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Abstract

Seasonal Climatology, Variability, Characteristics, and Predictidimeof
CaribbearRainfall Cycle

CarlosJavierMartinez

The Caribbean is a complex region that heavily relies cseasonatainfall cycle for its
economic and societal needs. This nsakbe Caribbean especially susceptible to hydro
meteorological disasterg..,droughts and floodspand other weather/climate riskBherefore,
effectively predicting the Caribbean rainfall cydte valuable for the region. The efficacy of
predicting theCaribbean rainfall cycle is largely dependent effectively characterizingthe
climate dynamicef the region. However, the dynamical process®s climate driverthat shape
the seasonal cyclare not fully understoodas previous observational studgt®w inconsistent
findings as to what mechanisms influence the mean state and variability of the cycle. These
inconsistencies can be attributed to the limitations previous studies have when investigating the
Caribbean rainfall cycle, such as using montiyonger resolutions ithe data or analysis that
often mask the seasonal transitions and regional differences of rainfall, and investigating the
Caribbean under a basivide lens rather than a swégional lens.This inhibits the ability to
accurately clrulate and predict subseasotmseasonal (S2S) rainfall characteristics in the
region.To address these limitations and inconsistencies, the research in this thesis examines the
seasonal climatology, variability, and characteristics ofGagbbean raifall cycle under a sub
regional and temporally fine leis order to investigate the prediction of the cycle.

Regional variations and dynamical processes of the Caribbean annual rainfall cycle are

assessed usin(@) aprincipal component analysis acrd@3aribbean stations using daily observed



precipitation dataand (2) amoisture budget analysi$he results showhat the seasonal cycle of
rainfall in the Caribbean hinges on three main facilitators of moisture convergeadstlantic
Intertropical Convergence Zone (ITCZ), the Eastern Pacific ITCZ, and the North Atlantic
Subtropical High (NASH)A warm body of seaurface temperatures (SSTs)tive Caribbean
basinknown as the Atlantic Warm Pool (AWP) aadow-level jet @ntered at 925hPa over the
Caribbean Sea known as the Caribbean -Lewel Jet (CLLJ) modifythe extent of moisture
provided by these main facilitatorBhe interactions of these dynamical processes are responsible
for shapingthe seasonal components of Hmual rainfall cycleThe Winter Dry Season (WDS;
mid-November to April); the EarMRainy Season (ERS; mi@ipril to mid-June);an intermittent
relatively di period known as the misummer drough{MSD; mid-June to late Augustand the
Late-Rainy Seaso (LRS; late August to late Novembelfjive geographicalsubregiors are
identified in the Caribbean Islandsach with its uniqueset of dynamical processes, and
consequently, its uniqumattern of rainfall distribution throughout the rainy seaddorthwestern
Caribbean, the Western Caribbean, the Central Caribbean, the Central and Southern Lesser
Antilles, and Trinidad and Tobago and Guian&onvergence by sdimonthly transients
contributes little to Caribbean rainfall.

The wettest and driest CariblbeBRS and LRY e aareshénexplored by conducting the
following: (1) a spatial composite of rainfall using the daily rainfall data; and, (2) spatial
composites of SSTs, séavel pressure (SLP), and mean flow moisture convergence and transports
using manthly data The ERS and LRS are impacted in distinctly different ways by two different,
and largely independent, largeale phenomenaxternal to the regiora SLP dipole mode of
variability in the North Atlantic known as the North Atlantic OscillatidbAQ), andthe El Nino

Southern Oscillation (ENSODry ERS years are associated with a persistent dipole of cold and



warm SSTs over the Caribbean Sea and Gulf of Mexico, respectivelyartheaused by a
preceding positive NAO state. This setting invoheesvindevaporatiorSST (WES) feedback
expressed in enhanced trade winds and consequently, moisture transport divergence over all of the
Caribbean, except in portions of th@mhwesternCaribbean in May. A contribution from the
preceding winter cold ENS@vent is also discernible during dry ERS years. Dry LRS years are
due to the summertime onset of an El Nifio event, developing atbatar SLP pattern thatoves

moisture out of the Caribbean, except in portions of thehwesternCaribbean in November.

Both largescale climate drivers would have the opposite effect during their opposite phases
leading to wet yeari® both seasons.

Existing methodologies that calculg&2Srainfall characteristics were not found to be
suitable for a region like the Cabban, given its complex rainfall pattern; therefore, a novel and
comprehensive methoddevisedand utilized to calculate onset, demise, and MSD characteristics
in the Caribbeanwhen applying the method to calculate S2S characteristics in the Caribbean,
meteorological onsets and demisedichar e cal cul at eERS and ARSemanc h y e a
threshold, effectively characterize the seasonal evolution of mean onsets and demises in the
Caribbean. The yedo-year variability of MSD characteristics, and onsets and demises that are
calculated by climatologic&RS and LRSnean threshoklresemble the varialitly of seasonal
rainfall totals in the Caribbean and are statistically significantly correlated with the identified
dynamical processes that impact each seasonal component of the rainfall cycle.

Finally, the seasonal prediction of the Caribbean rainfalecis assessed using the
identified variables that could provide predictive skill of S2S rainfall characteristics in the region.
Canonical correlation analysis used to predict seasonal rainfall characteristicstafion

averaged subegional frequencand intensity of th&ERSandLRS wet days, and magnitude of



the MSD. Predictor fields arbased on observations from the ERAerim reanalysis and GCM
output from the North America Multlodel Ensemble (NMME)Spearman Correlation and
Relative OperatingCharacteristics are applied to assess the forecast©i@luse ofSLP, 850
hPa zonal winds (u850), vertically integrated zonal (UQ), and meridional (VQ) moisture fluxes
show comparable, if not better, forecast skill t8&Ts which is the most commaoredictor field
for regional statistical predictiorGenerally, the highest ERS predictive skill is found for the
frequency of wet days, and the highest LRS predictive skill is found for the intensity of wet days.
Rainfall characteristics in the Central dafcastern Caribbean have statistically significant
predictive skill. Forecast skill of rainfall characteristics in the Northwestern and Western
Caribbean are lower and less consistent. Theagional differences and consistently significant
skill acrosdead times up to at least two months can be attributed to persistent SST/SLP anomalies
during the ERS that resemble the North Atlantic Oscillation pattern, and the stim@&emset
of the El NifileSouthern Oscillation during the LRS. The spatial patteranoinalies during the
MSD beasresemblance to both the ERS and LRS spatial patterns.

The findings from this thesis provide a more comprehensive and complete understanding
of the climate dynamics, variability, aatinualmean state of the Caribbean rainfall cydleese
results have important implications for predictiongecisioamaking, modeling capabilities,
understanding the genesis of hydneteorological disasters, investigating rainfall under other

modes of variability, an@aribbearimpact studies regarding weather risks and future climate.
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Chapter 1: Introduction

Rainfall in the Caribbean {Bl to 27N and58°W to 9C°W; Fig. 1) isimperativefor the
regionos S 0 c +ibeng.dndustoes isuch aw edietl agriculture, tourism, water
management, and health, all rely on the Caribbean rainfall cycle for food production, water
consumption, preventing watborne diseases, and healthy livestock (OCHA 2015; FAO 2016).
Recent hydremeterological disasters such as myldar droughts and floodg.g., 20132016
PanCaribbean Drought)ave cost Caribbean countries hundreds of millions of dollars from water
shortages and contamination which result in agricultural and energy productemtioasshamper
economic growth and exacerbate the concurrent social issues (NOAA 2005; ODPEM 2010; FAO

2016; OCHA 2015, 2016).

90°W ° 70°W 60°W

20°N

Figure 1.1: Map of the Caribbean



In addition to having densely populated cobsta-lying areas, complex topography, and limited
human/natural resources, its socioeconomic sensitivity to precipitation changes and extremes is
why the Caribbean is identified as a highilyinerable region to climate variability and change
(Lewsey 2004 Simpson et al. 2010; Taylor et al. 2012). As multiple stakeholders rely on their
local weather and climate services for forecasts on Caribbean rainfall and its characteristics
(Vaughan and Dessai, 2014), effectively characterizing and predicting thé&zaritainfall cycle
is critical for the societal and economic stability of the region.

The dynamical context of the Caribbean rainfall cycle is highly complex. Tropical islands
and large land masses surrounded by the Gulf of Mexico, the Caribbean Ste dnobical
North Atlantic(TNA) (Fig 1). As aresult,the Caribbean is at the intersection of competing mid
latitude, tropical, and intdvasin forcings across spatsdales.

One of the largescale features that impact the rainfall seasonal cycleeilCaribbean is
the semipermanent subtropical anticyclone known as the North Atlantic Subtropical High
(NASH). NASH follows & annualvariability pattern with its peak intensity during the boreal
summer as a maritime singh@aximum pattern and a borealnter feature with duaihaxima with
one center over the subtropical Atlantic and another center over the North American continent
(Davis et al. 1997). During the summer and winter NASH induces strong easterly trade winds and
subsidence across the Caribbeegion (Giannini et al. 2000; Wang and Lee 2007). The boreal
Spring and Fall are characterized 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 rainfafi 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 (HefersonSellers and Robinson 1986; Zhang 2001; Hastenrath 2002). Two
branches of the ITCZ affect the Caribbean: the Atlantic ITCZ and the Eastern Pacific ITCZ. Their
seasonal migrations follow the meridional movement of maximum solar radiation with allag of

2 months (Mitchell and Wallace 1992; Waliser and Gautier 1993). Their northernmost extent
occurs during early September and southernmost extent during early March. Unlike the Atlantic
ITCZ and Eastern Pacific ITCZ, the labdsed SAMS migrates in synétivthe solar insolation

cycle and is characterized by interactions between South American topography arid ocean
atmosphere dynamics (Silva and Kousky 2012).

