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Summary

Two statistical models are created for the Caribbean during
its dry season. Canonical correlation analysis (CCA) con-
firms that there is a robust El Ni~nno Southern Oscillation
(ENSO) signal in the region during the dry season and that
the mode manifests itself as oppositely signed precipitation
anomalies over the north and south Caribbean. The south-
eastern Caribbean becomes dry in response to a warm event.
The first statistical model consequently uses a rainfall index
averaged over the south-eastern Caribbean as the predictand.
A model which retains an ENSO proxy as one of two
predictors shows reasonable skill with hindcast predictions
for the region. A second model is created using a Jamaican
rainfall index as predictand. Jamaica falls in the transition
zone i.e. between the oppositely signed north-south pre-
cipitation anomalies characteristic of the ENSO dry season
mode. In this case no ENSO related predictor is retained in
the final model. Composite analysis of select atmospheric
variables for anomalously high and low rainfall years (for
the dry season) give an understanding of the dynamics of
the Caribbean dry season during phases of the ENSO, par-
ticularly those which lead to the creation of the transition
zone.

1. Introduction

This study examines the dynamics of the primary
Caribbean dry season with the intent to develop
models for predicting its rainfall extremes.

The mean climatology of Caribbean rainfall
(Fig. 1) indicates a regional wet season from

May through October, a primary dry season from
November through April, and a secondary but
short-lived dry period in late July=early August
known as the midsummer drought (Maga~nna et al.,
1999). The seasons are primarily facilitated by
the meridional migration of the north Atlantic
high pressure cell. During the primary dry season
the high pressure system expands equatorward
causing lower-tropospheric divergence and sub-
sidence. During the wet season, poleward migra-
tion of the high and a northward displaced Pacific
Inter-tropical Convergence Zone result in con-
vergence of surface winds and moisture over
the Caribbean. There is concomitantly a weaken-
ing of both the surface easterlies and upper level
westerlies yielding a reduction in vertical shear
and favouring convection. A brief equatorward
displacement of the high pressure cell in July=
early August period facilitates the midsummer
drought (Hastenrath, 1976, 1984). Sea surface
temperature anomalies (SSTAs) also modulate
Caribbean rainfall. For example, tropical north
Atlantic SSTAs contribute to early wet season rain-
fall anomalies (Chen et al., 1997; Giannini et al.,
2000; Chen and Taylor, 2002; Taylor et al., 2002;
Spence et al., 2004), while an east-west SST gra-
dient between the equatorial Pacific and Atlantic
modulates the late wet season (Giannini et al.,



2000; Taylor, 1999; Taylor et al., 2002; Spence
et al., 2004). A detailed review of the Caribbean
dynamics is presented by Ashby et al. (2005).

It is the primary dry season (November–April)
which is of interest as (i) the least is known about
the drivers of its rainfall anomalies, particular-
ly the role of tropical sea surface temperature
anomalies (SSTAs), and (ii) the prevailing dry,
cool conditions are important for both the tour-
ism and sugar industries which are major facets
of the Caribbean island economies1. Enfield and
Alfaro (1999), Giannini et al. (2000), Martis et al.
(2002) and Spence et al. (2004) suggest that the
Caribbean dry season exhibits a north-south gra-
dient in rainfall in response to El Ni~nno Southern
Oscillation (ENSO) events. When the equatorial
Pacific is warm, the north Caribbean is wet and
the southern Caribbean is dry, and vice versa (see
for example Fig. 3 of Enfield and Alfaro (1999)
or Fig. 5 of Spence et al. (2002)). Implied in this
pattern is a ‘transition zone’ from wet to dry
which Spence et al. (2004) place along the 17� N
latitude line or in the vicinity of Jamaica.

In this paper we first explore the dynamics of
the Caribbean dry season as a precursor to devel-
oping statistical models for this period. The dy-
namical analysis addresses questions about the
robustness, consistency and the manifestation of
the ENSO signal i.e. the viability of the ENSO
signal as a basis for dry season models. For ex-
ample, Enfield and Alfaro (1999) and to a lesser

extent Spence et al. (2004) utilize mean dry sea-
sons in their analysis. We utilize canonical cor-
relation analysis (CCA) applied to bi-monthly
periods to address whether the signal remains
the primary mode of variability throughout the
entire season and if its manifestation is con-
sistently a meridional gradient in precipitation.
Similarly, Ashby et al. (2005) show that a mean
Caribbean precipitation index (10�–20� N and
83�–65� W) captures reasonably well the varia-
bility of the region during the wet season, and is
therefore a useful predictand. We use the CCA
results to determine the viability of the Ashby
et al. (2005) index for a dry season statistical
model, particularly since it is centered around
Jamaica which falls in the dry season’s ‘transi-
tion zone’. We also use composite analysis to
examine circulation patterns during anomalous-
ly wet or dry Caribbean dry seasons. The com-
posites provide a physical explanation for the
ENSO pattern in the Caribbean and justify the
choice of some of the predictors for the models
to be created.

Section 2 describes the data and methodology
used. Sections 3 and 4 outline the results of
the CCA and composite analysis respectively. In
Sect. 5 we detail model creation and validation.
With few exceptions, the development and use
of statistical models is in its infancy within the
Caribbean region (see Ashby et al., 2005 for a
review), and except for the Dutch Caribbean2

(Martis et al., 2002), none are known to have
been attempted for the dry season. Section 6
presents a summary and discussion of the results
obtained.

