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Abstract
The Caribbean is a complex region that heavily relies on its rainfall cycle for its economic and societal needs. This makes 
the Caribbean especially susceptible to hydro-meteorological disasters (i.e. droughts and floods). Previous studies have 
investigated the seasonal cycle of rainfall in the Caribbean with monthly or longer resolutions that often mask the seasonal 
transitions and regional differences of rainfall. This has resulted in inconsistent findings on the seasonal cycle. In addition, 
the mechanisms that shape the climatological rainfall cycle in the region are not fully understood. To address these problems, 
this study conducts: (i) a principal component analysis of the annual cycle of precipitation across 38 Caribbean stations using 
daily observed precipitation data; and, (ii) a moisture budget analysis for the Caribbean, using the ERA-Interim Reanalysis. 
This study finds that the seasonal cycle of rainfall in the Caribbean hinges on three main facilitators of moisture convergence: 
the Eastern Pacific ITCZ, the Atlantic ITCZ, and the western flank of the North Atlantic Subtropical High (NASH). The 
Atlantic Warm Pool and Caribbean Low-Level Jet modify the extent of moisture provided by these main facilitators. The 
expansion and contraction of the western flank of NASH generate the bimodal pattern of the precipitation annual cycle in the 
northwestern Caribbean, central Caribbean, and with the Eastern Pacific ITCZ the western Caribbean. This study identifies 
the Atlantic ITCZ as the major source of precipitation for the central and southern Lesser Antilles, which is responsible for 
their unimodal rainfall pattern. Convergence by sub-monthly transients contributes little to Caribbean rainfall.
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1  Introduction

The Caribbean is identified as a highly-vulnerable region 
to climate variability and change (Taylor et al. 2012). The 
region’s vulnerability to climate is a result of a variety of 
factors including: limited human/natural resources; topogra-
phy; densely populated coastal, low-lying urban areas; and, 
high-risk industries, such as tourism and agriculture (Taylor 
et al. 2012; Simpson et al. 2010; Lewsey et al. 2004; FAO 
2016; OCHA 2015). Hydro-meteorological disasters such as 
multi-year droughts and floods have cost Caribbean coun-
tries hundreds of millions of dollars from water shortages 
and contamination which result in agricultural and energy 

production losses that hamper economic growth and exac-
erbate the concurrent social issues (NOAA 2005; ODPEM 
2010; FAO 2016; OCHA 2015, 2016). Numerous modeling 
studies have found systematic biases in the simulation of 
Caribbean rainfall (Ryu and Hayhoe 2013; Eichhorn and 
Bader 2017). These biases are attributed to an insufficient 
understanding of how small and large-scale atmospheric and 
oceanic processes interact to shape the seasonal rainfall pat-
tern in the Caribbean. Therefore, better understanding and 
prediction of rainfall and its variability in space and time in 
the Caribbean is critical.

Situated from 5°N to 27°N and 60°W to 90°W, the Car-
ibbean region is a complex domain of tropical islands and 
large land masses surrounded by the Gulf of Mexico, the 
Caribbean Sea (CS), and the tropical North Atlantic. The 
climate dynamics of the region displays a unique range of 
competing interactions between mid-latitude and tropical 
features across spatial scales.

One of the large-scale features that impact the rainfall 
seasonal cycle in the Caribbean is the semi-permanent 
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subtropical anticyclone known as the North Atlantic Sub-
tropical High (NASH). NASH follows a semi-annual vari-
ability pattern with its peak intensity during the boreal 
summer as a maritime single-maximum pattern and a 
boreal winter feature with dual-maxima with one center 
over the subtropical Atlantic and another center over the 
North American continent (Davis et al. 1997). During these 
seasons NASH induces strong easterly trade winds and sub-
sidence across the Caribbean region (Giannini et al. 2000; 
Wang and Lee 2007). The boreal Spring and Fall are charac-
terized as transitional periods of NASH that result in weaker 
easterlies and weaker subsidence (Davis et al. 1997; Wang 
and Lee 2007).

Two important sources of rainfall in the Caribbean are 
the Intertropical Convergence Zone (ITCZ) and the South 
American Monsoon System (SAMS). The ITCZ is a zonally 
elongated tropical band of deep convection associated with 
confluent trade winds, high rainfall rates, and low pressures 
(Henderson-Sellers and Robinson 1986; Zhang 2001; Has-
tenrath 2002). Two branches of the ITCZ affect the Carib-
bean: the Atlantic ITCZ and the Eastern Pacific ITCZ. Their 
seasonal migrations follow the meridional movement of 
maximum solar radiation with a lag of 1–2 months (Mitchell 
and Wallace 1992; Waliser and Gautier 1993). Their north-
ernmost extent occurs during early September and southern-
most extent during early March. Unlike the Atlantic ITCZ 
and Eastern Pacific ITCZ, the land-based SAMS migrates 
in sync with the solar insolation cycle and is characterized 
by interactions between South American topography and 
ocean–atmosphere dynamics (Silva and Kousky 2012).

Additionally, the convection in the Caribbean is influ-
enced by the location of the Western Hemisphere Warm 
Pool (WHWP) (Weisberg 1996; Wang and Enfield 2001). 
The WHWP refers to an area of regional SSTs warmer than 
28.5 °C. The WHWP consists of two branches: the East-
ern North Pacific Warm Pool and the Atlantic Warm Pool 
(AWP), the latter of which affects the Caribbean Basin 
(Wang et al. 2006). The AWP is absent during the winter. 
It appears off of the NW Caribbean in June. It then expands 
into the Gulf of Mexico in July, the western CS in August 
and the eastern CS in September. It begins to contract by 
October (Wang and Lee 2007). The onset and duration of the 
AWP is in sync with the onset and duration of the Caribbean 
rainfall season (Misra et al. 2014). Its emergence and expan-
sion weaken NASH and its southwestern flank, and weakens 
upper-level westerlies over the Caribbean (Wang and Lee 
2007). The regional warming of the AWP also enhances 
precipitable water in the Eastern Pacific ITCZ and western 
flank of the Atlantic ITCZ (Wang et al. 2008).

The NASH, ITCZ, and AWP and their interactions 
broadly shape the climatological summer rainfall pattern 
in the Caribbean (Giannini et al. 2000; Taylor and Alfaro 
2005). With strong trade winds, subsidence, cool SSTs, 

and the southern migration of the ITCZ, the Caribbean is 
driest during the winter (Taylor and Alfaro 2005). Hence, 
these large-scale features are consistent and responsible for 
the region to be classified as “dry-winter tropical” (Rud-
loff 1981). During the summer rainfall season, on the other 
hand, these large-scale features compete, due to their inter-
actions with regional-scale features and associated feedback 
mechanisms.

One such regional scale features is the Caribbean Low-
Level Jet (CLLJ) (Amador 1998; Amador et  al. 2000). 
Located between Northern South America and the Greater 
Antilles and extending across the western Caribbean, the 
CLLJ is a major transporter of moisture for the Caribbean 
and Central America (Durán-Quesada et al. 2010). The 
CLLJ is also an important component of circulation associ-
ated with the mid-summer drought, which is a short period 
of relatively dry conditions between two rainy intervals 
(MSD, Magaña et al. 1999; Herrera et al. 2015). Studies 
have attributed the genesis of the CLLJ to the intensification 
of easterly winds by NASH (i.e. Wang 2007; Cook and Vizy 
2010) and its strength and orientation to be influenced by the 
AWP (Wang and Lee 2007), NASH (Cook and Vizy 2010), 
and topography (Muñoz et al. 2008).

Other summertime circulation features influencing rain-
fall in the Caribbean are African Easterly Waves (AEW) and 
tropical cyclones (TCs). AEWs are synoptic-scale pertur-
bations, induced by the mid-tropospheric sub-Saharan jet, 
that propagate across the Atlantic Basin from mid-June to 
early October (Burpee 1972). These waves are a source of 
precipitation for the Caribbean, as these features account for 
more than half of all Atlantic TCs, and ~ 85% of major hur-
ricanes (Agudelo et al. 2011). TCs have a similar seasonal 
timeframe as AEWs; however, TCs peak in June and Sep-
tember, and have a minimum in July. In addition to AEWs, 
TCs can form from interactions with the Eastern Pacific 
ITCZ (Toma and Webster 2010), and emergence of the AWP 
(Wang et al. 2006). TCs can weaken from large vertical wind 
shear (Angeles et al. 2010), upwelling in the southwestern 
Caribbean (Inoue et al. 2002) and interactions with the CLLJ 
(Wang et al. 2008).

