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Atmospheric Inputs to Watersheds of the Luquillo 
Mountains in Eastern Puerto Rico

By Robert F. Stallard

Abstract

Twenty years of precipitation-chemistry data from the 
National Atmospheric Deposition Program site at El Verde, 
Puerto Rico, demonstrate that three major sources control 
the composition of solutes in rain in eastern Puerto Rico. In 
order of importance, these sources are marine salts, temper-
ate contamination from the Northern Hemisphere, and Sahara 
Desert dust. Marine salts are a source of roughly 82 percent 
of the ionic charge in precipitation; marine salt inputs are 
greatest in January. Evaluation of 15 years of U.S. Geologi-
cal Survey data for four watersheds in eastern Puerto Rico 
suggests that large storms, including hurricanes, are associ-
ated with exceptionally high chloride concentrations in stream 
waters. Some of these storms were missed in sampling by the 
National Atmospheric Deposition Program, and therefore its 
data on the marine contribution likely underestimate chloride. 
The marine contribution is a weak source of acidity. Temperate 
contamination contributes about 10 percent of the ionic charge 
in precipitation; contaminants are primarily nitrate, ammonia, 
and sulfate derived from various manmade and natural sources. 
Peak deposition of temperate contaminants is during January, 
April, and May, months in which strong weather fronts arrive 
from the north. Temperate contamination, a strong source of 
acidity, is the only component that is increasing through time. 
Sahara Desert dust provides 5 percent of the ionic charge in 
precipitation; it is strongly seasonal, peaking in June and July 
during times of maximum dust transport from the Sahara and 
sub-Saharan regions. This dust contributes, on average, enough 
alkalinity to neutralize the acidity in June and July rains.

Introduction
A large portion of the dissolved load in near-coastal 

tropical rivers comes from the atmosphere (Stallard and 
Edmond, 1981). This load is obtained by several processes 
such as precipitation, dry deposition (fallout, impaction on 
surfaces), and chemical fixation by biological processes or 
chemical-weathering reactions. Precipitation removes aero-
sols and some gases directly from the atmosphere, while dry 
deposition transfers aerosols to plant (and other) surfaces to 

be washed off by precipitation or condensation. Precipita-
tion and dry deposition are commonly difficult to distinguish 
chemically, and only precipitation is readily sampled. Dry 
deposition loadings can be similar to precipitation loadings 
(Peters and others, 2006). Chemical fixation (the conversion 
of atmospheric gases into dissolved and solid compounds by 
chemical or biological means) is the source of much of the 
dissolved organic and inorganic carbon in surface waters and 
of considerable dissolved nitrogen. Accordingly, atmospheric 
inputs to rivers are commonly underestimated. In this report, 
atmospheric chemical inputs to eastern Puerto Rico were 
characterized by using relations among chemical constituents 
to identify constituent sources, and then using constituent 
deposition rates to estimate source loadings. The rainfall and 
runoff chemical datasets are from the National Atmospheric 
Deposition Program (NADP) and the U.S. Geological Survey 
Water, Energy, and Biogeochemical Budgets (WEBB) pro-
gram. The NADP record is long (1985 to the present (2010)), 
but it has several large gaps. The WEBB precipitation data set 
(1991–1995) is more limited but helps in generalizing the data 
throughout the region. Runoff data are available for five rivers 
(Canóvanas, Cayaguás, Guabá, Icacos, and Mameyes) in four 
study watersheds (fig. 1).

Many of the sources of aerosols and gases that dissolve 
in precipitation have distinct chemical signatures. In undevel-
oped tropical regions within about 300 kilometers (km) of the 
ocean, the ocean is the largest source of solutes in rain (Stal-
lard and Edmond, 1981). Within the ocean, solutes arise in two 
ways: seasalt from breaking waves and bursting bubbles, and 
gases emitted, generally from biological activity. The many 
solutes in seasalt are in characteristic proportions referred to 
as the “seasalt ratio.” The nutrients nitrate, ammonia, silica, 
and phosphate are important exceptions and are typically 
stripped from surface seawater by biological activity. Of the 
major seawater ions, only sulfate has gaseous sources. Algae 
release to the atmosphere organic sulfur gases such as methyl 
sulfide, dimethyl sulfide, and carbon disulfide. Ultraviolet light 
quickly oxidizes these gases into precursors of sulfuric acid. 
Thus, the ocean can be a natural source of acid precipitation in 
the coastal tropics (Stallard and Edmond, 1981).

A variety of nitrogen and sulfur compounds are emitted 
by natural and human activities. Natural sources of sulfate 
include emissions from vegetation, anaerobic soils, and 
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Figure 1. Location of Puerto Rico and study watersheds, eastern Puerto Rico.
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volcanoes. Some ammonia and nitrate come from vegetation, 
biogenic emissions from soils, and from lightning (Junge, 
1963). Eastern Puerto Rico is not close to any major terrestrial 
sources of sulfur or nitrogen, although Soufrière Hills Volcano 
on Montserrat (an island in the Lesser Antilles about 300 miles 
east-southeast of Puerto Rico), active 1995 to present, is argu-
ably close enough to have some influence (Heartsill-Scalley 
and others, 2007). Human activities, especially on lands of the 
temperate northern hemisphere, are a major and often domi-
nant source of nitrate, ammonia, and sulfate ions in the atmo-
sphere, cloud waters, and precipitation (Junge, 1963; Weathers 
and others, 1988; Duce and others, 1991; Galloway and others, 
1996; Galloway, 1998; Holland and others, 1999; Rasch and 
others, 2000; Rodhe and others, 2002). The sulfur and nitrogen 
compounds typically form aerosols that are strong acids, 
which are the main source of acid rain in polluted regions. Sul-
fur compounds, which are typically oxidized to form sulfuric 
acid, come from the burning of fossil fuels. Nitrogen com-
pounds, mainly ammonium and nitrate ions, have a complex 
mix of sources including burning of fossil fuels and vegeta-
tion and biogenic emissions from soils enriched in nitrogen 
through the use of artificial fertilizers (Junge, 1963). There 
are no major local sources of such contamination immediately 
upwind (north and east) of eastern Puerto Rico (Brown and 
others, 1983, Ortiz-Zayas and others, 2006).

A final major source of solutes in tropical Atlantic coastal 
regions and islands of the Americas is dust from the Sahara 
Desert in Africa (Prospero and Carlson, 1972; Stallard, 2001; 
Reid and others, 2003a,b; Garrison and others, 2003). Fallout 
of dust from northern Africa blankets a zone from southern 
North America through Central America and northern South 
America (Prospero and Carlson, 1972). Seasonally aver-
aged data from a coastal zone color-scanner satellite shows 
that the biggest desert-dust plume is derived from the Sahara 
and is carried westward by the trade winds (Stegmann and 
Tindale, 1999). The structure of this plume is complex and 
hard to characterize in detail (Reid and others, 2003a). The 
dust plume typically bathes Puerto Rico from June through 
August. Farther south, in Costa Rica and Panama, the plume is 
strong starting in April. The fallout of fine clay and quartz that 
forms the bulk of the dust is so great that it is the source of 
soil minerals on carbonate islands such as Bermuda (Herwitz 
and others, 1996). Although this dustfall has been going on for 
millions of years (Parkin and Shackleton, 1973), the clearing 
of land south of the Sahara may provide a new contribution 
(Lundholm, 1977; Shinn and others, 2000). Recent studies 
(Dunion and Velden, 2004; Evan and others, 2006) indicate a 
strong interaction between dry dusty air coming off the Sahara 
and tropical cyclones, with an inverse relation between dusti-
ness, as measured by satellites, and cyclone activity. Sahara 
dust may carry pathogens that affect coral (Shinn and others, 
2000), amphibians (Stallard, 2001), and people (Kuehn, 2006). 

Enough dust comes from the Sahara to affect the stron-
tium isotope composition of water and plants in the Luquillo 
Mountains (Pett-Ridge and others, 2009a,b) and to be a sig-
nificant source of phosphate (Pett-Ridge, 2009). (The isotopic 

ratios of strontium from the Sahara differ from those ratios 
in Luquillo rocks and soils.) Pett-Ridge and others (2009b) 
use the Sr isotopic budget to estimate the long-term average 
deposition rate for Sahara dust at 21±7 metric tons per square 
kilometer per year (t km−2 yr−1).