2. Data and methodology

2.1 Data and domain

Caribbean precipitation anomaly data (hereafter
PRECIPA) were from the Maga~nna et al. dataset
(Maga~nna et al., 1999) for the period January
1958–December 1998 from which the climatol-
ogy was removed. Data are recorded monthly on
a 0.5� � 0.5� grid and incorporate station, satel-
lite and model (reanalysis) data. The data were

Fig. 1. Mean climatology for the Caribbean rainfall (bold).
Standard deviations are also shown (dotted)

1 Dry conditions at this time are necessary for increased sucrose

content in sugar cane, while the period coincides with the peak in

tourist arrivals.

2 The ABC islands of the Dutch Caribbean are in general drier

than the rest of the Caribbean year round, but experience their

wettest months during the Caribbean dry season.
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compiled from the archives (i) the National Cen-
ter for Atmospheric Research (NCAR) for the
southern United States, northern South America
and the Caribbean Islands, (ii) the Mexican
Weather Service, and (iii) the National Weather
Services of Central America. These were com-
plemented with microwave sounding unit daily
precipitation estimates over the oceans for the
period 1979–1996 (Spencer, 1993) and daily re-
analysis precipitation estimates over the Intra-
American Seas during the pre-satellite era, given
the lack of any other source data in this region
during this latter period. Validation of the Maga~nna
dataset over the Caribbean and near Caribbean
region (7�–25� N, 60�–90� W) is documented by
Taylor et al. (2002).

The Reynolds Optimum Interpolated SST
dataset (Reynolds, 1988) is also used. The data-
set has a 2� � 2� resolution and covers the region
44.5� S–59.5� N and 180� W–180� E. Two smal-
ler SST anomaly datasets are also extracted for
the tropical Pacific (180�–80� W; 10� S–30� N)
and tropical Atlantic (90�W–0� ; 5� S–27� N)
oceans. The National Centers for Environmental
Prediction (NCEP) 2.5� � 2.5� gridded, monthly,
reanalysis dataset (Kalnay et al., 1996) is used
to identify the circulation cells present over the
Atlantic and Pacific oceans. The domain used
spans 20� S–50� N and 170� W–10� E, and the
variables examined are the divergent wind, vor-
ticity and pressure vertical velocity. The resolu-
tion of the datasets is not sufficient to isolate
patterns that are orography-dependent.

2.2 Methodology

Data were aggregated into bi-monthly averages
commencing with January–February. Giannini
et al. (2000) show that the bi-monthly subdivi-
sions suitably capture the seasonal variability of
Caribbean rainfall. Thereafter CCA is employed
to isolate temporal and spatial relationships be-
tween Pacific and=or Atlantic SSTs and Carib-
bean precipitation.

CCA decomposes the eigenvector of the cross-
correlation matrix between two input variables –
in this case between SSTA and PRECIPA – into
modes of decreasing explained cross-correlation
between the two analyzed fields. Each mode is
represented by two singular vectors describing
the spatial patterns of weights for the two vari-

ables, and two series of expansion coefficients
describing the weighting of the mode of the
two variables in the temporal domain. Principal
component analysis (Kutzbach, 1967; Wallace
et al., 1992) is employed as a ‘prefilter’ to CCA
to decrease random sampling fluctuations as a
result of the short time series (Bretherton et al.,
1992). Principal component analysis allows the
original data to be projected onto the leading
eigenmodes that account for a large portion of
the variance. The eigenmodes are retained using
the scree test (Cattell, 1966) and further sepa-
rated using North’s rule (North et al., 1982) so
that their sampling errors do not overlap. These
modes are then combined separately in CCA.

For each two-month period, CCA is done for
PRECIPA and each of the two tropical SSTA
datasets. That is, for Jan–Feb, CCA is performed
for both PRECIPA and Atlantic SSTA and
PRECIPA and Pacific SSTA, and this is repeated
for each subsequent two-month period. The ocean
basins are separated to observe the consistency=
robustness of the SST-rainfall relationships noted
in Sect. 1. Diagnostic heterogeneous correlation
maps which isolate the spatial patterns associated
with a given mode are presented (Wallace et al.,
1992; Bretherton et al., 1992). The maps depict
the expansion coefficients of one field (e.g. SSTA)
correlated with the grid point values of the other
field (e.g. PRECIPA). The time coefficients of the
SSTA fields for the Pacific and Atlantic are also
correlated with SSTA indices defined in Table 1.
The correlations help characterize the retained
modes and are presented for bi-monthly periods

Table 1. SST indices used in previous studies

Index Description Reference

Ni~nno-3 Average for 5� N–5� S
and 150�–90� W

Climate
Diagnostics
Bulletin (2002)

EqA Average for 5� N–5� S
and 0�–15� W

Taylor et al.
(2002)

TNA Average for 6� S–22� N
and 60�–15� W

Enfield (1996)

TSA Average for 22� S–2� N
and 35� W–10� E

Enfield (1996)

TNA�TSA Meridional Gradient
SST index

Enfield (1996)

TNAþTSA Meridional SST index Enfield and
Alfaro (1999)

PacEqA Zonal Gradient SST
index (Ni~nno-3-EqA)

Taylor et al.
(2002)
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even beyond the dry season so as to judge the
relative importance of the SSTA associations
in the dry versus the wet season. Statistical sig-
nificance at the 95% level is assessed using the
random phase method (Ebisuzaki, 1997).

Composites are used to examine the mean
atmospheric circulation for precipitation extremes
in the dry season. The linear trend is first removed
from the CCA mode 1 time coefficients of pre-
cipitation for January–February using a triple
three-month running mean (Taylor et al., 2002)
as we are primarily interested in the seasonal
to interannual characteristics of the period. The
detrended time series is divided into terciles
with the upper and lower terciles representing
anomalously high and low precipitation years
respectively. The following variables are then
composited for high and low years: (i) upper
(200 hPa) and lower (850 hPa) level divergent
wind anomalies, (ii) upper and lower level vortic-
ity anomalies, (iii) pressure vertical velocity
anomalies (VVA) at the medium level (500 hPa),
and (iv) VVA for the 1000–200 hPa range.