Other regional influences include a cyclonic sea-land cir-
culation in Central America that displaces moist air into the 
Caribbean Sea (Poveda and Mesa 2000; Allen and Mapes 
2017), mid-latitude troughs providing confluence from baro-
tropic moist vs. baroclinic cold air masses (Reding 1992; 
Schultz et al. 1998; Giannini et al. 2000; Sáenz and Durán-
Quesada 2015; Allen and Mapes 2017), and a large body of 
warm, dry dusty air in the mid-troposphere, the Sahara Air 
Layer, that suppresses moisture (Carlson and Prospero 1972; 
Dunion 2011; Mote et al. 2017).

Localized mechanisms affect the magnitude of rain-
fall across various regions of the Caribbean. Sea breezes 
due to strong easterly winds by NASH, together with 
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orographic lifting, provide rainfall on the leeward side 
of Caribbean islands and the Caribbean coast of Central 
America (Taylor and Alfaro 2005; Giannini et al. 2000; 
Hidalgo et al. 2015; Maldonado et al. 2018). Diurnal heat-
ing accompanied by warm SSTs also enhance convection 
in the Caribbean (Taylor and Alfaro 2005).

Only a handful of studies have investigated the observed 
spatial and temporal rainfall patterns in the Caribbean 
and identified large differences across different parts of 
the region (Giannini et al. 2000; Chen and Taylor 2002; 
Taylor and Alfaro 2005; Jury et al. 2007; Gamble et al. 
2007; Curtis and Gamble 2007; Stephenson et al. 2014). 
Although most of these studies describe the seasonal rain-
fall cycle of the Caribbean as having a bimodal temporal 
pattern, many of these studies are inconsistent with each 
other when explaining regional differences. Some studies 
describe the seasonal rainfall as bimodal in the northwest-
ern portion of the Caribbean and unimodal in the eastern 
Caribbean (i.e. Taylor and Alfaro 2005); others describe 
the opposite (i.e. Jury et al. 2007). Giannini et al. (2000) 
found the MSD to exist only in the central and eastern Car-
ibbean, whereas Curtis and Gamble (2007) and Gamble 
et al. (2007) found the MSD to progress from the eastern 
Caribbean in May to Central America by July. These dis-
crepancies are a result of spatial and temporal scales used 
in either the analyses or data that can mask the seasonal 
transitions and regional differences of the rainfall cycle. In 
addition, publicly available precipitation data at finer tem-
poral resolutions in the Caribbean is sparse. As a result, 
longer time-scale averaged datasets are used to investigate 
the climatology of the Caribbean.

Furthermore, the relative influence dynamical mech-
anisms have on rainfall in the Caribbean is relatively 
unknown. Moisture budgets have been widely used to inves-
tigate sources and inhibitors of moisture globally (Trenberth 
and Guillemot 1995; Seager et al. 2010) and regionally 
(Huang et al. 2005; Jin and Zangvil 2010; Pomposi et al. 
2015). However, to date there has not been a detailed mois-
ture budget analysis for the Caribbean. Given that precipita-
tion, evaporation, and net moisture transport into or out of 
an atmospheric column balance on timescales greater than 
10 days (Brubaker et al. 1993), moisture budgets are useful 
in determining the hydrological cycle on a seasonal scale.

Here, we study the observational seasonal cycle of rainfall 
in the Caribbean using daily data and conducting a principal 
component analysis (PCA) to identify spatial and temporal 
variabilities. In addition, we study the total moisture budget 
of the Caribbean using the ERA-Interim Reanalysis (Seager 
and Henderson 2013). This analysis allows us to answer the 
following questions:

1.	 What are the regional differences of the seasonal cycle 
of rainfall across the Caribbean?

2.	 What are the local and remote dynamical processes that 
shape the spatial and temporal patterns of the seasonal 
cycle in the Caribbean?

The manuscript is structured as follows. Section  2 
describes the data and methods used. Section 3.1 looks at the 
observed rainfall patterns of the Caribbean using the Prin-
cipal Component Analysis. Section 3.2 details the results 
of a total moisture budget of the Caribbean. Section 3.3 
breaks down the Caribbean into its climatological rainfall 
sub-regions based on the findings from 3.1 to 3.2. A sum-
mary, and proposed schematic of the dynamical mechanisms 
that influence rainfall in the Caribbean is found in Sect. 4. 
Finally, a discussion comparing this study with other studies, 
its significance, and future work are also found in Sect. 4.

2 � Data and methods

2.1 � Data

This study uses the Caribbean Institute for Meteorology and 
Hydrology (CIMH) 1969–2017 daily station rainfall. Given 
that some countries in the Caribbean are not member states 
of the Caribbean Meteorological Organization (CMO) from 
whom the CIMH’s data originates, NOAA’s Global Histori-
cal Climatological Network (GHCN) 1960–2017 daily sta-
tion rainfall dataset is also used. Stations are data-stitched 
across the two observational datasets: station’s missing data 
in one dataset is patched by the other dataset. This process is 
done only when the stations’ coordinates between each data-
set are within a 0.05° margin from each other. The data are 
also checked for uniformity by analyzing overlapping years 
from each dataset. The combined CIMH/GHCN metadata-
set provides temporally finite historical precipitation data. 
A total of 38 stations are found, shown in Table 1, satis-
fying the requirements. In order to supplement the station 
data and validate the proposed regional classifications in 
the Caribbean, NASA’s Tropical Rainfall Measuring Mis-
sion (TRMM) version 7 with 0.25° by 0.25° gridded daily 
precipitation estimate dataset (Huffman et al. 2007) is used.

For understanding the dynamical context of the sea-
sonal hydrological cycle, the European Centre for 
Medium-Range Weather Forecasts Interim Re-Analysis 
(ERA-Interim) (Dee et al. 2011) is used to calculate the 
climatological moisture budget. The ERA-Interim is avail-
able at several resolutions. For this study, we used a spatial 
resolution of 1.5° by 1.5°, a 6-hourly temporal resolution 
from 1979 to 2012 (2016 for SST), and 26 pressure lev-
els. In the Caribbean, ERA-Interim bias with respect to 
the Global Precipitation Climatology Project estimate of 
precipitation amounts to of up to ~ + 2 mm/day, which pre-
sents a reduction of excess precipitation over evaporation 



828	 C. Martinez et al.

1 3

compared to ERA-40 (Dee et al. 2011). We note however 
that the reanalysis precipitation is only used in a consist-
ent context with the entire ERA-Interim based moisture 
budget analysis (see below).

2.2 � Methods

2.2.1 � Pentad climatologies and PCA analysis

Given the noise in daily data, pentad (5-day) averages of daily 
rainfall observations are calculated for each station. Using 

Table 1   List of rainfall stations 
used in the study

Station ID, station name, location in latitude and longitude, number of valid years from 1960 to 2017 that 
have valid pentad data, the total number of years available, and missing data. Missing data shows the per-
centage of pentads missing two or more days during total number of years

Station ID Station Location
Lat/Lon

Data

Valid years 
(total years)

Missing data (%)