Additionally, the convection in the Caribbean is influenced by the location of the Western
Hemisphee Warm Pool (WHWP) (Weisberg 1996; Wang and Enfield 2001). The WHWP, an area
of regionalseasurface temperatures (SShgarmer than 28.5C, consists of two branchidse
Eastern North Pacific Warm Pool and the Atlantic Warm Pool (AWP), the latter of atiexdis
the Caribbean Basin (Wang et al. 800The AWP is absent during the winter. It appears off of
the NorthwesterrCaribbean in June. It then expands into the Gulf of Mexico in July, the western
Caribbean Se@n August and the eastermafibbean Sean 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 expansion weaken
NASH and its southwestertahk, and weakens uppkavel 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 AWPand their interactions broadly shape the climatological
rainfall pattern in the Caribbean (Giannini et al. 2000; Taylor and Alfaro 2005). The Caribbean is

at its driest during the winter, when strong trade winds, subsidence, and cooinfi8disce the



region and the ITCZ migrates southward (Taylor and Alfaro 2005). Hence, thesestaige

features are consistentith responsible for the regidnglassifcationa s 4fivi my er tr opi
(Rudloff 1981). During the summer rainfall season, on the other hand, thessdatgdeatures

compete, due to their interactions with regiesedle features and associated feedback
mechanisms.

One such regional scale features is the Caribbeanlews!| Jet (CILJ) (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 (Dw@uesada et al. 2010The CLLJ is also an important
component of circulation associated with the 1sugnmer drought, which is a short period of
relatively dry conditions between two rainy intervals (MSD, Magafa et al. 1999; Herrera et al.
2015). Studies have attributed thengsis of the CLLJ to the intensification of easterly winds by
NASH (e.g.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 (Mufioz et al.
2008).

Two important summertimeransientcirculation features that influence rainfall in the
Caribbean are African Easterly Waves (AEW) and tropical cyclones (TCs). AEWs are synoptic
scale perturbationsssociated withhe midtropospheric susaharan jet, that propaig across
the Atlantic Basin from midlune to early October (Burpee 1972). These waves are a source of
precipitation for the Caribbeamd alsoac count f or more than half of
of major hurricanes (Agudelo et al. 2011). TCs haveimilar seasonal timeframe as AEWS;
however, TCs peak in June and September, and have a minimum in July. In addition to AEWS,

TCs can form from interactions with the Eastern Pacific ITCZ (Toma and Webster 201the and



emergence of the AWPANang et al.2008. TCs can weakennderlarge vertical wind shear
(Angeles et al. 2010pceanupwelling in the southwestern Caribbean (Inoue et al. 2002) and
interactions with the CLLJ (Wang et al. 2008here are also other regional influences on
Caribbean rainfallsuch as a cyclonic sé&nd circulation in Central America that displaces moist
air into the Caribbean Sea (Poveda and Mesa 2000; Allen and Mapes 201/a}jtode troughs
that provideconfluence from barotropic moist vs. baroclinic cold air massedirfiB&992; Schultz

et al. 1998; Giannini et al. 2000; Saenz and D@aesada 2015; Allen and Mapes 20%Ef)d
large incursions of warpdry dusty air in the midropospheg i the Sahara Air Layer that
suppresses moisture (Carlson and Prospero 1972oDanil1; Mote et al. 2017).

More localized mechanisms affect the magnitude of rainfall across various regions of the
Caribbean. Sea breez&ssociated witstrong easterly winds by NASH, together with orographic
lifting, bring aboutrainfall on the leewat 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 heating accompanied by warm SSTs also enhance convection in the Caribbean
(Taylor andAlfaro 2005).

In addition to the smatlio-large scale dynamical processes, there are also-dasde
climate drivers that influence the climate dynamics of the Caribbean rainfall cycle. The El Nifio
Southern Oscillation, eoupled oceafatmosphere phenanonin the Equatorial Pacific, and the
North Atlantic Oscillation (NAO), the meridional dipole pattern of anomalous SLP in the North
Atlantic, have been found to influence the variability of the rainfall seasons in the Caribbean
(Malmgren et al. 1998; Gmini et al. 2000; Giannini et al. 2001c; Rodriglyézra et al. 2019).

Only a handful of studies have investigated the climate dynamics of Caribbean rainfall,

and show inconsistent findings on its behavior and influence. Of the recent observatioaal stud



that have investigated the observed spatial and temporal rainfall patterns in the Caribbean, most
studies only investigate one or a subset of the various dynamical mechanisms and climate drivers
that are hypothesized to influence Caribbean rainfalrf@ni et al. 2000; Chen and Taylor 2002;
Taylor 2002; Taylor and Alfaro 2005; Jury et al. 20l0Wang et al. 2008Gamble et al. 2007,

Curtis and Gamble 2007; Stephenson et al. 2014). Some studies only focused on a specific sub
region of the Caribbean (Gioand et al. 2012; Mote et al. 2017; Toralcarcel 2018; Hernandez

Ayala 2019). There are inconsistent findings as to the temporal structure of the Caribbean rainfall
cycle, such as its modality, and classifying regions of the Caribbean based onecisticacof

their annual cycle. These inconsistencies are in large part due to the 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, publiclvailable precipitation data at finer temporal resolutions

in the Caribbean is sparse. As a result, longer-foate averaged datasets are typically used to
investigate the climatology of the Caribbean.

The inconsisteries and limitations from previousstudies pose challenges when
characterizing agronomicalgependent subseasoiti@lseasonal (S2S) rainfall characteristics and
investigating the capability of current models to simulate rainfall in the redramfall
characteristics such as onset andiderof the wet season(she frequency of seasonal wet days,
and the intensity of seasonal wet days useful for farmers for agricultural planning (Marengo et
al. 2001 Alfaro et al. 2018; Fernandes et al. 2p26ut most have yet to beharacterized ithe
Caribbean as a result of their rapid transitions between dry and wet seasons which would be
masked using monthly or longer temporal resolutions. The detection of modeling biases on the
simulation of Caribbean rainfall and its associated mechanisnehde@n accurately depicting

and understanding the observed rainfall cycle (Ryu and Hayhoe 2013; Eichhorn and Bader 2017).



These challenges are significant for rainfall prediction; the ability to predict the rainfall cycle
depends on effectively characteng its observed spatial and temporal behavior. A full and
comprehensive understanding of the Caribbean rainfall cycle, its variability, and associated climate
dynamics is lacking.

An effective way to enhance the predat of the Caribbean rainfall cyclées a
comprehensive and observational study on Caribbean rainfall under a tempoliyub
regionallyfine lens. The goal of this thesis is to better understand the observed characteristics,
climatology, and variability of the Caribbean rainfall cycl@ider to improve our ability to make
predictions for the region. The following important questions are addressed in this study:

1. What is the seasonal rainfall cycle across the Caribbean and what are tHe-targd!

scale dynamical mechanisms and psses that influence rainfall in the region?

2. What are the largecale climate drivers that govern the interannual variability of

Caribbean rainfall and influence the associated dynamical mechanisms that impact the

seasonal rainfall cycle?

3. What is therelationship between the timing of the Caribbean rainfall cycle and the

magnitude of the Caribbean rainfall cycle?

4. How predictable are characteristics of Caribbean rainfall unllegrvations anthe

latest operational models using dynamical procefsees(1) and (2)?

To address these questiodsjly rain gauge station data were employed from across the
Caribbean in collaboration with the Caribbean Institute for Meteorology and Hydrology (CIMH)
the National Oceanic and Atmospheric Administration (MQ)&lobal Historical Climatological
Network (GHCN) and the Guatemalan National Meteorological Service (INSIVUMEH

Utilizing daily observational data ensures accurate representation of the spatial and temporal



behavior of the Caribbean rainfall cycle ait&l variability. In addition, several reanalysis and
modeling datasets are utilized to either complement the observed station daily data, or investigate
the relationship between rainfall and several important local and remote atmospheric and oceanic
proceses.

Each chapter addresses one of the four questions. In Chapter 2, regional variations of the
Caribbean climatological rainfall cycle and the dynamical processes associated with the annual
march of the hydrological cycle are studied using pentad cliogaés of the station rainfall data,

a principal component analysis, and a moisture budget (Martinez et al. 2019). The pentad
climatologies and principal component analysis provide a better understanding of the regional
differences of the seasonal hydralmg cycle using a higher temporal resolutionnthahat
previous studies have used. A total moisture budget analysis delineates the retie-Ergdiscale
dynamical processedbatinfluence precipitation variability with its mean and transient moisture
convergence terms and circulation flows (Seager et al. 2010). In addition to the mean and transient
moisture budget terms, a decomposition of the mean flow into its mass convergence and advection
of specific humidity is calculated. The analysis found fau#regiors, each with unique
climatological annual rainfall cycles that are influenced differently in space and time by three main
facilitators of moisture convergenckhe Eastern Pacific ITCZ, the Atlantic ITCZ, and the western
flank of convergence from NASH; and two modifiers of moisture convergence: the AWP, and the
CLLJ.

The findings from Chapter 2 are expanded in Chapter 3, by investigating how the rainfall
cycle and its dynamical processes change during particularly wet vs. dsyilye¢he Caribbean
(Martinez et al 2020). A composite analysis considerssadace temperature (SST), degel

pressure (SLP), and the mean flow of the moisture budget over two important seasonal components



of the rainfall cycleThe EarlyRainy SeasofERS;mid-April to mid-June), and the LatRainy

Season (LRSmid-August toNovember), in order to investigate their variabilities. Results show
that the interannual variability of the ERS is dominated by persistent anomalous SSTs due to a
wind-evaporationrSST (WES) feedback, initiated by the preceding winter NAO. The interannual
variability of the LRS is dominated by ENSO and the associated seasonal St&vseetween

the Eastern Pacific and Caribbean basin/tropical Atlantic. As the main climate daveach

rainfall season are distinctly different and largely independent from one another, the variability of
the ERS and LRS are independent of each other.