The compositing technique is after Wang
(2002a, b) who suggests the use of both the
divergent wind and the vertical velocity to iden-
tify atmospheric cells. The divergent component
of horizontal wind is represented by the sec-
ond component in the equation v ¼ v þ v� ¼
k�r þr� where  is the stream function
and � is velocity potential. The first term repre-
sents the rotational component which, though the
larger term, is not essential for identifying atmo-
spheric cells (Krishnamurti, 1971; Wang, 2002a,
b). The pressure vertical velocity (VV) at 500 hPa
gives an idea of the mean vertical motion at the
mid-tropospheric level, while its profile between
the 1000 hPa and 200 hPa levels and averaged
over 2.5� S–2.5� N in an east-west plane is used
to diagnose motions associated with an east–
west circulation along the equator i.e. the Walker
circulation cell. Similarly, VV profiles averaged
over 60�–40� W and 10� W–10� E in a north-
south plane are used to examine meridional cells
over the western and eastern Atlantic respec-
tively (Wang, 2002b).

Though similar in approach, the composites
of this study differ from those shown in Wang
(2002a, b) in that they are with respect to pre-
cipitation extremes in the dry season as opposed
to extremes in SST and SLP. Domains are also

extended to include the western Caribbean.
Changes in the large-scale atmospheric circula-
tions are therefore directly related to the Carib-
bean dry season rainfall pattern which may or
may not be related to SST anomalies. Composite
difference maps are utilized with regions of sig-
nificant difference assessed using the Student’s
t-test (Panofsky and Brier 1968; Knaff, 1997).

Finally, statistical models of dry season Carib-
bean rainfall are created for regions suggested by
the CCA analysis. Justification for the regions is
offered in Sect. 5. The section also details the
choice of predictors and the mechanism for nar-
rowing the predictor pool. The models are cre-
ated using two multiple linear regression (MLR)
approaches. The first employs backward elim-
ination (BE) where predictor variables that fail
a partial F-test at the alpha significance level
of 0.05 are eliminated. In the second, a step-
wise procedure is used and Akaike Information
Criteria (AIC) weights are assigned to model
parameters. Variables contributing the least in-
formation at each step are eliminated (Akaike,
1973, 1974, 1983). The final model is one that
yields the lowest AIC value.

The models are validated using the cross-vali-
dation method (Hastenrath, 1995; Drosdowsky
and Chambers, 2001) for the 1958–1995 period
and using independent data for 1996–2003. The
following skill scores are used in assessing the
regression models:

(i) The model skill (S): Correlation between
the forecast and observed values.

(ii) The coefficient of determination (R2): The
percentage of variation in the observed
data accounted for by the regression line

(iii) The multiple R: The square root of the R2.

The regression models are further evaluated
by categorical scores for three categories: Very
Wet, Average, and Very Dry. Additional assess-
ment scores include:

(iv) The Hit Rate (HR): The percentage of per-
fect categorical forecasts.

(v) The Skill Score (SS): A variation of the HR,
where SS has a chance value of zero, a score
of þ100% for a set of perfect hits and
�100% for a set of forecasts with no hits.

(vi) The Linear Error in Probability Space
(LEPS) Score: A measure of how close
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the forecast and observed values are in
terms of the probability density function
of the observations (Ward and Folland,
1991; Potts et al., 1996). LEPS penalizes
a forecast that is two categories in error
more than another which is only one cate-
gory in error.

(vii) The Probability of Detection (POD) above
or below normal: The percentage of correct
above or below normal events predicted.

(viii) The False Alarm Rate (FAR) above or be-
low normal: The percentage of far above or
below forecast which failed to materialize.

All the scores are consistent with those de-
tailed in Alfaro (2000) and Ashby et al. (2005).
A perfect model would have SS, LEPS, and
PODs of 100% and FARs of zero. A good model
would have positive SS and LEPS, PODs greater
than 50% and FARs less than 33.3%.

3. CCA results

3.1 CCA statistics

The three leading Pacific and Atlantic SSTA
modes from principal component analysis pre-
filtering explain 75–86% and 68–76%, respec-
tively of each basin’s variability, while the first
three PRECIPA modes explain 49–63% of the
observed rainfall variability. It is the first three

principal component analysis modes in each case
which are combined and used in the CCA.

The leading CCA modes of Pacific (P1) and
Atlantic (A1) variability for each 2-month period
account for 13–25% and 14–22%, respectively
of the bi-monthly precipitation variability and
exhibit modest (0.52) to robust (0.84) correlations
with the primary PRECIPA mode. These values
are higher than that explained by the second
CCA modes in all bimonthly periods except for
July–August for the Pacific. Subsequent discus-
sions are therefore confined to the primary modes.

3.2 Pacific SSTA variability and Caribbean
precipitation

Table 2 shows the correlations between the time
coefficients of Pacific SSTA (P1) and PRECIPA
(PR1) for the first CCA mode and the SSTA
indices of Table 1. P1 shows significant and ro-
bust correlations with both the ni~nno-3 and EqA
indices for the Caribbean dry season i.e. November
through April. EqA and ni~nno-3 indices are how-
ever significantly correlated (>0.90) for the same
months and P1 is therefore deemed an ENSO
mode. (See Giannini et al., 2000 for a discussion
of the strong association between the equatorial
Pacific and equatorial Atlantic during boreal
winter of ENSO years). Significant correlations
between the leading PRECIPA mode (PR1) and
the ni~nno-3 index (Table 2b) also confirm the sig-

Table 2. Correlations of primary CCA modes of (a) Pacific SSTA and (b) PRECIPA and SSTA indices. Indices are as defined in
Table 1. Values in bold are significant at the 95% level

