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Abstract

The Caribbean seasonal rainfall cycle and its characteristics are heavily relied upon by the region’s inhabitants for their
socioeconomic needs; the prediction of its variability would be valuable to society. An important way to understand the
predictability of the Caribbean rainfall cycle is to study its interannual variability. Previous studies vary as to how and what
large-scale climate driver(s) affect the interannual variability of rainfall and its associated dynamical mechanisms in the
Caribbean. To address this, this study investigates wet and dry Caribbean early-rainy seasons (ERS; mid-April to mid-June)
and late-rainy seasons (LRS; late August to mid-November) by conducting the following: (1) a spatial composite of rainfall
from 34 Caribbean rainfall stations using daily data; and, (2) spatial composites of sea-surface temperature, sea-level pres-
sure, and mean flow moisture convergence and transports. The ERS and LRS are impacted in distinctly different ways by
two different, and largely independent, dominant large-scale phenomena: the North Atlantic Oscillation (NAO) and the El
Nifio-Southern Oscillation (ENSO), respectively. Dry ERS years are associated with a persistent dipole of cold and warm
SSTs over the Caribbean Sea and Gulf of Mexico, respectively, that were caused by a preceding positive NAO state. This
setting involves a wind-evaporation-SST (WES) feedback expressed in enhanced trade winds and consequently, moisture
transport divergence over all of the Caribbean, except in portions of the NW Caribbean in May. A contribution from the
preceding winter cold ENSO event is also discernible during dry ERS years. Dry LRS years are due to the summertime onset
of an El Nifio event, developing an inter-basin SLP pattern that fluxes moisture out of the Caribbean, except in portions of
the NW Caribbean in November. Both large-scale climate drivers would have the opposite effect during their opposite phases
leading to wet years for both seasons. The two rainy seasons are independent because the main drivers of their variability
are independent. This has implications for prediction.

1 Introduction local weather service or climate services (Vaughan and Des-

sai 2014), who rely on the broader scientific understand-

Understanding Caribbean mean rainfall and its variability
is crucial for enhancing predictability of the rainfall cycle
and understanding future projections of the rainfall cycle,
given the regions’ high-vulnerability to climate variability
and change (Taylor et al. 2012). How stakeholders in the
Caribbean, like the agricultural community, receive infor-
mation about rainfall and its characteristics are through their
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ing of the rainfall cycle for their forecasts. There is also a
need to understand the development of hydrometeorological
extremes (i.e. droughts and floods), which have historically
impacted the societal and economic welfare in the Carib-
bean (NOAA 2005; ODPEM 2010; FAO 2016; OCHA 2015,
2016).

Previous work (Martinez et al. 2019, hereafter M19)
described regional variations of the Caribbean climatologi-
cal rainfall cycle at a high temporal resolution, analyzed the
regional climatological moisture budget, and addressed the
dynamical processes associated with the annual march of the
hydrological cycle. The Caribbean rainfall cycle generally
covers the months of April through November (Giannini
et al. 2000; Chen and Taylor 2002; Taylor et al. 2002; Allen
and Mapes 2017; M19). As described in M 19, this entire
rainy interval is characterized by three seasonal components:
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the early-rainy season (ERS; mid-April to mid-June),
an intermittent relatively drier period known as the mid-
summer drought (MSD; mid-June to late August) (Magafia
et al. 1999), and the late-rainy season (LRS; late August
to late November). M 19 identified five geographical sub-
regions, each with its unique pattern of rainfall distribution
throughout the rainy season: the Northwestern Caribbean,
the Western Caribbean, the Central Caribbean, the Central
and Southern Lesser Antilles, and Trinidad and Tobago/
Guianas. Each sub-region distinguishes itself also in the
relative importance of the three main-drivers of moisture
convergence in the larger Caribbean region: the North Atlan-
tic Subtropical High (NASH), and the Eastern Pacific and
Atlantic Intertropical Convergence Zones (ITCZ). NASH
is a semi-permanent system of high-pressure (Davis et al.
1997) that induces strong easterly trade winds and subsid-
ence (Giannini et al. 2000; Wang and Lee 2007; M19) on
its southern flank and southeasterlies and convergence on
its western flank (M19). The movement and strength of
NASH’s western flank of convergence is largely responsi-
ble for the annual bimodal cycle in the Central Caribbean
and its early and weak ERS, and the annual bimodal cycle
in the Northwestern Caribbean and its prominent MSD and
early LRS demise. The Atlantic and Eastern ITCZ are zonal
bands of convergence (Henderson-Sellers and Robinson
1986; Hastenrath 2002) that move meridionally on a 1-2-
month lag of the solar insolation cycle (Mitchell and Wal-
lace 1992; Waliser and Gautier 1993). The movement of the
Eastern Pacific ITCZ, and NASH are largely responsible for
the annual bimodal cycle and its weaker MSD in the Western
Caribbean. The Atlantic ITCZ and NASH are largely respon-
sible for the unimodal annual cycle in the Eastern Caribbean
and its non-existent ERS and MSD, and the Atlantic ITCZ
alone is responsible for the bimodal annual cycle of Trinidad
and Tobago/Guianas.

There are two regional-features that modify the extent
of moisture provided by the main facilitators: the Atlan-
tic Warm Pool (AWP) and the Caribbean Low-Level Jet
(CLLJ). The AWP is a region of warm summer-time sea
surface temperatures (SSTs). It forms over the Western Car-
ibbean and Gulf of Mexico in May and expands into the
Caribbean Sea by the summertime (Wang et al. 2006; M 19).
It enhances moisture convergence by weakening NASH and
its southwestern flank (Wang and Lee 2007), and enhancing
precipitable water across the ITCZ (Wang et al. 2008). The
CLLJ is a low-level zonal jet centered at 925 mb between
Northern South America and the Greater Antilles (Amador
1998, 2008; Amador et al. 2000; Muiioz et al. 2008). The
CLLJ is predominantly known for its association with the
MSD where it produces a moisture couplet of convergence
across the Western Caribbean and divergence across the Car-
ibbean Sea (Muifioz et al. 2008; Hidalgo et al. 2015; Herrera
et al. 2015; M19).
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The contributions from the large-scale atmospheric
circulation have been documented for the annual cycle of
rainfall in the Caribbean (M19). A natural assumption may
be that the year-to-year variability of Caribbean rainfall is
governed by variability in those same elements. But what
are the large-scale climate modes of variability that may
have a significant impact on the SSTs, NASH, the CLLJ,
and the regional ITCZ? One can also ask whether the
dominant modes of variability impacting the Caribbean
change with season, and if so if the interannual variability
of the ERS is linked to that of the LRS? While clima-
tologically, the local influences of the NASH, the trade
winds, and the ITCZ vary by region, their interannual vari-
ability occurs largely in concert, such that a strengthened
NASH and enhanced trade winds are connected and both
are associated with a southern displacement of the ITCZ,
and vice versa (Giannini et al. 2001b; Wang 2007; Hidalgo
et al. 2015). It stands to reason that although the Carib-
bean rainfall regions do experience different governing
mechanisms, climatologically, the interannual variations
of the mechanisms affecting interannual variability are
in sync and that nearly the entire Caribbean experiences
anomalous wetness or dryness during each rainy season.
An important exception may be the NW Caribbean, as
a recent study found that in many years when droughts
were pervasive throughout most of the Caribbean, drought
was not experienced in Southern Florida, the Bahamas,
and Cuba; a similar spatial pattern of impact was found in
Caribbean pluvial years (Herrera and Ault 2017). Hence,
one may ask how uniform is the interannual variability of
the ERS and LRS over the Caribbean?

