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ABSTRACT

The purpose of this study is to determine if the impact of El Niño Southern Oscillation

(ENSO) on rainfall varies across the island of Puerto Rico.  Previous studies have researched the

teleconnection of ENSO with monthly rainfall totals on islands of the Caribbean. An

understanding of the variation of ENSO influence upon precipitation at each location is crucial in

the future for long term forecasting and climate modeling, and preparedness for droughts or

floods. While this research has focus on regional impacts, this study is conducted at a finer

scale.  Using monthly rainfall data from seven climate stations in Puerto Rico this study

compares the rainfall and ENSO conditions as defined by monthly temperature anomaly in the

Eastern Equatorial Pacific Ocean using Nino 3.4 index.  The results of this study show the early

wet season March-May as the time that best represents a link between ENSO and rainfall on

Puerto Rico through a two-way ANOVA and linear model analysis. After performing linear

regression models the correlation was weak between each rainfall station and Nino 3.4 values.

Correlation strength was linked to location and a time lag on the Nino 3.4.
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INTRODUCTION

Rainfall is more variable in Caribbean climate than temperature. The spatial and

temporal variations in Caribbean rainfall are somewhat surprising, given that the area is

dominated by a single air mass, maritime tropical (Granger 1985). Localities within the region

receive different rainfall totals during any given year. An island’s topography, latitude, adjacent

sea surface temperature (SST), and frequency of tropical cyclones events are the main factors

influencing the amount of rainfall received during a given year (Granger, 1985). Despite such

local variation, a general bimodal pattern of Caribbean rainfall can be discerned.  This bimodal

pattern includes a first peak during the late spring to early summer months of May and June and

then a second larger peak during September and October (Fig. 1).  The Caribbean’s primary dry

season starts in early winter and ends in the middle of spring.  The wet season starts in late spring

and lasts until late fall interrupted by a short dry spell in June and July (Chen and Taylor 2004).

The interannual variability of the early season peak in Caribbean rainfall is known to be

affected by Tropical North Atlantic SST (5° N – 23° N) whereas the equatorial Atlantic and

Pacific SST (5° S – 5° N) play a bigger role on the late season peak (Taylor et al 2002). Unlike

Central America, the Intertropical Convergence Zone (ITCZ) does not cover the Caribbean at

any time during the year.  The mountains of Central and South America block in the ITCZ’s idle

wind field (doldrums) during the summer months when the ITCZ energy shifts northward. The

North Atlantic High Pressure development and growth during early summer is widely accepted

as the instigator of a short Caribbean dry spell.  During this time trade winds push in a stable air

mass cooling SST and thus hindering development (Gamble et al 2008). The equatorial Pacific’s

influence during the late season is marked by significant atmospheric transport of heat to areas in

the Tropical Atlantic creating warmer SSTs in areas known as the warm pool.  This warm pool
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Figure 1. Mean monthly Caribbean rainfall for period 1950–99. Units are in mm/month. (Source:
Spencer 2004)
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is also the main fuel for the peak in the Atlantic hurricane season as well.  The Atlantic warm

pool (AWP) is linked to an increase in rainfall event size and intensity over the area.  However,

its impact upon rainfall distribution is not yet understood (Enfield et al 2006).

El Niño Southern Oscillation and the Caribbean

ENSO is the fluctuation between the anomalous warming and cooling of the eastern

Equatorial surface waters of the Pacific Ocean (El Niño warm, La Niña cool). Anomously high

or low sea temperature in the Eastern Equatorial Pacific alters the heat transfer and wind patterns

between the eastern Pacific Ocean, the Gulf of Mexico, Eastern United States, and the Western

Atlantic. Typically one El Niño/La Nina cycle occurs every 3-7 years. Our understanding of

ENSO has grown immensely over the last century.  Up until the early 20th century, the

understanding of ENSO was restricted to El Niño occurring every few years off the coast of

Peru.  The fluctuation to warmer waters meant that fish population would drastically decrease.

Sir Gilbert Walker was the first to find patterns in climate associated with changing conditions

over the Equatorial Pacific Ocean.  Walker noted that sea level pressure across the South Pacific

Ocean would change in a back and forth motion called the Southern Oscillation.  After the very

strong El Niño of 1972 devastated the fishing economy of Peru, many other researchers began to

investigate the extent of the climatic effect.  Today, especially after the strong El Niño event of

1996, many researchers agree that this climate teleconnection plays a significant role in our

global climate (Diaz and Markgraf 1992). Climate teleconnections are an indirect effect, when a

change in one region’s temperature, precipitation, or sea level eventually has an effect in another

region without a direct connection.

The Southern Oscillation of ENSO is defined as the pressure difference between Tahiti
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and Darwin.  These two locations in the eastern Pacific Ocean and western Pacific Ocean, have

recorded atmospheric pressure from the late 19th century, displaying a seesaw of high pressure

and low pressure simultaneously at the two locations. In the 1950’s, researchers began to

discover that the SO and SST were related. High pressure at the Tahiti showed positive

correlation with cold oceanic upwelling across the eastern equatorial Pacific.  Most of the

Peruvian coast would experience drought during high pressure anomalies over Tahiti.  When the

higher pressure was over Darwin, cooler SST’s and drought occurred over the tropical regions of

Australia. The difference in sea level pressure at Darwin as compared to Tahiti is referred to as

the Southern Oscillation Index (SOI). When we discuss the ENSO concept we are referring to

these pressure values (SOI) and El Niño/La Niña phases as one entity (Diaz and Markgraf 1992).

The entire Equatorial Pacific oscillates water across the length of the entire basin by

Kelvin and Rossby waves. Created by wind stress, Kelvin waves push surface water eastward

from the Western Equatorial Pacific to the Peruvian coastline in typically 70-90 days.  When the

Kelvin waves hits the Peruvian coast Rossby waves form moving parallel to the coastline and

also back West across the Tropical Pacific.  The wave that reflects off the Peruvian coast travels

across the Tropical Pacific generally 3 times slower than a Kelvin wave (210-250 days) (Battisti

and Hurst 1989).

During normal conditions over the eastern equatorial Pacific Ocean there is little

difference in atmospheric pressure at Tahiti and Darwin, and the SOI value is close to zero.