Indices Jan–Feb Mar–Apr May–Jun Jul–Aug Sep–Oct Nov–Dec

a
Ni~nno-3 20.91 20.87 �0.08 20.66 20.66 20.81
TNA 20.42 20.43 �0.20 0.38 20.69 �0.37
TSA 20.48 �0.34 20.60 0.47 20.59 20.59
TNA�TSA 0.06 �0.10 0.33 �0.20 0.11 0.30
TNAþTSA 20.61 20.54 20.56 0.50 20.73 20.59
EqA 20.93 20.84 �0.29 �0.29 20.81 20.87
PacEqA 20.85 20.77 0.03 20.75 20.56 20.75

b
Ni~nno-3 20.65 0.72 0.10 20.58 0.39 20.57
TNA �0.28 0.37 �0.29 0.36 0.62 �0.01
TSA �0.37 0.16 0.35 0.13 0.30 �0.37
TNA�TSA 0.08 0.17 20.47 0.15 0.16 0.36
TNAþTSA 20.45 0.38 0.06 0.27 0.50 �0.25
EqA 20.67 0.71 0.15 �0.35 0.48 20.62
PacEqA 20.60 0.64 0.07 20.62 0.33 20.52
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nificance of the ENSO-Caribbean rainfall rela-
tionship for the dry season.

The Jan–Feb heterogeneous maps (Fig. 2a, b)
illustrate the pattern of the association. Equator-
ial Pacific SSTAs are negatively correlated with
precipitation anomalies in the southern Carib-
bean basin (south of approximately 18� N and
centered on the south-eastern Caribbean islands)
and positively correlated with anomalies to the
north, and vice versa. It is a warm (cold) equa-
torial Pacific which is associated with negative
(positive) rainfall anomalies over the southern
Caribbean and positive (negative) rainfall anom-
alies in the north, particularly over Cuba and
southern Florida. A transition zone between the
oppositely signed precipitation anomalies is
established between 18� and 20� N and encom-
passes Jamaica, Hispaniola and Puerto Rico.
There are no significant correlations in this zone.
Figure 2a is consistent with the ENSO-related
precipitation pattern for the Caribbean and
Central American region during boreal winter
(Enfield and Alfaro, 1999; Giannini et al., 2000;
Spence et al., 2004).

We note that the ENSO associated north-south
precipitation gradient is still present in March–
April (not shown), though regions of significant
correlation are confined to the Leeward Islands

(12�–14� N; 62�–65� W) in the south and to the
far north Caribbean above 24� N. By May–June
however (i.e. the early rainfall season) the equa-
torial Pacific influence disappears and (as seen
from Table 2) the strongest significant correla-
tions for P1 and PR1 are with tropical Atlantic
indices (TSA, TNAþTSA and TNA�TSA,
respectively). During the remainder of the wet
season (July–August and September–October)
inter basin zonal SSTA gradients and the tropical
Atlantic become significant (see also Taylor et al.,
2002). By November–December however the
ENSO signal is once again robust (see Table 2)
and a basin of oppositely signed precipitation
anomalies in the northern and southern Carib-
bean is again apparent (Fig. 2c, d).

3.3 Atlantic variability and Caribbean
precipitation

The correlations between the leading Atlantic
and Pacific SSTA modes (A1 vs. P1) and be-
tween their corresponding precipitation modes
(AR1 vs. PR1) were calculated (not shown). P1
correlates significantly with A1 in all bi-monthly
periods, with strongest correlations during the
Caribbean dry season and in particular from
January through April (�0.93 and �0.95). Low-

Fig. 2. CCA results for PRECIPA and
Pacific SSTA for January–February
(a–b) and November–December (c–d).
Panels (a) and (c) show the distribution
of scalar correlation (shading and con-
tour interval is 0.2� 100) between the
gridded PRECIPA and mode 1 expan-
sion coefficients for Pacific SSTA.
Panels (b) and (d) show the distribution
of scalar correlation between the gridded
Pacific SSTA and mode 1 expansion co-
efficients for PRECIPA. The average
95% significance levels are 0.31 and
0.35, respectively
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est correlation between the two primary SSTA
CCA modes is during May–June (0.49).

A1 is considered a proxy of Pacific variability
in the dry season, i.e. two winter ENSO modes
are effectively obtained in spite of our separation
of the Atlantic and Pacific basins. This would
explain the high correlations between A1 and
P1 and is likely due to the inclusion of a small
portion of the eastern equatorial Pacific in the
Atlantic SSTA domain (see Fig. 3b). It nonethe-
less underscores the dominance of the equatorial
Pacific in the dry season over tropical Atlantic
influences. We contrast this, for example, with the
Caribbean in May–June during which a north–
south tropical Atlantic SSTA gradient emerges
as the primary Atlantic mode (not shown) in spite
of the inclusion of the equatorial Pacific in the
Atlantic SSTA domain.

There is therefore (not surprisingly) a strong
similarity between the A1 heterogeneous SST on
precipitation map obtained for Jan–Feb (Fig. 3a)
and that shown in Fig. 2a for the first Pacific
CCA mode. The oppositely signed north-south
Caribbean precipitation signal is evident in the
first winter Atlantic mode. Note also the signifi-
cant correlation with the eastern equatorial Atlan-
tic as would also be anticipated from Table 2.

In tandem the CCA analysis of both Pacific
and Atlantic basins suggest the ENSO signal is
robust and strong during the Caribbean dry sea-
son even more so than for other periods through-
out the year. ENSO indices or their proxies are
good potential predictors of rainfall anomalies
for the period. The signal is also consistent in
its manifestation and the CCA maps indicate the
south-eastern Caribbean as a region where an
ENSO-based model would likely be effective. We
discuss this further in Sect. 5.