Several studies have attributed the interannual variabil-
ity of the Caribbean to two large-scale climate modes of
variability: The El Nifio—Southern Oscillation (ENSO) and
the North Atlantic Oscillation (NAO). In the Caribbean,
ENSO was found to affect both the ERS (Giannini et al.
2000, 2001c; Chen and Taylor 2002; Taylor et al. 2002;
Gouirand et al. 2012), during boreal spring, when ENSO
events end, and the LRS during boreal fall when events are
mature (Giannini et al. 2000, 2001c; Taylor et al. 2002;
Spence et al. 2004; Wang et al. 2006; Rodriguez-Vera
et al. 2019)., Other studies found no significant correla-
tion between ENSO and rainfall in the Central and East-
ern Caribbean (Chen and Taylor 2002; Malmgren et al.
1998; Torres-Valcarcel, 2018; Hernandez Ayala 2019) and
showed instead that in those regions, rainfall is highly cor-
related with the NAO (Malmgren et al. 1998; Giannini
et al. 2001c; Gouirand et al. 2012; Mote et al. 2017). The
NAO, which exhibits peak variability in the boreal winter
months, affects the Hadley Circulation and corresponding
NASH (Wang 2001), SSTs in the tropical North Atlan-
tic region (TNA) (Bjerknes 1964; Kushnir 1994; Seager
et al. 2000; Hurrell et al. 2003; Kushnir et al. 2006) and
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consequently rainfall, during the Caribbean ERS (George
and Saunders 2001; Giannini et al. 2001c; Rodriguez-Vera
et al. 2019).

The literature varies on how and what large-scale climate
drivers affect the Caribbean, because most Caribbean-wide
papers looked only at ENSO (Giannini et al. 2000; Chen and
Taylor 2002; Taylor et al. 2002; Spence et al. 2004 Wang
et al. 2006) or NAO (George and Saunders 2001). Recent
papers that have considered both ENSO and NAO only
focused on a specific region of the Caribbean (Gouirand
et al. 2012; Mote et al. 2017; Torres-Valcarcel 2018; Hernan-
dez Ayala 2019). Only a handful of studies investigated
both ENSO and NAO across the entire Caribbean (Giannini
etal. 2001a, b, ¢; Rodriguez-Vera et al. 2019), yet they stop
short of translating how these large-scale drivers affect the
dynamical processes that affect each Caribbean sub-region
found in M19. In addition, numerous studies investigating
the interannual variability of rainfall in the Caribbean use
less-resolved temporal resolutions of the ERS and LRS (i.e.
bi-monthly or seasonal averages) that can mask their tempo-
ral and spatial evolutions (Malmgren et al. 1998; Giannini
et al. 2000, 2001a, b, c; Chen and Taylor 2002; Spence et al.
2004; Taylor et al. 2002; Wang et al. 2006; Gouirand et al.
2012; Torres-Valcarcel 2018; Herndndez Ayala 2019). M19
used both pentad and monthly averages and found that both
the ERS and LRS have within-season temporal and spatial
evolutions between their early and late phases.

This paper seeks to identify the processes governing the
interannual variability of rainfall during the different phases
of the annual cycle across the Caribbean (5°N-27°N and
60°W-90°W). Temporal and spatial composites of wet and
dry years in the Caribbean provide insight towards answer-
ing the following questions:

1. What large-scale climate drivers govern the interannual
variability of Caribbean rainfall, how do they change
throughout the rainy seasons, and how do they relate to
the large-scale drivers that govern the climatology?

2. Is there a dependency between the variability experi-
enced in the ERS and LRS that may impart longer lead-
time for prediction?

The study is framed such that the interannual variability
of rainfall is investigated for the Caribbean as a whole, but
sub-regional deviations are also examined.

The manuscript is structured as follows. Section 2
describes the data and methods used. Section 3.1 looks at
and discusses the homogeneity of the interannual variabil-
ity of the ERS and LRS in the Caribbean. Sections 3.2 and
3.3 look at and discuss the spatial composites of climate
variables pertinent to interannual variability in the Carib-
bean rainfall cycle during the ERS and LRS, respectively.
Section 3.4 investigates the independence of the ERS and

LRS variability. The summary of the results and its impli-
cations and concluding remarks are found in Sect. 4.

2 Data and methods
2.1 Data

This study uses the daily station rainfall dataset from
the Caribbean Institute for Meteorology and Hydrology
(CIMH) 1969-2017 and NOAA'’s Global Historical Clima-
tological Network (GHCN) 1960-2016 to investigate the
interannual rainfall cycle. Stations are data-stitched across
the two observational datasets: missing data in one sta-
tion’s dataset are patched by the other dataset (M19). This
process is done only when the stations’ coordinates 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 dataset
provides historical and fine temporal precipitation data.
A total of 38 stations are found; however, only 34 stations
are used for this study as stations in the Guianas have a
lagged rainfall cycle from the rest of the Caribbean (M19)
that would skew the analysis. Station information can be
found in Table 1.

To document the dynamically-relevant background
state of the seasonal rainfall cycle and its variability,
the 1854-2018 2° gridded NOAA v5 Extended Recon-
structed Sea Surface Temperature (Huang et al. 2017)
and 1949-2018 2.5° NCEP/NCAR reanalysis (Kalnay
et al. 1996) datasets are used for gridded SST, and sea
level pressure (SLP), respectively. For this study we use a
monthly temporal resolution from 1960-2016.

Indices for NAO and ENSO are obtained from the
NOAA Climate Prediction Center. The NAO Index is
derived from a rotated principal component analysis of
monthly SLP anomalies (Barnston and Livezey 1987). The
index can be found here: https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/nao.shtml. The ENSO Index
is the Extended NINO3.4 Index (Huang et al. 2017). The
index can be found here: https://www.cpc.ncep.noaa.gov/
data/indices/. For both indices a monthly temporal resolu-
tion is used from 1960-2016.

For moisture budget analysis, this study uses the Euro-
pean Centre for Medium-Range Weather Forecasts Interim
Re-Analysis (ERA-Interim; Dee et al. 2011) to examine
interannual changes in the regional moisture budget. The
ERA-Interim is used at a 6-hourly temporal resolution from
1979 to 2016, at 26-pressure levels, and a 1.5° by 1.5° spatial
resolution. For further details on the moisture budget calcu-
lation please refer to Seager and Henderson (2013) and to
Sect. 2.2.2 of M19.
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Table 1 List of rainfall stations

used in the study Station ID  Station Location Data
Lat/Lon Valid years ~ Missing data (%)
(Total years)
1 BC B. In. AP. Antigua and Barbuda 17.135 —-61.791 46 (57) 0.79
2 Nassau Intl. AP., Bahamas 25 -71.5 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 1753 —88.3 52 (57) 0.33
7 Georgetown, Cayman 19.3 -81.3 45 (50) 0.41
8 Camaguey, Cuba 2124 -7751 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. 1825 —69.58 25 (57) 26.33
12 Guadeloupe 16.2 —61.66 44 (57) 2.16
13 Worthy Park, Jamaica 18.143 —77.149 39 (42) 1.35
14 Intl. AP., Martinique 1459  —-60.99 56 (57) 0.14
15 Hewanorra Intl. AP., St. Lucia 13.737 —-60.952 39 (43) 0.15
16 Dumbearton, St. Vincent 13.18 —61.17 43 (48) 3.17
17 Piarco Intl AP, T&T 10.59 —61.34 44 (57) 0.00
18 Crown Point, T&T 11.15 -60.84 44 (57) 0.14
19 Sunset/Ft. Lauderdale, USA 26.1 —80.28 54 (57) 1.61
20 Key West, USA 2455  —81.75 56 (57) 0.02
21 Miami Intl AP, USA 25.82 —80.28 57 (57) 0.00
22 Palm Beach AP, USA 26.68 —80.08 56 (57) 0.05
23 Henry E. Rohlsen AP, St. Croix 17.7 —64.81 39 (44) 2.55
24 Cyril E. King AP, St. Thomas 1833 —64.97 25 (43) 9.65
25 Coloso, USPR 18.381 —67.157 38 (57) 2.61
26 Dora Bora, USPR 18.336 —66.667 42 (57) 6.68
27 Ensenda, USPR 17973 —66.946 49 (57) 2.96
28 Guaynama, USPR 17.978 —66.087 35 (57) 9.61
29 Jajome Alto, USPR 18.072 —66.143 47 (57) 1.49
30 Mora Camp, USPR 18.474 —67.029 44 (57) 2.31
31 Paraiso, USPR 18.265 —65.721 44 (57) 3.34
32 Morovis N, USPR 18.334 —66.408 54 (57) 1.25
33 San Andreas, Columbia 12.583 —81.717 31 (55) 15.89
34 Felipe, Mexico 19.7 -87.9 32 (57) 12.73