Surface water at this time moves eastward with the Trade Winds. El Niño conditions occur

when a piling of warmer surface water over the Eastern Pacific Ocean, due to a counter-current

at the Equator.  With Ekman transport aiding equatorial winds, this feature begins to increase

causing the warm unstable air to move across the South American coast.  This anomalous warm
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pool of water will build causing the thermocline to deepen over this area causing the critical

depth layer to rise, thereby shrinking phytoplankton communities. El Niño usually means a time

of flooding for residents in Peru.  The SOI becomes positive, with Darwin experiencing higher

sea level pressure than Tahiti.  For the western Pacific Ocean, water level tends to drop revealing

a shallower surface water layer.  Australia experiences its worst drought during El Niño times

(Glantz 1996).

La Niña represents conditions opposite to El Niño, warmer waters moving towards the

western side of the Pacific Ocean while oceanic upwelling occurs along the eastern basin

coastline.  This gives us a negative SOI as Darwin sea level pressure is much lower then Tahiti’s.

With the movement of warmer water westward, we find Trade Winds diminishing greatly.  South

America experiences drought during this time.  The rise in upwelling for the eastern Pacific also

means a time for nutrient replenishment for these waters (Barber and Chavez 1983).  The

thermocline will be shallower making light at the nutrient rich layers much more attainable for

photosynthesis creating conditions for possible phytoplankton blooms.  Tropical Australia with a

thicker warmer water layer nearby can expect increases in rainfall (Diaz and Markgraf 1992).

Depending on which season, ENSO can change the climate over Australia, North/South

America, and the Caribbean through global climate teleconnections. These teleconnections are

changes in the atmospheric process in one location that impact temperature and rainfall amounts

at another location across the globe. In the Caribbean, during an El Niño over the winter months,

warm winds from the Equatorial Pacific Ocean will add heat over the Tropical Atlantic Ocean

and the Gulf of Mexico which in turn will enhance potential rainfall increasing precipitation

totals in these regions over the following months (Chen and Taylor 2002).
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ENSO and Caribbean Climate Teleconnection

The close relationship between Atlantic and the Pacific SST makes it difficult to separate

the impact of each one independently on Caribbean; Tropical North Atlantic Ocean SST can lag

behind warm Pacific SST events by as much as half a year (Moron et al 2001). Consequently

there is no surprise that the Pacific trends can affect season rainfall totals in the adjacent

Caribbean Sea. Other studies have suggested that Eastern Equatorial Pacific Ocean SSTs and

Caribbean rainfall have a negative correlation that is why ENSO is important to the Caribbean

(Chen and Taylor 2002).  During an El Niño year there is very little change in rainfall anomalies

during the dry season but a large drop off in the middle to late wet season.  The rainy season can

begin early when there is a warmer tropical Atlantic Ocean and a cooler Pacific Ocean scenario

similar to an El Niño+1 year (Figure 2).  The year following an El Niño event should have

positive rainfall anomalies for the beginning of the wet season (Chen and Taylor 2002). Further,

the hurricane season in the Atlantic Ocean is heavily influenced by ENSO patterns.

Development of tropical cyclones in the Atlantic Ocean is hindered by warm El Niño conditions.

Studies have shown the northern Caribbean has a greater potential of hurricane landfall similar to

the U.S during neutral ENSO phases as compared to El Niño (Smith et al., 2007).

Puerto Rico’s Climate

Despite its tiny size, Puerto Rico has many different variables impacting its climate.  The

smallest and easternmost part of the Greater Antilles, this tropical island receives most of its rain

from easterly waves during the summer period.  During the winter period cold fronts from North

America are the main causes of rain (Malmgren and Winter 1999).  Further, yearly rainfall

averages are influenced greatly by elevation and the rainshadow effect. Rainfall amounts are



7

Figure 2. Maps of SST anomalies in degrees Celsius for the Caribbean early rainy season
(MJJ) when (a) it is wetter than normal and (b) dryer than normal. Map (c) of the
difference in SST of anomalies between a and b.  The bold line of (c) highlights regions
were the ocean SST anomalies are significant to the 95% confidence level.  The areas of
positive and negative correlation show distinct warm and cold areas that co-exist between
the north Atlantic and Pacific Ocean. (Source: Taylor 2002)
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Figure 3.  Map of average annual rainfall across Puerto Rico  (Source: NWS, San Juan
2006 http://www.srh.noaa.gov/sju/?n=mean_annual_precipitation).
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often decreased with the passage of precipitation events downwind of mountain ranges causing

that rainshadow effect.   Average rainfall totals from 1971-2000 show that the highest elevation

of the island has the greatest amount of rainfall followed by the lower mountain ranges.  The

north coastline, in comparison, receives less rain and the south coastline receives the least

amount of rainfall due to the rainshadow effect.

The Köppen climate classification scheme for the majority of the island is the

Af (Tropical Rain Forest Climate) while the area south of the mountains is Am (Tropical

Monsoon Climate) or Aw (Tropical Wet or Dry Savanna) (Peel et al 2007).  Both classifications

share the wet season/dry season pattern except Af averages at least 6 cm a month more than the

Am and Aw climate over the dry season.  The Am climate is similar to what you would expect in

Miami, Fl that can become very dry during the winter months.  Aw climate is similar to Am

except the rainfall is much less reliable.  Similar to the climate of Honolulu, HI the rainfall on

this side can be hindered even during the wet season due to rain shadow effects of nearby

mountains.

Puerto Rico, North Atlantic Oscillation, and ENSO Teleconnection Studies

Previous studies have investigated Puerto Rico’s climate and compared rainfall totals to

oceanographic anomalies.  A study by Malmgren et al. (1998) examined 5 different stations from

Puerto Rico and compared climate data to the North Atlantic Oscillation (NAO) and Southern

Oscillation Index (SOI) from 1914 to 1994. Trade winds circling the North Atlantic High can

produce precipitation anomalies within the Caribbean (Malmgren et al. 1998).  Jury et al. (2007)

concluded that Caribbean rainfall is negatively associated with prior winter NAO values.
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However it was suggested that the SE section of the Caribbean including the eastern half of

Puerto Rico had an unstable positive correlation with NAO values in the late summer.