Existing methodologies that calcul&8@S characteristiasf rainfall were not found to be
suitabk to utilize for a region like the Caribbean, given its complex rainfall pattern as found in
Chapters 2 and 3. In Chapter 4, a new and comprehensive method is presented that calculates
important and neyet investigated S2S Caribbean rainfall charactessin a sukregional scale
(Martinez et al. 2024). The method can be utilized under a meteorological or agronomical lens,
and is usé in this chapteto compare onsets and demises and characteristics Mid-Summer
Drought (MSD; midJune to migdAugust) Results show a relationship between Caribbean
seasonal rainfall amountdynamical processemd the timing of onsets and demises when the
temporal characteristics atenfigured based otme climatological seasonaainfall mean, rather
than yearly sesonalrainfall meansFurthermorea relationship is found between the strength and
duration of the MSD and the ERS and LRS rainfall totéhe dynamical processes affectihg
ERS and LRS, respectively

With a complete observational understandindhefdlimate dynamics and rainfall patterns
in the Caribbean (Chapters 2 and 3), d@hd ability to calaulate S2S Caribbean rainfall

characteristics (Chapter 4), tbeasonal predictioof the relevant characteristic Caribbean rainfall



cycle is investigate(Chapter 5Martinez et al. 202)bThischaptelinvestigatesvhetherseasonal
Caribbean rainfall characteristics are predictable usbsgrved and modelerivedatmospheric

and oceanic variables (e.g., North Atlantic SST, SLP, zonal winds) that pertam dynamical
processes that influence Caribbean rainfdde main findings shothe use of several atmospheric
variables havesimilar or improvedforecast skill of the S2S rainfall characteristics than SSTs,
which is generally the commonlysed predid r in a given regionds
identified subregioral differences and consistent skalle attributed to the dynamical processes
and climate drivers that shape the ERS, MSD, and the ER8lly, conclusiongrom this study
areprovidedin Chapter 6.

Overall, the findings from this thesis establish a more comprehensive and complete
observational understanding of the seasonal climatology, variability, and dynamics of Caribbean
rainfall. The thesis demonstratdse importance of using greater temporal resolution in order to
distinguish rainfall characteristics in the Caribbea the value of investigating the Caribbean
through each of its suiegions.The results of this thesis provide aloservational frameworor
the Caribbean rainfall cycle that can be utilized to investigate other important research topics such
as the cause and evolution of hydneteorological disasters, the variability of rainfall at
intraseasonal, decadal, and mudlicadal timescales, modeling diagnostics on characterizing
rainfall, and future projections of the Caribbean rainfall cycle and its dynamics. In addition, other
regions of the world that are influenced by mechanisms similar to those seen in the Caribbean,
such as precipitation in the Southeastern United States (Cook and Vizy, 2010), benefit from the
findings of this thesis. Outside of the scientific community, the findings from this thesis will be
beneficial for operational forecasting to enhance subsabgwaeasonal forecastd rainfall, and

consequently, for the stakeholders who rely on forecasts for decision making.

10



Part |
Seasonal Climatology and Variability of the Caribbean Rainfall

Cycle

11



Chapter 2: Seasonal Climatology and Dynamical Mechasims of

Rainfall in the Caribbean

Note: A modified version of this chapter has been published in Climate Dynami&*(20

2.1 Introduction

The Caribbean is identifieasa susceptibleegion to climate variability and change (Taylor
et al. 2012). The regiondés vulnerability to cl
human/natural resources; topography; densely populated coastbjirigwrban 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 2013 addition,hydrometeorological extremes.§, droughts
and floods), have historically impacted the societalerwhomic welfare in the Caribbean (NOAA
2005; ODPEM 2010; FAO 2016; OCHA 2015, 2018umerous modeling studies have found
systematic biases in the simulation of Caribbean rainfall (Ryu and Hayhoe 2013; Eichhorn and
Bader 2017). These biases are attribatedn insufficient understanding of how small and large
scale atmospheric and oceanic processes interact to shape the seasonal rainfall pattern in the
Caribbean.

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 ohdisése studies describe the
seasonal rainfall 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

Martinez C, Goddard L, Kushnir Y., Ting M., 2012 Seasonal climatology and dynamical mechanisms of rainfall
in the Caribbean. Clim Dyn. https://doi.org/10.1007/s06382 046164
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describe the seasonal rainfall as bimomathe northwestern portion of the Caribbean and
unimodal in the eastern Caribbeang Taylor and Alfaro 2005); others describe the opposite
(e.g, Jury et al. 2007). Giannini et al. (2000) found the MSD to exist only in the central and eastern
Cariblkean, whereas Curtis and Gamble (2007) and Gamble et al. (2007) found the MSD to
progress from the eastern Caribbean in May to Central America byThdyinconsisteriesin
explaining regional differences are a result of spatial and temporal scalé®rtledir analysis or

data that can mask the seasonal evolution and regional differences of the Caribbean rainfall cycle.
As publicly available precipitation data at smonthly temporal resolutions in the Caribbean are
sparse, longetime scale averagedathsets are used to investigate the climatology of the
Caribbean.

Furthermore, the relative influence dynamical mechanisms have on rainfall in the
Caribbean is relatively unknowAs described in Chapter 1, the climate dynamics of the Caribbean
rainfall cycle includes largescale features such as NASH and the ITCZ, regional features such as
the AWP and CLLJ, and smaitale features such as frontal passagedyremzes, and orographic
lifting. However, @& the studies that have investigated the climate ayes of the Caribbean
rainfall cycle, most have investigated only one or a few of the dmkdrge scale dynamical
features. Most studies have omhyestigatedeither SST, SLP, or wind-ields to investigate the
influence smalto-large scale dynamicakatures have on influencing rainfall in the Caribbean
(Giannini et al. 2000; Chen and Taylor 2002; Taylor 2002; Taylor and Alfaro 2005; Jury et al.
2007;Wang et al. 2008Gamble et al. 2007; Curtis and Gamble 2007; Stephenson et al. 2014).
However, to da there has not been a detailed moisture budget analysis for the Caribbean.
Moisture budgets have been widely used to investigate sources and inhibitors of moisture globally

(Trenberth and Guillemot 1995; Seager et al. 2010) and regionally (Huang e®%l.J#0and
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Zangvil 2010; Pomposi et al. 2015%iven that precipitation, 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 detergnthe 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 additionwe 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
guestions:

1. What are the regional differences of the seasonal cycle of rainfall acrosariblec@n?

2. What are the local and remote dynamical processes that shape the spatial and temporal

patterns of the seasonal cycle in the Caribbean?

Chapter 2s structured as follows. Sectior2Zand 2.3lescribes the data and methods used
respectively Section 2.4.1 looks at the observed rainfall patterns of the Caribbean using the
Principal Component Analysis. Secti@.2details the results of a total moisture budget of the
Caribbean. Sectio.4.3 breakglown the Caribbean into its climatologicalnfall subregiors
based on the findings fro&4.1to 24.2. A summary and proposed schematic of the dynamical
mechanisms that influence rainfall in the Caribbasfound in Sect2.5. Finally, a discussion
comparing this study with other studies, itgrsficance, and future work are also found in Sect.

2.5

2.2 Data
This Chaptemses the CIMH 1962017 daily station rainfall. Given that some countries

in the Caribbean are not member states of the Caribbean Meteorological Organization (CMO) from
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whom the ClIMHG6s dat a or iig0il7ndaily statign raMf@lAdatésat i GH C N
also used. Stationsaredatd i t ched across the two observatio
in one dataset is patched by the other dat as
coordinates between each dataset are within a 0.05° maoginefach other. The data are also
checked for uniformity by analyzing overlapping years from each dataset. The combined
CIMH/GHCN metadataset provides temporally finite historical precipitation data. A total of 38
stations are found, shown in Talfld, saisfying the requirements. In order to supplement the
station data and validate the proposed region
Rainfall Measuring Mission (TRMM) version 7 with 0.25° by 0.25° gridded daily precipitation
estimate datet (Huffman et al. 2007) is used.

For understanding the dynamical context of the seasonal hydrological cycle, the European
Centre for MediunrRange Weather Forecasts Interim-&Realysis (ERAInterim) (Dee et al.
2011) is used to calculate the climatologjiceisture budget. The ERMterim is available at
several resolutions. For this study, we used a spatial resolution of 1.5° by Hsudygemporal
resolution from 1979 to 2012 (2016 for SST), and 26 pressure levels. In the Caribbean, ERA
Interim bias with respect to the Global Precipitation Climatology Project estimate of precipitation
amounts up to ~ + 2 mm/day, which presents a
compared to ERAIO (Dee et al. 2011). We note however that the reasgbyscipitation is only
used in a consistent context with the entire EIR#&rim based moisture budget analysis (see
below).

Table 2.1: List of rainfall stations used in the study. 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
percentage of pentads missing two or more days during total number of year s.
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StationID Station Location Data
Lat/Lon Valid Years Missing Data
(Total Years) %
1 BC B. In. AP. Antigua& Barbuda 17.135 -61.791 46 (57) 0.79%
2 Nassau IntlAP., Bahamas 25 -77.5 43 (48) 5.89%
3 CIMH, Barbados 13.148 -59.624 48 (48) 0.00%
4 GrantleyIntl 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 DomingoD.R. 18.25 -69.58 25 (57) 26.33%
12 Guadeloupe 16.2 -61.66 44 (57) 2.16%
13 GeorgetownGuyana 6.8 -58.133 47 (48) 0.45%
14 TimeH.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 IntlAP., 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 SanAndrés Columbia 12.583 -81.717 31 (55) 15.89%
38 Felipe, Mexico 19.7 -87.9 32 (57) 12.73%
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2.3 Methods

2.3.1 Pentad Climatologies and P@nalysis

Given the noise in daily data, pentadd®y) averages of daily rainfall observations are
calculated for each station. Using similar criteria from Hamada et al. (2002), if a pentad has two
or more days of missing data, the pentad is omitted. If a pentagsgng or omitted within an
analysis year, the entire analysis year is omitted for that station. Valid years for the analysis are
given in Table2.1. The rainfall pentad climatology for each station is calculated by averaging all
valid years. After normeing the pentad climatologies for each station, a Principal Component
Analysis (PCA) is conducted, where the space dimension is the station number and the time
dimension are the 73 pentads. The first three PCs are preserved and passed through a binomial
filter for smoothing. The correlation coeffic
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 climagdaogre 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 tet@rmine the authenticity of the classified regions.