Station ID, station name, location in latitude and longitude, number of valid years from 1960-2017 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

2.2 Methods
2.2.1 Quantifying rainy seasons

Given the high-frequency noise in daily data, pentad (5-day)
averages of daily rainfall observations were calculated for
each station. Using similar criteria as Hamada et al. (2002),
if a pentad has two or more days of missing data, the pen-
tad was omitted. If a pentad was missing or omitted within
the rainfall season, the entire analysis year was omitted for
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that station. A general definition of the rainfall season is
used: from the 17th pentad of the year (centered on March
24th) to the 67th (centered on November 30th). This is
done in order to address the different temporal character-
istics found in each sub-region (M19). For each station,
averages of the ERS precipitation are calculated for every
year (from the 21st pentad of the year—centered on April
13th—to the 34th or June 17th). For every year, each sta-
tion’s seasonal-averaged ERS is subtracted from their long-
term climatology. The same procedure is done to calculate
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the seasonal-averaged LRS anomalies (pentads numbered 46
or August 16th to 64 or November 14th relative to the first
pentad of the year). Yearly Caribbean-wide ERS and LRS
anomalies are calculated by averaging the 34 station’s ERS
and LRS anomalies.

2.2.2 Uniformity of Caribbean and dynamical spatial
composites

Caribbean-wide composites are determined as the theorized
large-scale phenomena that influence the dynamical mecha-
nisms in the Caribbean encompass the entire region. Each
station’s ERS pentads and LRS pentads were summed for
each year to obtain the total ERS and LRS rainfall for that
year. The data for each station’s ERS and LRS totals were
ranked from driest to wettest. The years with rainfall below
the 33rd percentile and above the 66th percentile for a given
ERS or LRS are designated as the stations’ dry ERS/LRS
and wet ERS/LRS year, respectively. If a year is designated
as a dry ERS or LRS for at least 15 of the 34 stations, regard-
less of the station’s location, the year was designated as a
Caribbean ERS or LRS dry year. A similar procedure was
applied for classifying Caribbean ERS and LRS wet years.
Using the regional classifications from M19 a cross check
was done to make sure that a dense station network in a spe-
cific part of the Caribbean was not dominating the rainy sea-
son variability analysis. Only two years were omitted from
the data filtering (dry LRS, 1986; wet ERS, 1992) as they
did not satisfy the cross check. Anomalies of rainfall for the
Caribbean ERS and LRS dry and wet years were calculated
as percent-normal. The Caribbean-wide composite years are
shown in Table 2.

Using the years designated for composting (Table 2),
spatial composites from detrended (over 1960-2016) ERS
and LRS wet and dry years were created for SST and SLP
over the 180°W to 15°E; 20°S to 75°N domain. The ERS
and LRS wet and dry years were also calculated for mois-
ture transport and convergence over the 120°W to 15°W;
4.5°S to 75°N domain. Anomalies between the composite
and the climatology were calculated. A two-sample ¢ test is
conducted in order to investigate statistical significance at
the 90th confidence level.

3 Results and discussion
3.1 Uniformity of Caribbean interannual variability

Most of the Caribbean experiences anomalous dry or wet
conditions at the same time, as evidenced in the rainfall
anomalies in percent-normal for the composite dry and
wet ERS (Fig. 1a, b) and dry and wet LRS (Fig. 1c, d). In
Fig. 1, the composites during both dry and wet ERS and

Table2 Dry and wet ERS, and

Dry Wet

LRS years
ERS LRS ERS LRS
1967*%  1976* 1969*% 1979
1973*% 1981 1979 1984
1974% 1983 1981 1985
1975*% 1987 1983 1988
1985 1991 1986 1996
1989 1992 2004 1998
1991 1997 2005 1999
1994 2002 2009 2005
1997 2009 2010 2008
1999 2012 2011 2010
2001 2015 2012 2011
2008 2013
2014
2015

Years only in bold denote years
where the ERS and LRS are the
same. Years bolded, italicized
and underlined denote years
where the ERS and LRS are
opposite. Years with asterisk
are years not in the mean flow
moisture budget ERA-Interim
reanalysis

LRS, respectively, show the magnitude of the anomalies in
the NW Caribbean to be weaker than the rest of the Car-
ibbean. In particular, during some years of the composite
(not shown) certain stations in the NW Caribbean experi-
enced the opposite signal to the rest of the Caribbean. This
is expected, as several studies found similar results in their
analyses (Giannini et al. 2001b; Chen and Taylor 2002;
Spence et al. 2004; Herrera and Ault 2017). Finally, the Cen-
tral and Lesser Antilles have the largest percent anomalies in
comparison to the rest of the Caribbean in the ERS (Fig. 1a,
b). As a whole, the composites capture the largely uniform
dryness or wetness across the Caribbean well. However, the
differences seen between the NW Caribbean and the rest of
the Caribbean, and the large rainfall anomalies in the Central
and Lesser Antilles hint that the set of dynamical processes
that correspond to each sub-region are being affected differ-
ently than each other.

3.2 Relationship between ERS and ENSO/NAO

There is a tripolar SST pattern in the North Atlantic Basin,
including the Caribbean Sea, in the dry minus wet ERS years
during the Winter Dry Season (WDS; December to April;
Fig. 2a). The SST tripole exhibits a large tongue of colder
than normal SSTs across the southern flank of the TNA
and Caribbean Sea. To the north, there is a warm tongue
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Fig.1 Wet and Dry ERS (top) and LRS (bottom) composite mean
percent anomalies for each station. Blues denote negative depar-
tures from each station’s climatological ERS and LRS. Reds denote

across portions of the NW Caribbean, Gulf of Mexico, and
northern edge of the TNA. The northern part of the tripole
consists of another cold SST center in the subpolar gyre
region. Centered over the North Atlantic subtropical region
and extending into the TNA and Caribbean Sea during the
WDS is a large anomalous, positive SLP region (Fig. 2f).
Meanwhile areas across Greenland and Iceland show large
anomalous negative SLPs (Fig. 2f). In the equatorial Eastern
Pacific, anomalous negative SSTs and positive SLPs are seen
during the preceding WDS, but these weaken and become
non-significant by May and throughout the rest of the year.
In May, the southern TNA and Caribbean Sea cold SSTs
intensify and the warm, northern TNA SST tongue shrinks
and weakens (Fig. 2b). Warm SSTs emerge over the Gulf
of Guinea and the Benguela Current region along the coast
of South Africa. Of the SLP WDS dipole, the only signifi-
cant remnant by May is a region of anomalously positive
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positive departures from each station’s climatological ERS and LRS.
Grey denotes percent anomalies between —10 to 10% of the mean
seasonal value