Reid and others (2003b) used x-ray fluorescence to 
analyze 60,500 individual particle aggregates of air-borne 
Sahara dust collected on a Davis rotating drum collector, 
which separates the dust into eight particle-size stages from 
0.1 to 12 micrometers (µm). Intercorrelations among various 
elements provide indications of dominant particle sources. The 
bulk of particles sampled from air-borne Sahara dust are sili-
cate minerals and insoluble oxides; a few percent of the total 
consists of sodium-chloride, calcium-rich, and calcium-sulfur 
particles (Reid and others, 2003b). Seasalt is the dominant 
source of sodium and chloride in the dust. Some salts of desert 
soils, such as halite (NaCl), are not readily distinguished 
from seasalt, especially because photochemical processes can 
slightly shift the original elemental proportions in air-borne 
seasalt (Stallard and Edmond, 1981, Reid and others, 2003b). 
Soluble calcium in this dust presumably comes from the 
calcium carbonate and calcium sulfate minerals that typically 
accumulate in desert soils (Birkeland, 1999, Reid and others, 
2003b). Calcium carbonate reacts with and neutralizes nitric 
and sulfuric acids, thus generating carbon dioxide.

Elements with especially strong correlations with 
silicon (correlation coefficient (r2) >0.8) were aluminum 
(Al/Si= 0.49, r2=0.90), potassium (K/Si=0.059, r2=0.92), tita-
nium (Ti/Si=0.012, r2=0.81), and iron (Fe/Si=0.070, r2=0.92). 
Excluding sodium and chlorine, which originate largely from 
seasalt, the most abundant elements identified by analysis 
were silicon, aluminum (Al/Si=0.49), calcium (Ca/Si=0.13), 
sulfur (S/Si=0.1), iron (Fe/Si=0.070), magnesium 
(Mg/Si=0.066), and potassium (K/Si=0.059). Reid and others 
(2003b) estimate that more than 70 percent of dust-particle 
mass can be attributed to aluminosilicate clay minerals such 
as illite, kaolinite, and montmorillonite. Of these minerals, 
illite, K0.6(H3O)0.4Al1.3Mg0.3Fe2+

0.1Si3.5O10(OH)2∙(H2O), is most 
important. Amorphous silicon and quartz make up the next 
largest group, composing another 10 to 15 percent. Although 
these clay minerals and oxides come from desert soils, pre-
sumably they were derived from weathering during humid 
periods, and because these clays are solid weathering products, 
it is most likely that they contribute to the solid load in the riv-
ers rather than the dissolved load (Herwitz and others, 1996).

Background—Solute Sources In 
Tropical Rain

The lack of local contamination sources makes the 
Luquillo Experimental Forest in easternmost Puerto Rico an 
ideal setting for studying precipitation chemistry (fig. 1). Like 
the prow of a ship, the Luquillo Mountains meet the east-to-
west trade-wind air flow after it transits largely open ocean. 
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Rainfall for the region is derived from a mix of locally gener-
ated showers, tropical systems moving from the east, and fron-
tal systems from the north (McDowell and others, 1990; Lugo 
and Scatena, 1992; Malmgren and others, 1998). The frontal 
systems are most important from December to May. Trade 
winds blow throughout the year but are strongest from June 
to November (García-Martino and others, 1996). Trade-wind 
meteorology has been extensively studied in the region east 
of Puerto Rico (Snodgrass and others, 2009, and references 
therein). The elevation of the trade-wind cloud base is largely 
controlled by sea-surface conditions, and it may be as low as 
400 meters (m) but is typically around 600 m. Orographic con-
trol of rainfall is important (García-Martino and others, 1996; 
Murphy and Stallard, 2012); about 1,500 millimeters (mm) 
falls on the coast and more than 4,000 mm falls at highest 
elevations. More falls on the north and east sides of mountains 
and less on the south and west. Water from cloud interception 
provides 10 to 14 percent of the water budget in elfin forests 
(Baynton, 1968, 1969; Weaver, 1972; Brown and others, 1983; 
Larsen and Concepción, 1998; Schellekens and others, 1998; 
Eugster and others, 2006; Holwerda and others, 2006), and it 
may provide water to the upper portion of palo colorado forest 
as well.

Several studies have analyzed rain chemistry in the 
Luquillo Mountains (fig. 1). The best record of rainfall 
chemistry is from El Verde, which, with few exceptions, has 
been sampled by the NADP on a weekly basis since early 
1985 (National Atmospheric Deposition Program (NRSP-3)/
National Trends Network, 2007c, Station PR20). A 2-year gap 
was sustained from mid-1989 to mid-1991, starting the week 
that Hurricane Hugo hit, and occasional short gaps have com-
monly coincided with huge storms.

McDowell and others (1990) used bulk and wet precipita-
tion from the NADP site at El Verde for 1983–1987 to identify 
three dominant sources of solutes in the rain: (1) marine aero-
sols (Na+, K+, Mg2+, Cl −), (2) temperate contamination (NH4

+, 
SO4

2–, NO3
−), and (3) Sahara dust (K+, Ca2+, Mg2+). Contami-

nants arrive in frontal systems from North America, and the 
trade winds carry contaminants from North America, Europe, 
and Africa. Stallard (2001) extended the analysis by using 
the NADP data set from 1985 through 1998 and provides a 
detailed analysis of trends and of the seasonality of these three 
sources. Stallard (2001) noted that nitrogen loading in pre-
cipitation was increasing with time, an observation also later 
reported by Ortiz-Zayas and others (2006). Stallard (2001) did 
not observe a significant contribution of K+ and Mg2+ in the 
desert-dust component.

 Heartsill-Scalley and others (2007) examined a 15-year 
time series, 1988–2002, of chemistry data in precipitation 
and throughfall sampled at the ridge above the Bisley site in 
the most northeast part of the Luquillo Experimental For-
est (fig. 1). In addition to the constituents determined by the 
NADP, that study also determined total dissolved nitrogen 
and PO4

3−. These workers found that for constituents that 
are common in seasalt and dust (Na+, Ca2+, Cl–, SiO2, and 
SO4

2−), annual rainfall deposition is large compared with 

their deposition at other tropical sites, and the enrichment of 
throughfall by the canopy is small. Plant-active constituents 
(K+, NH4

+, NO3
−, total dissolved nitrogen, and PO4

3−) had 
lesser deposition in rain (rainout) than was true at many other 
tropical sites, and enrichment of throughfall by the canopy 
is large and quite variable. After hurricanes, which destroy 
canopy, throughfall is a greater fraction of total rainfall but 
it is less enriched in plant-active constituents because of less 
interaction with canopy. The enrichment of throughfall by 
plant-active solutes increased during droughts. Heartsill-
Scalley and others (2007) show a weak increase in precipita-
tion fluxes (cations, N, P) that might be associated with the 
Soufrière Hills Volcano.

The present paper modifies the analytical approach of 
Stallard (2001) to extend the analysis of the NADP data set 
though the time period of the WEBB research program. In 
addition, the effects of data gaps are examined, because the 
NADP data set used here, from February 12, 1985, through 
May 15, 2007, contains 123 data gaps ranging from 1 to 
89 weeks for a total of 336 weeks out of 1,155 weeks, or 
29 percent of the time. The average gap length is 2 weeks, if 
the four longest gaps of 11, 12, 29, and 89 weeks are excluded. 
Reasons for the gaps are not given except for the longest, 
which was caused by a lack of funding. Several gaps coin-
cide with large storms. Large storms, especially hurricanes, 
defoliate the canopy, carpet the entire landscape with leaves 
and branches, and topple many trees (Scatena and Larsen, 
1991; Schaefer and others, 2000). Collection equipment is 
commonly compromised, and rain samplers are typically 
filled with debris. Finally, access roads are sometimes blocked 
for days to weeks after a storm, and it is often a challenge to 
recover samples in a timely manner.

Methods Used to Quantify Inputs and 
Sources of Solutes in Precipitation

Samples at the El Verde NADP Station PR20 are col-
lected weekly from a wet collector and analyzed using a 
standard protocol (National Atmospheric Deposition Program 
(NRSP–3)/National Trends Network, 2007a,b). The objective 
of this standardization is to provide a basis for comparison of 
major ionic constituents (H+, Na+, K+, Ca2+, Mg2+, NH4

+, Cl−, 
SO4

2−, NO3
−) among sites and to identify trends through time. 

On 11 January 1994, procedures changed slightly, result-
ing in a slight apparent decrease in concentration of some 
constituents (National Atmospheric Deposition Program 
(NRSP–3)/National Trends Network, 2007d); however, this 
decrease is small compared with concentrations observed for 
El Verde samples. The NADP data for El Verde are available 
on the internet (National Atmospheric Deposition Program 
(NRSP–3)/National Trends Network, 2007a). The largest 
data gap was almost 2 years (mid-1989 to mid-1991), when 
samples were not collected. The NADP website provides the 
raw weekly data as well as monthly and annual digests of the 
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data. These digests were used and modified as needed for this 
discussion. Stallard and Edmond (1981), who collected rain 
samples from a ship on the Amazon River, noted that samples 
collected close to forest are enriched in nutrients (plant-active 
constituents) compared with those collected on the river hun-
dreds of meters to kilometers from the forest edge. Accord-
ingly, one would expect some local contamination, by bits of 
plant debris or insects, of these constituents in the El Verde 
samples, which are collected close to forest.