4. Composites

We examine the mean atmospheric circulation
for years when the Caribbean dry season exhibits
rainfall extremes. Since the January–February
interval is at the height of the dry period it is
taken as representative of the entire period, and
the detrended time series of its first CCA precip-
itation mode is used to determine high and low
rainfall years (see again Sect. 2). Composites
were made for precipitation and the other pre-
viously noted atmospheric variables using the
Maga~nna and reanalysis datasets, respectively.

High (low) precipitation years correspond to
a wet (dry) south-eastern and dry (wet) north
Caribbean (see again Fig. 2a). It is of significance
that even though the composites were done on
the basis of rainfall extremes, 9 of the 14 low
rainfall years were El Ni~nno years while 4 of the
8 high rainfall years correspond to La Ni~nna years.
This further confirms the robustness of the ENSO
signal during this period. Not surprisingly, the
regions of significant precipitation difference be-
tween high and low years (not shown) replicates
Fig. 2a, though Puerto Rico no longer falls within
the transition zone.

The corresponding mean atmospheric circula-
tion is gleaned from Fig. 4a–e. Figure 4a, b show
two areas of statistically significant difference
between high and low years for anomalous low
and upper level divergence, located in the equa-
torial and north Pacific Ocean. The patterns
imply anomalous low (upper) level divergence
(convergence) over the equatorial Pacific during
high years, as would be the case during cold
equatorial Pacific episodes. From similar regions
of significance difference in the Atlantic we infer
that anomalous low (upper) level convergence

Fig. 3. As in Fig. 2 but for CCA of
PRECIPA and Atlantic SSTA
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(divergence) exists over the Amazon and western
equatorial Atlantic and anomalous low (upper)
level divergence (convergence) over Florida and
the tropical north Atlantic during high years. The
areas of significant divergence anomalies are
accompanied by changes in cyclonic and anti-
cyclonic motion as indicated by the changes in
vorticity. The patterns of Fig. 4a and b are re-
miniscent of the Pacific North American (PNA)
pattern (Wallace and Gutzler, 1981; Horel and
Wallace, 1981) and clearly show its influence
penetrating the northern Caribbean during the
dry season.

From Fig. 4c regions of significant change in
the 500 hPa vertical velocity exist over the equa-
torial and north Pacific with anomalous medium
level descent implied for high years. Recall that

vertical motions at midlevel are a useful indicator
of coupling between the upper and lower tropo-
sphere. By comparison, anomalous descent exists
over the northern Caribbean and tropical north
Atlantic while anomalous ascent occurs over
the Amazon and western equatorial Atlantic.

Difference composites of upper and lower
level zonal and meridional wind anomalies (not
shown) complete the circulation picture. The pat-
terns reveal that low level westerlies and upper
level easterlies dominate east of the equatorial
Pacific low-level divergent centre and extend
across Central and South America and into the
Caribbean during high years. Significant changes
in upper and lower level meridional wind anoma-
lies also occur in the Atlantic between 0� and
20� N and extend from the Caribbean to the western

Fig. 4. Composite difference of (a) 850 hPa divergent wind (ms�1) and vorticity
(m2 s�1) anomalies, (b) 200 hPa divergent wind and vorticity anomalies, (c) 500 hPa
vertical velocity anomalies (Pa=s), (d) zonally averaged vertical velocity between
2.5� S and 2.5� N, (e) meridionally averaged vertical velocity between 60� and 40� W.
Broken contours represent negative values. Significant differences in contoured
variables are shaded
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coast of Africa. Over this region it is anomalous
low level northerlies and upper level southerlies
that exist during high years.

The resulting picture is that during high years
when the south-eastern (north) Caribbean is wet
(dry) there is an anomalous Walker cell charac-
terized by ascent over the Amazon and the south-
eastern Caribbean, easterly flow aloft, descent
over the equatorial eastern Pacific and low level
westerly flow back to the Amazon. Figure 4d
shows the anomalous ascent (descent) throughout
the troposphere over the Amazon and western
equatorial Atlantic (eastern equatorial Pacific).
This anomalous circulation pattern would yield
the positive rainfall anomalies over the south-east-
ern Caribbean. There is also an anomalous Hadley
cell involving anomalous ascent over the Amazon
coupled with anomalous descent at approximately
25�–35� N (Fig. 4e). The latter region of descent
penetrates the northern Caribbean, resulting in the
anomalous drying over this area. A reversal of
the anomalous Walker and Hadley cells occurs
for low years yielding in the negative (positive)
precipitation anomalies over the south-eastern
(north) Caribbean.

The composite analysis also suggests that
Jamaica and Hispaniola are situated at the edge
of the anomalous ascending limb of the Hadley
to the immediate south and the anomalous des-
cending limb to the immediate north. This can-
cels the impact of ENSO induced anomalies in
these circulations on the islands of this region.
This explains the lack of any significant correla-
tions in Fig. 2b in this region or any significant
difference in precipitation between high and
low years (not shown). It is unlikely that any
model for Jamaica or its vicinity would incorpo-
rate ENSO as a predictor in spite of its robust
signal during the dry season.

5. Statistical models

5.1 Predictors and predictands

The heterogeneous precipitation maps (Figs. 2a,
c and 3a) eliminate the possibility of using the
Caribbean rainfall index of Taylor et al. (2002) or
Ashby et al. (2005) as the predictand for the dry
season. Unlike for the wet season, it is not rep-
resentative of the principal mode of variability
across the basin. A statistical model is instead

attempted for an index centered on the south-
eastern Caribbean where the ENSO impact is
strong (Figs. 2a, 3a). The south-eastern Caribbean
anomalous rainfall index (SCI) was constructed
from the Maga~nna et al. dataset and is an area av-
erage over the domain 12�–16� N, 60�–65� W
over January and February for the period 1958–
1995. SCI correlates significantly with rainfall
stations on islands within or just outside the
domain (e.g. Dominica – 0.69, Barbados – 0.68,
Anguilla – 0.82 and Montserrat – 0.55)3.