Malmgren et al. (1998) concluded that ENSO events had an effect on mean air temperatures (El

Niño low temperatures /La Niña high temperatures) but had little effect on precipitation.  An

inverse correlation between Puerto Rican rainfall and the NAO index was found at every station

except Mayagüez that is located on the western coast of the island.  While SOI is a good

indication of the ENSO phase, it is flawed when measuring teleconnection consequences to other

areas outside of the Pacific Ocean.  The reason for this is SST anomalies can vary across the

equatorial Pacific Ocean, and such variation is not reflected in the two node SOI.  A direct

measure of SST variability during ENSO events provides a better sense of what if any effect the

Equatorial Pacific temperatures have on spatial variations in Caribbean rainfall.  Thus ENSO

indices that use areal averages are preferable for teleconnection analysis as compared to the

location dependant SOI. Other studies have used areal SST observation in the Equatorial Pacific

Ocean to examine correlation between ENSO events and Caribbean rainfall.  Jury et al. (2007),

similar to Malmgren et al (1998), also examined the relationship between Caribbean rainfall and

ENSO but used the Niño 3.4 Index and found that the Lesser Antilles is less impacted by ENSO

compared to the Western Caribbean.  For the western sections of the Caribbean, the ENSO

impact was greatest in winter rainfall.  However, during the early summer, El Niño was found

correlated with some rainfall enhancement. The western rainfall stations in Puerto Rico

(Mayagüez and Isabela) were excluded from any regional cluster in the analysis causing Puerto

Rico to be misrepresented in the calculations.  To fully understand the impact of ENSO or NAO

on Puerto Rico each rainfall station must be tested independently, the purpose of this study. An
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areal index such as the Nino 3.4 has yet to be used to study precipitation across an individual

island.

DATA

In order to test the impact of ENSO on Puerto Rico rainfall, seven locations on the island

were chosen for inclusion in analysis. These locations were chosen for representativeness of the

various precipitation regions of Puerto Rico, and quality of data. Isabela Substation and San

Juan LM Martin Airport represent the North Coastline, Mayagüez represents the West Coastline,

Roosevelt Roads represents the Eastern Coastline, Ponce 4 E represents the Southern Coastline,

and Aceituna and Cayey 1 E represents the higher elevation in central on Puerto Rico (Figure 4).

Monthly rainfall data for each station were downloaded from the Global Historical Climatology

Network (GHCN) from the NOAA National Climatic Data Center (NCDC) webpage for the

years 1981 to 2006 and then aggregated into four separate seasons; Dry Season (December-

February), Initial Wet Season (March-May), Wet Season Minimum (June-August), and Wet

Season Maximum (September-November). Completeness of records of these rainfall stations

vary from 100% at San Juan LM Airport, 99% at Isabela Substation, 98% at Ponce 4 E, 97% at

Aceituna and Mayagüez Airport, 89% at Roosevelt Roads, to 79% at Cayey 1 E. The monthly

rainfall averages from 1981-2006 display the Caribbean bimodal pattern with exception to

Mayagüez that increases in rainfall during the Wet Season Minimum (Figure 5).

Monthly Niño 3.4 Index as calculated by the NCEP (National Center of Environmental

Predictions) from 1981 to 2006 will be used to classify each year into a strong or weak El Niño,

neutral or, strong or weak La Niña year (Figure 6, Table 1).

Niño 3.4 is used for calculations because it was used in previous studies of the eastern
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Rainfall Stations in Puerto Rico Elevation Latitude Longitude
* Roosevelt Roads 10 m 18°15' N 65°38' W
* Aceituna 642 m 18°09' N 66°30' W
* Cayey 1 E 389 m 18°07' N 66°10' W
* Mayagüez Airport 12 m 18°15' N 67°09' W
* San Juan L M Martin Airport 3 m 18°26' N 66°01' W
* Isabela Substation 126 m 18°28' N 67°03' W
* Ponce 4 E 21 m 18°02' N 66°32' W

Figure 4. Stations of Rainfall Data for Puerto Rico.
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Figure 5.  Period of record average monthly rainfall for the 7 rainfall stations for Puerto Rico
based on average from 1981-2006. (Data from Global Hydroclimatic Data Network (GHCDN)
as available from NCDC.)
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Equatorial Pacific temperature and Caribbean rainfall teleconnection by Jury et al. 2007

and, Chen and Taylor 2002. Niño 3.4 is the areal grid comprised of the eastern one third El Niño

3 sector and the western half of El Niño 4 sector; within this region researchers have found the

best link between climate trends and ENSO conditions (Trenberth 1997).  The Niño 3.4 data

represents monthly SSTs in the 5°S-5°N by 170°-120°W region (Figure 6).  Originally El Niño

was monitored by data from oceanographic buoys, but since 1981 data within the Niño 3, 4, and

3.4 regions are comprised mainly of satellite data from the Geostationary Operational

Environmental Satellites (GOES).  SST is computed for 1 degree latitude by 1 degree longitude

grids.  SST anomalies are computed by subtracting the base period monthly average from the

observed SST.  Base periods for the monthly average have changed over the years as well.  For

each El Niño region from 1981-1999 the base period was 1951-1980, from 2000- July 2001 the

base period was 1961-1990, and finally August 2001- present the base period is 1971-2000.  A

monthly time series of ENSO 3.4 values provided by the National Climate Data Center (NCDC)

for the period January 1981 to December 2006.  Each month was then classified into an ENSO

type (Table 1).  The threshold for El Niño (La Niña) was predetermined to be when ENSO

values for monthly temperature anomaly were 0.4 (-0.4) degrees Celsius (Trenberth 1997).  The

1.2 (-1.2) degrees Celsius threshold for Strong El Niño (Strong La Niña) was created to separate

more substantial events which may play a bigger role in the overall teleconnection.  Each month

from 1981 to 2006 then has seven rainfall totals from the rainfall stations selected from Puerto

Rico along with an accompanying Niño 3.4 value.

METHODS

The first step in analysis was the classification of each month by Niño 3.4 and ENSO type
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1981-2006 (Figure 6).  The Niño 3.4 Index data used in the classification are a three-month

running mean of the SST anomaly for each month.  Similar to Jury et al 2007, a running mean of

Niño 3.4 using the prior two months was used to normalize the data and reduce noise of residual

data points. Consequently, the Niño 3.4 monthly value for January used in the classification

represents an average of Niño 3.4 SST anomalies for November, December, and January. This

type of running mean was used to slow down trends to represent realistic climate trends over the

Equatorial Pacific.  The second step was to find the mean rainfall to allow comparison between

ENSO conditions, seasons, and rainfall stations. The third step in analysis was to aggregate

monthly precipitation observation into seasons: Dry Season December-Feb, Initial Wet Season

March-May, Wet Season Minimum June-August, and Wet Season Maximum September-

November.  The fourth step was a two-way analysis of variance (ANOVA) that determined if

seasonal precipitation differs by ENSO classification at each station.   The null hypothesis being

that there was no significant difference between either location or season.  The two tailed test

had a 95% level of confidence.  This two way analysis was conducted to determine if seasonal

rainfall is different by location for each of the ENSO classifications.  This test was conducted

twice using both El Niño 3.4 Index values for ENSO classification and El Niño 3.4 three-month

running mean.