2.32 Moisture Budget Analysis

The atmospheric moisture budget equation can be expressed as:

0 ©O —ni, ArQn Q)
In this equation, precipitatiof? minus evaporatio(E) is equal to the convergence of the column

integrated moisture flux {¢ where q is specific humidity andis the horizontal wind vector)

multiplied by the scaling factor of gravity (g) and density of wéter). Following Seager and
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Henderson (2013), EQ.is rewritten by taking its monthly time mean frornéurly intervals and

put in K model pressure levels

~

v 0 —nt TR RN 2)

where the overbars dete the monthly means. The righand side of EdR 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 components: moisture convergence associated with the monthly mean circulation and

moisture convergence associated with the submonthly transient eddies:

~

v 0 —nt TN Teer Neer M (3)

where the first term in the summation on the rigahd side represents convergence by the mean
flow, and the second term in the summation on the-hightd side represents convergence by 6
hourly transient flow. The primes on the second ternotdedaily departures from the monthly
mean. Next, the divergence operator is moved to inside the summation in Eqg. 3 in order to break
down the mean flow convergence into its components. After calculating the climatological

monthly and/or seasonal means, Bgqan be rewritten as:

~ . tririitiitiiiiiiiiiiiiiiiiiiiiiiiiiiiune
5

v o = (BLE S SUR T B e L S RS
NN 4)
where the double bar represents the climatological monthly asrslasean. The first two terms
on the righthand 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 teisrthe surface term, which is related to the surface topography and
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the resulting surface pressure gradient. For this analysis the surface term is relatively small

compared to other terms and is thus ignored.

2.4 Results

2.4.1 Principal ComponentAnalysis of the Seasonal Cycle of Rainfall in the
Caribbean
The first three principal components (PCs) explain 78% of the total variance (54%, 16%,

8%, respectively) of the pentad rainfall climatological seasonal cycle 2Hig.c). The first
principal canponent (Fig.2.1a) displays the known seasonal characteristics dominant in the
Caribbean: the EariRainy Season beginning mid-April and lasting through June, the MSD
from June through August, the Le®ainy Season (LRS) from August througbvembey and the
Winter Dry Season (WDS) from midovember to April. In addition, the maximum rainfall occurs
during the LRS 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 thébBaan have high positive correlation
coefficients with PC1 (Fig2.1d; Table2.2), with the exception of the four Guiana statiofngth
its negative peak in June and positive peak in November, PC2 indicates a modification of the
intensity of the ERS comped to the LRS rainfall (Fig2.1b). PC2 also shows a gradual ascent of
rainfall towards the LRS in positively correlated stations. A notable contrast in spatial correlation
pattern (Fig2.1e; Table2.2) is seen with PC2 from NW to the SE portion of tlagiibean 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 Florida,
Cuba, and the Bahamas have negative ctisak This implies that the ERS peaking in June has

a stronger signature in tiNorthwesterrCaribbean than in theo8theasteriCaribbean while the
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Figure 2.1: Principal Component Analysis (at c) and spatial correlation coefficients (d¢

f) of the climatological Caribbean pentad rainfall at 38 CIMH/GHCN stations. Coefficients
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during the climatological LRS. Meanwhilgtations in the Guianas have high negative correlation
coefficients, 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 lateRS peaking in late November and extending into the WDS @lg,).

The correlation coefficients in PC3 show a notable meridional contrast2Efg.Table 22).

Stations in the NrthwesterrCaribbean€.g.Cuba, Jamaica, Bahamas, and Florida) have negative
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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
NorthwesterrCaribkean, and a later peak of the LRS seen in PC3, the negative correlations in PC3
in the NorthwesternCaribbean suggest this region has a stronger signature of the MSD and an
earlier LRS in comparison to the eastern Caribbean. Meanwhile, the positive worselat
Guyanaarea combination of the absence of the climatological MSD and d_R$&given their
inverted relationship seen in PC2.

Table 2.2: Correlation coefficients between the station annual cycle of rainfall and
PC1, 2, and 3. Values bolded and italicized denote significance at the 95 * confidence level.

Region (ID) Station Name rPC1 rPC2 rPC3
(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

Northwest (9) La HabanaCuba 0.746 -0.214 -0.254
Caribbean | (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

(5) CFarm, Belize 0.799 -0.103 0.330

Western (6) Intl. AP., Belize 0.850 -0.021 0.162
Caribbean | (37) San AndrésColumbia 0.879 -0.080 0.327
(38) Felipe, Mexico 0.817 -0.111 -0.164

(1) BC Bird Intl. AP., Antigua/Barbudg 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

Central (28) Cyril E. King, St. Thomas 0.673 0.444 0.47
Caribbean / | (29) Colosq USPR 0.830 -0.275 -0.287
Northern Lessel (30) Dora Bora, USPR 0.641 0.1240 -0.318
Antilles (31) Ensenda, USPR 0.766 0.394 -0.175
(32) Guaynama, USPR 0.873 0.026 -0.101

(33) Jajome Alto, USPR 0.812 0.24 0.070

(34) Mora Camp, USPR 0.584 -0.123 -0.094

(35) Paraiso, USPR 0.708 0.197 0.116
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(36) Morovis N., USPR 0.463 0.431 -0.086

(3) CIMH, Barbados 0.820 0.345 0.160

(4) Grantley A. Intl. AP., Barbados 0.826 0.346 0.225

Central and | (10) DCAP, Dominica 0.781 0.384 0.251
Southern Lesse| (12) Guadeloupe 0.716 0.131 -0.029
Antilles (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

(13) Georgetown, Guyana 0.0 -0.780 0.530

(14) Time HRI, Guyana 0.185 -0.843 0.362

T&T / Guianas | (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& 0.676 -0.204 0.356

Overall, the PCA suggests three distisigbregiors of the rainfall cycle in the Caribbean:

the NorthwesternCaribbean, the Central and Eastern Caribbean (Puerto Rico and the Lesser

Antilles), and the Guianas. However, this rough division of the Cariblbegions paints an
incomplete picture. Findings frotme total moisture budget provide important insights on the
regional precipitation patterns across the Caribbean.
2.4.2 Seasonal Moisture Budget of the Caribbean

The reanal ysisdé spati al 12002)ferthe Caebbdanisl g et
divided into the four climatological precipitation seasons: the WDS 2. ERS (Fig2.3),
MSD (Fig.2.4), and LRS (Fig2.5).

2.4.2.1Winter Dry Season (DecembetApr il)

Given RE (Fig. 2.2a) equals the TMF (Fig.2b) in the moisture 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 Guiana® thik 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
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(Fig. 2.2b). When the convergence of the TMF wken down into its mean (Fi@.2c) and
transient (Fig2.2d) 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
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Figure 2.2: Winter Dry Season (Dec -Apr) climatological seasonal mean moisture
budget in mm/day. (a) Precipitation minus evaporation. Shaded in green (convergence) and

23



brown (divergence) are (b) total moisture flux convergence, (c) convergence by the mean
flow, (f) convergence by the transient flow, (e) mass convergence, and(f) mean flow moisture
advection. The contours in (b) are SSTs. The black vectors in (c) and (d) are the vertically
integrated mean and transient moisture transport vectors, respectively. The grey vectors
in (c) are the 925hPawind vectors. The black vectors in (e) and (f) are the 925Pa wind
vectors. The solid black contours in (f) are specific humidity at 925 hPa

U.S. and divergence basioh the Gulf of Mexico and NrthwesternCaribbean are due primarily

to the transient flow. The divergence across the tropical 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 vectors are meridional, that is theckam
convergence and divergence couplet are a result offféghency transient eddies that transport
moisture poleward.

The breakdown of the mean flow into its mass cogeece (Fig.2.2e) and moisture
advection components (Fig.2f) show that mass convergence is the dominant term of the mean
flow impact on the moisture budget while moisture advection acts as a modifier. For instance,
mean flow divergence in the tropiddbrth Atlantic is due to mass divergence by northeasterly
winds carrying lower values of specific humidity (q) into the region. Thissociated with the
circulation imposed by the NASH along its southern flank. In addition, stronigP@2msterly
winds are seen across tieentral Caribbean Sgthese 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, strongrren@idvection by
southeasterly winds carries higher g frira Caribbean Seato the Gulf of Mexico.

2.4.22 Early-Rainy Season (MayJune)

During the ERS, the mean flow (Fig.3e, f) is the dominant contributor of the TMF (Fig.

2.3c, d). In May, two barglof convergence in the Caribbean appear in the TMF 2Eg): one

in the western flank of NASH from the Dominican Republic/Puerto Rico to theatiiddes, and
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the other across western portiontioé Caribbean Se&onvergence also appears in the Gagan

as the Atlantic ITCZ convergence band moved northward
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Figure 2.3: 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 specific

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
925hPawind vectors. The black vectors in (gtj) are the 925hPawind vectors. The solid black
contours in (i) and (j) are specific humidity at 925hPa

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 arthWestern
Caribbean, the southern flank of NASH, and a divergence tongue from the Lesser Antilles to the
Central Caribbean Se&STs inthe Caribbean Seme between 27 228 °C and the Gulf of
Mexico is at or below 27 °C (Fi@.3c). Areas such as the Eastern Pacific ITCZ and the
Caribbean shoreline of Central America have SSTs at or above 28.5 °C, denoting the warm pool
and its Caribbean branch. The @l 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 Western Caribbean Sea

In the convergence band in the westéanK of NASH, mass convergence (F&g) and
advection of moister air (Fig2.3i) are found. The 928awind and mean moisture transport
vectors in this convergence band have a stronger southerly component than during the WDS.
Therefore, the convergenband 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 imtestern Caribbean Sesamainly associated i mass
convergence that connects with the Eastern Pacific ITCZ. In addition, the&2#ds inthe
Caribbean Selaave a stronger southerly component than during the WDS. Mass divergence in the
central Caribbean Sea weaker than during the WDS. Thisphes that thewvestern Caribbean
Seaband is receiving moisture from the Eastern Pacific ITCZ as a result of enhanced southerly
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flow which weakens the divergent trade windshea Caribbean Sedahe Gulf of Mexico and far
NorthwesternCaribbean mean flowivkrgence is due to mass divergence; however, positive
advection of moisture via southeasterly winds in the region modifies the magnitude of the overall
mean flow moisture flux divergence. Finally, the ITCZ convergent bands are a result of mass
convergenc®y the trade winds that converge towards the ITCZ.