1 BC B. In. AP. Antigua and Barbuda 17.135 − 61.791 46 (57) 0.79
2 Nassau Intl. AP., Bahamas 25 − 77.5 43 (48) 5.89
3 CIMH, Barbados 13.148 − 59.624 48 (48) 0.00
4 Grantley Intl AP., Barbados 13.08 − 59.485 45 (45) 0.00
5 Cfarm, Belize 17.2 − 89 40 (48) 2.45
6 Intl. AP., Belize 17.53 − 88.3 52 (57) 0.33
7 Georgetown, Cayman 19.3 − 81.3 45 (50) 0.41
8 Camaguey, Cuba 21.24 − 77.51 50 (56) 0.80
9 La Habana, Cuba 23.1 − 82.21 51 (55) 0.79
10 DCAP, Dominica 15.547 − 61.2993 39 (42) 0.61
11 Santo Domingo, D.R 18.25 − 69.58 25 (57) 26.33
12 Guadeloupe 16.2 − 61.66 44 (57) 2.16
13 Georgetown, Guyana 6.8 − 58.133 47 (48) 0.45
14 Time H.R.I, Guyana 6.483 − 58.25 45 (46) 0.02
15 Worthy Park, Jamaica 18.143 − 77.149 39 (42) 1.35
16 Intl. AP., Martinique 14.59 − 60.99 56 (57) 0.14
17 Hewanorra Intl. AP., St. Lucia 13.737 − 60.952 39 (43) 0.15
18 Dumbarton, St. Vincent 13.18 − 61.17 43 (48) 3.17
19 Corantjinpolder, Suriname 5.96 − 57.04 31 (45) 3.47
20 Zanderji, Suriname 5.45 − 55.2 35 (57) 1.37
21 Piarco Intl AP, T&T 10.59 − 61.34 44 (57) 0.00
22 Crown Point, T&T 11.15 − 60.84 44 (57) 0.14
23 Sunset/Ft. Lauderdale, USA 26.1 − 80.28 54 (57) 1.61
24 Key West, USA 24.55 − 81.75 56 (57) 0.02
25 Miami Intl AP, USA 25.82 − 80.28 57 (57) 0.00
26 Palm Beach AP, USA 26.68 − 80.08 56 (57) 0.05
27 Henry E. Rohlsen AP, St. Croix 17.7 − 64.81 39 (44) 2.55
28 Cyril E. King AP, St. Thomas 18.33 − 64.97 25 (43) 9.65
29 Coloso, USPR 18.381 − 67.157 38 (57) 2.61
30 Dora Bora, USPR 18.336 − 66.667 42 (57) 6.68
31 Ensenda, USPR 17.973 − 66.946 49 (57) 2.96
32 Guaynama, USPR 17.978 − 66.087 35 (57) 9.61
33 Jajome Alto, USPR 18.072 − 66.143 47 (57) 1.49
34 Mora Camp, USPR 18.474 − 67.029 44 (57) 2.31
35 Paraiso, USPR 18.265 − 65.721 44 (57) 3.34
36 Morovis N, USPR 18.334 − 66.408 54 (57) 1.25
37 San Andreas, Columbia 12.583 − 81.717 31 (55) 15.89
38 Felipe, Mexico 19.7 − 87.9 32 (57) 12.73
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similar criteria from Hamada et al. (2002), if a pentad has 
two or more days of missing data, the pentad is omitted. If 
a pentad is missing or omitted within an analysis year, the 
entire analysis year is omitted for that station. Valid years for 
the analysis are given in Table 1. The rainfall pentad climatol-
ogy for each station is calculated by averaging all valid years. 
After normalizing the pentad climatologies for each station, 
a Principal Component Analysis (PCA) is conducted, where 
the space dimension is the station number and the time dimen-
sion are the 73 pentads. The first three PCs are preserved and 
passed through a binomial filter for smoothing. The correla-
tion coefficients between each stations’ climatological sea-
sonal rainfall cycle and PC are also calculated. A caveat is 
that the PCA analysis privileges more densely sampled areas, 
which is why the station pentad climatologies are shown in the 
analysis when distinguishing the regional classifications in the 
Caribbean. In addition, TRMM pentad climatologies for each 
of the regional classifications are calculated and compared 
with the station pentad climatologies in order to determine 
the authenticity of the classified regions.

components: moisture convergence associated with the 
monthly mean circulation and moisture convergence asso-
ciated with the submonthly transient eddies:

 where the first term in the summation on the right-hand 
side represents convergence by the mean flow, and the sec-
ond term in the summation on the right-hand side repre-
sents convergence by 6-hourly transient flow. The primes on 
the second term denote daily departures from the monthly 
mean. Next, the divergence operator is moved to inside the 
summation in Eq. 3 in order to break down the mean flow 
convergence into its components. After calculating the cli-
matological monthly and/or seasonal means, Eq. 3 can be 
rewritten as:

where the double bar represents the climatological monthly 
or seasonal mean. The first two terms on the right-hand side 
of Eq. 4 represents the mean moisture convergence due to 
mass convergence and mean moisture advection. The third 
term represents the climatological mean transient moisture 
convergence, and the last term is the surface term, which is 
related to the surface topography and the resulting surface 
pressure gradient. For this analysis the surface term is rela-
tively small compared to other terms and is thus ignored.

3 � Results

3.1 � Principal component analysis of the seasonal 
cycle of rainfall in Caribbean

The first three principal components (PCs) explain 78% of 
the total variance (54%, 16%, 8%, respectively) of the pentad 
rainfall climatological seasonal cycle (Fig. 1a–c). The first 
principal component (Fig. 1a) displays the known seasonal 
characteristics dominant in the Caribbean: the Early-Rainy 
Season (ERS) beginning in late April and lasting through 
June, the MSD from June through August, the Late-Rainy 
Season (LRS) from August through late October, and the 
Winter Dry Season (WDS) from mid-November to April. 
In addition, the maximum rainfall occurs during the LRS 
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2.2.2 � Moisture budget analysis

The atmospheric moisture budget equation can be expressed 
as:

In this equation, precipitation (P) minus evaporation 
(E) is equal to the convergence of the column integrated 
moisture flux (qV, where q is specific humidity and V is the 
horizontal wind vector) multiplied by the scaling factor of 
gravity (g) and density of water ( �w ). Following Seager and 
Henderson (2013), Eq. 1 is rewritten by taking its monthly 
time mean from 6-hourly intervals and put in K model pres-
sure levels:

 where the overbars denote the monthly means. The right-
hand side of Eq. 2 denotes the convergence of the total 
moisture flux (TMF), or the net amount of convergence in 
the atmospheric column vertically integrated in K pressure 
levels. One can further break down the TMF into its two 
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and the MSD is not necessarily a dry season but rather a 
period of less intense rainfall than the ERS and LRS. Nearly 
all stations in the Caribbean have high positive correlation 
coefficients with PC1 (Fig. 1d; Table 2), with the exception 
of the four Guiana stations.

With its negative peak in June and positive peak in 
November, PC2 indicates a modification of the intensity 
of the ERS compared to the LRS rainfall (Fig. 1b). PC2 
also shows a gradual ascent of rainfall towards the LRS in 
positively correlated stations. A notable contrast in spatial 
correlation pattern (Fig. 1e; Table 2) is seen with PC2 from 
NW to the SE portion of the Caribbean stations. Stations in 
the southeast, from the mid to upper portion of the Lesser 
Antilles, the U.S. Virgin Islands, and some in Puerto Rico 
have positive correlations with PC2, while stations in Flor-
ida, Cuba, and the Bahamas have negative correlations. This 
implies that the ERS peaking in June has a stronger signature 

in the NW Caribbean than in the SE Caribbean while the 
opposite is seen during the climatological LRS. Meanwhile, 
stations in the Guianas have high negative correlation coef-
ficients, indicating a complete inverse of PC2: a dominant 
ERS and little to no rainfall during the climatological LRS. 
Finally, PC3 denotes, in stations positively correlated with 
it, the absence of the MSD and a late-LRS peaking in late 
November and extending into the WDS (Fig. 1c). The corre-
lation coefficients in PC3 show a notable meridional contrast 
(Fig. 1f; Table 2). Stations in the NW Caribbean (i.e. Cuba, 
Jamaica, Bahamas, and Florida) have negative correlations 
whereas some stations in Central America, the lower tier of 
the Lesser Antilles, and Guyana, have positive correlations. 
Given the negative correlations seen in PC2 in the NW Car-
ibbean, and a later peak of the LRS seen in PC3, the nega-
tive correlations in PC3 in the NW Caribbean suggest this 
region has a stronger signature of the MSD and an earlier 

Fig. 1   Principal Component Analysis (a–c) and spatial correlation coefficients (d–f) of the climatological Caribbean pentad rainfall at 38 CIMH/
GHCN stations. Coefficients > 0.25 or < − 0.25 are colored for significance
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LRS in comparison to the eastern Caribbean. Meanwhile, 
the positive correlations in Guyana is a combination of the 
absence of the climatological MSD and a late-LRS given 
their inverted relationship seen in PC2.