SLP in the southwestern TNA and the Caribbean (Fig. 2g).
This anomalous SLP center roughly overlaps the region of
negative SST anomalies of this month. By June, the warm
SST signal in the northern flank of the TNA diminishes
and is no longer significant, while the cold SST signal in
the southern TNA/Caribbean Sea and warm SST signal
along western South Africa persists (Fig. 2c). In addition,
the region of significant positive SLP anomalies contracts
further into the western and NW Caribbean while the rest
of the North Atlantic does not display any large, coher-
ent significant anomalies. The South Atlantic shows some
anomalous negative SLP anomalies. Following the ERS,
the Caribbean Sea cold SSTs weaken but remain signifi-
cant for the MSD (Fig. 2d; July—August) and LRS (Fig. 2e;
September—November). The South African coast warm SST
signal weaken by the MSD and become non-significant by
the LRS. Anomalously positive SLPs (Fig. 2i) remain in
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(right) composite anomalies for Dec-Apr WDS (a, f), ERS (b, ¢, g, with colors denoting significance at 90% according to a two-sample
h), Jul-Aug MSD (d, i), and Sep—Nov LRS (e, j). Black box indicates t-test
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the Caribbean during the MSD; however, the magnitude of
anomalous SLP decreases as significant values are seen only
in the Caribbean Sea and the Gulf of Mexico and along the
Central American, Eastern Pacific coastlines. By the LRS
there are little to no statistically significant SLP anomalies
in the Caribbean (Fig. 2j) or the rest of the North Atlantic.
The spatial patterns of both the SST and SLP anomalies
during the WDS implicates the WDS NAO in affecting dry
and wet ERS anomalies in the Caribbean region. To quan-
tify the relationship, lagged-correlations between the NAO
index with the Caribbean averaged ERS rainfall anomalies
are calculated, with the NAO index moving through every
overlapping three-month season, starting from the Novem-
ber of the previous year and ending in the following year’s
February. There is a moderate, negative correlation between
the preceding winter NAO and the ERS rainfall (Fig. 3a),
with the DJF and JFM correlations at —0.316 and —0.342,

(@)

§°°|F§I'I

SLE N
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(b)

04
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Correlation
o
o
[ —
S A/NAON
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NN

-1NDJ DJF JFM FMA  MAM AMJ

MJJ
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respectively, and significant at the 1% level (assuming that
yearly values are independent of one another). A similar
calculation is performed using an index for ENSO (Fig. 3a)
and with the exception of MAM (—0.287 at 95th signifi-
cance), ENSO exhibits elevated, but not significant, corre-
lations during the WDS and early spring. Therefore, of the
two phenomena being examined, the NAO seems to be the
most relevant climate mode that impacts the ERS rainfall
variability. We will return to discuss the possible role of
ENSO in the ERS below.

During the WDS with a positive NAO phase, the Hadley
Circulation (Wang 2001) and NASH intensify and cause
enhanced trade winds and westerlies, south and north of
the anticyclone center, respectively. The observed (Fig. 2)
ocean surface temperature response to the positive winter
NAO phase is consistent with numerous previous studies
(e.g., Cayan 1992; Seager et al. 2000; Chiang and Vimont
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Fig.3 Correlations between seasonal means of NAO (blue) and ENSO (orange) and Caribbean-wide anomalous ERS (top) and LRS (bottom).

Hatching denotes significance at the 95th confidence interval level
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2004; Czaja et al. 2002; Kushnir et al. 2002; Marshall et al.
2001; Gouirand et al. 2012). In the Gulf of Mexico and NW
Caribbean the warm SST signal falls within a region where,
in the climatology, westerlies are found during the WDS
(M19). The intensified NASH blocks the intrusion of cold,
dry continental air from North America into the northwest
Caribbean during the WDS and the SST there respond with
anomalous warming (Reding 1992; Schultz et al. 1998;
Giannini et al. 2000; Seager et al. 2000; Saenz and Duran-
Quesada 2015; M19).

By the time of ERS, the NAO is typically not very strong
(Kushnir et al. 2006), and there are no significant correla-
tions between spring-time SLP or the NAO indices and ERS
anomalies (Fig. 3a). However, it is evident that the previous
winter NAO induces a SST signal in the Caribbean, which
persists during the ERS. This is similarly suggested in pre-
vious studies (Giannini et al. 2000, 2001a; Hu et al. 2011),
and can be explained by the wind, evaporation, and SST
feedback (WES; Xie and Philander 1994; Chang et al. 1997).
Under a positive NAO phase, the SST gradient between the
cold SST signal in the Caribbean Sea and the warm SST
signal across the NW Caribbean and central TNA produces
a localized meridional SLP gradient that intensifies the
trades across the Caribbean Sea, enhancing the release of
latent heat thus continuing the cold SST signal. The northern
Caribbean warm SST signal does not persist as long as its
cold SST counterpart, which seems to explain the rainfall
suppression in the region (see more below). In the climatol-
ogy, the westerlies seen in the Gulf of Mexico/NW Carib-
bean and central TNA during the WDS migrate northward
during the ERS (M19); therefore, the enhanced easterlies
would weaken the westerly-induced warm SST signals in
both the Gulf of Mexico/NW Caribbean, and the central
TNA. The climatological AWP, which initializes during the
ERS, strengthens in the Gulf of Mexico and NW Caribbean
due to the persistence of the anomalous warm SSTs created
in the earlier season. However, in the Caribbean Sea, the
AWP would weaken as a consequence of enhanced coastal
upwelling and the SST cold signal in the Caribbean Sea.
The SST and SLP patterns demonstrate that the NAO-SST/
SLP persistent signal decays by the MSD and disappears
by the LRS.

The NAO-SST/SLP persistent signal affects the mois-
ture flow and convergence pattern in the Caribbean during
the ERS. The mean flow component of the moisture budget
dominates the climatology of the Caribbean rainfall cycle
(M19). The mean flow component further breaks down into
its mass convergence and moisture advection sub-compo-
nents. Following M 19, where mass convergence was shown
to dominate the total mean moisture convergence, we exam-
ine here only the mass convergence term (Fig. 4).

The mass convergence composites are mostly consist-
ent with the anomalous SLP composites and support what

has been suggested about the changing wind-field across
the Caribbean during the dry—wet ERS year. There appears
to be some discrepancy between the mean flow transport
composite (Fig. 4) and SLP composite (Fig. 2); however,
the corresponding surface winds composites (not shown)
justify the anomalous circulation patterns implied in the SLP
composites. The dry minus wet composites show an anoma-
lous anticyclonic circulation in the TNA with enhanced east-
erlies across the Caribbean during the WDS (not shown).
In May, the anomalous anticyclonic flow in the composite
dry—wet year differences is centered over the western TNA
and Caribbean Sea (Fig. 4a). On the southeastern flank of
the anomalous anticyclonic circulation, anomalous mois-
ture divergence is found with anomalous, northerly flow,
across the Caribbean Sea and southern TNA. In the May
climatology, an anticyclonic circulation dominates over
the southwestern TNA associated with the western flank
of NASH. This, in turn, is associated with moisture diver-
gence west of the Lesser Antilles and a convergence band
over the Central Caribbean (M19, Fig. 3e). The anomalous
circulation in dry—wet Mays expands NASH, stretching its
western flank further into the Caribbean Sea and enhancing
the climatological divergence seen in the Caribbean Sea.
This would weaken the climatological southeasterlies in the
Caribbean Sea and along the Central American coast, and
as a result enhance the CLLJ. The enhancement of the CLLJ
would enhance divergence in all but the Nicaragua to Costa
Rican coastline, as this coastline climatologically experi-
ences zonal convergence from the CLLJ (Hidalgo et al.
2015; M19). This explains why there is little to no anoma-
lous divergence across this portion of the Western Carib-
bean (Fig. 4). Simultaneously, the band of climatological
convergence in the Central Caribbean shifts to the northwest,
causing the NW Caribbean and Central Caribbean to receive
anomalous convergence and divergence, respectively. The
resulting shift in the convergence band explains how this
study (Fig. 1a) and others (i.e. Jury et al. 2007; Allen and
Mapes 2017; Herrera and Ault 2017) find a weakened dry
signal or in some cases an anomalous wet signal in the NW
Caribbean while the rest of the Caribbean experienced dry-
ness during the ERS.