RESULTS

The mean rainfall table was broken into three categories 1) the seasons and rainfall

stations, 2) ENSO conditions and rainfall stations, and 3) ENSO conditions and seasons (Table

1).  The season and rainfall station means were as expected lowest in the dry season and highest

in the Wet Season Maximum with exception of Mayagüez that had the highest rainfall mean
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Figure 6. The ENSO classification to be used with El Niño 3.4 index values.  The map
represents the areal definition of Niño zones 1+2, 3, 3.4, 4 seas surface temperature anomalies.
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Table 1. Classification key of monthly temperature anomalies by ENSO class for the Niño 3.4
region.

Niño 3.4 Region Class Key
(Grid Temperature Anomaly in degrees Celsius)

Monthly
Temperature
Anomaly

ENSO Class

>1.2 Strong El Niño

0.5 to 1.2 El Niño

0.4 to -0.4 Neutral

-0.5 to -1.2 Weaker La Niña

<-1.2 Strong La Niña
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during the Wet Season Minimum.  The ENSO conditions associated with rainfall means varied

with 5 of the 7 rainfall stations recording their highest mean rainfall during Weak or Strong La

Niñas.  The ENSO condition and seasons mean rainfall table shows highest mean totals during

the Dry and Initial Wet Season. Strong La Niñas had the highest mean rainfall totals for the Wet

Season Minimum and Weak La Niñas had the highest mean for the Wet Season Maximum.

The first statistical test computed was an ANOVA.  The three specific null hypotheses tested

were; 1) seasonal rainfall does not differ by ENSO conditions, 2) seasonal rainfall does not differ

between stations, and 3) no interaction between stations and ENSO class causes a difference in

seasonal rainfall. The ANOVA Test was performed five times, once using monthly data for the

whole year and with the average for each of the 4 seasonal rainfall periods (Dry Season Dec-Feb,

Initial Wet Season Mar-May, Wet Season Minimum Jun-Aug, and Wet Season Maximum Sep-

Nov).

For all five ANOVA test the null hypothesis that rainfall is not statistically different between

stations, was accepted.  The result of significant differences in rainfall across the island of Puerto

Rico was to be expected due to the complex topography of the island and the distribution of

stations across the island’s different rainfall regions (i.e. windward, leeward, and orographic).

Such a result underscores the need for an island specific analysis. The null hypothesis that there

was no interaction between monthly rainfall amounts and ENSO conditions was accepted in the

five ANOVA tests.  Consequently annual rainfall on Puerto Rico did not appear to be dependant

on Niño 3.4 conditions.

The null hypothesis of statistically different seasonal rainfall by ENSO type was not

rejected by four out of the five ANOVA tests.  For early wet season, the null hypothesis was

rejected, indicating that during the March-May timeframe a significant difference in rainfall



19

Table 2. Monthly rainfall average in mm of 1) Seasons and Rainfall Stations, 2) ENSO
Condition, and 3) ENSO Condition and Season.  Dry Season is averaged (Dec-Feb), Initial Wet
Season is averaged (March-May), Wet Season Minimum is averaged (June-August), and Wet
Season Maximum is averaged (Sept-Nov).  Strong La Niña values are Niño 3.4 values less than -
1.2, weak La Niña between -1.2 and -0.41, Neutral between -0.4 and 0.4, Weak El Niño 0.41 and
1.2, and Strong El Niño greater than 1.2. Boldface indicates highest rainfall totals in that
category.

Monthly
Averages
(1981-
2006)

Roosevelt
Roads

Aceituna Cayey
1E

Mayagüez
Airport

San Juan
L M
Airport

Isabela
Substation

Ponce 4E

Dry
Season 82.04 73.41 88.39 40.13 90.68 89.92 31.24
Initial Wet
Season 101.35 153.16 94.49 151.13 104.65 141.99 78.49
Wet
Season
Minimum 110.49 147.07 125.48 251.97 124.46 147.83 76.71
Wet
Season
Maximum 149.61 257.56 176.53 218.69 143.51 162.81 137.67

Monthly
Averages
(1981- 2006)

Roosevelt
Roads

Aceituna Cayey
1E

Mayag
-üez
Airport

San Juan
L M
Airport

Isabela
Substation

Ponce 4E

Strong El
Niño 124.97 133.86 126.75 139.45 99.06 119.89 77.98
Weak El
Niño 110.24 173.99 111.25 171.45 122.43 154.18 86.87
Neutral

104.65 156.72 114.81 180.59 121.67 137.67 76.20
Weak La
Niña 99.06 177.04 130.05 160.02 100.33 132.33 90.93
Strong La
Niña 135.64 121.92 138.43 145.29 131.57 128.27 74.68

Monthly
Averages (1981-
2006)

Dry Season
(DJF)

Initial Wet
Season (MAM)

Wet Season
Minimum (JJA)

Wet Season
Maximum
(SON)

Strong El Niño 70.10 133.86 118.62 159.26
Weak El Niño 80.01 145.80 133.86 170.69
Neutral 72.14 111.51 143.26 176.02
Weak La Niña 61.98 105.92 132.59 204.22
Strong La Niña

69.09 110.74 188.98 181.86
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Table 3. Test Results page for ANOVA using station using ENSO condition and Seasonal
grouping for rainfall station totals.  Test was performed five times 1) all months 2)December-
February 3)March-May 4)June-August 5)September-November.  The F-Values either were
below the threshold value of 5.6281 to reject or over the threshold value to accept the null
hypothesis that is to the right.  Null hypothesizes not accepted have REJECT written in bold.
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Table 4. Linear Regression of Monthly Rainfall and Niño 3.4 index values at each station during
the initial wet season (March-May 1981-2006).  Trend is determined positive when rainfall is
predicted to increase as Niño 3.4 index value increases (La Niña to El Niño) and negative when
rainfall increases as Niño 3.4 index value decreases (El Niño to La Niña).