Overall, the PCA suggests three distinct sub-regions of 
the rainfall cycle in the Caribbean: the NW Caribbean, the 
Central and Eastern Caribbean (Puerto Rico and the Lesser 
Antilles), and the Guianas. However, this rough division of 
the Caribbean regions paints an incomplete picture. Findings 

from total moisture budget provide important insights on the 
regional precipitation patterns across the Caribbean.

3.2 � Moisture budget seasonal cycle

The reanalysis’ spatial moisture budget climatology 
(1979–2012) for the Caribbean is divided into the four cli-
matological precipitation seasons: the WDS (Fig. 2), ERS 
(Fig. 3), MSD (Fig. 4), and LRS (Fig. 5).

Table 2   Correlation coefficients between the station annual cycle of rainfall and PC1, 2, and 3

Values bolded and italicized denote significance at the 95th confidence level

Region (ID) Station Name rPC1 rPC2 rPC3

Northwest Caribbean (2) Nassau, Bahamas 0.751 − 0.432 − 0.290
(7) Georgetown, Cayman 0.910 0.025 − 0.127
(8) Camaguey, Cuba 0.728 − 0.387 − 0.440
(9) La Habana, Cuba 0.746 − 0.214 − 0.254
(15) Worthy Park, Jamaica 0.752 − 0.029 − 0.410
(23) Ft. Lauderdale, USA 0.770 − 0.418 − 0.314
(24) Key West, USA 0.811 − 0.130 − 0.347
(25) Miami Intl. AP., USA 0.784 − 0.402 − 0.348
(26) Palm Beach, USA 0.763 − 0.321 − 0.352

Western Caribbean (5) CFarm, Belize 0.799 − 0.103 0.330
(6) Intl. AP., Belize 0.850 − 0.021 0.162
(37) San Andreas, Columbia 0.879 − 0.080 0.327
(38) Felipe, Mexico 0.817 − 0.111 − 0.164

Central Caribbean/Northern Lesser Antilles (1) BC Bird Intl. AP., Antigua/Barbuda 0.703 0.420 0.093
(11) Santo Domingo, DR 0.822 0.262 − 0.216
(27) Henry E. Rohlsen AP., St. Croix 0.628 0.385 0.166
(28) Cyril E. King, St. Thomas 0.673 0.444 0.047
(29) Coloso, USPR 0.830 − 0.275 − 0.287
(30) Dora Bora, USPR 0.641 0.140 − 0.318
(31) Ensenda, USPR 0.766 0.394 − 0.175
(32) Guaynama, USPR 0.873 0.026 − 0.101
(33) Jajome Alto, USPR 0.812 0.224 0.070
(34) Mora Camp, USPR 0.584 − 0.123 − 0.094
(35) Paraiso, USPR 0.708 0.197 0.116
(36) Morovis N., USPR 0.463 0.431 − 0.086

Central and Southern Lesser Antilles (3) CIMH, Barbados 0.820 0.345 0.160
(4) Grantley A. Intl. AP., Barbados 0.826 0.346 0.225
(10) DCAP, Dominica 0.781 0.384 0.251
(12) Guadeloupe 0.716 0.131 − 0.029
(16) Intl. AP., Martinique 0.884 0.245 0.215
(17) Hewanorra, St. Lucia 0.822 0.334 0.165
(18) Dumbarton, St. Vincent 0.811 0.340 0.312

T&T/Guianas (13) Georgetown, Guyana 0.078 − 0.780 0.530
(14) Time HRI, Guyana 0.185 − 0.843 0.362
(19) Corantjinpolder, Suriname − 0.001 − 0.895 0.194
(20) Zanderji, Suriname − 0.067 − 0.881 0.064
(21) Piarco, T&T 0.824 − 0.193 0.389
(22) Crown Pt. T&T 0.676 − 0.204 0.356
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Fig. 2   Winter Dry Season (Dec-Apr) climatological seasonal mean 
moisture budget in mm/day. a Precipitation minus evaporation. 
Shaded in green (convergence) and brown (divergence) are b total 
moisture flux, c convergence by the mean flow, d convergence by 
the transient flow, e mass convergence, and (f) advection of specific 

humidity. The contours in b are SSTs. The black vectors in c and 
d are the vertically integrated mean and transient moisture trans-
port vectors, respectively. The grey vectors in c are the 925mb wind 
vectors. The black vectors in e and f are the 925  mb wind vectors. 
The solid black contours in f are specific humidity at 925mb
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3.2.1 � Winter dry season (December–April)

Given P-E (Fig. 2a) equals the TMF (Fig. 2b) in the mois-
ture budget equation, both terms resemble each other well 
in the WDS. In the TMF, convergence is found over the 
continental United States and south of the Caribbean domain 
(except Guianas) where the ITCZ is situated. Divergence is 
seen throughout nearly all of the Caribbean, and the tropical 
North Atlantic coinciding with NASH. In addition, SSTs in 
the Caribbean have values between 24 and 27 °C (Fig. 2b). 
When the convergence of the TMF is broken down into its 
mean (Fig. 2c) and transient (Fig. 2d) components, the latter 
is seen to dominate the TMF convergence north of 20 N, and 
the mean flow dominates the TMF south of 20 N. Therefore, 
the convergence band in the continental U.S. and divergence 

band in the Gulf of Mexico and NW Caribbean are due pri-
marily to the transient flow. The divergence across the tropi-
cal north Atlantic, SE Caribbean, and convergence bands in 
the Guianas/ITCZ regions are due to the mean flow. As for 
the transient flow, the transient mean moisture transport vec-
tors are meridional, that is the land–ocean convergence and 
divergence couplet are a result of high-frequency transient 
eddies that transport moisture poleward.

The breakdown of the mean flow into its mass conver-
gence (Fig. 2e) and moisture advection components (Fig. 2f) 
show that mass convergence is the dominant term of the 
mean flow impact on the moisture budget while mois-
ture advection acts as a modifier. For instance, mean flow 
divergence in the tropical North Atlantic is due to mass 
divergence by northeasterly winds carrying lower values 

Fig. 3   Early Rainy Season (May-Jun) climatological monthly mean 
moisture budget for May (a, c, e, g, i) and June (b, d, f, h, j). a, b 
Precipitation minus evaporation. Shaded in green (convergence) and 
brown (divergence) are c, d total moisture flux, e, f convergence by 
the mean flow, (g, h) mass convergence, and (i, j) advection of spe-

cific humidity. The contours in c and d are SSTs. The black vectors in 
e and f are the vertically integrated mean moisture transport vectors. 
The grey vectors in e and f are the 925 mb wind vectors. The black 
vectors in g–j are the 925 mb wind vectors. The solid black contours 
in i and j are specific humidity at 925 mb
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of specific humidity (q) into the region. This is as associ-
ated with the circulation imposed by the NASH along its 
southern flank. In addition, strong 925mb easterly winds 
are seen across the central CS, these are associated with the 
wintertime CLLJ (Wang 2007). The Gulf of Mexico is the 
only region where moisture advection dominates by acting 
to overcome the effect of weak mean mass divergence. Here, 
strong moisture advection by southeasterly winds carries 
higher q from the CS into the Gulf of Mexico.

3.2.2 � Early rainy season (May–June)

During the ERS, the mean flow (Fig. 3e, f) is the dominant 
contributor of the TMF (Fig. 3c, d). In May, two bands of 
convergence in the Caribbean appear in the TMF (Fig. 3c): 
one in the western flank of NASH from the Dominican 
Republic/Puerto Rico to the mid-latitudes, and the other 
across western portion of the CS. Convergence also appears 
in the Guianas as the Atlantic ITCZ convergence band 
moved northward. Convergence is also seen where the 
northward migrating Eastern Pacific ITCZ and SAMS are 
located. Three zones of divergence are found: one in the 
Gulf of Mexico and NW Caribbean, the southern flank of 
NASH, and a divergence tongue from the Lesser Antilles to 
the Central CS. SSTs in the CS are between 27 °C-28 °C and 
the Gulf of Mexico is at or below 27 °C (Fig. 3c). Areas such 

as the Eastern Pacific ITCZ and the Caribbean shoreline 
of Central America have SSTs at or above 28.5 °C, denot-
ing the warm pool and its Caribbean branch. The regional 
maximum of warm waters coincides with the largest values 
of convergence seen in the Caribbean, which is indicative 
of the WHWP enhancing the Eastern Pacific ITCZ and the 
convection in the western CS.