In June (Fig. 4b), the dry—wet year anomalous anticy-
clonic circulation cell shifts westward and northwestward
to affect the entire Caribbean Island chain. As a result,
anomalous northerly flow and divergence is seen across the
entire Caribbean. The anomalous flow is associated with a
weakened western flank of NASH convergence band and a
more easterly flow across the Caribbean Sea and NW Carib-
bean, where southeasterlies are seen in the June mean-flow
climatology (M 19, Fig. 3f). The anomalous northerly-north-
easterly flow over the Caribbean Sea and southern Central
America turns easterly in the Eastern Pacific and a weak
divergence-convergence dipole in the Eastern Pacific marks
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the southern displacement of the ITCZ convergence band
there, as is the case in the equatorial Atlantic. This is con-
sistent with how a strengthened CLLJ has been associated
with a southward displacement of the Eastern Pacific ITCZ
(Hidalgo et al. 2015). The southern displacement of the
Atlantic ITCZ explains why the Central and Southern Lesser
Antilles have the largest change in percent rainfall anomalies
during dry ERS years than any other region (Fig. 1a). Unlike
other regions, the Central and Southern Lesser Antilles have
only one main facilitator of moisture convergence, the Atlan-
tic ITCZ (M19); therefore, any changes with the Atlantic
ITCZ would significantly affect rainfall in the region. The
advection of specific humidity enhances dryness across the
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Caribbean Sea especially in dry minus wet June’s and over
the Western Caribbean and Central America (not shown) as
a result of the Caribbean Sea to Eastern Pacific anomalous
flow. The changes described in the paragraph above occur
following a winter with a positive NAO anomaly. The oppo-
site changes occur after a winter with a negative NAO phase
and the consequent WES feedback.

The anomalous patterns weaken in the Caribbean by the
MSD (Fig. 4c) as the anomalous circulations shift unto Cen-
tral America, weakly impacting convergence in the Western
Caribbean. Some significant anomalous divergence is found
across portions of the Lesser Antilles. By the LRS non-sig-
nificant anomalous flow and convergence are found in the
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Caribbean (not shown). The lack of changes in the moisture
budget and transport in the MSD and LRS further support
the suggestion that the NAO-SST persistence signal only
weakly affects the MSD and LRS.

As indicated above, this study finds (Fig. 3a) a weak con-
nection between the ERS and the mature/post-mature phase
of ENSO during the winter preceding the ERS. This connec-
tion is consistent with previous studies (Giannini et al. 2000,
2001c; Chen and Taylor, 2002; Taylor et al. 2002; Hu et al.
2011; Gouirand et al. 2012), however, as we describe below,
the role of ENSO appears secondary to that of the NAO. The
SST and SLP signal in the Eastern Pacific are reminiscent
of the winter footprint of a mature ENSO phase from the
previous calendar year (Fig. 2a, f) and are indicating the
presence of a La-Nifia state in the winter preceding a dry
ERS. The relationship is weak given the weak ENSO-ERS
correlations, similarly to that found in some previous studies
(Malmgren et al. 1998; Jury et al. 2007; Torres-Valcarcel
2018). A simple way to evaluate the relative roles of the
NAO and ENSO in the ERS is by using Kendall’s Tau (t), a
non-parametric rank correlation coefficient, which takes into
consideration issues such as outliers, and the non-gaussian
distribution of rainfall. Here, Kendall 7 is used to determine
the association between the indices of each climate driver
and the ERS anomalies in the Caribbean. DJF and JEM NAO
with ERS anomalies produce a Kendall T of 0.182 and 0.201,
respectively, which indicates a constructive non-trivial role
for the NAO. DJF and JFM ENSO with ERS anomalies pro-
duce a Kendall t of 0.155 and 0.170, respectively, also indic-
ative of a constructive, albeit weaker role. When DJF NAO
and DJF ENSO are combined, they produce a Kendall T of
0.208, indicating that there is added value in accounting for
the state of ENSO in ERS variability. However, JFM NAO
and JFM ENSO combined produce a value of 0.195, less
than the association with NAO alone, signifying that JFM
ENSO does not play a supporting role to the NAO in the late
winter. This ENSO supporting role is likely due to the effects
post-mature ENSOs have on springtime SSTs in the tropical
Atlantic. In this case, the aftermath of a cold phase of ENSO
is linked with a wintertime negative Pacific-North-American
(PNA) teleconnection pattern, with a high-pressure anomaly
over the TNA, which enhances the trade winds, and conse-
quently decreases TNA SSTs. (Wang 2001). Under a positive
NAO phase, this enhances the local NAO impact on TNA
SSTs and its persistence onto the ERS. Under a negative
NAO phase, this dampens the local NAO impact on TNA
SSTs and its persistence onto the ERS.

Finally, the weak to moderate correlations of NAO/ENSO
and ERS variability may suggest that other climate drivers
are affecting ERS variability. However, there are no other
regions outside of the Eastern Pacific and Atlantic basins
in the global spatial composites of the ERS (not shown)
that show significant SST or SLP anomalies, which suggests

there are no other climate drivers inducing the SST or SLP
signal over the Atlantic. The weaker correlations between
the climate drivers and ERS variability is likely due to the
existing incoherence seen between the Northwestern Carib-
bean and the rest of the Caribbean. Although the entire Car-
ibbean experiences the same climate driver, its effects on the
Northwestern Caribbean during portions of the ERS is oppo-
site to the rest of the Caribbean. Therefore, the ERS regional
average may reflect this, and result in lower correlations.
Furthermore, the SST and SLP composites (Fig. 2a—d, f-i)
in the equatorial Atlantic is similar to the Atlantic Meridi-
onal Mode (AMM) a non-ENSO coupled ocean/atmosphere
variability in the Atlantic basin (Servain 1991), of which has
been found to be forced by the NAO (Chiang and Vimont
2004). This further suggests that the TNA SST signal is
induced by the NAO.

3.3 Relationship between LRS and ENSO/NAO

Unlike dry minus wet composite ERS years, dry minus wet
composite LRS years (Fig. 5a—f) display a strong SST signal
in the Eastern Pacific and a less pronounced signal in the
Atlantic. During the preceding WDS, a weak SST tripole is
found in the North Atlantic, somewhat reminiscent of the tri-
pole found during the WDS during dry minus wet ERS years
(compare Fig. 5a to Fig. 2a). SLPs during the WDS show an
anomalous dipole pattern in the extratropical North Atlan-
tic. Specifically, there are anomalous positive SLPs centered
between 45°N and 50°N and anomalous negative SLPs over
Greenland and Iceland (Fig. 5g). There are negative SSTs
and positive SLPs over the South Atlantic, and in the Equa-
torial Pacific the opposite is found. Although there is little
significance in the anomalous SSTs or SLPs in the Carib-
bean during the WDS, and there are no significant correla-
tions between wintertime ENSO and NAO with anomalies
of the LRS (Fig. 3b), the spatial pattern in the North Atlantic
looks somewhat reminiscent of the NAO. This may be due
to how some wet and dry LRS years coincide with wet and
dry ERS years (Table 2).