In June, the TMF and mean flow convergence bands associated with the western flank of
NASH shift westward to the eastern U.S. coastline and to portions of the Gulf of
Mexico/NorthwesterrnCaribbean (Fig2.3d, f). This observation is consistent with recent studies
that investigate the ER®.¢.,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 convergence (Fig.3h) and northwestward shift of positive moisture advection @Egj).
In addition, the 928Pasoutheasterly winds shift westward as southeasterly winds in the Gulf of
Mexico and MrthwesterrCaribbean have strengthened while the southeasterly winds north of the
Dominican Republic/Puerto Rico have become easterly. SSTs wasnghtout the Caribbean
domain and the AWP (28.5 °C) expands to regions where convergence acrossstben
Caribbean Seand Gulf of Mexico is found (Fig2.3d). The convergence band in thestern
Caribbean Seshifts slightly northwestward as mass camgesnce from the Eastern Pacific ITCZ
migrated further northward. The Atlantic ITCZ convergence band 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, eéhdivergence band in the southern flank of NASH shifts
northward, and the divergence tonguéi@ Caribbean Sestends westward as negative moisture
advection (Fig2.3j) is enhanced acrofise Caribbean Se#n addition, thé©25hPaasterly winds

and man moisture divergence vectorstire Caribbean Sestrengthen (Fig2.3f), similarly to
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what is found during the WDShe Caribbean Seaass convergenagegative moisture advection
couplet found in the WDS also returns (RAgh, j).
2.4.23 Mid-Summer Drought (July-August)
The MSD TMF shows three convergent bands and one large divergent band in the

Caribbean domain (Fig. 2.4b).
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Figure 2.4: Same from Fig. 2.2 but for the Mid -Summer Drought season (Jul-Aug)
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The convergence bands coincide where precipitation exceeds evaporation the magia)Fag.d
vice versa with the seen divergence baride first convergence band is associated with the
northwestern flank of NASH and is seen from Florida @ ithid-latitude Atlantic Ocean. The
second convergence band is seen imtbgtern Caribbean Sesouth of the Eastern Pacific ITCZ
convergence band. The third convergence band is seen in the Lesser Antilles in association with
the Atlantic ITCZ. The divergnce band is seen in the southern flank of NASH, portions of the
Greater and Lesser Antilles, andntral Caribbean Seén comparison to the ERS, the NASH
convergence band shifts northwestward and the Eastern Pacific ITCZ/Atlantic ITCZ bands move
northwad. The mean flow is responsible for these convergent and divergent band3d4€jg.
Upon the breakdown of the mean flow into its mass convergence ZBig). and moisture
advection (Fig2.4f) components, mass convergence is largely responsible footivergence
bands, whereas mass divergence and negative advection of specific humidity are largely
responsible for the divergent band. The enhanced negative advection across most of the Caribbean
is due to marginally lower values of g across the southank tHf 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 S\ which advect lower values of q into the mid
latitudes, respectively. Similarly, to the WDS and ERe, a large convergendiergence
couplet is seen between mass convergence and moisture advetii®Caribbean Sea

The western Caribbean Sea alsidg the Nicaragua shoreline has mass convergence and
advection of drier air, whereas the central Caribbean Sea north of the Bay of Venezuela has mass
divergence and positive moisture advecti®milarly, during the WDS, a pocket of lower g and

strong diergent winds are seen north of the Bay of Venezuela, whereas larger values of q and
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strong convergent winds are seen to its east and west. The SSTs at and around the Caribbean Sea
divergence pocket are cooler than the surrounding region (Fig. 2.4b), iwhikély a result of

coastal upwelling (Inoue et al. 2002). This upwelling is forced by thddwel easterly winds, or

CLLJ, that are parallel to the South American coastline (Fig. 2.4c, e). In addition, the AWP (28.5C)
extends eastward into the Lessettilles but does not reach the North South American coastline
(Fig. 2.4b). 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 Ielevel 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 previadies (Mufioz 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. 2.4d). That said, transient convergence modifies the extent of mean flow
divergence awalues of transient convergence are seen off the coast of West Africa and the
Caribbean. The mean transient transport vectors over the tropical North Atlantic and off of West
Africa are meridional; therefore, the transient convergence is a responstetty @asving high
frequency eddies (e.g., AEWSs). However, the negligible transient convergence values seen in the
Caribbean suggests their influence is marginal.

2.4.24 Late-Rainy Season (SeptembeNovember)

The LRS TMF in September shows convergenceutjinout most of the Caribbean domain
(Fig. 2.5a) as precipitation well exceeds evaporation (not shown). Convergence is seen throughout
the NorthwesternCaribbean, eastern Central America, the Greater Antilles, and the Lesser

Antilles. Some divergence is se@ thecentral Caribbean Seand in the Guianas. The AWP
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covers the entire Caribbean domain (Ri$a). When breaking down the TMF into its mean (Fig.
2.5d) and transient (Fig.5g) components, it is found that TMF convergence is due to convergence
from the mean flow. Mass convergence (not shown) is the dotdomponent of the LRS mean

flow as moisture advection (not shown) is negative but negligible across the Caribbean.

s . .
oW WW  B0W  TOW 0w
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Figure 2.5: Late rainy season climatological monthly mean moisture budgets 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 (@), (b), (c)are SSTs. The black
vectors in (d¢f) and (gti) are the integrated mean and transient moisture transport vectors,
respectively. The grey vectors in (dtf) are the 925hPawind vectors

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 convergee bands are seen in the TMF and only the southern portion

of the western flank ahe NASH convergence band is seen in the TMF. Transient divergence is
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found across the Gulf of Mexico and where the northwestern flank of NASH is located. Therefore,
transent 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 poleward; thus, extratropical higlguency transient eddiesedikely responsible for
transient divergence seen in the Gulf of Mexico and U.S. eastern coastline.

When comparing the LRSeptember to the seasonal MSD, it is found that the mean flow
NASH convergence band migrates southward as the Eastern Pacific teEmdicAITCZ
convergence bands migrate northward. SAMS mean flow convergence band weakens and remains
stagnant. The mean flow divergence pocket seen ioghial Caribbean Sesdiminished. The
southern flank othe NASH divergence band is also diminggh Lowlevel winds shift from
easterly to southeasterly across most of the Caribbean domain. Therefore, the migration of large
scale convergence bands alongside winds that favor mass convergence may explain the enhanced
convergence across the entire Clagidin. As for transience, the convergence seen in the Caribbean
and off of West Africa is diminished as divergence from thelatitldes extends southward into
the Gulf of Mexico and portions of theolkhwesterrCaribbean. This suggests matitude high
frequency transient eddies extending southward as tropical easterlrdujgbncy transient
eddiese.g.,AEWSs, diminish.

In October, TMF convergence moves southward in the Caribbear2 By Convergence
is seen across the Lesser Antilles, Central Acaerand Puerto Rico/Dominican Republic.
Divergence infiltrates the dithwesterrCaribbean and Gulf of Mexico, as evaporation strengthens
and exceeds precipitation (not shown) across thehMesternCaribbean and Gulf of Mexico.

The mean flow (Fig2.5e) $1ows Atlantic ITCZ and Eastern Pacific ITCZ bands shifting slightly

southward. The NASH mean flow convergence band shifts southeastward and is at similar position
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seen during the ERBlay. However, most of the NASH convergence band vanishes. Transient
divergence by U.S. mainland highequency midatitude eddies (Fig2.5h) shifts southward and
strengthens; therefore, the transient divergence overtakes the NASH convergence band. Also, seen
in the TMF is the contraction of the AWP (F&5b). SSTs at or belv 27 °C in the Gulf of Mexico

and portions of the drthwesterrCaribbean 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 tha®2 °C, whereas the opposite is true where transient divergence is
greater. Finally, lowtevel winds remain southeasterly across the eastern half of the Caribbean
domain, whereas the western half sees an easterly shift. The easterly shift in the wigiérn ha

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 NovemberZbig). as evaporation
strengthens (noth®wn) 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 andrnERatéfic
ITCZ convergence bands (Fig5f). The Atlantic ITCZ shift results in moisture convergence 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 surfaoe ¢envergence on top of mass
convergence (not shown). The Caribbean 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 acse 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
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divergence. Meafiow divergence is also seen in thehwesterrCaribbean and Gulf of Mexico.
Therefore, mean flow divergence enhances TMF divergence in the Gulf of Mexico and
NorthwesternCaribbean that is dominated by transient divergence #59. SSTs continue to
cool across the Caribbean (FR§5¢) and the AWP contracts further and is concentrateédein

Caribbean Sea

2.4.3 Caribbean Climate Regions and Pentad Climatologies

Based on the findings from the PCA, thsedregiorsare 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 Ishnds, 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 Central and Southern Lesser Antilles (Region 4), and
Trinidad & Tobago (T&T) / Guianas (Region 5). Furthermore, the TRMiged results support
the multiseasonality of the different regions based on the station data2(FigAlthough most
of the regional pentad climatologies in TRMM have lower magnitudesttiestation data, this
is possibly due to TRMM containing some ocean grids in its pentad calculations. Another possible
source of difference could be due to the different temporal coverage of the station vs. TRMM data
as shown in Fig2.7. However, wherthe station data temporal range matches with TRMM the
station pentad cl i mat ol ®Ql4 matcbed wall;dherefdred the9e ateo 2 0
no systematic differences between the two different sets of climatological periods. In sum, the

station ditaset is robust to represent the regional climatology.
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Figure 2.6: Regional Classifications for the Caribbean. (1) Central Caribbean; (2) Western
Caribbean; (3) Northwest Caribbean; (4) Central and Souther n Lesser Antilles; (5) Trinidad
and Tobago (T&T) and Guianas. Red dots indicate stations shown in Fig. 2.7

2.4.31 Central Caribbean

The Central Caribbean rainfall cycle is influenced by moisture convergence associated with
the expansion andontraction of the western flank of the NASH. At the beginning of the ERS
(late-April/early May) convergence from the western flank of NASH emerges anywhere from the
northern Lesser Antilles to Puerto Rico, and progresses northwestward intorthevéten
Caribbean as NASH expands westward. The pentad climatologie2 (Fagb) 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 Juneghbe positive 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 nsdv&ck into the Central Caribbean on a similar path
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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, convergence remains in the region and

is why theCentral Caribbean LRS has a longer duration than its ERS2(Fay.b).