The chemical constituents identified by the NADP do not 
complete a charge balance. The concentration of hydrogen 
ions in rainwater is controlled by the imbalance of charge 
between nonreactive anions and cations and equilibration 
with atmospheric carbon dioxide. Accordingly, two additional 
constituent concentrations, bicarbonate ion (HCO3

−) and acid-
ity. were calculated from the hydrogen ion concentration and 
other constituents. Acidity is the charge difference between 
nonreactive anions and cations. Acidity is conservative and 
is the same as the negative of alkalinity (also called acid-
neutralization capacity). Organic anions in tropical rainwater 
are quite unstable (half-lives of only a few hours (Andreae and 
others, 1990)), and they should not contribute to the acidity of 
samples that were collected during a week. For the pH range 
and ionic strength of the NADP samples, at equilibrium with 
an atmospheric partial pressure of carbon dioxide (PCO2

) of 370 
parts per million volume (ppmv), the concentrations of these 
calculated constituents are given by several equations (Stumm 
and Morgan, 1981; Stallard, 2001):

Hydrogen ion: H+ in microequivalents per liter 
(μeq L−1)=10(6-pH) (1)

Bicarbonate ion: HCO3
−=6.36/(H+) (2)

Acidity: acidity=(total anion charge of strong acids)– 
(total cation charge of strong bases plus NH4

+) (3)

Acidity: acidity » H+–HCO3
−. (4)

These two independent calculations of acidity, equa-
tions 3 and 4, allow for a quality-control check of the overall 
analyses. Acidity calculated from laboratory pH is in better 
agreement with acidity calculated from charge balance than is 
acidity calculated from field pH, indicating that laboratory pH 
is of better data quality. When the laboratory pH is used to cal-
culate H+ and HCO3

– to complete charge balances, the resul-
tant charge balances are generally within 10 percent. Many of 
the samples that have excess positive charge also have excess 
Na+ relative to that expected from seasalt. Likewise, many of 
the samples with an excess negative charge also have a sodium 
deficit. If the pH values are valid, this result points to analyti-
cal problems for sodium.

The NADP uses standard procedures to calculate monthly 
and annual digests of data (National Atmospheric Deposition 
Program (NRSP–3)/National Trends Network, 2007b). The 
monthly and annual digests prepared by NADP were used 
to prepare summary tables of constituent concentrations and 
loadings (inputs) (tables 1–4). Acidity was calculated from the 
analyses by using equation 3, and H+ and HCO3

− were, in turn, 
calculated from acidity using equations 2 and 4. This calcula-
tion forces a perfect charge balance and leaves problem data, 
such as the excess Na+, just described, intact. The rainfall-
volume-weighted averaging (calculated as the sum of weekly 
volume times concentration divided by total volume) of 4 to 
5 weeks for each month and 52 weeks for each year reduces 
the influence of problem data.

Table 1. Rainfall-weighted monthly average concentration of various constituents at El Verde, Puerto Rico, derived from averaged 
monthly data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; μmol L−1, micromoles per liter]

Month
Rainfall 

(mm)
H+ 

(μmol L–1)
Na+ 

(μmol L–1)
K+ 

(μmol L–1)
Mg2+ 

(μmol L–1)
Ca2+ 

(μmol L–1)
NH4

+ 

(μmol L–1)
Cl– 

(μmol L–1)
SO4

2– 

(μmol L–1)
NO3

– 

(μmol L–1)
January 278 9.0 134.7 3.0 15.0 3.7 2.0 153.6 13.3 5.2
February 165 9.2 108.6 2.4 11.5 3.4 2.2 122.5 11.6 5.6
March 193 9.1 82.7 2.0 9.2 3.3 1.8 97.0 9.2 4.4
April 223 13.9 57.4 1.5 6.4 2.8 3.3 67.4 10.0 6.4
May 280 10.6 51.3 1.8 5.9 2.9 2.5 61.0 8.4 5.4
June 226 2.7 64.1 1.9 7.3 6.5 2.1 74.0 8.5 5.0
July 306 2.3 66.1 1.8 7.4 6.6 1.5 75.8 8.7 3.8
August 325 4.9 46.1 1.3 5.2 4.8 1.3 54.7 7.1 3.7
September 287 6.2 70.2 1.8 8.2 4.3 1.6 83.2 8.3 3.9
October 240 7.8 38.0 0.9 4.0 2.1 1.0 44.1 5.7 3.6
November 343 7.4 62.4 1.5 6.7 1.9 0.9 72.3 6.6 2.8
December 246 10.0 90.1 2.0 9.9 2.4 1.1 105.8 9.1 3.3

Total annual 3,113
Average annual 7.3 71.0 1.8 7.9 3.8 1.7 82.5 8.7 4.3
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Table 2. Rainfall-weighted average annual concentration of various constituents at El Verde, Puerto Rico, derived from averaged 
annual data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; μmol L−1, micromoles per liter]

Year
Rainfall 

(mm)
H+ 

(μmol L–1)
Na+ 

(μmol L–1)
K+ 

(μmol L–1)
Mg2+ 

(μmol L–1)
Ca2+ 

(μmol L–1)
NH4

+ 

(μmol L–1)
Cl– 

(μmol L–1)
SO4

2– 

(μmol L–1)
NO3

– 

(μmol L–1)
1985 3,291 4.2 61.8 1.6 7.4 4.3 0.7 74.4 7.2 1.3
1986 3,345 8.2 53.8 1.5 6.2 3.7 0.6 66.8 7.2 1.9
1987 3,892 6.7 46.5 1.2 5.6 3.7 1.1 56.0 6.9 3.2
1988 3,833 5.3 57.7 1.4 6.7 4.0 0.7 68.2 7.6 2.0
19891 2,675 8.2 68.1 1.7 7.7 3.7 2.7 81.1 8.6 4.4
1991 1,178 6.9 67.5 1.8 8.1 5.3 1.1 81.2 8.5 4.8
1992 2,930 5.4 69.3 1.8 8.1 3.7 1.7 77.7 8.8 5.2
1993 2,888 7.6 61.9 2.6 7.3 3.0 2.1 73.9 7.6 4.9
1994 2,314 3.9 70.2 1.7 7.9 4.0 2.1 80.0 7.9 4.3
1995 2,624 4.2 74.6 1.7 8.0 3.8 2.9 83.4 8.4 5.2
1996 3,568 4.0 77.6 1.8 7.9 3.1 1.9 84.7 8.3 4.5
1997 2,734 11.6 55.7 1.8 6.1 3.8 1.2 68.8 8.3 4.2
1998 4,400 5.1 83.4 2.1 9.4 3.5 1.1 95.7 8.6 3.4
1999 3,153 2.0 67.2 1.6 7.0 3.8 1.7 70.7 7.7 4.8
2000 2,466 6.9 65.8 1.6 6.9 4.4 1.3 76.4 8.0 4.8
2001 2,825 9.2 67.3 1.7 6.8 4.0 1.9 79.0 8.4 5.3
2002 2,772 12.4 48.4 1.2 5.3 2.9 1.7 61.4 7.0 4.2
2003 3,266 13.6 55.4 1.4 6.1 3.5 2.3 68.6 9.0 5.0
2004 3,794 8.7 77.3 1.9 8.6 4.0 1.8 91.4 9.0 4.8
2005 3,155 9.4 99.9 2.4 11.5 4.0 2.3 113.5 12.4 6.0
2006 3,104 13.9 71.0 1.8 8.0 4.0 2.2 87.2 10.3 4.9

1Samples were not collected between 12 September 1989 (the day that Hurricane Hugo hit) and 4 June 1991. Rainfall totals in 1989 and 1991 are reduced 
accordingly.

