayamdn -—- -—- 0.85 0.66 0.51
Corozal - -—- - 0.40 0.37
Fajardo 0.53 0.44 - _ _
Gurabo 0.43 0.48 G.49 0.68 0.62
Isabela -—— - 0.68 _ 0.54
Lajas 0.42 - - —_— _—
Mayaguez - - —_ —_— ———
Ponce -— —— _— _— _—
Ric Piedras -— - - ——— _—
San Sebastian 0.49 | - 0.45 _— _——
Utuado 0.55 - 0.70 e ———
Yabucoa 0.44 - 0.73 ——— _——
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Table III

Sulfate to Chloride Ratio Obtained from Mean Values
of Rainfall Samples in Puerto Rico

Location SOE;CT
Adjuntas 0.22
Arecibo 0.24
Bayamdn 0.13
Corozal 0.12
Fajardo 0.14
Gurabo 0.11
Isabela 0.15
Lajas 0.23
Mavaguez 0.36
Ponce 0.19
Rio Piedras 0.12
San Sebastidn 0.08
Utuado 0.13

Yabucoa 0.15
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