In the convergence band in the western flank of NASH, 
mass convergence (Fig. 3g) and advection of moister air 
(Fig. 3i) are found. The 925mb wind and mean moisture 
transport vectors in this convergence band have a stronger 
southerly component than during the WDS. Therefore, the 
convergence band in the western flank of NASH is a result of 
weakened trade winds and their associated mass divergence 
and higher values of q from the tropics being advected into 
the subtropics. The convergence band in the western CS is 
mainly associated with mass convergence that connects with 
the Eastern Pacific ITCZ. In addition, the 925mb winds in 
the CS have a stronger southerly component than during 
the WDS. Mass divergence in the central CS is weaker than 
during the WDS. This implies that the western CS band is 
receiving moisture from the Eastern Pacific ITCZ as a result 
of enhanced southerly flow which weakens the divergent 
trade winds in the CS. The Gulf of Mexico and far NW 
Caribbean mean flow divergence is due to mass divergence; 
however, positive advection of moisture via southeasterly 

Fig. 3   (continued)
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winds in the region modifies the magnitude of the overall 
mean flow moisture flux divergence. Finally, the ITCZ con-
vergent bands are a result of mass convergence by the trade 
winds that converge towards the ITCZ.

In June, the TMF and mean flow convergence bands 
associated with the western flank of NASH shifts westward 
to the eastern U.S. coastline and to portions of the Gulf of 
Mexico/NW Caribbean (Fig. 3d, f). This observation is 
consistent with recent studies that investigate the ERS (i.e. 

Fig. 4   Same from Fig. 2 but for the Mid-Summer Drought season (Jul–Aug)
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WT5 in Moron et al. 2015; Allen and Mapes 2017). The 
westward shift of the western flank of NASH, mean flow 
convergence band is due to the westward shift of mass con-
vergence (Fig. 3h) and northwestward shift of positive mois-
ture advection (Fig. 3j). In addition, the 925mb southeasterly 
winds shift westward as southeasterly winds in the Gulf of 
Mexico and NW Caribbean have strengthened while the 
southeasterly winds north of the Dominican Republic/Puerto 
Rico have become easterly. SSTs warm throughout the Car-
ibbean domain and the AWP (28.5 °C) expands to regions 
where convergence across the western CS and Gulf of Mex-
ico is found (Fig. 3d). The convergence band in the western 
CS shifts slightly northwestward as mass convergence from 
the Eastern Pacific ITCZ migrated further northward. The 
Atlantic ITCZ convergence band is also shifts northward, 
but the SAMS convergence band is stagnant. For the TMF/
mean flow divergence, the divergence band in the Gulf of 
Mexico disappears, the divergence band in the southern 
flank of NASH shifts northward, and the divergence tongue 
in the CS extends westward as negative moisture advection 
(Fig. 3j) is enhanced across the CS. In addition, the 925 mb 

easterly winds and mean moisture divergence vectors in the 
CS strengthen (Fig. 3f), similarly to what is found during the 
WDS. The CS mass convergence-negative moisture advec-
tion couplet found in the WDS also returns (Fig. 3h, j).

3.2.3 � Mid‑summer drought (July–August)

The MSD TMF shows three convergent bands and one 
large divergent band in the Caribbean domain (Fig. 4b). 
The convergence bands coincide where precipitation 
exceeds evaporation the most (Fig. 4a) and vice versa with 
the seen divergence bands. The first convergence band is 
associated with the northwestern flank of NASH and is 
seen from Florida to the mid-latitude Atlantic Ocean. The 
second convergence band is seen in the western CS, south 
of the Eastern Pacific ITCZ convergence band. The third 
convergence band is seen in the Lesser Antilles in associa-
tion with the Atlantic ITCZ. The divergence band is seen 
in the southern flank of NASH, portions of the Greater 
and Lesser Antilles, and central CS. In comparison to the 
ERS, the NASH convergence band shifts northwestward 

Fig. 5   Late rainy season climatological monthly mean moisture budg-
ets for September (a, d, g), October (b, e, h), and November (c, f, 
i) (LRS). Shaded in green and brown are a, b, c total moisture flux, 
d, e, f convergence by the mean flow, and g, h, i convergence by the 

transient flow. The contours in a, b, c are SSTs. The black vectors in 
d–f and  g–i are the integrated mean and transient moisture transport 
vectors, respectively. The grey vectors in d–f are the 925  mb wind 
vectors
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and the Eastern Pacific ITCZ/Atlantic ITCZ bands move 
northward. The mean flow is responsible for these conver-
gent and divergent bands (Fig. 4c). Upon the breakdown 
of the mean flow into its mass convergence (Fig. 4e) and 
moisture advection (Fig. 4f) components, mass conver-
gence is largely responsible for the convergence bands, 
whereas mass divergence and negative advection of spe-
cific humidity are largely responsible for the divergent 
band. The enhanced negative advection across most of the 
Caribbean is due to marginally lower values of q across the 
southern flank of NASH being zonally advected into the 
Caribbean. Mean flow convergence in the ITCZ regions 
and northwestern flank of NASH are a consequence of 
converging winds associated with the trade winds, and 
converging southeasterlies on the western flank of NASH 
which advect lower values of q into the mid-latitudes, 
respectively. Similarly, to the WDS and ERS-June, a large 
convergence-divergence couplet is seen between mass con-
vergence and moisture advection in the CS.

The western CS alongside the Nicaragua shoreline has 
mass convergence and advection of drier air, whereas the 
central CS north of the Bay of Venezuela has mass diver-
gence and positive moisture advection. Similar during the 
WDS, a pocket of lower q and strong divergent winds are 
seen north of the Bay of Venezuela, whereas larger values 
of q and strong convergent winds are seen to its east and 
west. The SSTs at and around the CS divergence pocket 
are cooler than the surrounding region (Fig. 4b), which is 
likely a result of coastal upwelling (Inoue et al. 2002). This 
upwelling is forced by the low-level easterly winds, or CLLJ, 
that are parallel to the South American coastline (Fig. 4c, 
e). In addition, the AWP (28.5C) extends eastward into the 
Lesser Antilles but does not reach the North South Ameri-
can coastline (Fig. 4b). This induces an inverted meridional 
SST gradient from the northern South American coast to 
the Greater Antilles. Based on thermal wind balance, the 
negative meridional temperature gradient enhances low-level 
winds from the east (Angeles et al. 2010; Wang 2007) in a 
positive feedback loop. Given that the CLLJ peaks during 
the MSD, it drives the moisture convergence-divergence 
couplet, an observation that is consistent with previous stud-
ies (Muñoz et al. 2008; Hidalgo et al. 2015; Herrera et al. 
2015).

Finally, transient flow impact on the moisture budget is 
relatively weak across the Caribbean (Fig. 4d). That said, 
transient convergence modifies the extent of mean flow 
divergence as values of transient convergence are seen off 
the coast of West Africa and the Caribbean. The mean tran-
sient transport vectors over the tropical North Atlantic and 
off of West Africa are meridional; therefore, the transient 
convergence is a response to easterly moving high-frequency 
eddies (i.e. AEWs). However, the negligible transient 

convergence values seen in the Caribbean suggests their 
influence is marginal.

3.2.4 � Late‑rainy season (September–November)

The LRS TMF in September shows convergence through-
out most of the Caribbean domain (Fig. 5a) as precipitation 
well exceeds evaporation (not shown). Convergence is seen 
throughout the NW Caribbean, eastern Central America, the 
Greater Antilles, and the Lesser Antilles. Some divergence is 
seen in the central CS and in the Guianas. The AWP covers 
the entire Caribbean domain (Fig. 5a). When breaking down 
the TMF into its mean (Fig. 5d) and transient (Fig. 5g) com-
ponents, it is found that TMF convergence is due to conver-
gence from the mean flow. Mass convergence (not shown) is 
the dominate component of the LRS mean flow as moisture 
advection (not shown) is negative but negligible across the 
Caribbean. In the mean flow, three bands of convergence 
are found: one located on the climatological Atlantic ITCZ, 
one located on the climatological Eastern Pacific ITCZ, and 
one located on the western flank of NASH. Both ITCZ con-
vergence bands are seen in the TMF and only the southern 
portion of the western flank of NASH convergence band is 
seen in the TMF. Transient divergence is found across the 
Gulf of Mexico and where the northwestern flank of NASH 
is located. Therefore, transient divergence overtakes the 
mean flow convergence northeast of Florida, which results 
in TMF divergence. The mean transient transport vectors 
are mainly meridional and increasing in magnitude pole-
ward; thus, extratropical high-frequency transient eddies are 
likely responsible for transient divergence seen in the Gulf 
of Mexico and U.S. eastern coastline.