Table 3. Rainfall-weighted monthly loadings of various constituents at El Verde, Puerto Rico, derived from averaged monthly data of 
the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; mmol m−2, millimoles per meter squared]

Month
Rainfall 

(mm)
H+ 

(mmol m–2)
Na+ 

(mmol m–2)
K+ 

(mmol m–2)
Mg2+ 

(mmol m–2)
Ca2+ 

(mmol m–2)
NH4

+ 

(mmol m–2)
Cl– 

(mmol m–2)
SO4

2– 

(mmol m–2)
NO3

– 

(mmol m–2)
January 278 2.51 37.50 0.84 4.18 1.03 0.55 42.78 3.70 1.45
February 165 1.51 17.92 0.40 1.89 0.55 0.37 20.21 1.92 0.92
March 193 1.75 15.92 0.39 1.78 0.64 0.34 18.68 1.78 0.86
April 223 3.10 12.81 0.33 1.42 0.61 0.74 15.05 2.23 1.44
May 280 2.96 14.37 0.51 1.66 0.80 0.69 17.10 2.34 1.51
June 226 0.62 14.51 0.43 1.64 1.48 0.47 16.75 1.93 1.13
July 306 0.70 20.20 0.55 2.27 2.00 0.47 23.15 2.66 1.15
August 325 1.59 14.98 0.41 1.70 1.57 0.42 17.76 2.29 1.21
September 287 1.78 20.14 0.51 2.35 1.25 0.47 23.88 2.39 1.12
October 240 1.88 9.13 0.22 0.96 0.51 0.25 10.60 1.37 0.87
November 343 2.54 21.39 0.51 2.29 0.64 0.29 24.78 2.27 0.96
December 246 2.47 22.20 0.50 2.43 0.60 0.26 26.06 2.23 0.81

Total annual 3,113 23.4 221.1 5.6 24.6 11.7 5.3 256.8 27.1 13.4
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Grouping Data

Procedures presented by Stallard and Edmond (1981) and 
Stallard (2001) were used to quantify the different sources of 
ions in NADP samples: marine aerosols, temperate contamina-
tion, and desert dust. Each source has at least one characteris-
tic marker ion. In marine aerosol, Cl−, Na+, and Mg2+ ions are 
sufficiently abundant to be marker ions; Cl− is most abundant 
and was used here. In temperate contamination, NO3

− is the 
most abundant ion. NH4

+ is also attributable to this source. 
In desert dust, Ca2+, after correction for seasalt, is the only 
marker. A possible fourth source, local vegetation, is consid-
ered by using K+ after a correction for seasalt.

Constituent groupings can be seen by using cross-
correlation tables of constituent concentrations for the entire 
weekly data set (table 5) and for aggregated monthly mean 
concentrations (table 6). Rows and columns in these tables 
are ranked by correlation with Cl−. For the entire data set, Cl− 
correlates well with Na+, Mg2+, and SO4

2− (r2>0.5, indicating 
that more than half of the variance between Cl− and the other 
constituent is shared) (Bevington and Robinson, 2003). For 
monthly mean data, K+ joins this group with a strong cor-
relation (r2=0.89). The lack of such a strong correlation for 
weekly K+ likely reflects major, but temporally random, local 
inputs. The intercorrelation among NO3

−, NH4
+, and SO4

2− is 
moderate (r2>0.25, more than one quarter variance shared) 
to strong (r2>0.9, most variance is shared) in the weekly data 

(0.23<r2<0.49) and the monthly mean data (0.29<r2<0.92). 
Finally, Ca2+ does not correlate strongly with any parameter 
in the weekly data but anticorrelates strongly with acidity 
(r2=0.67; r=−0.82) in the monthly mean data set. The group-
ings are illustrated as monthly mean concentrations in figure 2 
and table 1 and monthly loadings in figure 2 and table 3.

Missing Samples and Big Storms

A common practice, and one used by the NADP, is to 
fill gaps in a long time series of data by assuming that miss-
ing data resemble data that were collected. During the WEBB 
Project from 1991 to 2005, in the four study watersheds and 
one subwatershed described here, 507 hydrologic events 
were sampled from 263 storms using automated samplers 
(appendix 1). A total of 4,894 stream-water event samples 
were analyzed for conductivity, most for chloride, and many 
for a broad suite of other constituents. Several of the largest 
storms during which rivers were sampled (table 7) coincide 
with data gaps in the NADP record. Seven storms produced 
stream-water chloride concentrations that were substantially 
greater than typical values in 117 samples. Many of these 
117 samples were analyzed for a full suite of constituents, and 
concentrations of nearly seasalt proportions were observed 
for all ions that are contained abundantly in seasalt (fig. 3). 
Heartsill-Scalley and others (2007) note that throughfall is 

Table 4. Rainfall-weighted annual loadings of various constituents at El Verde, Puerto Rico, derived from averaged annual data of the 
National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; mmol m−2, millimoles per meter squared]

Year
Rainfall 

(mm)
H+ 

(mmol m–2)
Na+ 

(mmol m–2)
K+ 

(mmol m–2)
Mg2+ 

(mmol m–2)
Ca2+ 

(mmol m–2)
NH4

+ 
(mmol m–2)

Cl– 
(mmol m–2)

SO4
2– 

(mmol m–2)
NO3

– 
(mmol m–2)

1985 3,291 13.7 203.4 5.4 24.2 14.0 2.4 244.9 23.6 4.4
1986 3,345 27.5 179.8 5.0 20.8 12.4 1.9 223.4 24.1 6.2
1987 3,892 26.0 180.8 4.8 21.6 14.6 4.1 217.8 27.0 12.5
1988 3,833 20.4 221.1 5.3 25.7 15.4 2.8 261.5 29.0 7.6
19891 2,675 22.0 182.2 4.7 20.6 9.8 7.3 217.0 23.0 11.9
1991 1,178 8.1 79.5 2.1 9.5 6.2 1.3 95.6 10.0 5.7
1992 2,930 15.7 202.9 5.2 23.7 10.7 5.0 227.5 25.8 15.3
1993 2,888 22.0 178.8 7.4 21.1 8.6 5.9 213.4 21.8 14.2
1994 2,314 9.1 162.4 4.0 18.3 9.2 4.9 185.2 18.2 9.9
1995 2,624 11.1 195.8 4.5 20.9 10.0 7.6 218.7 22.1 13.8
1996 3,568 14.2 276.9 6.4 28.3 11.2 6.7 302.2 29.6 16.2
1997 2,734 31.8 152.3 5.0 16.6 10.4 3.2 188.2 22.7 11.4
1998 4,400 22.4 367.1 9.0 41.5 15.5 5.0 421.2 37.8 15.1
1999 3,153 6.4 211.8 5.0 21.9 12.0 5.2 222.8 24.2 15.3
2000 2,466 17.0 162.3 4.0 16.9 10.8 3.3 188.5 19.8 11.8
2001 2,825 26.0 190.1 4.8 19.3 11.2 5.5 223.1 23.7 14.9
2002 2,772 34.4 134.2 3.3 14.7 8.2 4.6 170.2 19.5 11.8
2003 3,266 44.6 181.0 4.6 19.9 11.6 7.4 224.2 29.3 16.2
2004 3,794 33.1 293.4 7.1 32.8 15.1 6.7 346.8 34.2 18.2
2005 3,155 29.8 315.2 7.5 36.2 12.7 7.2 358.1 39.1 19.0
2006 3,104 43.3 220.5 5.6 24.8 12.5 6.9 270.7 31.8 15.1

1Samples were not collected between 12 September 1989 (the day that Hurricane Hugo hit) and 4 June 1991. Rainfall totals in 1989 and 1991 are reduced 
accordingly.
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only slightly enriched in Cl− and other seasalt ions. Because 
throughfall was collected continuously from 1988 to 2002, 
it cannot be the source. Similarly, soils and bedrock do not 
retain substantial Cl− (Stallard, 2012) and base flow is strongly 
enriched in alkaline ions and calcium, which are both low 
in concentration in the event samples (Stallard and Murphy, 
2012). Groundwater cannot be a source of the high-chloride 
event samples. The only reasonable source of elevated Cl− 
and other seasalt ions in these storms is seasalt carried inland 
by wind and rain. The traditional approach of assuming that 
missing samples resemble successfully collected samples is 
therefore invalid for this NADP data set, because several of 
the data gaps that corresponded to storms were among the nine 
that had exceptionally high Cl− concentrations. One of these 
gaps occurred during Hurricane Georges, the largest event 
during this 15-year study. The second-largest storm, Hurricane 
Hortense, lacked both a data gap and high chloride.

By assuming that Cl− in the stream water sampled dur-
ing the storm was derived from the storm, one can integrate 
water and chloride discharge through the storm hydrograph 
to calculate total rainfall and the Cl− concentration and 
loading of that rain. Two contrasting hurricanes, Hortense 
(September 9–10, 1996) and Georges (September 21, 1998), 

had comparable rainfall but show markedly contrasting Cl− 

behavior (fig. 4). Georges (category 2 on the Saffir-Simpson 
Hurricane Wind Scale (National Oceanic and Atmospheric 
Administration, 2010b), winds of 154–177 kilometers per 
hour (km h−1)) was a shorter and more intense hurricane than 
Hortense (category 1, winds of 119–153 km h−1 hitting the 
west of Puerto Rico) (Murphy and others, 2012). Hortense, 
which was sampled by NADP, was a typical low-Cl− storm, 
whereas Georges, which was not sampled by NADP, was 
a high Cl− event. In the Mameyes watershed, the WEBB 
watershed closest to El Verde, Hurricane Hortense produced 
333 mm total runoff with an average stream-water Cl− con-
centration of 111 micromoles per liter (μmol L−1) and a 
maximum Cl− concentration of 253 μmol L−1 in the first few 
hours of the storm. In contrast, Hurricane Georges produced 
317 mm total runoff with an average stream-water Cl− con-
centration of 455 μmol L−1 and a maximum Cl− concentra-
tion of 1,567 μmol L−1 in the first few hours of the storm. 
Most of the samples from Hurricane Georges were analyzed 
for all major constituents. The constituents in these samples 
are in nearly seasalt proportions, dominated by Na+ and Cl−, 
whereas the first base-flow sample collected after the storm is 
dominated by alkalinity and Ca2+ (fig. 3).