During the ERS for dry minus wet LRS years, the North
Atlantic SST (Fig. 5b) and SLP (Fig. 5h) pattern disap-
pears. The sole significant residual in the North Atlantic is
an anomalous cold SST band in the equatorial Atlantic. In
the Eastern Pacific, anomalous and significant warm SSTs
(Fig. 5b) and a negative SLP anomaly (Fig. 5h) emerge.
During the preceding MSD (Fig. 5c), the Eastern Pacific
SST anomalous signal strengthens as does the equatorial
Atlantic anomalous cold SST signal, which now extends into
the Caribbean Sea. In the northern TNA, a significant signal
of warm SSTs emerges. A tongue of positive SLP stretch-
ing from the South Atlantic to the Gulf of Mexico is seen
while in the Eastern Pacific a negative SLP anomaly persists
(Fig. 51). The spatial Eastern Pacific-Caribbean dipole of
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«Fig.5 Late rainy season dry-year minus wet-year SST composite
anomalies for Dec-Apr WDS (a, g), May—June ERS (b, h), Jul-Aug
MSD (e, i), and LRS (d-f, j-1). Black box indicates the Caribbean
domain. Contours are the anomalous SSTs with colors denoting sig-
nificance at 90% according to a two-sample t-test

SLPs and SSTs during the ERS and MSD in the Eastern
Pacific are consistent with an El Nifio state. ENSO indices
during the late-spring and summertime are significantly and
negatively correlated with Caribbean-averaged LRS anoma-
lies (Fig. 3b) at the 99% confidence level, suggesting that El
Nifio (La Nifia) is associated with the LRS dry (wet) con-
ditions. In response to the emerging El Nifio, a cold SST
anomaly and an anomalous high-pressure anomaly form
over the Tropical Atlantic (Curtis and Hastenrath 1995; Pov-
eda and Mesa 1997) through an ENSO atmospheric bridge
(Giannini et al. 2000). In the early summer, during warm
events, the anomalous anticyclonic circulation across the
Caribbean Basin results in enhanced trade winds across the
southern TNA and Caribbean Sea and weakened trade winds
across the northern TNA and north of the Caribbean Sea.
The latter results in a warm SST band via weakened air-sea
fluxes. The anomalous wind flow in the southern TNA fun-
nels through Central America and onto the Eastern Pacific
Basin as a result of the SLP seesaw pattern between the
Eastern Pacific and Caribbean basins (Giannini et al. 2000).
The opposite occurs during the initialization of a cold ENSO
event.

It is important to note however that there are also some
significant and negative correlations between spring-time
NAO indices and the LRS anomalies (Fig. 5b). FMA, MAM,
and AMJ NAO indices have correlations of —0.297, —0.416,
and —0.315, respectively. The FMA and AMIJ correlations
are significant at the 95% confidence level and during the
MAM they are significant at the 99% confidence level. The
findings are inconsistent with the composites in Fig. 5, as
there is no indication of the characteristic SST and SLP pat-
terns that are associated with the NAO during the ERS. This
remains a subject for further investigation.

The SLP and SST pattern seen in the MSD persists into
the LRS. The warm SST signal in the TNA, now extends
into the NW Caribbean (Fig. 5d—f). The cold SST sig-
nal in the Eastern Pacific continues (Fig. 5d—f). Although
the Eastern Pacific negative SLP anomalies continue
(Fig. 5d-f), some notable SLP changes are seen in the
Atlantic Basin. The high-pressure Caribbean anomaly
diminishes in October (Fig. 5k). In November, a dipole
of anomalous SLPs emerges with negative SLPs in the
NW Caribbean and Eastern U.S. Seaboard, and positive
anomalous SLPs in the Eastern Caribbean and Equatorial
Atlantic (Fig. 51). It is evident from the spatial composite
months coinciding with the LRS that ENSO and its atmos-
pheric bridge effect during the MSD continue into the

LRS. ENSO indices during the boreal Fall and + 1 Win-
ter are significantly and negatively correlated with LRS
anomalies (Fig. 3b). The SLP spatial composite during
anomalous LRS Novembers is similar to numerous ENSO
composite studies which found warm ENSO composites to
show anomalous high SLPs over the TNA and anomalous
low SLPs over Greenland in November, and vice versa for
cold ENSO composites (Moron and Gouirand 2003; Fere-
day et al. 2008; King et al. 2018; Ayarzagiiena et al. 2018).
In addition, warm ENSO composites in (4 1) January thru
March have Atlantic SLP anomalies that are opposite to
what are found in November and December, and vice versa
for cold ENSO composites, suggesting SLPs in the Atlan-
tic with respect to ENSO are inverted between the early
and late halves of the WDS (Moron and Gouirand 2003;
Fereday et al. 2008; King et al. 2018; Ayarzagiiena et al.
2018).

It is understandable that ENSO and its associated Eastern
Pacific and Caribbean Sea SLP seesaw pattern would affect
moisture flow in the Caribbean during the LRS. It would be
important to determine whether or not the differences seen
in the early and late phases of the LRS from the SST/SLP
composites are also seen in how moisture is fluxed in the
Caribbean and how the dynamical processes that drive the
climatological LRS are affected. We begin with the MSD
during anomalous LRS years as the WDS and ERS moisture
transports do not directly affect the LRS rainfall.

The mean flow moisture transport anomalies (Fig. 6) are,
as anticipated, consistent with anomalous SLP composites.
The LRS dry minus wet composite during the MSD through
most of the LRS show anomalous easterlies and divergence
over the Caribbean with an anticyclonic circulation over
the Gulf of Mexico (Fig. 6a—c). North of the Caribbean
are anomalous westerlies associated with an anomalous
cyclonic circulation seen across the northern subtropical
Atlantic. In addition, a strong convergence band over the
Eastern Pacific with anomalous easterlies north of ~10°N
are found (Fig. 6a—d). From the climatological MSD and
LRS moisture budget in M 19, the anomalous easterlies and
convergence in the Eastern Pacific shown during dry years
is consistent with the enhanced northeasterly flow on the
northern flank of the climatological Eastern Pacific ITCZ
convergence band and reduces the southeasterly flow on its
southern flank. This means that the climatological conver-
gence band is displaced southward. In addition, the Atlantic
ITCZ band weakens with anomalous divergence over the
region during dry years. The climatological, western flank of
NASH convergence band begins its southeasterly movement
from the NW Caribbean in September to the Central Carib-
bean by October (M 19, Fig. 5e, f). Therefore, the resulting
pattern in dry years suggests that convergence on the western
flank of NASH is (1) relatively normal across the NW Carib-
bean and (2) weaker across the Central Caribbean.
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Fig.6 Late rainy season dry-year minus wet-year mass convergence (colors) and fluxes (vectors) composite anomalies for Jul-Aug MSD (a), and
LRS (b-d). Black box indicates the Caribbean domain. Contours denote significance at the 90% according to a two-sample t-test

Although the anomalous pattern continues in the Eastern
Pacific and Atlantic basins in November, several changes
are found in the Caribbean basin. Dry minus wet Novem-
bers show an anomalous anticyclonic circulation over the
TNA (Fig. 6d). On the southeastern flank of the anomalous
circulation are anomalous divergence and southeasterlies
across the Caribbean Sea, On the northwestern flank of the
anomalous circulation are southwesterlies and convergence
over the Greater Antilles and NW Caribbean. The anom-
alous convergence from the advection of specific humid-
ity enhances the anomalous convergence band from mass
convergence onto the mean flow (not shown). Based on the
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climatological November pattern (M 19, Fig. 5c, f), in dry
years Caribbean regions on the southeastern flank of the
anomalous pattern would experience strengthened diver-
gence and easterlies while Caribbean regions on the north-
western flank of the anomalous pattern would experience
weakened divergence and easterlies. The opposite would be
seen in wet Novembers, where an anomalous cyclonic cir-
culation appears over the TNA. Clearly, the ENSO induced
SLP signal can impact the demise of the LRS across the
Caribbean. This finding may explain how this study and oth-
ers (Giannini et al. 2001b; Chen and Taylor 2002; Spence
et al. 2004; Herrera and Ault 2017) find weakened dryness
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or anomalous wetness in the NW Caribbean while the rest
of the Caribbean experiences dryness during Caribbean LRS
dry years, and the opposite during Caribbean LRS wet years.
This finding also suggests that the displacement of the sub-
tropical jet as a result of ENSO during the winter (Giannini
et al. 2001b; Spence et al. 2004; Kushnir et al. 2006) is not
the sole reason for the difference in the anomalous signal
between the NW Caribbean and the rest of the Caribbean,
as the November divergence-convergence couplet is seen
in the mean flow of the moisture budget. Although there is
not a definitive conclusion as to how ENSO produces the
Atlantic SLP signal in November (Bladé et al. 2008; Ineson
and Scaife 2009; King et al. 2018; Ayarzagiiena et al. 2018),
this study is in congruence with Ayarzagiiena et al. (2018)
suggestion that ENSO-related perturbations to precipitation
anomalies over the Caribbean basin are responsible for the
teleconnection to the North Atlantic.