When comparing the LRS-September to the seasonal 
MSD, it is found that the mean flow NASH convergence 
band migrates southward as the Eastern Pacific and Atlantic 
ITCZ convergence bands migrate northward. SAMS mean 
flow convergence band weakens and remains stagnant. The 
mean flow divergence pocket seen in the central CS is dimin-
ished. The southern flank of NASH divergence band is also 
diminished. Low-level winds shift from easterly to south-
easterly across most of the Caribbean domain. Therefore, the 
migration of large-scale convergence bands alongside winds 
that favor mass convergence may explain the enhanced con-
vergence across the entire Caribbean. As for transience, the 
convergence seen in the Caribbean and off of West Africa 
is diminished as divergence from the mid-latitudes extends 
southward into the Gulf of Mexico and portions of the NW 
Caribbean. This suggests mid-latitude high-frequency tran-
sient eddies extending southward as tropical easterly high-
frequency transient eddies, i.e. AEWs, diminish.

In October, TMF convergence moves southward in the 
Caribbean (Fig. 5b) Convergence is seen across the Lesser 
Antilles, Central America, and Puerto Rico/Dominican 
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Republic. Divergence infiltrates the NW Caribbean and 
Gulf of Mexico, as evaporation strengthens and exceeds pre-
cipitation (not shown) across the NW Caribbean and Gulf 
of Mexico. The mean flow (Fig. 5e) shows Atlantic ITCZ 
and Eastern Pacific ITCZ bands shifting slightly southward. 
The NASH mean flow convergence band shifts southeast-
ward and is at similar position seen during the ERS-May. 
However, most of the NASH convergence band vanishes. 
Transient divergence by U.S. mainland high-frequency mid-
latitude eddies (Fig. 5h) shifts southward and strengthens; 
therefore, the transient divergence overtakes the NASH con-
vergence band. Also, seen in the TMF is the contraction of 
the AWP (Fig. 5b). SSTs at or below 27 °C in the Gulf of 
Mexico and portions of the NW Caribbean while the rest 
of the Caribbean is at or above 28.5C. Notably, areas in 
the Caribbean that have larger mean flow convergence than 
transient divergence, have SSTs at or greater than 28.5 °C, 
whereas the opposite is true where transient divergence is 
greater. Finally, low-level winds remain southeasterly across 
the eastern half of the Caribbean domain, whereas the west-
ern half sees an easterly shift. The easterly shift in the west-
ern half of the Caribbean is also on the southern flank of an 
emerging anticyclonic feature seen in the SE United States, 
which is likely the continental High.

TMF convergence zone moves further southward in 
November (Fig. 5c) as evaporation strengthens (not shown) 
and precipitation weakens (not shown) across most of the 
Caribbean. Convergence is seen across the Caribbean coast 
of Central America and the southern half of the Lesser 
Antilles in correspondence to the southward shift of the 
Atlantic ITCZ and Eastern Pacific ITCZ convergence bands 
(Fig. 5f). The Atlantic ITCZ shift results in moisture con-
vergence to return to the Guianas. SAMS shifts southward. 
A pocket of convergence is seen in Dominican Republic/
Puerto Rico and is a result of enhanced surface term conver-
gence on top of mass convergence (not shown). The Carib-
bean is now under the influence of the southern flank of a 
broad anticyclonic circulation consisting of NASH and the 
continental U.S. anticyclone. The shift of low-level winds 
to easterly across the entire Caribbean is likely responsible 
for the pocket of convergence via orographic lifting/zonal 
convergence across the Caribbean side of Central America. 
The mean flow NASH convergence band disappears and is 
replaced by mean flow divergence. Mean flow divergence is 
also seen in the NW Caribbean and Gulf of Mexico. There-
fore, mean flow divergence enhances TMF divergence in 
the Gulf of Mexico and NW Caribbean that is dominated by 
transient divergence (Fig. 5i). SSTs continue to cool across 
the Caribbean (Fig. 5c) and the AWP contracts further and 
is concentrated in the CS.

3.3 � Caribbean climate regions and pentad 
climatologies

Based on the findings from the PCA, three sub-regions 
are seen in the Caribbean. However, with the results of the 
moisture budget analysis, five distinct regions are found, 
each with unique rainfall cycle characteristics (Fig. 6): 
Central Caribbean (Region 1: Dominican Republic, Puerto 
Rico, the Virgin Islands, and Northern Lesser Antilles), the 
Western Caribbean (Region 2: Caribbean coast of Central 
America), the Northwest Caribbean (Region 3: Florida, 
Bahamas, Cuba, Cayman Islands, and Jamaica), the Cen-
tral and Southern Lesser Antilles (Region 4), and Trinidad 
& Tobago (T&T) / Guianas (Region 5). Furthermore, the 
TRMM-based results support the multi-seasonality of the 
different regions based on the station data (Fig. 7). Although 
most of the regional pentad climatologies in TRMM have 
lower magnitudes than the station data, this is possibly due 
to TRMM containing some ocean grids in its pentad calcu-
lations. Another possible source of difference could be due 
to the different temporal coverage of the station vs. TRMM 
data as shown in Fig. 7. However, when the station data 
temporal range matches with TRMM the station pentad cli-
matologies’ from 1969 to 2017 vs. 1998–2014 matched well; 
therefore, there are no systematic differences between the 
two different sets of climatological periods. In sum, the sta-
tion dataset is robust to represent the regional climatology.

3.3.1 � Central Caribbean

The Central Caribbean rainfall cycle is influenced by mois-
ture convergence associated with the expansion and contrac-
tion of the western flank of the NASH. At the beginning of 
the ERS (late-April/early May) convergence from the west-
ern flank of NASH emerges anywhere from the northern 
Lesser Antilles to Puerto Rico, and progresses northwest-
ward into the NW Caribbean as NASH expands westward. 
The pentad climatologies (Fig. 7a, b) show an ERS in the 
Northern Lesser Antilles, and its magnitude increases over 
the U.S. Virgin Islands and Puerto Rico. However, their 
ERS peaks in May and diminishes in June, hence, the posi-
tive correlations seen in PC2 (absence of ERS in June) in 
this region. Moisture divergence from the southern flank of 
NASH returns in the Central Caribbean, which causes the 
MSD. During the LRS, NASH contracts eastward and its 
western flank moves back into the Central Caribbean on a 
similar path to what is seen during the ERS. The western 
flank stalls and dissipates in the Central Caribbean as NASH 
merges with the continental U.S. High; therefore, conver-
gence remains in the region and is why the Central Carib-
bean LRS has a longer duration than its ERS (Fig. 7a, b).
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3.3.2 � Western Caribbean

The Western Caribbean rainfall cycle is dominated by the 
Eastern Pacific ITCZ with some interactions between ITCZ 
and NASH and regional modifications by the AWP and the 
CLLJ. The ERS peaks later than the Central Caribbean, 
starting in late May through early July (Fig. 7c, d). The 
northward migration of the Eastern Pacific ITCZ provides 
moisture for the Western Caribbean during the ERS to LRS. 
During the ERS, P-E is enhanced in this region from two 
convergence bands in the western CS: one on the Nicaraguan 
to Costa Rican Caribbean coast, and the other extending 
from Jamaica to the Yucatan/Belize Caribbean coast. Both 
are enhanced by the AWP; however, the former receives 
convergence from orographic lifting and zonal convergence 
by easterly winds, and the latter receives convergence from 
the transport of moisture from NASH induced southeast-
erly winds. During the MSD easterly winds are enhanced 
by the expansion of NASH, which (1) enhances orographic 
lifting and zonal convergence by the CLLJ and (2) cuts off 
penetration of the Eastern Pacific ITCZ into the Caribbean. 
Therefore, most of the Western Caribbean experiences an 
MSD but not to the extent seen in other regions. The pentad 
climatologies and PC3 support these findings. Stations in the 
western Caribbean (Fig. 7c, d) have a less prominent MSD 
and no significant correlation with PC3. The exception is 
the Nicaraguan to Costa Rican Caribbean coastlines where 

a lack of the MSD is observed due to enhanced convergence 
by the CLLJ (Herrera et al. 2015; Hidalgo et al. 2015). Dur-
ing the LRS, the easterly winds weaken as NASH contracts, 
and the moisture regime and processes described during the 
ERS return. The slow southward migrating Eastern Pacific 
ITCZ stays in the Western Caribbean. which is likely why 
the pentad climatologies and PC3 show a late-end and start 
to the LRS and WDS, respectively.