Table 5. Constituent correlations for all weekly concentration data (number of samples=818), ranked by correlation with Cl–, derived 
from weekly data of the National Atmospheric Deposition Program for 1983 to 2005.

[All values are squared correlation coefficients, r2; ( ), r2<0; --, not relevant]

Constituent Cl– Na+ Mg2+ SO4
2– K+ Ca2+ NO3

– NH4
+ Acidity

Cl– 1 -- -- -- -- -- -- -- --
Na+ 0.97 1 -- -- -- -- -- -- --
Mg2+ 0.96 0.97 1 -- -- -- -- -- --
SO4

2– 0.51 0.47 0.50 1 -- -- -- -- --
K+ 0.32 0.28 0.32 0.20 1 -- -- -- --
Ca2+ 0.17 0.16 0.19 0.22 0.11 1 -- -- --
NO3

– 0.07 0.07 0.07 0.45 0.05 0.07 1 -- --
NH4

+ 0.02 0.02 0.02 0.23 0.02 0.01 0.49 1 --
Acidity 0.02 0.01 0.01 0.29 0.00 (0.04) 0.23 0.10 1

Table 6. Constituent correlations for aggregated monthly averaged concentration data (number of samples=12), ranked by correlation 
with Cl−, derived from averaged monthly data of the National Atmospheric Deposition Program for 1983 to 2005.

[All values are squared correlation coefficients, r2; ( ), r2<0; --, not relevant]

Constituent Cl– Na+ Mg2+ K+ SO4
2– NO3

– NH4
+ Acidity Ca2+

Cl– 1 -- -- -- -- -- -- -- --
Na+ 1.00 1 -- -- -- -- -- -- --
Mg2+ 1.00 0.99 1 -- -- -- -- -- --
K+ 0.89 0.89 0.92 1 -- -- -- -- --
SO4

2– 0.78 0.79 0.80 0.83 1 -- -- -- --
NO3

– 0.06 0.06 0.07 0.15 0.41 1 -- -- --
NH4

+ 0.01 0.01 0.02 0.07 0.29 0.93 1 -- --
Acidity 0.04 0.04 0.03 0.01 0.10 0.19 0.19 1 --
Ca2+ (0.00) (0.00) 0.00 0.02 0.00 0.01 0.01 (0.68) 1
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Figure 2. Aggregated monthly rainfall, monthly mean concentrations, and monthly mean loading for chemical constituents in rain 
sampled at the El Verde National Atmospheric Deposition Program site, eastern Puerto Rico. Light gray lines, constituents with 
dominantly seawater sources; dark grey lines, constituents strongly influenced by desert-dust inputs; black lines, constituents 
dominantly influenced by temperate-contamination sources.
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Table 7. Storms that substantially affected the Water, Energy, and Biogeochemical Budgets program rivers during the period of study, 
1991–2005.

[NADP, National Atmospheric Deposition Program; Can, Canóvanas; Cay, Cayaguás; Gua, Guabá; Ica, Icacos; Mam, Mameyes; n/c, normal chloride; 
n/g, no gap; n/s, not studied]

Date Storm1 Rivers affected  
by the storm

Rivers with  
high-chloride events2 NADP gaps

1991–11–10 Event Ica, Mam n/s Gap
1992–05–02 Event Mam n/c n/g
1992–07–17 Event Gua n/s n/g
1993–05–01 Event Gua n/c n/g
1994–02–19
1994–06–03

Event
Minor event

Gua, Ica
Can

n/c
Can

n/g
n/g

1995–02–26 Event Ica n/c n/g
1995–09–06 Hurricane Luis Can Can Gap
1996–01–14 Event Gua, Ica n/c n/g
1996–07–09 Hurricane Bertha Can, Gua, Ica, Mam Can, Gua, Ica, Mam Gap
1996–09–10 Hurricane Hortense Can, Cay, Gua, Ica, Mam n/c n/g
1997–09–25 Event Mam n/c n/g
1997–10–14 Event Gua, Ica, Cay n/c n/g
1998–08–25 Event Cay n/c n/g
1998–09–22 Hurricane Georges Can, Cay, Gua, Ica, Mam Cay, Gua, Ica, Mam Gap
1998–10–14 Event Gua, Ica Gua, Ica n/g
1998–10–22 Event Gua, Cay Can n/g
1998–12–02 Event Gua, Ica n/c Gap
1999–11–17 Hurricane Lenny Gua, Ica Can Gap
1999–12–05 Event Gua, Ica, Mam n/c n/g
2000–08–22 Hurricane Debby Gua Can n/g
2001–08–23 Tropical Storm Dean Cay, Gua, Ica n/c n/g
2001–11–08 Cold front Cay, Gua, Ica, Mam n/c n/g
2001–12–23 Event Gua, Ica, Mam Can n/g
2002–05–30 Event Gua, Ica n/c n/g
2003–04–18 Upper-level trough Gua, Ica, Mam n/c n/g
2003–11–13 Tropical wave Can, Cay, Gua, Ica, Mam n/c n/g
2004–09–16 Tropical Storm Jeanne Can, Cay, Gua, Ica, Mam n/s Gap
2004–11–13 Upper-level trough Gua, Ica, Mam n/c n/g
2005–10–03 Event Cay n/s n/g
2005–10–11 Upper-level low Cay, Gua, Ica n/s Gap
2005–10–23 Event Cay n/s n/g

1Storms that, on the basis of runoff, could have generated landslides in at least one watershed (appendix 1, this volume), except for a minor event on the 
Río Canóvanas, which was the only high-chloride event sampled that did not also have substantial runoff.

2As identified in U.S. Geological Survey Water, Energy, and Biogeochemical Budgets program data (appendix 1, this volume).

The source of the seasalt is probably wind-generated 
spray. In a hurricane, mechanical energy, generated by extract-
ing heat from the ocean, is balanced by frictional dissipation of 
wind energy, mostly at the sea-air interface (Emanuel, 1991). 
The Beaufort Scale, developed in 1805, represents a well-
established description of sea-surface conditions for a wide 
range of wind speeds (National Oceanic and Atmospheric 
Administration, 2010a). For violent storms (winds of 56 to 
63 knots or 104 to 117 km h−1), the sea surface is described as 
“completely covered with long white patches of foam lying 
along the direction of the wind. Everywhere the edges of the 
wave crests are blown into froth. Visibility affected.” For 
hurricane-force winds (at least 64 knots or 117 km h−1) “the 

air is filled with foam and spray. Sea completely white with 
driving spray; visibility very seriously affected.” Some of this 
airborne spray and foam must be incorporated into the storm. 
The amount of Cl− deposited by Hurricane Georges over the 
entire Mameyes Basin is equivalent to 0.3 mm of seawater.

A primary reason that this phenomenon has not been 
described before is the unique approached used in this 
research that focused on event sampling (appendix 1). In 
this study, 332 samples that were collected at runoff rates 
of greater than 20 millimeters per hour (mm h−1) were later 
analyzed for suspended sediment and a comprehensive 
suite of solutes. Globally, no streams have been sampled for 
later chemical analysis during hurricanes at runoff rates of 
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greater than 20 mm h−1; two samples were collected at about 
16 mm h–1 by the U.S. Geological Survey in Puerto Rico in 
1970 during a tropical depression (Haire, 1972). Goldsmith 
and others (2008) collected samples during a Typhoon Mind-
ulle at runoff rates of as much as 7.3 mm h−1, and Hicks and 
others collected samples during Cyclone Bola at runoff rates 
of as much as 4.8 mm h−1.

To show the consequences of missing samples, the NADP 
monthly digests (fig. 5) were adjusted to include Hurricane 
Georges in the monthly NADP record (fig. 6). The NADP 
monthly data set constructs September 1998 by using only 
the first 2 weeks of that month. NADP also reports a total 
of 467 mm rain for this month; 353 mm was measured in 
the first 2 weeks. The National Oceanic and Atmospheric 
Administration rain gage at El Verde reported 730 mm for the 
same month (National Oceanic and Atmospheric Administra-
tion, 2008). It is not obvious why the NADP total is miss-
ing 263 mm. The difference between National Oceanic and 
Atmospheric Administration monthly and NADP 2-week 
totals is 377 mm. This 377 mm was assigned a Cl− concentra-
tion of 455 μmol L−1, the average concentration of Cl− in the 

Mameyes River during Georges, along with other common 
seasalt constituents (Na+, K+, Ca2+, Mg2+, SO4

2−) in seasalt 
ratios relative to Cl−. A revised monthly average for September 
1998 was then reconstructed for the NADP data set (fig. 6). 