Finally, changes with the AWP and CLLJ, regional modi-
fiers of the LRS (M19), would be seen. With a warm ENSO
event, the anomalous easterlies strengthen the CLLJ which
would enhance dryness across most of the Western Carib-
bean and Central Caribbean. The exception is across the
Nicaraguan to Costa Rican coastlines where, climatologi-
cally, it receives zonal convergence by the CLLJ (Hidalgo
et al. 2015; M19). An enhancement of the CLLJ enhances
zonal convergence in this region and explains the anoma-
lous convergence seen there (Fig. 6). The cold SSTs over
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the southern TNA would weaken the AWP that is clima-
tologically seen in the southern TNA (M19, Fig. 5). The
climatological AWP in the southern TNA is located where
the Atlantic ITCZ is (M19); therefore, the weakening of the
AWP would contribute to the drying of the southern edge of
the Caribbean island chain associated with the southern dis-
placement of the Atlantic ITCZ. In the NW Caribbean and
Gulf of Mexico, the AWP would be normal or strengthened,
which weakens the extent of anomalous divergence in the
region. Given the linear relationship seen in the composites,
the changes of the dynamical processes during dry years
would be opposite during wet years during the initialization
of cold ENSO events.

3.4 Independency of the ERS and LRS

The findings of the dynamical spatial composites give reason
to suggest that the ERS and LRS are independent of each other.
To quantify the independence of the ERS and LRS, the Car-
ibbean-averaged ERS and LRS anomalies are correlated. The
1960-2016 time series of ERS and LRS anomalies (Fig. 7)
have a correlation of 0.0634, indicating that the ERS and LRS
are uncorrelated. To determine if this is uniform across the
entire Caribbean, each station’s ERS and LRS anomalies are
correlated. 32 of the 34 stations show their anomalous ERS
and LRS to be uncorrelated (Table 3). A closer look into the
years that are determined for the composites provides further

1990 2000 2010

1990 2000 2010

Fig.7 Year-by-year anomalies of the 34-station averaged ERS (top) and LRS (bottom) from 1960-2016
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Table 3 Correlation coefficients
between seasonal-averaged
ERS anomalies and seasonal-

averaged LRS anomalies for
each station

(ID) Region (ID) Station name ERS-LRS
correlations
Northwest Caribbean (2) Nassau, Bahamas 0.085
(7) Georgetown, Cayman 0.132
(8) Camaguey, Cuba 0.108
(9) La Habana, Cuba 0.028
(13) Worthy Park, Jamaica —-0.011
(19) Ft. Lauderdale, USA 0.225
(20) Key West, USA —-0.097
(21) Miami Intl. AP., USA -0.071
(22) Palm Beach, USA 0.041
Central Caribbean/Northern Lesser (1) BC Bird Intl. AP, Antigua/Barbuda -0.113
Antilles (11) Santo Domingo, DR 0.495
(23) Henry E. Rohlsen AP., St. Croix —0.094
(24) Cyril E. King, St. Thomas —0.131
(25) Coloso, USPR —0.600
(26) Dora Bora, USPR —0.095
(27) Ensenda, USPR 0.092
(28) Guaynama, USPR 0.0193
(29) Jajome Alto, USPR —0.033
(30) Mora Camp, USPR 0.266
(31) Paraiso, USPR 0.201
(32) Morovis N., USPR 0.164
Eastern Caribbean (3) CIMH, Barbados 0.015
(4) Grantley A. Intl. AP., Barbados —0.064
(10) DCAP, Dominica —-0.218
(12) Guadeloupe 0.045
(14) Intl. AP., Martinique —0.169
(15) Hewanorra, St. Lucia —0.0168
(16) Dumbarton, St. Vincent 0.144
(17) Piarco Intl AP, T&T -0.071
(18) Crown Point, T&T -0.623
Western Caribbean (5) CFarm, Belize 0.104
(6) Intl. AP., Belize —0.044
(33) San Andreas, Columbia 0.075
(34) Felipe, Mexico 0.093

Values in bold denote significance at the 95%

evidence that the ERS and LRS are independent of each
other. Of the 57 years in this study, there are 33 years identi-
fied (Table 2). Of those, only 7 years had both the ERS and
the LRS as both wet or both dry. In contrast, there are 8 years
where the ERS and LRS anomalies were opposite to each other
(i.e. wet ERS and dry LRS), and 18 years where one portion
of the rainfall season experiences anomalous wetness or dry-
ness while the other portion experiences normal conditions
(between the 33rd and 66th percentiles). Hence, the variability
of the ERS and LRS are independent of each other, as each
season has a different dominating large-scale climate driver
affecting its interannual variability. The processes that lead
to the ERS and LRS anomalies are different. The NAO-SST
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persistence pattern alone does not persist by the LRS during
dry and wet LRS years, suggesting that the LRS is relatively
normal during dry and wet ERS years. The onset of ENSO and
its associated SLP-seesaw pattern does not materialize during
the ERS across the Caribbean; therefore, the ERS is relatively
normal during dry and wet LRS years.

4 Summary and conclusions

This study analyzes the interannual variability of the sea-
sonal cycle of rainfall in the Caribbean based on precipita-
tion station data from the Caribbean Institute of Climatology
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and Hydrology (CIMH) and NOAA Global Historical Cli-
matological Network between 1960-2016. This study finds
the year-to-year variabilities of the ERS and LRS are rela-
tively uniform across the Caribbean, with exception in the
NW Caribbean. This study then analyzes Eastern Pacific and
Atlantic-wide spatial composites of wet and dry ERS and
LRS years for SST, SLP, mean flow moisture convergence
and moisture transports. The two wet seasons are impacted
in distinctly different ways by two different, and largely inde-
pendent, large-scale phenomena: ENSO and the NAO. This
study finds the interannual variability of the ERS is domi-
nated by persistent anomalous SSTs due to a WES feedback,
initiated by the preceding winter NAO. The interannual vari-
ability of the LRS is dominated by ENSO and an associ-
ated seasonal SLP see-saw between the Eastern Pacific and
Caribbean basin/tropical Atlantic. Schematics illustrate the
summarized effects of each large-scale climate driver on the
climatological rainfall pattern and dynamical mechanisms in
the Caribbean (Fig. 8).