Station
Linear Regression

Trend R-Squared

Roosevelt Roads y=0.047x-0.071 Positive 0.0557

Aceituna y=0.018x+0.011 Positive 0.0128

Cayey 1E y=-0.005x+0.128 Negative 0.0005

Mayaguez Airport y=-0.018x+0.226 Negative 0.0175

San Juan LM Airport y=0.02x+0.33 Positive 0.0094

Isabela Substation y=0.009x+0.065 Positive 0.0029

Ponce 4E y=0.011x+0.089 Positive 0.002
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Z-Score Outliers ENSO condition
1985 Cayey 1E La Niña
1986 Cayey 1E La Niña
1986 Isabela Substation La Niña
1987 Roosevelt Roads El Niño
1987 San Juan El Niño
2002 Aceituna Neutral
2005 Mayaguez El Niño

Z-score with outliers w/o outliers
intercept R-Squared Intercept R-Squared

Roosevelt Roads y=.3696x-.0017 0.122 y=.1609x+.0238 0.0084
Aceituna y=.1558x-.0151 0.0221 y=.1645x+.0148 0.0204
Cayey 1E y=-.1058x+.0089 0.0087 y=-.1008x+.1368 0.0036
Mayaguez Airport y=-.35x-.0068 0.1177 y=-.3974x-.0232 0.125
San Juan LM Airport y=.1329x-3E-7 0.0177 y=.2003x+.0361 0.031
Isabela Substation y=.0719x-3E-7 0.0052 y=.2465x+.039 0.0487
Ponce 4E y=.031x+.0254 0.0009 y=.031x+.0254 0.0009

Figure 7.  Z-score of annually averaged rainfall during the initial wet season (March-May) at the
7 stations (1981-2006) with outliers defined as greater than 2 standard deviations above the mean
rainfall (orange triangles). The outlier beyond 3 standard deviations beyond the mean is in bold
and is represented with a red triangle. The middle table describes the year, station, and ENSO
condition occurring when they appeared on the z-score test. The bottom table is the rainfall
station linear regression of the z-score with and without the outliers.
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exists by ENSO classification.  In order to further investigate the relationship between March-

May rainfall and Niño 3.4 conditions, a linear regression between Niño 3.4 conditions and each

station’s rainfall (March, April, and May 1981-2006) data was constructed.  Results indicate that

r-squared values ranged from 0.055 to 0.000 with positive and negative slopes, indicates no clear

linear relationship between amount of rainfall and ENSO conditions (Table 3).

Due to the poor results from the regression analysis, a second regression analysis was

completed without outliers in the precipitation time series.  Outliers were identified by

calculating a z-score for each rainfall observation in each time series.  Using the average initial

wet season the z-score was calculated with the mean and standard deviation (1981-2006) and

then plotted.  The z-score plot indicated seven observations were 2 standard deviations beyond

the mean with one 3 standard deviations beyond the mean (Figure 10).  Three of the outliers

occurred 1985-86 at stations Cayey and Isabela during La Niña conditions.  Two outliers occur

during the 1987 El Niño season at Roosevelt Roads and San Juan.  The last two outliers occurred

in 2002 and 2005 at Aceituna and Mayaguez with neutral to weak El Niño conditions.  The

removal of these outliers from the regression analysis did not improve the explanation of

variance or statistical significance of the model.  Atmospheric heat transfer from one global

region to another can take several days while the transfer of heat from the ocean basin to another

can take over several months.  This reasoning being the basis of the Chen and Taylor (2002)

paper as well led to investigating a lag relationship between ENSO and precipitation.  ENSO

conditions in the months prior to rainfall occurrence provide information about actual heat stored

in the Tropical Atlantic Ocean and Caribbean waters from ENSO.  An anomalous high heat flux

from either of the two bodies of water described would lead to an expansion of heat transfer back

to the atmosphere and therefore increasing the amount of anomalous high latent heat flux back to
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ground level in terms of higher rain amounts.  To further assess this relationship between ENSO

conditions and early wet season rainfall a lag regression analysis was computed. Chen and

Taylor (2002) proposed that El Niño conditions the year prior to a rainfall event can create

increased rainfall during the early wet season in the Caribbean, due to a warm pool effect across

the Tropical North Atlantic waters.  Similar to Chen and Taylor methods, ENSO conditions were

taken 0 to 18 months before each initial wet season 1981-2006 to see if a lagged relationship

exists between rainfall and ENSO conditions.  Monthly data during the initial wet season was

averaged to create one rainfall total per station for every 3 month season 1981-2006. Niño 3.4

data that was lagged for 0,3,6,12, and 18 months were averaged over the same 3 month period.

Regression slopes between locations with the exception of the 12-month Niño 3.4 lag are

negative for all stations. The negative slopes suggests greater (less) rainfall as Niño 3.4

decreases (increases) (Table 5).

Correlation coefficients were graphed for ENSO 3.4 lags of 0-18 months (Figure 8).

Correlation coefficient values from this graph ranged from 0.0557 to 0.000, each insignificant.

Roosevelt Roads, Mayagüez, and San Juan LM Martin Airport had the highest r-squared values

within 12 months of ENSO lags while Cayey 1 E had the highest r-squared values later than 12

month ENSO lag.  These r-squared values were higher in this season rather than if the rainfall

data was averaged the entire year were the highest r-squared value was below 0.015 (Figure 9).

Though sometimes unclear it does appear that there was a delay in yearly rainfall peaks after

strong ENSO years.  Somewhere between the 4 and 8 month ENSO lags appeared to be the best

match with correspondence of r-squared values and positive peaks in both rainfall at most

stations and ENSO peaks (Figure 10).
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Table 5. Rainfall Linear Regression results for Initial Wet Season (March-May) rainfall with
ENSO at lags of 0, 3, 6, 12, and 18 months.
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Figure 8. Rainfall R-Squared Values for Initial Wet Season (March-May) rainfall with ENSO at
lags of 0 to 18 months.
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Figure 9. Rainfall R-Squared Values for all seasons of rainfall with ENSO at lags of 0 to 18
months.