2.4.3.2 Western Caribbean

The Western Caribbean rainfall cycle is dominated by the Eastern Pacific ITCZ with some
interactions between ITCZ and NASH and regional modifications bi\t¥ié and the CLLJ. The
ERS peaks later than the Central Caribbean, starting in late May through early Juy7¢Fid).
The northward migration of the Eastern Pacific ITCZ provides moisture for the Western Caribbean
during the ERS to LRS. During the ERSE is enhanced in this region from two convergence
bands in thavestern Caribbean Seane 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; howeve 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 southeasterly 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 extentnsetirer regions. The pentad
climatologies and PC3 support these findings. Stations in the western Caribbear ¢Fa). have
a less prominent MSD and no significant correlation with PC3. The exception is the Nicaraguan
to Costa Rican Caribbean coastin@here a lack of the MSD is observed due to enhanced
convergence by the CLLJ (Herrera et al. 2015; Hidalgo et al. 2015). During the LRS, the easterly
winds weaken as NASH contracts, and the moisture regime and processes described during the

ERS return. Ta slow southward migrating Eastern Pacific ITCZ stays in the Western Caribbean.
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which is likely why the pentad climatologies and PC3 show aeateand start to the LRS and

WDS, respectively.

2.4.3.3 Northwestern Caribbean
The NorthwesternCaribbean raifall cycle is similar to the Western Caribbean, except it is
influenced more by the expansiaontraction of the western flank of NASH, and migration
patterns of U.S. mainland mldtitude features. During the second half of the ERS, the
convergence bandgsociated with the western flank of NASH migrates from the Central Caribbean
to the NorthwesterrCaribbean. This is consistent with the negative correlation between PC2 and
rain gauge stations on the eastern half of tletiwesternCaribbean. In additiothe NASH
southeasterly winds itme Caribbean Sgaovide moisture to extend the Eastern Pacific ITCZ into
the southern portion of thedkhwesternCaribbean. During the MSD, this ITCZ penetration is
marginal as divergence associated with trade winde@sduthern flank of NASH infiltratake
Caribbean Sed he pentad climatologies (Fig.7e, f) and the phase of PC3 support these findings
in the moisture budget. TheohwesterrCaribbean has negative correlations with PC3, which is
largest in its sotiern 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 #attude 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 tloettNvesternCaribbean first. Therefore,
convergence from the western flank of the NASH dissipatesrasuét of transient divergence
overtaking mean flow convergence in therttiwesternCaribbean and the disappearance of the
AWP. This supports what is seen in the pentad climatologies ZFig, f) and in PC3 in the

NorthwesternCaribbean. PC3 shows that these stations have negative correlations oRSate
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and the pentad climatologies show these stations have the earliest demise of the LRS than any

other region in the Caribbean.

2.4.34 Central and Southern Lesser Antilles/®&T/Guianas

The Central and Southern Lesser Antilles and the Trinidad 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 migation, Atlantic ITCZ convergence moves through the Guianas
and T&T during the lat&ERS and into MSD and slows down while reaching its northeoat
extent at the central Lesser Antilles by the mid LRS. While the Atlantic ITCZ migrates north from
the soutlern to central Lesser Antilles during the MSD to mid LRS, divergence is seen across the
Guianas. During the lateRS, convergence returns in T&T and the Guianas as the Atlantic ITCZ
migrates south and divergence associated with the trade winds returagéntral and southern
Lesser Antilles. The Atlantic ITCZ and its migration pattern explains what is seen in the Lesser
Antilles and Guianas in the PCA analysis and pentad climatologie(Faij). This is consistent
with numerous rainfall studies ihé Guianasd.g.Shaw 1987; Bovolo et al. 2012; Dur@uesada
et al. 2012); however, no study has mentioned the Atlantic ITCZ as the major source of moisture
convergence for the Lesser Antilles. The lack of an ERS seen in the Lesser Antill@s/;ib)
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 I TCZ in the re
negative correlations in PC1, and the positive correlatatisPC3 across T&T and Guianas. The
bimodal rainfall pattern in the T&T and Guianas (Ridi, j) is distinct from the climatological

bimodal pattern seen in most of the Caribbean.
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Figure 2.7: Pentad rainfall climatologies in millimeters/day in the Central Caribbean: (a)
Antigua and Barbuda, (b) Paraiso, Puerto Rico; the Western Caribbean: (c) Belize City, Belize,
(d) San Andrés, Colombia; the Northwest Caribbean: (e) Camaguey, Cuba, (f) Key West,
USA; th e Central and Southern Lesser Antilles: (g) Martinique, (h) Grantley, Barbados; and
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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 -averaged pentad and binomial
filtered TRMM precipitation climatologies in the station -based classdfied regions, for the
period 1998t 2014

2.5Summary and Discussion

Chapter Zanalyzed the seasonal cycle of rainfall in the Caribbean udht@Aeof station
data from the Caribbean Institute for Climatology and Hydrolagy NOAA Global Historical
Climatological Network between 1960 and 2017. The first principal component (PC1) shows high
positive correlations across the entire Caribbean as it details th&neeth bimodal rainfall
structure of the Caribbean: the WinteryC5eason, Earjrainy Season, Mikbummer Drought,
and LateRainy Season. When the ERS and LRS are modified (PC2prihawesternto
southeasterrcontrast is seen where stations in thertNwesternCaribbean show positive
correlations to a strong ERS andak 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
NorthwesternCaribbean stations show positive correlations to an enhanced MSD and early
peaking RS, while stations in lower latitudes show positive correlations to an absent MSD and
late-peaking LRS.

This chapterthen presents a detailed total moisture budget for the Caribbean by using the
ERA-Interim Reanalysis from 1979 to 2012. The resultthis chaptesuggest three facilitators
of moisture convergence that influence the seasonal cycle of rainfall in thé&2er. 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: mithtitude transients &m the continental United States, and the trade winds
along the southern flank of NASH. The Atlantic Warm Pool (AWP) branch of the Western
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Hemispheric Warm Pool (WHWP) and Caribbean Losvel Jet (CLLJ) act as regional modifiers
of moisture convergence the Caribbean.

The Caribbean is categorized into five climsidregiors based on the findings from the
PCA and moisture budget analysis: Central Caribbean, Western Caribbeghyés$tern
Caribbean, Central and Southern Lesser Antilles, and the Triaihd obago and Guianas. A
schematic (Fig2.8) is proposed to demonstrate the interactions of the main climatological features

across these regions throughout the seasonal cycle evolution.

WINTER DRY SEASON - DECEMBER TO APRIL : EARLY RAINY SEASON - MAY TO JUNE

ITCczZ *Dec-Feb

. Movement of Convergance w=ap  Converging Winds
o
‘ Convergance Area . Warm Pool (>28.5°C) H High Pressure Center a Area through Season > Diverging Winds

Figure 2.8: Schemdic 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 bro wn arrows denote the convergent and divergent wind vectors, respectively. The

A L N ~oA

continental High. The warm pool denotes SSTs greater than 28.5 °C is highlighted in maroon
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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@{D$, an absence of the
AWP, and srong midlatitude features from the U.S. mainland enhance divergeribe in
Caribbean SeaCaribbean, and dfthwesterrCaribbean, respectively. The southern flank

of NASH expands southward as the ITCZ migrates southward. The southward migration
of the Atlantic ITCZ draws moisture to South Ameri@g.,to the Guianas) during the
beginning 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 hjgiessure cell merges and induces
converging lowlevel southeasterly winds frotine Caribbean Sef the midlatitudes
which breaks the influence of the diverging trade winds and wintertime CLLJ and produces
uplifting and rainfall. In addition, the Atlantic and Easteraciic ITCZ begins its
northward migration. During the ERS, the western flank of NASH expands westward and
brings excess rainfall over evaporation to the centralNorthwesternCaribbean. The
mid-latitude features over the continental U.S. and theirdarece 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 theokthwesternCaribbean thaugh its shifting easterly to
southeasterly winds. Simultaneously, the AWP emerges acroseshern Caribbean Sea

and Gulf of Mexico and enhances the moisture convergence provided by the Eastern
Pacific ITCZ and the western flank of NASH. The Atlanti€l migrates into the Guianas

and its absence, which is accompanied by strong divergedél@htrade winds from the
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northward shifting southern flank of NASH, inhibits the ERS in the Lesser Antilles. The
low-level trade winds rntensify and ranfiltrate 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 returithis causes an enhanced MSD in tleetNwesterrCaribbean. 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. midatitude 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 Caribbean Seand enhances the NASEET feedback loop and resultant MEDLJ.

The CLLJ enhares divergence across the central and eastemblizan Seaand
convergence 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 lovlevel southeasterly winds return acrtss Caribbean Seilowever,

U.S. mainland midatitude features and its divergence rapidly shift southwaddeeaken

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 southward migration. The AWP, which is at ites$argpatial
coverage, begins to contract and enhances moisture convergence across the Caribbean. The

CLLJ disappears as the combination of returning southeasterlies and warmer SSTs in the
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central Caribbean Seaduces the NASESST feedback loop. NASH conties to contract

until the continental High emerges, which results in the dissipation of its western flank,

intensification of the trade winds the Caribbean Seand the beginning of the WDS.

The schematic provides several important insights addrepsawipus literature on the
dynamical mechanisms of Caribbean rainfall. First, the structure of the ERS Caribbean Rain Belt
(CRB) theorized by Allen and Mapes (2017), is similar to the ERShiapter 2and appears to
return during the LRS. Second, the pattef the U.S transient divergence suggests the migration
pattern of midatitude troughs in the Caribbean and continental U.S: gradual decline in its
frequency during the ERS, and abrupt incline in its frequency 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 bandsaritiebtern
and Western Caribbean may be influenced by the stalling of amas 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 Caribbegunickly, which is synonymous with subsidence behind cold
surges (Reding 1992; Schultz et al. 1998; Giannini et al. 2000; Sdenz anéQu&seda 2015).
Finally, tropical cyclones and easterly waves have marginal influences in the climatological
Caribbean ainfall cycle, which is in contrast with several studies (Taylor et al. 2002; Herrera et
al. 2015), and are not shown in the schematic.