As suggested in Sect. 3.2 and Fig. 8a, when a positive
NAO phase precedes the WDS, the NAO-SST TNA pat-
tern that persists into spring and early summer through the
WES feedback would cause the following changes to the
ERS climatological pattern (Fig. 8 of M19): a strengthening
and expansion of NASH during the ERS, more easterly flow

(@

DRY CARIBBEAN EARLY-RAINY SEASON (MAY-JUNE)

across the Caribbean Sea, more westerlies across the NW
Caribbean, a northwestward shift of the NASH convergence
band with a larger SW-NE tilt, weakening of the AWP in the
Caribbean Sea but strengthening in the Gulf of Mexico and
NW Caribbean, a strengthened CLLJ, and a southern dis-
placement of the ITCZ convergence bands. These changes
induce dryness across the entire Caribbean, with a lesser dry
(or slightly wet) signal in the NW Caribbean and a weaker
dry signal along the Nicaraguan and Costa Rican coastlines.
The opposite would occur when the WDS is preceded by a
negative NAO phase. Preceding winter mature/post-mature
ENSO phases play a secondary role on ERS variability by
modifying the NAO induced SST-persistence signal.

El Nifio, the warm phase of ENSO, and its associated sea-
sonal SLP see-saw pattern between the Eastern Pacific and
Caribbean basins (description in Sect. 3.3; Fig. 8b) would
cause the following changes to the LRS climatological pat-
tern (Fig. 8 of M19): a strengthening of the southwestern
flank of NASH during the LRS, strengthened easterlies
across the Caribbean Sea and southern TNA, weakened
easterlies north of the Caribbean Sea and northern TNA,
enhanced CLLJ, southern displacement of the Eastern
Pacific ITCZ, weakened Atlantic ITCZ across the Lesser
Antilles, weakened AWP across the eastern Caribbean
Sea and southern TNA, and strengthened AWP across the

(b) DRY CARIBBEAN LATE-RAINY SEASON (SEPTEMBER-NOVEMBER)

Anomalous Convergence S

Amomalous Divergence l
. ._.D:ﬂ Anomalous Pressure Center

Anomalous Convergence
and Divergence

Cooler SSTs

Warmer SSTs

— ERS: Anomalous Winds; LRS: Anomalous Sep-Oct Winds

—

Fig.8 a Schematic of the anomalous pattern during dry Caribbean
early-rainy seasons as a result of preceding winter dry season posi-
tive NAO-SST persistence and WES feedback. b Schematic of the
anomalous pattern during dry Caribbean late-rainy seasons as a result
of the summertime onset of warm ENSO and associated inter-basin
see-saw sea-level pressure pattern. Areas shaded in green denote
anomalous convergence. Areas shaded in brown denote anomalous
divergence. Areas shaded in blue and red denote cooler and warmer

LRS: Anomalous Nov Winds

sea-surface temperatures, respectively. Black arrows denote the
anomalous surface wind pattern. Blue arrows denote the anomalous
surface wind pattern in November. Large “H” with denotes an anoma-
lous high. Large “L” denotes an anomalous low. The ERS area with
hatched convergence is due to divergence moving into the area as the
anomalous High propagates west during the season. The LRS area of
hatched divergence is due to the circulation change between Septem-
ber/October and November, producing convergence
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northern TNA, and NW Caribbean. These changes would
induce dryness across the entire Caribbean, with a lesser
dry signal or wet signal in the NW Caribbean, and along the
Nicaraguan and Costa Rican Caribbean coastlines.

Similarly, to M 19, this study emphasizes the importance
of utilizing pentad and monthly resolutions in order to avoid
masking the evolution of the variability of rainfall in the
Caribbean throughout the rainy season. For instance, a sea-
sonal composite of the LRS would likely mask the Novem-
ber signal seen in this study, which is important in determin-
ing how the Caribbean experiences some differences in its
anomalous LRS precipitation signal. In the ERS, composites
of the entire season during the ERS would likely dampen the
May signal which is important in explaining the differences
in anomalous precipitation seen between the Northwestern
Caribbean and the rest of the Caribbean.

This study provides several implications and considera-
tions when investigating the predictability of rainfall in the
Caribbean. First, it is important to consider whether the pre-
dictability of these large-scale climate drivers is uniform
across the Caribbean, as each sub-region has distinct sets of
dynamical mechanisms which are impacted differently by
each climate driver in both space and time. Hence, the pre-
dictive skill of the large-scale climate drivers and dynami-
cal mechanisms (i.e. NASH, CLLJ, AWP, ITCZ) should be
investigated for each sub-region. Second, it is valuable to
investigate the role of intraseasonal variability in addition to
the findings of this study on the predictability of the rainfall
cycle in the Caribbean. Certain characteristics such as the
timing of the rainfall season may be influenced by intrasea-
sonal variability For instance, the Madden—Julian Oscilla-
tion (MJO), a natural coupled ocean—atmosphere wave with
a cycle of 30-90 days (Madden and Julian 1971), is found
to affect the LRS (Martin and Schumacher 201 1); therefore,
it would be valuable to assess the predictive skill of MJO on
timing characteristics of the LRS.

This study provides useful information and a framework
for investigating the predictability of the ERS in the Carib-
bean. Recent studies have found the NAO to be highly pre-
dictable via statistical and dynamical models (Scaife et al.
2014; Wang et al. 2017). Therefore, future work will evalu-
ate the predictive skill that the previous winter NAO and the
pre-ERS SST-persistence signal it induces has on charac-
teristics of the Caribbean ERS (i.e. onset, duration, demise,
seasonal totals). Likewise, the knowledge of the secondary
role of ENSO on changes in TNA SSTs can be utilized to
examine ENSOs role in affecting characteristics of the ERS.
An important consideration would be what domain of SSTs
would maximize the predictive skill of the ERS and its vari-
ability across each sub-region. For instance, an SST index
consisting of southern TNA and Caribbean Sea SSTs may
be beneficial for predicting ERS characteristics across the
southern and eastern sub-regions of the Caribbean, whereas
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an SST index across the Gulf of Mexico and Central TNA
may inform some predictive skill for ERS characteristics in
the Northwestern Caribbean.

This study provides useful information and a framework
for investigating the predictability of the LRS in the Carib-
bean. It is evident that the evolution of ENSO affects the
first 2 months of the LRS differently than its final month
(November). Therefore, future work would assess the skill
that meteorological variables have on characteristics of the
LRS (i.e. inter-basin sea-level pressure, surface winds),
especially those that pertain to the transition of anomalous
rainfall into November. It would also be valuable to inves-
tigate the domains of meteorological variables (i.e. the see-
saw SLP pattern between the Eastern Pacific and Caribbean
basins vs. SLP over the TNA) that would maximize the pre-
dictive skill of characteristics of the LRS and its variability
across each of the sub-regions.

Models have been found to misrepresent some of the
dynamical mechanisms in the Caribbean, and may be
responsible for their biases in simulating Caribbean rain-
fall (Ryu and Hayhoe 2013; Eichhorn and Bader 2017). A
likely reason for these systematic biases may be that the
models misrepresent the seasonal and temporal evolutions
of the climate drivers that affect the dynamical mechanisms
within the ERS and LRS. Assessing how current climate
models simulate the mean state and variability of the NAO,
the NAO-induced SST persistence signal, ENSO, the ENSO
induced SLP see-saw effect, may provide insight on these
systematic biases and improve the predictability of the rain-
fall cycle in models.

This study has several implications for investigating cli-
mate change impact on rainfall in the Caribbean. Previous
studies have shown that there is no observed trend on the
annual precipitation of rainfall in the Caribbean. Given that
the main drivers of ERS and LRS variability are independ-
ent, it would be valuable to assess whether this is because
the trends of the climate drivers (Dong et al. 2011; Cai et al.
2014) and processes that respond to them have ERS and LRS
trends that negate each other. Future projections in NAO and
ENSO from climate change can also be used to assess how
they translate to changes in the ERS and LRS, respectively.
The better understanding of the interannual variability of
the Caribbean rainfall cycle presented in this study could
be used to predict the seasonal rainfall cycle, the genesis
of hydro-meteorological disasters, and the regional climate
effects stemming from large-scale climate drivers.
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