28

Figure 10.  The initial wet season (March-May) monthly rainfall total timeline at each of the
seven stations compared to ENSO 3.4 no lag timeline. Red line indicates maximum correlation
coefficient.
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Figure 11.  The initial wet season (March-May) monthly rainfall total timeline at each of the
seven stations compared to ENSO 3.4 three month lag timeline.
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Figure 12.  The initial wet season (March-May) monthly rainfall total timeline at each of the
seven stations compared to ENSO 3.4 six month lag timeline.
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Figure 13.  The initial wet season (March-May) monthly rainfall total timeline at each of the
seven stations compared to ENSO 3.4 twelve month lag timeline.
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Figure 14.  The initial wet season (March-May) monthly rainfall total timeline at each of the
seven stations compared to ENSO 3.4 eighteen month lag timeline.
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Although regression was not statistically significant we can identify visually that some El

Niño event peaks for the initial wet season at the same year when rainfall spikes (dips) or reaches

local maxima (minima) at certain stations (Figures 10-14).  The Niño 3.4 zero month lag timeline

showed Aceituna local maxima matching with Niño peaks 1, 4-6 and Roosevelt Roads local

maximums matching with 1+2 and 4 Niño event peaks (Figure 10). The Niño 3.4 six-month lag

timeline shows all the rainfall stations matching local maximums with ENSO events in 1982 and

1997, the two strongest El Niño during our period of study (Figure 12).  Cayey 1E local

maximums matched with the first three El Niño events and San Juan matched with El Niño

events 4 and 5 using the ENSO 3.4 six-month lag.  In the Niño 3.4 twelve-month lag shows that

the 1987 El Niño event occurred a year before all stations reported sharp local minimums in

rainfall during the 1983 initial wet season (Figure 13).  Isabela Substation local maximums

occurred a year after all the El Niño events except during the 1987 El Niño, contrary to

Mayagüez where local minimum rainfall matched a year after El Niño events.

The linear regression r-squared values from Average Initial Wet Season Rainfall versus

Niño 3.4 zero, three, six, twelve, and eighteen month lags of each station were compared by

geographic parameters.  A scatter plot was created for elevation, latitude (ºN), longitude (ºW),

and Niño 3.4 values.  This chart provides us with an indicator of how different locations across

Puerto Rico have different relationships between rainfall and ENSO correlation.  Results showed

a trend in r-squared values for elevation at 3-month ENSO lags, at 0 and 6 month ENSO lags for

latitude, and 6 months for longitude (Figure 15). The stations that were higher in altitude tended

to have weak lower r-squared values with ENSO, as compared to the lower elevation.  The two

stations furthest south seemed to fit better with linear regression for latitude when ENSO 3.4 was
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not lagged while some of the points further north fit better when ENSO 3.4 was lagged six

months.  Finally the two stations further east fit better on linear regression of rainfall when

ENSO 3.4 was lagged six months.

DISCUSSION

Comparing Averages

While there are few, clear statistically findings in this study, some conclusions can still be

drawn about the spatial variability in ENSO’s influence upon Puerto Rico’s precipitation.  The

tables of rainfall averages (Table 2) showed that six out of the seven stations reported the

heaviest rainfall during the wet season maximum except for Mayaguez where the heaviest

rainfall averages were in the Wet Season Minimum.  Further La Niña or Strong La Niña had the

highest averages of rainfall except for Mayagüez and Isabela Substation that are both in the

northwest portion of the island.  The heaviest rainfall average of all the stations during the wet

season minimum and wet season maximum occurred during La Niña and Strong La Niña

respectively.   Since these findings encompass hurricane season, it appears these results are

consistent with Smith et al.’s 2007 findings of La Niña conditions leading to more numerous,

stronger, and longer lasting tropical systems in the Tropical Atlantic Ocean.  While tropical

cyclones are not the sole provider of rainfall for Puerto Rico during the wet season they do bring

enough rain to have a major influence on rainfall averages during this 25 year span.

Another pattern is that Weak El Niño conditions contain the highest rainfall averages for

the seven stations in Puerto Rico from the Dry Season through Initial Wet Season.  The averages

also somewhat similar to the findings in the northwest portion of Puerto Rico (Mayagüez and

Isabela Substation) that recorded the highest rainfall averages during Neutral or Weak El Nino
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Linear Regression of r-squared Values and Geographic Parameters
ENSO 3.4 Lag Elevation Latitude Longitude
0 month (758.5)x+540 (-2.3)x+18.34 (-1.5)+66.49
3 month (-8876)x+951 (1.16)x+18.19 (-1.94)+66.52
6 month (-6915)x+894 (2.56)x+18.12 (-5.81)+66.7
12 month (3588)x+428 (-1.24)x+18.29 (-0.61)+66.46
18 month (8996)x+312.6 (-1.48)x+18.28 (-6.33)+66.61

Figure 15.  The linear regression of rainfall regression and ENSO 3.4 lagged r-squared values
compared to elevation, latitude, and longitude.  The statistically significant regression equations
are in bold.  The graphs below are the statistically significant linear regression graph.

R² = 0.5882

18

18.2

18.4

18.6

0 0.05 0.1 0.15

D
eg

re
es

N
or

th

R-squared values of  Niño 3.4  and rainfall

ENSO impact on latitudinal change
0m lag
Linear (ENSO impact on latitudinal
change 0m lag)

R² = 0.4514

18

18.2

18.4

18.6

0 0.05 0.1 0.15

D
eg

re
es

 N
or

th

R-squared  values of Niño 3.4  and rainfall

ENSO impact on latitudinal change
6m lag
Linear (ENSO impact on latitudinal
change 6m lag)

R² = 0.2029

65.5

66

66.5

67

67.5

0 0.05 0.1 0.15

D
eg

re
es

W
es

t

R-squared values of Niño 3.4 rainfall
ENSO impact on longitudinal change 6m
lag
Linear (ENSO impact on longitudinal
change 6m lag)



36

conditions even though Strong El Nino conditions remained the lowest average for both stations.

These findings are similar to what Chen and Taylor 2002 suggested; El Niño conditions 6

months prior to precipitation would lead to heavier rainfall in the Caribbean during the early

rainfall season.  Having weak El Niño and Neutral conditions during a wet start of the rain

season could be a sign that a profound El Niño event is in decline and was more prevalent

several months ago.