The results from this chapténds several distinctive characteristics in the Caribbean and
Caribbean climate regionsat are not seen in earlier Caribbean regional classification studies that
use monthly or longer averaged datasets. For instarceeghltdind the NorthwesterrCaribbean

to have a bimodal pattern with portions of the region having a prominent MSny@sidf the
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Lesser Antilles to have a unimodal rainfall pattern. This differs from Jury et al. (2007) where they
describe the NrthwesterrnCaribbean as unimodal with bimodality increasing in magnitude from
the NorthwesterrCaribbean to the Lesser Antillekhis 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
submonthly @infall transitions that thighapterfinds. Overall, thischapterdemonstrates the
importance of using greater temporal resolution in order to distinguish rainfall characteristics in
the Caribbean. Although it is apparent regional and {acgdée dynamicare 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 highelution spatial detail

of seasonal rainfall.

Findly, this chapter provides a framework for investigating wheaability, change and
consequently, predicn of the rainfall cycle in the CaribbeaRor example, the interannual
variability of the Caribbean rainfall cycle is importdat understandinghe genesis of seasonal
hydrometeorological disasters such as droughts and floods and howsdatgeinterannual
phenomengsuch as ENGS, influence rainfall in the regiarHence, the subsequent chapter applies
the understanding of the seasonal climatolagg dynamical mechanisms in the Caribbean in
order to investigate the interannual variability of the rainfall cyRlecent studies have found
largescale phenomena such as Madden Julian OscillatioMJO), a natural coupled ocean
atmosphere wave with eycle of 3090 days (Madden and Julian 197apd the Atlantic
Multidecadal OscillatiofAMO) to influence rainfall in the Caribbean iatraseasonal and multi
decadal timescales, respectively (Martin and Schumacher, 2011; Stephenson et alll#014).

work from this chapter could be utilized torastigate the behavior of the Caribbean rainfall cycle
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under intraseasonal, decadal, and raditadal time scaleand the role largecale phenomena

such as the MJO and AMO influence the cydlmderstanding how the observed dynamical
mechanisms and regional rainfall characteristics change under future climate is significant for
future climate mitigation and adaptati practices, agriculturgdlanning, and decision making.
Modeling studieshat investigateainfall and climate dynamics in the Caribbean would benefit
from this work, by understanding how well models simulate the underlying regional characteristics
and dg/namical mechanisms of the climatological rainfall cycle, daducethe extent natural
precipitation variability versus climate change affecting rainfall in the regiarConsequently,

the benefits of utilizing this chapter to improve the understarmfitige variability and change of
rainfall in the Caribbean, advances twerarching goabf better predictinghe Caribbean rainfall

cycle.
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Chapter 3: Interannual Variability of the Early and Late -Rainy

Seasons in the Caribbean

Note: A modifiedversion of this chapter has been published in Climate Dynami2§)¢20

3.1 Introduction

The contributions from the larggeale atmospheric circulaticare documented for the
annual cycle of rainfall in the Caribbeé@hapter 2) A natural assumption maglthat the year
to-year variability of Caribbean rainfall is governed by variability in those same elements. But
what are the largecale climate modes of variability that may have a significant impact on the
SSTs, NASH, the CLLJ, and the regional ITCZ2@an 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 climatologically, the local influences of the NASH,
the trade windsand the ITCZ vary by region, their interannual variability 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 edGlb2Wang 2007,
Hidalgo et al. 2015). It stands to reason that although the Caribbean rainfall regions do experience
different governing mechanisms, climatologically, the interannual variations of the mechanisms
affecting interannual variability are in my and that nearly the entire Caribbean experiences
anomalous wetness or dryness during each rainy season. An important exception may be the
NorthwesterrCaribbean, as a recent study found that in many years when droughts were pervasive
throughout most ahe 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

2Martinez, C., Kushnir, Y., Goddard, LTing M., 2020:nterannual variability of the early and lat&iny seasons in
the Caribbean. Clim Dyn 55, 1568583 https://doi.org/10.1007/s003820-05341z
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Ault 2017). Hence, one may ask how uniform is the interannual variability of tBeaBR LRS
over the Caribbean?

Several studies have attributed the interannual variability of the Caribbean to two large
scale climate modes of variability: The El Nif@outhern Oscillation (ENSO) and the North
Atlantic Oscillation (NAO). In the CaribbeaBNSO 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, 201c; Taylor et al. 2002; Spence et al. 2004ng et al. 2008RodriguezVera et al.

2019)., Other studies found no significant correlation between ENSO and rainfall in the Central
and Eastern Caribbean (Chen and Taylor 2002; Malmgren et al. 1688sValcarcel, 2018;
Hernandez Ayala 2019) and showed instead that in those regions, rainfall is highly correlated with
the NAO (Malmgren et al. 1998; Giannini et al. 2001c; Gouirand et al. 2012; Mote et al. 2017).
The NAO, which exhibits peak varialtii in the boreal winter months, affects the Hadley
Circulation and corresponding NASH (Wang 2001), SSTs in the tropical North Atlantic region
(TNA) (Bjerknes 1964; Kushnir 1994; Seager et al. 2000; Hurrell et al. 2003; Kushnir et al. 2006)
and consequentlsainfall, during the Caribbean ERS (George and Saunders 2001; Giannini et al.
2001c; RodrigueX/era et al. 2019).

The literature varies on how and what lasgale climate drivers affect the Caribbean,
because most Caribbeande papers looked only at ERSGiannini et al. 2000; Chen and Taylor
2002; Taylor et al. 2002; Spence et al. 200dng et al. 2008or NAO (George and Saunders
2001). Recent papers that have considered both ENSO and NAO only focused on a specific region
of the Caribbean (Gouirandat 2012; Mote et al. 2017; Torrd¥&lcarcel 2018; Hernandez Ayala

2019). Only a handful of studies investigated both ENSO and NAO across the entire Caribbean
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(Giannini et al. 2001a, b, c; Rodrigu¥era et al. 2019), yet they stop short of translating how
these largescale drivers affect the dynamical processes that affect each Caribbeagisub

found in Chapter 2 In addition, numerous studies investigating the interannual variability of
rainfall in the Caribbean use lesssolved temporal resolutiomd the ERS and LRSe(g, bi-

monthly or seasonal averages) that can mask their temporal and spatial evolutions (Malmgren et
al. 1998; Giannini et al. 2000, 20014, b, c; Chen and Taylor 2002; Spence et al. 2004; Taylor et al.
2002;Wang et al. 2008Gouirard et al. 2012; Torre¥alcarcel 2018; Hernandez Ayala 20119).
Chapter 2,he temporal resolutiaused wergentadandmonthly averagesand the results show
thatthe ERS and LRS have withgeason temporal and spatial evolutions between their early and
late phases.

Chapter Xeeks to identify the processes governing the interannual variability of rainfall
during the different phases of the annual cycle across the Caribbeauporal and spatial
composites of wet and dry years in the Caribbean provaighintowards answering the following
guestions:

1. What largescale climate drivers govern the interannual variability of Caribbean rainfall,

how do they change throughout the rainy seasons, and how do they relate to thedl@rge

drivers that govern thclimatology?

2. Is there a dependency between the variability experienced in the ERS and LRS that may

impart longer leadime for prediction?

Chapter 3 is framed such that the interannual variability of rainfall is investigated for the
Caribbean as a wvafe, but subregional deviations are also examined.

Chapter 3 is structured as follows. SecBahand 3.3lescribes the data and methods used

respectively Section 31.1looks at and discusses the homogeneity of the interannual variability of
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the ERS ad LRS in the Caribbean. Sectiongl.2.and 3.4.3 look at and discuss the spatial
composites of climate variables pertinent to interannual variability in the Caribbean rainfall cycle
during the ERS and LRS, respectively. Sectign3nvestigates the indepdence of the ERS and
LRS variability. The summary of the results and its implications and concluding remarks are found

in Section 3.

3.2 Data

The daily station rainfall dataset described in Chapter 2, Section 2, is utilized here to
investigate the intannual rainfall cycleA 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 Chapter 2 that would skew the analysis. Station informatiam be found in Table
2.1.

To document the dynamicathglevant background state of the seasonal rainfall cycle and
its variability, the 18542018 2° gridded NOAA v5 Extended Reconstructed Sea Surface
Temperature (Huang et al. 2017) and 1208 2.5° NEP/NCAR reanalysis (Kalnhay 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 19B016.

Indices for NAO and ENSO are obtained from the NOAA Climate Predi@enter. 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/CWIlink/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 resolution is

used from 19602016.
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For moisture budget analysis, this study uses the European CentreedarniMRange
Weather Forecasts Interim Reaalysis (ERAInterim; Dee et al. 2011) to examine interannual
changes in the regional moisture budget. The HRA&rim is used at a-Bourly temporal
resolution from 1979 to 2016, at-pBessure levels, and a 1.By 1.5° spatial resolution. For
further details on the moisture budget calculation please refer to Seager and Henderson (2013) and

to Section 2.3.2 of Chapter 2.

3.3 Methods

3.3.1Quantifying Rainy Seasons

Given the higkfrequency noise in daily datpentad (5day) 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 pentad was omitted. If a pentad was missing or
omitted within therainfall season, the entire analysis year was omitted for 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 adkeegifferent temporal
characteristics found in each stdgion Chapter 2 For each station, averages of the ERS
precipitation are calculated for every year (from the 21st pentad of th& gearered on April
13thd to the 34th or June 17th). Foreveeyg r , e a c h s-averagedBERS is sulstracted o n a |
from their longterm climatology. The same procedure is done to calculate the seaseraged
LRS anomalies (pentads numbered 46 or August 16th to 64 or November 14th relative to the first
pentad othe year). Yearly Caribbeamide ERS and LRS anomalies are calculated by averaging

the 34 stationds ERS and LRS anomali es.
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3.3.2Uniformity of Caribbean and Dynamical Spatial Composites

Caribbearnwide composites are determined as the theorized-toae phenomena that
influence the dynamical mechanisms in the Car|
ERS pentads and LRS pentads were summed for each year to obtain tfiR$aalH_RS rainfall
for that year. The data for each stationds ER
The years with rainfall below the 33rd percentile and above the 66th percentile for a given ERS or
LRS are desi gnat ERS/LBSand wettERS/IIRE yearoresgedtively.rifya year
is designated as a dry ERS or LRS for at | ea:
location, the year was designated as a Caribbean ERS or LRS dry year. A similar procedure was
applied br classifying Caribbean ERS and LRS wet years. Using the regional classifications from
Chapter 2a cross check was done to make sure that a dense station network in a specific part of
the Caribbean was not dominating the rainy season variability anaBsig.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 percenhormal. The Caribbeawide compode years are shown in Tal8el.