The reconstructed NADP Cl− time series (fig. 6) demon-
strates a prominent spike in September 1998. The only other 
comparable large spike recorded by the NADP occurred in 
January 2005. The January 2005 spike appears to record a 
series of smaller storms associated with cold fronts. Stream 
water was not sampled by the WEBB Project during these 
storms. This examination of Hurricanes Hortense and Georges 
demonstrates that the NADP may undersample Cl− and other 
seasalt-related ions. This undersampling would be hard to 
reconstruct. Not only are there other high-Cl− events that were 
not sampled by NADP (table 7), but two big storms were 
not sampled by either NADP or WEBB Project, and several 
storms missed by NADP had high Cl− in some WEBB water-
sheds and not others (table 7). In the remaining discussion, the 
above correction for Hurricane Georges, which is the largest, 
is retained.

Estimating Source Strengths

Partitioning constituents among marine, temperate-
contamination, and desert sources requires several steps. 
First, the marine component of all relevant constituents is 
calculated. NO3

− and NH4
+ are assumed to have zero marine 

contributions because of their low concentration in surface sea 
water. Second, nonmarine Ca2+ is equated with the desert-dust 
contribution. Finally, all NO3

− and NH4
+ were assumed to 

come from the temperate (contamination) source, because of 
the lack of plausible contributions from any other source.

All chloride is initially assumed to be derived from 
seasalt, and the chloride concentration is used to predict the 
marine contribution to all other ions. The seasalt contribu-
tion was then subtracted from all ions, and seasalt-corrected 
concentrations were obtained. Following Stallard and 
Edmond (1981), the concentrations that result from this 
calculation are designated with a superscript (*): for example, 
Ca*=Ca2+−Cl− • (seasalt Ca:Cl). Normally, predicted measured 
sodium exceeded seasalt sodium, but when the reverse was 
true (which seldom happens and is most likely due to statisti-
cal noise or analytical error), sodium was used to calculate the 
seasalt contribution and a nonseasalt chloride component was 
calculated, to avoid negative concentrations. Elevated concen-
trations of nonseasalt Cl* could indicate volcanic input, as is 
seen in the rain of La Selva, Costa Rica (Eklund and others, 
1997), or long-distance transport and photochemical process-
ing (Stallard and Edmond, 1981). The only recent eruption 
near Puerto Rico was Soufrière Hills Volcano from 1996 to 
1997 (Heartsill-Scalley and others, 2007), and no Cl* anoma-
lies are noted during those times. For the NADP data set, mag-
nesium concentrations seem slightly low and are consistently 
present in less-than-seasalt proportions, an unlikely situation. 
When a calculated Mg concentration (Mg*) is negative, again 
probably from analytical error, it is set to zero. 
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Figure 3. The three samples with the highest chloride 
concentrations measured for the Río Mameyes, eastern Puerto 
Rico, during Hurricanes Georges compared with seawater and 
the first base-flow sample following the hurricane, collected 
October 7, 1998. Chemical constituent concentrations are 
normalized to total chloride and are ordered by decreasing 
seawater concentration. The stormwater constituent proportions 
are close to those in seawater and are only slightly elevated in 
calcium, the cation most abundant in base flow.
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Figure 4. Time series of runoff rate and chloride concentrations measured for the Río Mameyes during Hurricanes 
Hortense and Georges. (Stallard and Murphy, 2012).
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Figure 5. Time series of concentration estimates for the three primary components that contribute to rain chemistry in El Verde, 
Puerto Rico: A, marine aerosols, B, temperate contamination, and C, desert dust. D, total inorganic nitrogen; E, acidity. Negative 
acidity values indicate alkaline rain.
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Geochemically, sulfate ion is associated with seasalt, 
marine-gas, temperate-contamination, and desert sources. The 
strong intercorrelations of SO4

2− with both the seasalt (Na+, K+, 
Mg2+, Cl−) and temperate-contamination (NH4

+, NO3
−) groups 

in tables 5 and 6 support this association. Accordingly, distin-
guishing among the sources of SO4

2− requires several steps. The 
marine source for SO4

2− can be separated into seasalt sulfate 
(SO4

2−
seasalt), for which a seasalt SO4

2−:Cl− ratio can be assumed, 
and gas emissions (SO4

2−
marine gas). The SO4

2− signatures of the 
four sources were determined for the weekly data using multiple 
linear regressions (Bevington and Robinson, 2003). Three 

properties were used as dependent variables: seasalt chloride 
(Clseasalt), nitrate (NO3

−), and Ca*. In addition, the use of an addi-
tive constant, equivalent to assuming a “global” background 
SO4

2− source, was tested. Most of the variance in SO4
2− is 

accounted for by Clseasalt and NO3
−, without an additive constant. 

Three additional regressions were compared to evaluate whether 
desert or background sources of SO4

2− might be important. 
Inclusion of the desert component, Ca*, was significant at the 
76-percent level (f–test comparing a regression using Clseasalt and 
NO3

−, with one using Clseasalt, NO3
−, and Ca*). The inclusion of a 

background constant was not significant. Thus, the best model is
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Figure 6. A, Monthly and annual time series of rainfall; B, chloride concentration; and C, chloride loading from the National 
Atmospheric Deposition Program data set for El Verde, Puerto Rico, showing effects of including data from Hurricane Georges. 
(Because of sample loss, rainfall amounts and rainfall chemistry were missing from the El Verde dataset for Hurricane Georges. 
Runoff rates and chemical samples for the Río Mameyes were used to estimate the missing data, as indicated in this graph.)
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SO4
2−=0.060•Clseasalt+0.742•NO3

−+0.229•Ca*  

(r2=0.778; n=818). (5)

Rather than predicting SO4
2− from each source using each 

term in equation 5, SO4
2−

seasalt was assumed to always be pres-
ent and SO4* was calculated as

SO4
2−

seasalt=0.052•Clseasalt (6)

SO4*=SO4
2−–SO4

2−
seasalt=0.008•Clseasalt+0.742•NO3

−+ 

0.229•Ca*. (7)

Then SO4* was partitioned among the three sources 
according the proportions below:

SO4
2−

marine gas:SO4
2−

temperate contamination:SO4
2−

desert dust=  

(0.008•Clseasalt):(0.742•NO3
−):(0.229•Ca*). (8)

The WEBB Project also collected precipitation between 
1991 and 1995 (36 samples from a wet-dry collector in the 
Bisley area, 42 samples from a wet-dry collector near the 
Icacos gage, and 29 samples from a continuous collector in the 
central Icacos watershed). When WEBB precipitation samples 
are added to the regression, the best model was

SO4
2−=0.062•Clseasalt+0.677•NO3

−+0.247•Ca*  

(r2=0.766; n=925).  (9)

In this regression, somewhat more of the SO4
2− is attributed 

to a marine gas source, and somewhat less to contamination.
For the entire El Verde NADP record, weekly concentra-

tions of marine, temperate-pollution, and desert-dust com-
ponents were calculated, as were volume-weighted monthly 
and annual averages of all rain samples (tables 8–13). Acidity 
was used to calculate H+ and HCO3

−, by using equations 2–4, 
and pH was calculated from H+. Because alkaline desert dust 
reacts with acid components, thereby neutralizing some H+, 

Table 8. Averaged monthly rain chemistry from the National Atmospheric Deposition Program site at El Verde, Puerto Rico, with 
contributions of various sources.

[μmol L−1, micromoles per liter; μeq L−1, microequivalents per liter; --, not applicable]

Component
H+ 

(μmol L–1)
Na+ 

(μmol L–1)
K+ 

(μmol L–1)
Mg2+ 

(μmol L–1)
Ca2+ 

(μmol L–1)
NH4

+ 

(μmol L–1)
Acidity 

(μeq L–1)
Cl– 

(μeq L–1)
SO4

2– 

(μmol L–1)
NO3

– 

(μmol L–1)
Average 7.3 71.0 1.8 7.9 3.8 1.7 6.4 82.5 8.7 4.3
Marine

Seasalt 2.3 68.7 1.4 8.2 1.5 0 –0.5 80.6 4.2 0
Sulfur (sea) gases 3.4 0 0 0 0 0 1.5 0 0.8 0

Temperate 9.7 0 0 0 0 1.7 9.0 0 3.2 4.3
Desert 1.4 0 0 0 2.2 0 –3.3 0 0.6 0
Residual1 -- 2.3 0.4 –0.3 0.0 0 –0.3 1.9 0 0

1All constituents not accounted for by other components; H+ is not included because it is not a conservative constituent.