For comparison we also attempt a model for
Jamaica (18� N, 77� W) which was consistently
located in the ‘transition zone’. A Jamaica anom-
alous rainfall index (JI) was constructed by av-
eraging data over January and February for
1958–1995 obtained from 43 stations across the
island. JI correlates significantly (0.98) with a
180-station index used by Hall (2003) and with
data obtained for Jamaica from the Climatic
Research Unit (CRU) time series (TS) 2.0 gridded
dataset (Mitchell et al., 2002, 2003) (0.99).

Table 3 shows the predictors used to create the
SCI and JI models respectively. The predictors
were culled from a much larger predictor pool
which was not restricted to SST indices but
included (i) a full suite of global indices (e.g.
Ni~nno-1,2,3 and 4, the North Atlantic Oscillation
index, the Atlantic Warm Pool index, the Quasi-
biennial Oscillation, etc.), (ii) area averaged in-
dices representing regions of strong correlation
up to one year’s lag as deduced from correlation
maps between the predictands and selected atmo-
spheric variables (not shown), and (iii) indices
specially constructed to capture the atmospheric
dynamics discussed in the previous section. The
predictors retained in Table 3 were those which
showed significant correlations with the two pre-
dictands. SO and ND as referenced in the table
represent the September–October and November–
December periods, respectively.

Note from Table 3 that there are separate pre-
dictor pools for SCI and JI thereby justifying
the decision to create separate models. There are
four SCI predictors (Ni~nno-3, SOI, PNA and
SLPZN) which capture the strong ENSO modula-
tion of rainfall over the south-eastern Caribbean

3 Station data for a number of Caribbean islands were obtained

from the Caribbean Institute for Meteorology and Hydrology

(CIMH) located in Barbados.
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during the dry season. In addition, the ZW2 vari-
able is taken as representative of the influence of
the atmospheric circulation anomalies, while SH
it is believed illustrates the more regional in-
fluences on rainfall variability. Note also that
there are no Pacific SSTA predictors for Jamaica.
Instead the JI predictors comprise SLPZUM and
SHMER which capture meridional gradients in
pressure and moisture between regions north and
south of the transition zone. The North Atlantic
SST index we believe is a proxy for the influence

of the NAH, while ZWDIF captures zonal atmo-
spheric circulation anomalies over the northern
South American.

5.2 The South-eastern Caribbean model

Models were created and validated using the
techniques outlined in Sect. 2. In the first in-
stance SCI models using only the Ni~nno-3 index
were created. Only that for BE is shown below as
the skill was almost identical irrespective of the

Table 3. List of potential predictors for the (a) SCI and (b) JI. SO and ND represent the September–October and November–
December periods respectively

Predictors Bi-monthly
divisions

Description Correlations

a
1 Ni~nno-3 SO As defined in Table 2.1 �0.58
2 SOI SO As defined in Table 2.1 0.58
3 PNA SO As defined in Table 2.1 �0.38
4 SLPZN SO Difference of SLPA averaged over 25�–30� S, 120�–130� W and

0�–5� N, 0�–10� W
0.74

5 SH ND Specific humidity anomalies averaged over 12.5�–15� N,
92.5�–95� W–700 hPa level

�0.56

6 ZW2 SO Zonal wind anomalies averaged over 17.5�–20� N,
87.5�–90� W–200 hPa level

�0.67

b
1 SLPZSUM SO [SLPA(2.5� N-2.5� S, 135�–140� W)–SLPA(5�–10� S, 40�–45� W)]þ

[SLPA(37.5�–42.5� N, 60�–65� W) –SLPA (35�–40� N, 30�–35� W)]
0.61

2 SST ND SSTA averaged over 35.5�–40.5� N, 29.5�–39.5� W �0.52
3 SHMER SO Difference of Specific humidity anomalies averaged over 25� E–

27.5� N, 85�–90� W and 15�–17.5� N, 80�–82.5� W–700 hPa level
0.58

4 ZWDIF ND Difference of 200 hPa and 850 zonal wind anomalies averaged over
7.5�–10� N, 72.5�–77.5� W

0.44

Table 4. Cross-validation assessments of the regression models for predicting the SCI and JI. S is the skill; R2 is the coefficient
of determination; R is the multiple correlation coefficient; HR is the Hit Rate; SS is the Skill Score; LEPS is the Linear
Estimation in Probability Space; FARBN and FARAN are the false alarm scores for below normal and above normal forecast;
PODBN and PODAN are the probability scores for predicting below normal and above normal events

South-eastern Caribbean Jamaica

Model
Predictors

Ni~nno-3(SO) SLPZN(SO),
ZW2(SO)

SHMER(SO), ZWDIF(ND),
SST(ND)

SHMER(SO), ZWDIF(ND),
SST(ND), SLPZSUM(SO)

S 0.53 0.80 0.84 0.82
R2 0.32 0.69 0.71 0.72
R 0.57 0.83 0.84 0.85
HR 0.73 0.81 0.84 0.78
SS 0.59 0.72 0.76 0.68
LEPS 0.43 0.64 0.69 0.57
FARBN 0.25 0 0 0.08
FARAN 0 0 0 0
PODBN 0.75 0.67 0.67 0.67
PODAN 0.46 0.77 0.85 0.69
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technique applied. bYYSCI is the forecasted value of
the SCI, that is, the average rainfall amount over
January and February in centimetres. The SCI
model’s skill is assessed by the scores given in
column 1 of Table 4 and by the plot of forecast
versus observed values shown in Fig. 5a.

bYYSCI�BE ¼ 0:0189 � 0:6925 NiñoðSOÞ
A model with Ni~nno-3 alone does reasonably

well at predicting the variability of the south-
eastern Caribbean over the hindcast period as

indicated by Fig. 5a and the assessment scores.
The model has a R2 value of 32% and a SS of 0.59.