3.3.3 � Northwest Caribbean

The NW Caribbean rainfall cycle is similar to the West-
ern Caribbean, except it is influenced more by the expan-
sion–contraction of the western flank of NASH, and migra-
tion patterns of U.S. mainland mid-latitude features. During 
the second half of the ERS, the convergence band associated 
with the western flank of NASH migrates from the Central 
Caribbean to the NW Caribbean. This is consistent with the 
negative correlation between PC2 and rain gauge stations 
on the eastern half of the NW Caribbean. In addition, the 
NASH southeasterly winds in the CS provide moisture to 
extend the Eastern Pacific ITCZ into the southern portion of 
the NW Caribbean. During the MSD, this ITCZ penetration 
is marginal as divergence associated with trade winds on 
the southern flank of NASH infiltrates the CS. The pentad 
climatologies (Fig. 7e, f) and the phase of PC3 support these 
findings in the moisture budget. The NW Caribbean has 

Fig. 6   Regional Classifications for the Caribbean. (1) Central Caribbean; (2) Western Caribbean; (3) Northwest Caribbean; (4) Central and 
Southern Lesser Antilles; (5) Trinidad and Tobago (T&T) and Guianas. Red dots indicate stations shown in Fig. 7
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negative correlations with PC3, which is largest in its south-
ern half, consistent with the absence of the MSD. During the 
LRS, NASH contracts and its western flank moves southeast 
on a similar path seen during the ERS. However, transient 

divergence from U.S. mainland mid-latitude features quickly 
strengthens in the continental U.S. and propagates into the 
Gulf of Mexico and eastern Atlantic. Simultaneously, the 
AWP begins its contraction in the Caribbean over the NW 

Fig. 7   Pentad rainfall climatologies in millimeters/day in the Central 
Caribbean: a Antigua and Barbuda, b Paraiso, Puerto Rico; the West-
ern Caribbean: c Belize City, Belize, d San Andreas, Colombia; the 
Northwest Caribbean: e Camaguey, Cuba, f Key West, USA; the Cen-
tral and Southern Lesser Antilles: g Martinique, h Grantley, Barba-
dos; and the T&T and Guianas: i Piarco, Trinidad and Tobago, j Time 

HRI, Guyana. The blue dotted and solid lines represent the pentad 
and binomial filtered station precipitation climatology (respectively) 
averaged over the specified stations for the period 1969–2017. The 
orange dotted and solid lines represent (respectively) the area-aver-
aged pentad and binomial filtered TRMM precipitation climatologies 
in the station-based classified regions, for the period 1998–2014
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Caribbean first. Therefore, convergence from the western 
flank of the NASH dissipates as a result of transient diver-
gence overtaking mean flow convergence in the NW Carib-
bean and the disappearance of the AWP. This supports what 
is seen in the pentad climatologies (Fig. 7e, f) and in PC3 in 
the NW Caribbean. PC3 shows that these stations have nega-
tive correlations to a late-LRS, and the pentad climatologies 
show these stations have the earliest demise of the LRS than 
any other region in the Caribbean.

3.3.4 � Central and Southern Lesser Antilles/T&T/Guianas

The Central and Southern Lesser Antilles and the Trini-
dad and Tobago (T&T)/Guianas rainfall cycles are affected 
by competing influences from the Atlantic ITCZ and the 
diverging trade winds on the southern flank of NASH. 
During its northward migration, Atlantic ITCZ conver-
gence moves through the Guianas and T&T during the 
late-ERS and into MSD and slows down while reaching its 
northern most extent at the central Lesser Antilles by the 

mid LRS. While the Atlantic ITCZ migrates north from 
the southern to central Lesser Antilles during the MSD to 
mid LRS, divergence is seen across the Guianas. During 
the late-LRS, convergence returns in T&T and the Guia-
nas as the Atlantic ITCZ migrates south and divergence 
associated with the trade winds returns in the central and 
southern Lesser Antilles. The Atlantic ITCZ and its migra-
tion pattern explains what is seen in the Lesser Antilles 
and Guianas in the PCA analysis and pentad climatolo-
gies (Fig. 7g–j). This is consistent with numerous rainfall 
studies in the Guianas (i.e. Shaw 1987; Bovolo et al. 2012; 
Durán-Quesada et al. 2012); however, no study has men-
tioned the Atlantic ITCZ as the major source of moisture 
convergence for the Lesser Antilles. The lack of an ERS 
seen in the Lesser Antilles (Fig. 7g, h) is in response to 
not only divergence by NASH (Gamble et al. 2007) and 
trade winds, but also due to the absence of the Atlantic 
ITCZ in the region during the ERS. This also explains 
the Guianas’ negative correlations in PC1, and the posi-
tive correlations with PC3 across T&T and Guianas. The 
bimodal rainfall pattern in the T&T and Guianas (Fig. 7i, 

Fig. 7   (continued)



842	 C. Martinez et al.

1 3

j) is distinct from the climatological bimodal pattern seen 
in most of the Caribbean.

4 � Summary and discussion

This study analyzed the seasonal cycle of rainfall in the 
Caribbean using a principal component analysis (PCA) 
of station data from the Caribbean Institute for Clima-
tology and Hydrology (CIMH) and NOAA Global His-
torical Climatological Network between 1960 and 2017. 
The first principal component (PC1) shows high positive 
correlations across the entire Caribbean as it details the 
well-known bimodal rainfall structure of the Caribbean: 
the Winter Dry Season, Early-Rainy Season, Mid-Summer 
Drought, and Late-Rainy Season. When the ERS and LRS 
are modified (PC2), a NW to SE contrast is seen where sta-
tions in the NW Caribbean show positive correlations to 
a strong ERS and weak LRS while stations in the Eastern 
Caribbean show positive correlations to a weak ERS and 
strong LRS. A meridional contrast for stations in PC3 is 
found as NW Caribbean stations show positive correla-
tions to an enhanced MSD and early-peaking LRS, while 

stations in lower latitudes show positive correlations to an 
absent MSD and late-peaking LRS.

This study then presents a detailed total moisture budget 
for the Caribbean by using the ERA-Interim Reanalysis 
from 1979 to 2012. The results suggest three facilitators 
of moisture convergence that influence the seasonal cycle 
of rainfall in the Caribbean: the western flank of North 
Atlantic Subtropical High (NASH), the Eastern Pacific 
ITCZ, and the Atlantic ITCZ. In addition, two inhibitors 
of moisture are found to influence the seasonal cycle of 
rainfall in the Caribbean: mid-latitude transients from the 
continental United States, and the trade winds along the 
southern flank of NASH. The Atlantic Warm Pool (AWP) 
branch of the Western Hemispheric Warm Pool (WHWP) 
and Caribbean Low-Level Jet (CLLJ) act as regional modi-
fiers of moisture convergence in the Caribbean.