Table 9. Derived properties from monthly data of the National Atmospheric Deposition Program site at El Verde, Puerto 
Rico, with contributions of various sources.

[H+ is reactive and is calculated separately for each source, the average, and the residual. Tz±, total ionic charge; μeq L−1, microequivalents per 
liter; μeq L−1 yr−1, microequivalents per liter per year; -- not applicable] 

Component pH
Tz± 

(μeq L–1)
Percent

Slope1 

(μeq L–1 yr–1)
Slope, 

95 percent error
Probability of trend2 

(percent)
Average 5.1 105.1 90 1.22 0.95 76
Marine 5.6 95.2 83 0.94 0.92 68

Seasalt 5.6 91.8 79 -- -- --
Sulfur (sea) gases 5.5 3.4 3 -- -- --

Temperate 5.0 11.4 10 0.33 0.14 97
Desert 5.9 5.8 5 –0.05 0.07 60
Residual3 5.6 4.5 4 –0.00 -- 50
1Slope of the regression concentration=slope•year+intercept.
2Probability that the regression slope is non-zero.
3All ionic charge not accounted for by other components.
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Table 10. Rainfall-weighted monthly average concentration of total ionic charge and acidity at El Verde, Puerto Rico, derived from 
averaged monthly data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; μeq L−1, microequivalents per liter; Tz±, total ionic charge]

Month
Rainfall 

(mm)
Acidity (μeq L–1) Tz± (μeq L–1)

Total Marine Temperate Desert Total Marine Temperate Desert
January 278 8.3 1.3 8.3 –1.3 186.3 172.0 12.6 1.7
February 165 8.5 1.0 9.1 –1.6 154.4 136.4 13.3 2.1
March 193 8.4 0.9 9.9 –2.3 121.4 108.0 10.0 3.0
April 223 13.4 0.7 14.8 –2.1 94.5 75.0 16.5 3.0
May 280 9.9 0.6 11.8 –2.5 84.2 67.9 12.9 3.5
June 226 0.4 0.6 7.9 –8.0 99.3 79.6 9.1 10.3
July 306 –0.5 0.8 6.1 –7.5 101.1 82.7 6.9 10.3
August 325 3.6 0.6 8.8 –5.7 74.8 59.4 7.5 7.7
September 287 5.2 0.8 8.7 –4.3 105.3 91.7 8.0 5.6
October 240 7.0 0.4 8.5 –1.9 60.9 49.0 8.4 2.6
November 343 6.5 0.8 6.5 –0.8 89.5 81.5 6.8 1.0
December 246 9.4 1.1 9.0 –0.7 128.2 118.8 8.2 0.9

Annual 3,113 6.4 0.8 8.9 –3.3 106.1 91.5 9.7 4.4

Table 11. Rainfall-weighted average annual concentration of total ionic charge and acidity at El Verde, Puerto Rico, derived from 
averaged annual data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; μeq L–1, microequivalents per liter; Tz±, total ionic charge]

Year
Rainfall 

(mm)
Acidity (μeq L–1) Tz± (μeq L–1)

Total Marine Temperate Desert Total Marine Temperate Desert
1985 3,291 2.6 1.2 5.2 –3.8 91.6 83.6 2.3 5.7
1986 3,345 7.4 1.1 9.5 –3.2 83.9 74.6 4.3 4.9
1987 3,892 5.7 0.6 9.0 –3.9 74.0 61.3 7.4 5.4
1988 3,833 4.1 1.1 6.5 –3.6 86.5 76.5 4.6 5.5
19891 2,675 7.5 0.7 10.1 –3.4 103.5 89.2 10.0 4.3
1991 1,178 5.9 0.5 11.5 –6.0 103.9 87.0 9.5 7.5
1992 2,930 4.2 0.6 7.0 –3.5 101.7 85.6 11.7 4.4
1993 2,888 6.8 0.4 9.0 –2.7 94.8 81.3 10.2 3.3
1994 2,314 2.3 0.5 5.8 –4.0 101.7 88.0 8.7 5.0
1995 2,624 2.7 0.5 5.9 –3.6 107.0 91.8 10.7 4.5
1996 3,568 2.4 0.6 4.3 –2.5 107.4 94.4 9.9 3.1
1997 2,734 11.1 0.7 14.1 –3.8 90.1 75.3 9.8 5.1
1998 4,400 3.8 0.8 5.7 –2.7 117.6 106.5 7.7 3.5
1999 3,153 –1.1 0.4 2.5 –4.0 94.0 79.0 10.0 5.0
2000 2,466 6.0 0.5 10.3 –4.8 98.2 82.7 9.6 5.9
2001 2,825 8.5 0.5 12.0 –4.0 101.7 85.8 10.9 5.0
2002 2,772 11.9 0.5 14.2 –2.8 80.2 67.1 9.4 3.6
2003 3,266 13.2 0.7 15.8 –3.3 92.0 75.3 12.2 4.5
2004 3,794 8.0 0.6 11.0 –3.6 115.0 100.2 10.2 4.6
2005 3,155 8.8 1.2 10.4 –2.8 145.0 126.1 15.1 3.8
2006 3,104 13.5 1.0 16.0 –3.5 113.0 96.1 12.1 4.8
1Samples were not collected between 12 September 1989 (the day that Hurricane Hugo hit) and 4 June 1991. Rainfall totals in 1989 and 1991 are reduced 

accordingly.
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Table 12. Rainfall-weighted monthly loadings of total ionic charge and acidity at El Verde, Puerto Rico, derived from averaged monthly 
data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; meq m−2, milliequivalents per meter squared; Tz±, total ionic charge]

Month
Rainfall 

(mm)
Acidity (meq m–2) Tz± (meq m–2)

Total Marine Temperate Desert Total Marine Temperate Desert
January 278 2.31 0.36 2.30 –0.35 51.87 47.89 3.51 0.47
February 165 1.40 0.17 1.50 –0.27 25.48 22.52 2.20 0.35
March 193 1.62 0.17 1.90 –0.45 23.37 20.79 1.93 0.57
April 223 3.00 0.17 3.30 –0.46 21.09 16.74 3.68 0.66
May 280 2.79 0.18 3.31 –0.71 23.57 19.00 3.60 0.97
June 226 0.10 0.14 1.78 –1.82 22.48 18.03 2.06 2.32
July 306 –0.16 0.26 1.88 –2.29 30.88 25.27 2.10 3.14
August 325 1.17 0.18 2.85 –1.86 24.27 19.29 2.45 2.48
September 287 1.48 0.22 2.49 –1.22 30.21 26.32 2.29 1.60
October 240 1.69 0.10 2.04 –0.46 14.65 11.77 2.02 0.61
November 343 2.25 0.27 2.24 –0.26 30.68 27.94 2.32 0.35
December 246 2.31 0.28 2.21 –0.17 31.58 29.27 2.01 0.23

Annual 3,113 19.9 2.5 27.8 –10.3 330.1 284.8 30.2 13.8

Table 13. Rainfall-weighted average loadings of total ionic charge and acidity at El Verde, Puerto Rico, derived from averaged annual 
data of the National Atmospheric Deposition Program for 1983 to 2005.

[mm, millimeter; meq m−2, milliequivalents per meter squared; Tz±, total ionic charge]

Year
Rainfall 

(mm)
Acidity (meq m–2) Tz± (meq m–2)

Total Marine Temperate Desert Total Marine Temperate Desert
1985 3,291 8.7 3.9 17.2 –12.5 301.4 275.0 7.5 18.9
1986 3,345 24.9 3.7 31.9 –10.7 280.5 249.5 14.5 16.5
1987 3,892 22.3 2.4 35.2 –15.3 288.0 238.4 28.6 21.0
1988 3,833 15.8 4.4 25.1 –13.7 331.7 293.1 17.5 21.1
19891 2,675 19.9 1.8 27.1 –9.0 276.9 238.6 26.7 11.6
1991 1,178 7.0 0.6 13.5 –7.1 122.4 102.5 11.1 8.8
1992 2,930 12.3 1.8 20.6 –10.1 297.9 250.7 34.2 13.0
1993 2,888 19.6 1.2 26.1 –7.7 273.7 234.7 29.5 9.4
1994 2,314 5.3 1.2 13.4 –9.3 235.3 203.6 20.2 11.5
1995 2,624 7.2 1.2 15.4 –9.5 280.7 240.8 28.2 11.7
1996 3,568 8.5 2.1 15.3 –8.8 383.3 336.8 35.4 11.1
1997 2,734 30.3 2.0 38.6 –10.3 246.4 205.7 26.9 13.8
1998 4,400 16.9 3.5 25.2 –11.8 517.5 468.5 33.7 15.3
1999 3,153 –3.4 1.4 7.9 –12.7 296.4 249.1 31.5 15.7
2000 2,466 14.7 1.2 25.3 –11.8 242.1 203.8 23.7 14.6
2001 2,825 24.0 1.4 34.0 –11.4 287.3 242.4 30.9 14.0
2002 2,772 33.0 1.3 39.5 –7.8 222.3 186.1 26.2 9.9
2003 3,266 43.1 2.4 51.5 –10.9 300.5 245.9 39.8 14.7
2004 3,794 30.3 2.4 41.7 –13.8 436.2 380.1 38.7 17.4
2005 3,155 27.6 3.7 32.8 –8.9 457.4 397.9 47.6 11.9
2006 3,104 41.9 3.1 49.6 –10.9 350.8 298.3 37.6 14.9

1Samples were not collected from 12 September 1989, the week that Hurricane Hugo hit, until 4 June 1991. Rainfall totals in 1989 and 1991 are reduced 
accordingly.
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Figure 7. Time series of monthly and annual loading estimates for the three primary components that contribute to rain chemistry 
in El Verde, Puerto Rico: A, marine aerosols, B, temperate contamination, and C, desert dust. D, total inorganic nitrogen; E, acidity. 
Negative acidity values indicate alkaline rain.
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total ion charge in rainwater is less than the charge contributed 
by each component (table 9). Given this caveat, the fractions 
of total charge attributable to these sources were as follows: 
marine=83 percent; temperate=10 percent; desert=5 percent; 
not attributed in this calculation=4 percent.