If we do not constrain ourselves to the Ni~nno-3
predictor but include the other significantly cor-
related variables of Table 3, models of better skill
emerge. The models now obtained for the SCI
from BE and AIC are:

bYYSCI�BE ¼ 0:0967 þ 0:0353 SLPZNðSOÞ
� 0:2533 ZW2ðSOÞ

bYYSCI�AIC ¼ 0:0971 þ 0:0352 SLPZNðSOÞ
� 0:2535 ZW2ðSOÞ

The units of SLPZN(SO) and ZW(SO) are gpm
and ms�1 respectively. Note that even though the
SCI model does not retain the ni~nno-3 index ex-
plicitly, it does retain SLPZN(SO) which corre-
lates significantly with both the ni~nno-3 (0.71) and
SOI (0.76) indices i.e. it retains the equatorial
Pacific influence.

Column 2 of Table 4 provides an indication of
the skill of these SCI models as does Fig. 5b. The
value of R2 is 0.69 and the skill score is 0.72.
HR, which is an indicator of the ability of the
model to predict very wet, average and very dry
conditions is 81%. The PODAN and PODBN val-
ues of 77% and 67%, respectively and the false
alarm rates of zero for above and below normal
events further imply that these SCI regression
models exhibit reasonable skill in forecasting
extreme events during the Caribbean dry season.

The models’ abilities were further tested using
independent data compiled from four islands in the
south-eastern Caribbean – Barbados, Dominica,
St. Vincent and Grenada. Rainfall data for the

Fig. 5. Plot of forecasted versus observed monthly rainfall
anomalies for south-eastern Caribbean. Forecasted values
obtained using the (a) Ni~nno-3(SO) predictor, and (b)
SLPZN(SO) and ZW2(SO) predictors. Dashed lines and
circles represent forecasted values

Table 5. Same as Table 4 but using the independent data for the period 1996–2003 for anomalous rainfall over the south-eastern
Caribbean and Jamaica

South-eastern Caribbean Jamaica

Model
Predictors

SLPZN(SO), ZW2(SO) SHMER(SO), ZWDIF(ND),
SST(ND)

SHMER(SO), ZWDIF(ND),
SST(ND), SLPZSUM(SO)

S 0.48 0.47 0.46
R2 0.53 0.52 0.74
R 0.73 0.72 0.86
HR 0.63 0.44 0.78
SS 0.44 0.17 0.67
LEPS 0.23 �0.23 0.62
FARBN 0 0.67 0
FARAN 0 0.50 0.25
PODBN 0.50 0.33 0.67
PODAN 0.33 0.25 0.75
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period 1996–2003 were obtained for one sta-
tion in each of the four islands. Rainfall anoma-
lies were computed and the data averaged to
obtain an anomalous south-eastern Caribbean
rainfall index. The SLPZN(SO) and ZW2(SO)
predictors were obtained from the NCEP=NCAR
NCAR reanalysis data available from the NOAA-
CIRES Climate Diagnostics Center web site at
http:==www.cdc.noaa.gov=. The predictors were
used to generate a timeseries of predicted rainfall
anomalies which was compared to the observed
anomalous rainfall index. The models skill scores
are summarized in Table 5.

The SLPZN(SO) and ZW2(SO) predictors
explain 53% of variability for the period and ex-
hibit a hit rate of 63% and a probability of de-
tection of above and below normal precipitation
of 33 and 50%, respectively. The models also
demonstrate a false alarm rate of zero for above
and below normal rainfall events again suggest-
ing a fair degree of skill. We anticipate that the
estimates of model skill would have been even
greater if the Maga~nna dataset used to train and
cross-validate the models over the 1958–1995
period, was also available for 1999–2003.

5.3 The Jamaica model

The models obtained for JI are given by:

bYYJI�BE ¼ � 0:0021 þ 2:5127 SHMERðSOÞ
þ 0:0004 ZWDIFðNDÞ
� 0:0019 SSTðNDÞ

bYYJI�AIC ¼ � 0:00160 þ 2:19480 SHMERðSOÞ
þ 0:00031 ZWDIFðNDÞ
� 0:00108 SSTðNDÞ
þ 0:00003 SLZSUMðSOÞ

bYYJI is the forecasted value of the JI in cm. The
units of SHMER, ZWDIF, SST and SLPZSUM
are kg=kg, ms�1, �C and gpm, respectively. The
coefficients of both equations are to the order
103. Using the AIC technique SLPZSUM(SO)
is retained as an additional predictor. The JI mod-
els capture approximately 72% of the January–
February rainfall variability for Jamaica and
exhibit a HR of 78 and 84% (Table 4). The main
difference between the BE and AIC models is
with the PODAN, as the BE model has a value
of 85 vs. 69% for the AIC model.

Skill tests performed on station data for
Jamaica for the period 1996–2003 reveal that
the model with all four predictors [SHMER(SO),
ZWDIF(ND), SST(ND) and SLPZSUM(SO)] ex-
hibits greater skill than the model comprising
only three predictors (c.f. Table 5). The four-pre-
dictors model has a hit rate of approximately
78%, PODBN and PODAN of 67 and 75%, re-
spectively and false alarm rate above normal
and below normal of 0 and 25% respectively.
This is in comparison to an HR of 44%, PODBN
and PODAN of 33 and 25%, respectively and
FARBN and FARAN of 67% and 50% respec-
tively exhibited by the three-predictor model.