The Caribbean is categorized into five climate sub-
regions based on the findings from the PCA and moisture 
budget analysis: Central Caribbean, Western Caribbean, 
NW Caribbean, Central and Southern Lesser Antilles, and 
the Trinidad and Tobago and Guianas. A schematic (Fig. 8) 
is proposed to demonstrate the interactions of the main 

Fig. 8   Schematic of the features associated with the seasonal cycle of 
rainfall over the Caribbean. Areas shaded in blue are the convergence 
bands. Areas in brown denote transient divergence. White arrows 
denote their movement during a given season. Shaded blue and brown 

arrows denote the convergent and divergent wind vectors, respec-
tively. The large “H” denotes the North Atlantic Subtropical High. 
The small “H” denotes the continental High. The warm pool denotes 
SSTs greater than 28.5 °C is highlighted in maroon
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climatological features across these regions throughout the 
seasonal cycle evolution.

1.	 During the WDS, NASH influence on the Caribbean is 
strong. The North Atlantic anticyclone connects with the 
continental North American High and provides strong 
diverging trade winds and subsidence in the Caribbean. 
The WDS-CLLJ, an absence of the AWP, and strong 
mid-latitude features from the U.S. mainland enhance 
divergence in the CS, Caribbean, and NW Caribbean, 
respectively. The southern flank of NASH expands 
southward as the ITCZ migrates southward. The south-
ward migration of the Atlantic ITCZ draws moisture to 
South America (i.e. to the Guianas) during the begin-
ning of the WDS.

2.	 During the transition into the ERS, the NASH breaks 
off from the dissipating continental High. As a result, 
the western flank of the high-pressure cell emerges and 
induces converging low-level southeasterly winds from 
the CS to the mid-latitudes which breaks the influence of 
the diverging trade winds and wintertime CLLJ and pro-
duces uplifting and rainfall. In addition, the Atlantic and 
Eastern Pacific ITCZ begins its northward migration. 
During the ERS, the western flank of NASH expands 
westward and brings excess rainfall over evaporation 
to the central and NW Caribbean. The mid-latitude 
features over the continental U.S. and their divergence 
retreat northward. The Eastern Pacific ITCZ migrates 
northward and affects the Western Caribbean. The 
expanding western flank of NASH interacts with the 
northward migrating Eastern Pacific ITCZ to transport 
moisture to the NW Caribbean through its shifting east-
erly to southeasterly winds. Simultaneously, the AWP 
emerges across the western CS and Gulf of Mexico and 
enhances the moisture convergence provided by the 
Eastern Pacific ITCZ and the western flank of NASH. 
The Atlantic ITCZ migrates into the Guianas and its 
absence, which is accompanied by strong divergent low-
level trade winds from the northward shifting southern 
flank of NASH, inhibits the ERS in the Lesser Antilles. 
The low-level trade winds re-intensify and re-infiltrate 
the Caribbean as NASH strengthens, which results in the 
MSD.

3.	 During the MSD, NASH expands westward and shifts 
northwestward. This cuts off moisture transport into the 
Caribbean as mass divergence and subsidence associated 
with the trade winds return. This causes an enhanced 
MSD in the NW Caribbean. The Eastern Pacific ITCZ 
migrates northward into Central America and buffers 
the extent of the MSD in the Western Caribbean. The 
Atlantic ITCZ migrates into the Lesser Antilles. The 
U.S. mid-latitude features are absent. The AWP expands 
to all but the colder ocean waters of the North South 

American coastline, causes a strong meridional SST 
gradient in the CS, and enhances the NASH-SST feed-
back loop and resultant MSD-CLLJ. The CLLJ enhances 
divergence across the central and eastern CS and conver-
gence in the Nicaraguan to Costa Rican coastlines of the 
Western Caribbean. The MSD transitions into the LRS 
as NASH begins its western flank contraction.

4.	 During the LRS, NASH contracts and its western flank 
migrates southeast. The Eastern Pacific ITCZ begins its 
southward migration and its interaction with the western 
flank of NASH returns as low-level southeasterly winds 
return across the CS. However, U.S. mainland mid-lati-
tude features and its divergence rapidly shift southward 
and weaken the convergence on the western flank of 
NASH and its confluent interactions with the Eastern 
Pacific ITCZ. The Atlantic ITCZ reaches its northern 
most extent in the Lesser Antilles and begins its south-
ward migration. The AWP, which is at its largest spatial 
coverage, begins to contract and enhances moisture con-
vergence across the Caribbean. The CLLJ disappears as 
the combination of returning southeasterlies and warmer 
SSTs in the central CS reduces the NASH-SST feedback 
loop. NASH continues to contract until the continen-
tal High emerges, which results in the dissipation of its 
western flank, intensification of the trade winds in the 
CS, and the beginning of the WDS.

The schematic provides several important insights 
addressing previous literature on the dynamical mechanisms 
of Caribbean rainfall. First, the structure of the ERS Carib-
bean Rain Belt (CRB) theorized by Allen and Mapes (2017), 
is similar to the ERS in this study and appears to return dur-
ing the LRS. Second, the pattern of the U.S transient diver-
gence suggests the migration pattern of mid-latitude troughs 
in the Caribbean and continental U.S: gradual decline in 
its frequency during the ERS, and abrupt incline in its fre-
quency during the LRS (DiMego et al. 1976). DiMego et al. 
(1976) also suggests that during the spring these features 
stall in the Caribbean, whereas in the fall they quickly pass 
through; therefore, the convergence bands in the NW and 
Western Caribbean may be influenced by the stalling of con-
vergence by the right flank of mid-latitude troughs, a notion 
similarly suggested in Allen and Mapes (2017). The greater 
frequency of mid-latitude features in the Caribbean during 
the LRS and WDS may explain why transient divergence 
infiltrates the Caribbean quickly, which is synonymous with 
subsidence behind cold surges (Reding 1992; Schultz et al. 
1998; Giannini et al. 2000; Sáenz and Durán-Quesada 2015). 
Finally, tropical cyclones and easterly waves have marginal 
influences in the climatological Caribbean rainfall cycle, 
which is in contrast with several studies (Taylor et al. 2002; 
Herrera et al. 2015), and are not shown in the schematic.
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This study finds several distinctive characteristics in the 
Caribbean and Caribbean climate regions that are not seen 
in earlier Caribbean regional classification studies that use 
monthly or longer averaged datasets. For instance, this 
study finds the NW Caribbean to have a bimodal pattern 
with portions of the region having a prominent MSD, and 
most of the Lesser Antilles to have a unimodal rainfall 
pattern. This differs from Jury et al. (2007) where they 
describe the NW Caribbean as unimodal with bimodality 
increasing in magnitude from the NW Caribbean to the 
Lesser Antilles. This also differs from Chen and Taylor 
(2002) and Giannini et al. (2000) who describe the entire 
Caribbean as having a bimodal rainfall pattern. Hence, 
the differences are likely due to longer time averages in 
previous studies which mask the sub-monthly rainfall 
transitions that this temporally finer study finds. Overall, 
this study demonstrates the importance of using greater 
temporal resolution in order to distinguish rainfall charac-
teristics in the Caribbean. Although it is apparent regional 
and large-scale dynamics are the major contributors of the 
rainfall cycle in the Caribbean, given the limited station 
data available in the region we cannot fully evaluate the 
role that the local forcings may play in the higher-resolu-
tion spatial detail of seasonal rainfall.

Finally, this study provides a framework for investigating 
the variability and change of the rainfall cycle in the Carib-
bean. Future work will investigate the interannual variability 
of the onset and demise of the rainfall cycles while using 
the same moisture budget framework in order to deduce the 
extent to which the climatological local, regional, and large-
scale processes found in this study play a role in influencing 
hydro-meteorological disasters (i.e. droughts and floods) in 
the Caribbean. Further work investigating the interannual 
to multidecadal variability of the rainfall cycle in the Car-
ibbean could be done to delineate the observed influences 
that interannual to multidecadal phenomena (i.e. El Nino 
Southern Oscillation, North Atlantic Oscillation, Atlantic 
Multidecadal Oscillation) have on precipitation in the region 
(Malmgren et al. 1998; Giannini et al. 2000; Chen and Tay-
lor 2002; Mapes et al. 2005). Hence, this study provides the 
foundation for advancing in the predictability of the rainfall 
cycle in the Caribbean. The classification of the dynamical 
mechanisms and processes that dictate the specific rainfall 
regions of the Caribbean in this study can be used to predict 
the seasonal rainfall cycle, the genesis of hydro-meteorolog-
ical disasters, and the modified climatological effects stem-
ming from large-scale phenomena.
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