ANOVA and Linear Trends

The five ANOVA tests indicate that some relations suggested by seasonal average were

not statistically significant.  The average data suggests Wet Season Minimum and Maximum link

to La Niña conditions; however the null hypothesis was accepted indicating such a relationship

was not statistically significant.  It appears a few high monthly rainfall station observations

caused it to appear that La Niña conditions preceded higher rain totals on Puerto Rico.  This

further supports Smith et al. 2007 findings, because tropical cyclone moisture can be spotty even

during strong hurricane seasons, thus providing several rain events that may skew several rain

events that may skew average rainfall values. The ANOVA test for the Initial Wet Season and

ENSO conditions resulted in the rejection of the null hypothesis, indicating that there is

statistically significant difference in rainfall by ENSO condition. The simple linear regression

completed to model such a relationship however indicates that the relationship is not of a clear

linear univariate nature (flat regression lines and r-squared values no higher than 0.0557),

warrenting further investigation.
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Z-Score and the Outliers

Completed z-score analysis for the Initial Wet Season resulted in finding several outliers

that were all substantially higher in rainfall totals.  The first three all took place in 1985 and 1986

during a mild but long La Niña event. The next two occurred in 1987 that happened several

months right after the peak of a substantial El Niño event.  While the peak was not as high as the

1983 or 1997-98 El Nino event we saw the most consecutive months of Eastern Equatorial

Pacific anomalous temperatures over 1º Celsius. These outliers were the most substantial being

3 standard deviations greater than the mean. A linear regression of the z-score points without the

outliers, did not improve the linear model between ENSO 3.4 and rainfall. Roosevelt Roads

showed a sharp decline in r-squared value due to losing the substantial outlier.  Isabela

Substation had the largest increase of r-squared value while also increasing positive slope on

regression.  The r-squared value for Isabela Substation was not significant but it noteworthy for

further tests.  The surprising linear regression value was from Mayagüez that showed a negative

linear regression trend with a statistical significant r-squared value. A surprise since Mayagüez

is so close to Isabela and shares similar averages. But for Mayagüez the linear model indicates

the Initial Wet Season is drier El Niño conditions.

Monthly Sea Level Anomaly and ENSO

Following sea level heights across the Niño 3.4 region, we can use proxy data to

determine when the actual Kelvin/Rossby wave interaction.  Delayed time merged sea level

anomaly (DT-MSLA) data available from Archiving, Validation, and Interpretation of Satellite

Oceanographic Data (AVISO) is computed from satellite altimetry to measure ocean levels

continuously.  Using data available from January 1993-July 2005, a mean sea level is computed
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for each month from the entire timeframe in the Niño 3.4 region.  Monthly sea level anomaly

(MSLA) is determined as a difference from monthly mean sea level.  Graphing MSLA against

monthly SSTA shows a peak in MSLA a month before SSTA peak (Figure 16).  The peaks of

MSLA represent the Kelvin wave rush of warmer surface water into the Niño 3.4 region likewise

the corresponding valleys represent the Rossby wave push of surface water revealing colder SST

below (Wakata 2007).  Niño 3.4 region MSLA was tested to see if this measurement could better

explain teleconnections with other regions.  Lag correlation was performed to MSLA data

similar to monthly SSTA in Figure 8 using initial wet season (March-May) and rainfall totals

from the seven Puerto Rico Stations (Figure 17).  Correlation levels at most rainfall stations

appear to be higher in figure 17 than figure 8 but with half the timeframe this does not

necessarily represent a better fit.  Another lag correlation was performed using SSTA only with

the MSLA available timeframe (January 1993-July 2005) (Figure 18).  Cayey 1E, San Juan LM

Airport, and Roosevelt Roads had higher correlation levels using MSLA instead of SSTA lagged

between 3 to 6 months. These rainfall stations showed higher correlation levels with SSTA

without a lag than MSLA.  Lagged MSLA appears to have some value measuring

teleconnections of ENSO to other regions but not enough evidence is present to use as the

primary ENSO indicator replacing SSTA especially with the shortened timeframe.

ENSO Lag and Time Series Analysis

While values from the lag regression analysis remained mostly insignificant, a few

stations are worth discussion.  San Juan and Roosevelt Roads rainfall stations showed slightly

significant positive trends at the six-month level, which was more pronounced than other
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Figure 16.  The temporal series of Monthly Merged Sea Level Anomaly (MSLA) and Sea
Surface Temperature Anomaly across the Niño 3.4 region.
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Figure 17. R-Squared Values of Monthly Initial Wet Season Rainfall at Puerto Rico Stations and
Monthly Merged Sea Level Anomaly (MSLA) in the El Niño 3.4 region lagged from 0 to 18
months.
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Figure 18. R-Squared Values of Initial Wet Season Monthly Rainfall at Puerto Rico Stations and
Sea Surface Temperature Anomaly (SSTA) in the El Niño 3.4 region (January 1993-July 2005)
lagged from 0 to 18 months.
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stations.  The models for Mayagüez possess a slightly significant r-squared value throughout

most of the lag runs with a negative linear regression.  In contrast to its nearest neighbor Isabela,

Mayagüez appears to just be different than the rest of the stations during this period.

The time series lags although not statistically significant gave a better picture of how the

stations correspond with the ENSO pattern.  While the #2 peak on the lags didn’t seem to match

up with the El Niño event very well some of the more profound peak such as #3, #5, #6 seemed

to match up better with the 6 and 12 month trends rather than the no lag timeline.  Isabela

Substation matched up with the ENSO peaks better as the lag went to 12 months.