Of the nonreactive ions, K+ has the greatest residual con-
centration when expressed as a fraction of total input, about 
20 percent (table 9). This concentration is followed by acidity 
at 4 percent. This large residual indicates an additional source 
of K+ beyond the three examined here. Of the constituents ana-
lyzed by both NADP and by the study of throughfall chemistry 
of Heartsill-Scalley and others (2007), throughfall was by far 
most strongly enriched in K+, about 10 times the contribu-
tion of rainfall. Potassium was followed by Ca2+ and SO4

2−, 
which are each about 1.5 times more abundant in throughfall. 
Accordingly, the most likely source of the residual K+ is wind-
blown throughfall or traces of plant matter contaminating the 
collector, both of which are locally derived. 

Seasonality and Trends in Inputs and 
Sources

The variability in the time series of weekly component 
concentrations (fig. 5) reflects various types of rainstorms and 
different air trajectories bringing air from afar into the storm. 
The 2-year, midrecord gap (1989–1991) was followed by 
more weeks with especially high concentrations of temperate 
contaminants, per year, than before. This abundance of espe-
cially high concentrations is reflected in the low total cation 
charge for 1985 to 1988 compared with later years (table 11). 
Although each component contains high-concentration spikes, 
there are too few to establish whether they are real or an 
artifact. When samples are averaged on a monthly basis across 
all years, all components show seasonality (figs. 5, 7–10). The 
desert-dust input, which is profoundly seasonal, appears as a 
major peak in concentration (figs. 5, 8) and loading (figs. 7, 9), 
centered on July when trade winds are strongest. The peak sea-
salt (marine-source) concentration (fig. 8) and loading (input) 
(fig. 9) is in January. Seasalt makes the smallest fractional 
contribution from April to July (fig. 10). The peak of hurri-
cane season in Puerto Rico is September (table 7), but it is not 
reflected in a seasalt maximum. Low-chloride storms, such as 
Hurricane Hortense (fig. 4), presumably dominate, whereas 
high-chloride storms, such as Georges (fig. 4), are probably 
rarer and perhaps substantially undersampled. Temperate 
contaminants peak in January and in April and May (figs. 8, 9) 
under the influence of cold fronts from North America. During 
June to August, when the trade winds are strongest and most 
sustained, a large volume of contaminants may also be con-
tributed by Europe and Africa.

The only component that shows a well-established long-
term trend is temperate contamination. Stallard (2001) and 
Ortiz-Zayas and others (2006) note an increase in annual total-
nitrogen concentrations in the NADP data set. To determine 
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Figure 8. Aggregated monthly concentration estimates for the 
three primary components that contribute to rain chemistry in El 
Verde, Puerto Rico—marine aerosols, temperate contamination, 
and desert dust.
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Figure 9. Aggregated monthly loading estimates for the three 
primary components that contribute to rain chemistry in El Verde, 
Puerto Rico—marine aerosols, temperate contamination, and 
desert dust.
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significance of trends for the data in this report, the slopes of 
linear regressions of mean annual source concentrations com-
pared to time were tested against a zero slope using a Student’s 
t–test at a 95 percent confidence level (Stallard, 2001; Bev-
ington and Robinson, 2003). Since sample collection started 
in 1985, there has been a significant and systematic increase 
in the mean-annual concentrations of ions presumably coming 
from the temperate contamination source (figs. 5, 7, table 9). 
Through time, the ratios of nitrate, ammonia, and nonmarine 
sulfate in rain from El Verde appear to have fairly character-
istic proportions (in moles, NO3

−:NH4
+:SO4

2−=1: 0.40: 0.74). 
Neither marine nor desert sources show significant trends.

Despite the increase in acid-rain components from tem-
perate contamination, on the basis of a t–test, acidity shows no 
significant trend in for the period of record. Trends in acidity 
that are small and variable could be obscured by interactions 
among the three components that effectively introduce noise 
into the estimates of acidity (figs. 11, 12); the desert-dust input 
neutralizes some of the acid, and the contributions of marine-
source sulfuric acid derived from algae are small and vari-
able. Because acidity is a calculated parameter, the lack of a 
trend may also be confounded by the anomalous Na+ analyses 
mentioned earlier. The greatest acidity, both as a concentration 
and a loading, develops during April and May, reflecting sub-
stantial temperate contamination. The least acidity is in June 
and July, reflecting reduced contamination inputs and strong 
loadings of desert dust.
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Figure 10. Fractional contribution for the three primary 
components that contribute to rain chemistry in El Verde, Puerto 
Rico—marine aerosols, temperate contamination, and desert dust.
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Figure 11. Monthly total acidity concentrations compared to 
acidity concentration estimates for the three primary components 
that contribute to rain chemistry in El Verde, Puerto Rico—marine, 
aerosols, temperate contamination, and desert dust.

Figure 12. Monthly total acidity loadings compared to acidity 
loading estimates for the three primary components that 
contribute to rain chemistry in El Verde, Puerto Rico—marine, 
aerosols temperate contamination, and desert dust.
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Conclusions
Three major sources control the composition of rain in 

eastern Puerto Rico. In order of importance, these sources are 
marine salts, temperate contamination, and desert dust.

Marine salts, which produce roughly 83 percent of the 
ionic charge, are a source of weak acidity. Peak inputs are 
in January, when weather in Puerto Rico is influenced by 
fronts and storms of Northern Hemisphere winter. Nine large 
storms have been associated with exceptionally high chloride 
concentrations in eastern Puerto Rico stream waters. Five of 
these storms, including the two largest, were missed in the 
weekly NADP sampling but not the WEBB Project sam-
pling. Of eight hurricanes and tropical storms that affected 
the region, all were sampled by WEBB, but only three by 
NADP; three storms were sampled by neither project, and 
one high-chloride event, a front, was sampled by NADP but 
not WEBB. The NADP also did not sample Hurricane Hugo 
(category 3, winds of 178–209 km h−1) in 1989, which was 
larger than Hurricane Georges. Accordingly, the marine input 
based exclusively on NADP data is underestimated, perhaps 
substantially, as is indicated by the example of Hurricane 
Georges explored in this report.

The temperate-contamination source includes nitrate, 
ammonia, and sulfate derived from anthropogenic and 
natural sources. Peak deposition is during January, April, 
and May, months in which storms and cold fronts from the 
north strongly influence local weather. Trade winds presum-
ably bring contamination from Europe and Africa during 
the summer months. This source is the only component 
that is obviously increasing through time, consistent with 
it being a contamination source. The lesser loadings of the 
contamination component in the first 4 years of the record 
correspond with fewer samples with extreme loadings or 
concentrations for the same period. This trend could reflect 
greater incursion of contaminated air masses in subsequent 
years as opposed to an increase in background contamina-
tion. Temperate contamination is a strong source of acidity 
in rain of eastern Puerto Rico and is the chief source of 
acidity in the rain; by itself it would produce rain with an 
average pH of 5.0. Combined with other components, rain 
has an average pH of 5.1 (table 9), and based on applica-
tion of equations 1–4, without the temperate-contamination 
component, rain would have an average pH of 5.6. The 
trend of increasingly acid rain, reflected by the increas-
ing number of especially acid samples, may prove to be 
deleterious (figs. 6, 7) and by itself would justify continued 
long-term monitoring at this site.

The desert-dust source is strongly seasonal, peaking 
in June and July, during times of maximum dust transport 
from the Sahara and sub-Saharan regions. This dust usually 
contributes enough alkalinity to neutralize the acidity in June 
and July rains.
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