6. Discussion and summary

Our aim was to investigate the possibility of
creating statistical models for dry season rainfall
in the Caribbean. We used CCA to first confirm
that ENSO is the dominant mode of rainfall
variability for the Caribbean dry season and that
the mode manifests itself as oppositely signed pre-
cipitation anomalies over the northern Caribbean
(north of approximately 20� N) and southern
Caribbean. The ENSO signal is strong over the
far northern and the south-eastern Caribbean with
the latter (former) being negative (positive) during
a warm Pacific event. A transition zone from posi-
tive to negative rainfall anomalies (or vice versa)
occurs in the 18�–20� N latitudinal band and
includes Jamaica, Hispaniola and Puerto Rico,
where ENSO impact appears to be non-existent.

The findings put in context the results of other
sub-regional studies which report increased win-
ter rainfall over Florida and Cuba in relation
to warm ENSO events (Schmidt et al., 2001;
Naranjo-Diaz, 2001, respectively), decreased rain-
fall over the Dutch Caribbean (Martis et al., 2002),
and an absence of ENSO-related precipitation over
Puerto Rico (Malmgren et al., 1998). The results
also extend the work of Enfield and Alfaro (1999),
Giannini et al. (2000), and Spence et al. (2004) by
showing that the signal and its corresponding gra-
dient rainfall pattern is a robust feature of the entire
dry period. CCA results for other bi-monthly pe-
riods confirm a fading of the ENSO signal by
May–June which is consistent with the findings
of Giannini et al. (2000) and Taylor et al. (2002).

Composite analysis sheds light on the dy-
namics governing the observed SSTA-rainfall
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relationships or lack of it in the transition zone.
The pattern of an anomalously wet south-eastern
Caribbean and dry north Caribbean seemingly
results from anomalous Walker and Hadley cells
over the Pacific and Atlantic sectors. The anom-
alous Walker (Hadley) cell involves air ascend-
ing over the Amazon, western equatorial Atlantic
and south-eastern Caribbean, diverging to the west
(north), descending over the eastern equatorial
Pacific (tropical-subtropical Atlantic), and re-
turning toward the east (south). The ascent over
the Amazon and western equatorial Atlantic yields
the positive rainfall anomalies over the south-east-
ern Caribbean. The descent over the tropical At-
lantic penetrates the northern Caribbean region
yielding the anomalous drying in this region. We
propose that the anomalous circulation cells are
linked to the ENSO phenomenon, thereby making
the results consistent with the findings of Wang
(2002a), but extrapolated westward to include
the Caribbean. This westward extrapolation al-
lows us to further hypothesize that it is the coin-
cidence of the ascending and descending limbs of
the anomalous Hadley cell which leads to a can-
cellation of the ENSO effect over that region of
the Caribbean deemed the ‘transition zone’.

We further note that the circulation anomalies
presented are consistent with a northward displa-
cement of both the Atlantic equatorial trough and
the north Atlantic high from their climatological
positions during boreal winter of a La Nina event
and vice versa (Hastenrath and Heller, 1977). Con-
verse conditions during an El Ni~nno i.e. a weaken-
ing of the equatorial trough and North Atlantic
High, would indeed yield an anomalously dry
south-eastern and wet northern Caribbean. The
weakening of the high pressure system occurs in
tandem with an equatorial displacement of the
midlatitude jet stream (in turn a spin-off of the
warm ENSO induced PNA pattern). This results
in increased penetration of polar fronts into the
south-eastern United States and Gulf of Mexico
(Ropelewski and Halpert, 1986, 1989; Kiladis and
Diaz, 1989) and by extension the northern Carib-
bean sector.

Finally, there is evidence of predictability of
dry season rainfall anomalies over the south-
eastern Caribbean on the basis of the strong
ENSO modulation of rainfall in this region. It
is important to note that the single Caribbean
rainfall index utilized in other modeling studies

as representative of the region’s variability is not
applicable for the dry season. For the south-east-
ern Caribbean, the model with greatest skill
retains two predictors. They are a zonal SLP gra-
dient over the equatorial Pacific and Atlantic (the
Pacific having the stronger loading) and an index
representing 200 hPa zonal wind strength over
the Central American region. Both offer predict-
ability two months prior to the start of the dry
season, i.e. September–October. However since
the zonal gradient is considered a proxy for the
ENSO influence, and an ENSO model shows rea-
sonable skill, the lead time for prediction may be a
little longer as ENSO events are predictable up to
a few additional months prior to onset (Goddard
et al., 2001).

There is also evidence of the predictability of
dry season rainfall for Jamaica which is situated
within the transition zone, though with comple-
tely different predictors. Not surprisingly, no
ENSO indices or their proxies are retained for
the Jamaican model. Instead the predictors of
Jamaican rainfall include: (i) a meridional gradi-
ent in specific humidity over the Caribbean, (ii) a
sum of zonal SLP gradients situated over the equa-
torial Pacific and Atlantic and over the Atlantic
midlatitudes for September–October, (iii) north
Atlantic SST and (iv) a difference in upper and
lower level winds over the northern South America
for November–December. Three of the four pre-
dictors highlight the importance of gradients in
atmospheric parameters in determining the pre-
dictability of rainfall over Jamaica and by exten-
sion the transition zone. The dynamics of the
transition zone are however not well understood
and need to be further investigated.

Future work would therefore involve the use
of a dynamical regional model to further exam-
ine the circulation features of the dry season,
as well as an investigation of inter-ENSO varia-
bility (Kumar and Hoerling, 1997; Hoerling and
Kumar, 1997; Hoerling et al., 1997) during the
Caribbean dry season rainfall.
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