San Juan, Isabela, and Roosevelt Roads corresponded well with a positive trend of Equatorial

Pacific Ocean temperature anomaly and higher rainfall averages than any other station.  These

stations all were adjacent either on or close to the northern coast that had slightly higher r-

squared values.  This assumption was backed up with the linear regression of the rainfall

regression r-squared values.  While none of the r-squared values were significant enough for

correlation, some were much higher fitting with the apparent correspondence.  Figure 13 showed

that a positive slope for latitude fit very well for the r-squared values when ENSO was lagged 6

months.  While there were three stations that were on the northern coast with positive regression

high r-squared values, Mayagüez sat on the NW part of Puerto Rico with a contradicting linear

regression slope but still a high r-squared value.  However Figure 13 showed a slightly

significant trend of higher r-squared values east at the 6 month ENSO level,  making the

Mayagüez station less important at this time lag.  Rainfall averages from the months of March

and April show very slow progress of increased rainfall on the western coast of Puerto Rico

(Figure 19).  This movement of higher rainfall averages may have something to do with a better

ENSO connection on the eastern side of Puerto Rico.
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Figure 19.  Monthly rainfall averages across Puerto Rico from 1974 through 1993.  Data taken
from HADS, Alert, COOP-OBS., and METARS rainfall networks. (Source: NWS San Juan
2006)
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CONCLUSION

While some patterns do suggest regional differences in the relationship across Puerto

Rico statistical analysis indicates no clear, statistically significant relationship between ENSO

and rainfall across Puerto Rico.  Adjacent north coast stations were more likely to have wet

conditions during the initial wet season 0-6 months after a strong El Niño signal.  While latter

parts of the wet season had higher rainfall averages in Puerto Rico during La Niña, these values

were skewed by a few storms caused by the strengthening hurricane season.  The western

coastline had a pattern much different than the rest of the Puerto Rico, Mayaguez may have had a

different response due to a location that was more favorable of receiving moisture from the west

than the east. The southern and mountainous portions of Puerto Rico tended to have the weakest

relationship between precipitation and ENSO condition.

Further investigation for Puerto Rico and climate teleconnections would require breaking

the island up to Western Coast, Northern Coast, and Mountains and Southern Coast. The time

period that was used in the study was rather short, a common limitation in data for Caribbean

rain stations due to poor quality of records pre 1980. As long as data collecting in both Puerto

Rico and in the Equatorial Pacific stay uniform to present, statistical testing should have more

confident results in the future.



45

REFERENCES

Angeles, M. E., Gonzalez, J. E., Erickson D. J., and Hernandez, J. L., 2005. An Assessment of
Future Caribbean Climate Changes using the BAU Scenario by Coupling a Global Circulation
Model with a Regional Model. 18th Conference on Climate Variability and Change February 2,
2006: 9.4

Archiving, Validation, and Interpretation of Satellite Oceanography Data. AVISO User Service.
<http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-
products/global/msla/index.html>

Battisti, D. S., and A. C. Hirst, 1989: Interannual variability in the tropical atmosphere-ocean
system: Influence of the basic state and ocean geometry. Journal of Atmospheric Science 46,
1687-1712.

Chen, A.A. and M.A. Taylor. 2002.  Investigating the link between early season Caribbean
rainfall and the El Niño + 1 year. International Journal of Climatology 22: 87-106.

Diaz, Henry F., and Vera Markgraf El Niño Historical and Paleoclimatic Aspects of the
Southern Oscillation. New York: Cambridge Press, 1992.

Gamble, D.W., D.B. Parnell, and S. Curtis. 2008. Spatial Variability of the Caribbean mid-
summer drought and relation to north Atlantic high circulation. International Journal of
Climatology 28(3): 342-350

Gamble, D. and Jordan, R. 2004. Spatial Variability of Precipitation on San Salvador, Bahamas
2001-2003. The Symposium on the Geology of the Bahamas and other Carbonate Regions 12:
52-60.

Giannini, A., Y. Kushnir, and M.A. Cane. 2000.  Interannual variability of Caribbean rainfall,
ENSO, and the Atlantic Ocean. Journal of Climate 13: 297-311.

Glantz, Michael H. Currents of Change- El Niño’s impact on climate and society. New York:
Cambridge Press, 1996.

Granger, O.E. 1985.  Caribbean climates. Progress in Physical Geography 9(1): 16-43

Hoegh-Guldberg, O. 2000 Climate Change, coral bleaching and the future of the world’s coral
reefs. 1-48

Jury, M., B. A. Malmgren, and A. Winter.  2007 Subregional precipitation climate of the
Caribbean and relationships with ENSO and NAO. Journal of Geophysical Research.  D16107:
1-10.

Malmgren, B. A. and A. Winter. 1999. Climate Zonation in Puerto Rico Based on Principal
Components Analysis and an Artificial Neural Network. Journal of Climate 12: 977-985.



46

Malmgren, B. A., A. Winter, and D. Chen. 1998. El-Niño-Southern Oscillation and North
Atlantic Oscillation Control of Climate in Puerto Rico. Journal of Climate. 11: 2713-2717.

Moron, V., Ward M.N., and Navarra A., 2001. Observed and SST-Forced Seasonal Rainfall
Variability Across Tropical America. International Journal of Climatology 21: 1467-1501.

National Weather Service Office San Juan. 2006. National Oceanic and Atmosphere
Administration.  <http://www.srh.noaa.gov/sju/climate.html>.

National Center of Environmental Prediction. 2008. National Oceanic and Atmosphere
Administration.  < http://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices >.

National Climate Data Center. 2007. National Oceanic and Atmosphere Administration.
<http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?WWDI~StnSrch>.

Peel, M.C., B. L. Finlayson, and T. A. McMahon, 2007.  Updated world map of the Koppen-
Gieger climate classification. Hydrology and Earth Systems Sciences Discussion, 4, 439-473.

Rasmusson, E. M. and T. H. Carpenter. 1981. Variations in Tropical Sea Surface Temperature
and Surface Wind Fields Assiociated with the Southern Oscillation/ El Niño. Monthly Weather
Review 110: 354-384.

Singh, B. 1997.  Climate changes in the Greater and Southern Caribbean. International Journal
of Climatology 17: 1093-1114.

Smith, S.R., J. Brolley, J. J. O’Brien, and C. A. Tartaglione.  2007.  ENSO’s Impact on Regional
U.S. Hurricane Activity. Journal of Climate.  20: 1404-1413.

Spencer, J.M., M.A. Taylor, and A.A. Chen 2004.  The effect of concurrent sea-surface
temperature anomalies in the tropical Pacific and Atlantic on Caribbean rainfall. International
Journal of Climatology 24: 1531-1541.

Taylor, M.A., D. B. Enfield, and A. A. Chen, 2002. Influence of the tropical Atlantic versus the
tropical Pacific on Caribbean rainfall. Journal of Geophysical Research 107(C9), 3127.

Trenberth, K. E. 1997. The Definition of El Niño. Bulletin of the American Meteorological
Society, 78, 2771-2777.

Wakata, Y., 2007: Frequency-wave number spectra of equatorial waves detected from satellite
altimeter data. Journal of Physical Oceanography, 63, 483-490.



47


		2011-07-19T11:06:24-0400
	Robert D. Roer