Table 3.1: Dry and Wet ERS, and LRS years. 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.

Dry Wet
ERS LRS ERS LRS
1967* 1976* 1969* 1979
1973* 1981 1979 1984
1974* 1983 1981 1985
1975* 1987 1983 1988
1985 1991 198 1996
1989 1992 2004 1998
1991 1997 2005 1999
1994 2002 2009 2005
1997 2009 2010 2008
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1999 2012 2011 2010

2001 2015 2012 2011
2008 2013

2014

2015

Using the years designated for composting (T8dlg spatial composites from detrended
(over 19602016) 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
moisture transport and convergence over the 120°W to 15°W; 4.5°S to 75dhdémomalies
between the composite and the climatology were calculated. Adawple t test is conducted in

order to investigate statistical significance at the 90th confidence level.

3.4 Results and Discussion

3.4.1 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 pereratmal for the composite dry and wet ERS (Fig.
3.1a, b) and dry and wet LRS (Fig.lc, d). In Fig.3.1, the composites during both dry and wet
ERS and LRS, respectively, show the magnitude of the anomalies imithevidsterrCaribbean
to be weaker than the rest of the Caribbean. In particular, during some years of the composite (not
shown) certain stations in thdorthwesterrCaribbean experienced 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. B@drera and Ault 2017). Finally,
the Central and Lesser Antilles have the largest percent anomalies in comparison to the rest of the
Caribbean in the ERS (Fi®.1a, b). As a whole, the composites capture the largely uniform
dryness or wetness across thariBbean well. However, the differences seen between the

NorthwesternCaribbean and the rest of the Caribbean, and the large rainfall anomalies in the
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Central and Lesser Antilles hint that the set of dynamical processes that correspond to-each sub

region ae being affected differently than each other.
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Figure 3.1: Wet and Dry ERS (top) and LRS (bottom) composite mean percent
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3.4.2 Relationship between ERS and ENSO/NAO
There is a tripolar SST pattein the North Atlantic Basin, including the Caribbean Sea, in
the dry minus wet ERS years during the Winter Dry Season (WDS; December to ApBIL2E)g.
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 across portions of the
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NorthwesterrCaribbean, 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 regiceréeover the North
Atlantic subtropical region and extending into the TNA and Caribbean Sea during the WDS is a
large anomalous, positive SLP region (Bgf). Meanwhile areas across Greenland and Iceland
show large anomalous negative SLPs (Bigf). In the equatorial Eastern Pacific, anomalous
negative SSTs and positive SLPs are seen during the preceding WDS, but these weaken and
become norssignificant by May and throughout the rest of the year. In May, the southern TNA
and Caribbean Sea cold SST#sify and the warm, northern TNA SST tongue shrinks and
weakens (Fig3.2b). 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 significant remnant by May is

a regionof anomalously positive SLP in the southwestern TNA and the CaribbearB -

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 diminishessand onger
significant, while the cold SST signal in the southern TNA/Caribbean Sea and warm SST signal
along western South Africa persists (RBgc). In addition, the region of significant positive SLP
anomalies contracts further into the western andth\westernCaribbean while the rest of the

North Atlantic does not display any large, coherent significant anomalies. The South Atlantic
shows some anomalous negative SLP anomalies. Following the ERS, the Caribbean Sea cold SSTs
weaken but remain signifint for the MSD (Fig.3,2d; Julyi August) and LRS (Fig3.2¢;
SeptembémMovember). The South African coast warm SST signal weakgrthe MSD and

becoms nonsignificant by the LRS.
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Figure 3.2: Early rainy season dry -year minus wet -year SST (left) and SLP (right)
composite anomalies for Dec -Apr WDS (a, f), ERS (b, c, g, h), Jult Aug MSD (d, i), and Sep ¢
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Nov LRS (e, j). Black box indicates the Caribbean domain. Conto urs are the anomalous SSTs
and SLPs with colors denoting significance at 90% according to a two -sample t-test

Anomalously positive SLPs (Fi@.2i) remain in the Caribbean during the MSD; however, the
magnitude of anomalous SLP decreases as significhrgsvare 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 Caribbear8@&jgor the rest
of the North Atlatic.

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 quantify the
relationship, laggedorrelations between the NAO index with the Caribbeaeraged ERS
rainfall anomalies are calculated, with the NAO index moving through every overlapping three
month season, starting from the November of
February. There is a moderate, negative correlationdaet the preceding winter NAO and the
ERS rainfall (Fig33a) , with the DJF and JFM correl ati
and significant at the 1% level (assuming that yearly values are independent of one another). A

similar calculation is erformed using an index for ENSO (F@3a) and with the exception of

t

on

MAM (1 0.287 at 95th significance), ENSO exhi

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.
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Figure 3.3: 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

During the WDS with a positive NAO phase, the Hadley Circulation (Wang 2001) and
NASH intensify and ause enhanced trade winds and westerlies, south and north of the anticyclone
center, respectively. The observed (RB@) ocean surface temperature response to the positive
winter NAO phase is consistent with numerous previous studies (e.g., Cayan é8ger & al.

2000; Chiang and Vimont 2004; Czaja et al. 2002; Kushnir et al. 2002; Marshall et al. 2001;
Gouirand et al. 2012). In the Gulf of Mexico andrithwesternCaribbean the warm SST signal
falls within a region where, in the climatology, westerles found during the WD X hapter 2

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
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(Reding 1992; Schultz et al. 1998jannini et al. 2000; Seager et al. 2000; Saenz and Puran
Quesada 201%;hapter 2.

By the time of ERS, the NAO is typically not very strong (Kushnir et al. 2006), and there
are no significant correlations between spiiimge SLP or the NAO indices and BRanomalies
(Fig. 3.3a). 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 previous studies (Giannini
et al. 2000, 2001a; Hu et al. 2011), and can bdaaga 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 NorthwesternCaribbean 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 notgselsig) as its cold
SST counterpart, which seems to explain the rainfall suppression in the region (see more below).
In the climatology, the westerlies seen in the Gulf of MexioothvesterrCaribbean and central
TNA during the WDS migrate northward dugithe ERS Chapter 2, therefore, the enhanced
easterlies would weaken the westarlguced warm SST signals in both the Gulf of
Mexico/NorthwesterrCaribbean, and the central TNA. The climatological AWP, which initializes
during the ERS, strengthens iretlGulf of Mexico and MrthwesternCaribbean 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 @ribbean Sea. The SST and SLP patterns demonstrate that th&SIROGLP

persistent signal decays by the MSD and disappears by the LRS.
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The NAOSST/SLP persistent signal affects the moisture flow and convergence pattern in
the Caribbean during the ERS. Timean flow component of the moisture budget dominates the
climatology of the Caribbean rainfall cycl€l{apter 2. The mean flow component further breaks
down into its mass convergence and moisture advectioc@uponents. Following€hapter 2

where massonvergence was shown to dominate the total mean moisture convergence, we

examine here only the mass convergence term 3.
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Figure 3.4: Early rainy season dry -year minus wet -year mass convergence (cobrs) and
fluxes (vectors) composite anomalies for ERS (a, b) and Jul $ Aug MSD (c). Black box indicates
the Caribbean domain. Contours denote significance at the 90% according to a two -sample t-

test

60



The mass convergence composites are mostly consisterthe/iéimomalous SLP composites and
support what has been suggested about the changingfielth@cross the Caribbean during the

dryi wet ERS year. There appears to be some discrepancy between the mean flow transport
composite (Fig3.4) and SLP composite i 3.2); 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 anomalous anticyclonic circulation in the TNA with
enhanced easterliexross the Caribbean during the WDS (not shown). In May, the anomalous
anticyclonic flow in the composite dirwet year differences is centered over the western TNA and
Caribbean Sea (Fi®.4a). On the southeastern flank of the anomalous anticyclonidatiory
anomalous moisture 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 NASHs, Thiturn, is associated with
moisture divergence west of the Lesser Antilles and a convergence band over the Central
Caribbean (Fig2.3e). The anomalous circulation in dvyet Mays expands NASH, stretching its
western flank further into the Caribbeara@ad 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 enfance divergence in all but the Nicaragua to Costa Rican coastline, as this coastline
climatologically experiences zonal convergence from the CLLJ (Hidalgo et al. @Bapter 2.

This explains why there is little to no anomalous divergence across thisnpofr the Western
Caribbean (Fig3.4). Simultaneously, the band of climatological convergence in the Central
Caribbean shifts to the northwest, causing tbhetiNvesternCaribbean and Central Caribbean to

receive anomalous convergence and divergencgectgely. The resulting shift in the
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convergence band explains htis analysigFig. 3.1a) and otherse(g, 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 tidorthwesternCaribbean while the rest of the Caribbean experienced
dryness during the ERS.

In June (Fig.3.4b), the drywet year anomalous anticyclonic circulation cell shifts
westward and northwestward to affect the entire Caribbean Island chain. As a nesnéi|ous
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 araftNwesterrCaribbean, where south¢adies are seen in the June
meanflow climatology (Fig. 2.3f). The anomalous northerhyortheasterly flow over the
Caribbean Sea and southern Central America turns easterly in the Eastern Pacific and a weak
divergenceconvergence dipole in the EasterniRamarks the southern displacement of the ITCZ
convergence band there, as is the case in the equatorial Atlantic. This is consistent 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 (Fi§la). Unlike other regions, the CentraldaBouthern Lesser
Antilles have only one main facilitator of moisture convergence, the Atlantic ICDAgter 2,
therefore, any changes with the Atlantic ITCZ would significantly affect rainfall in the region. The
advection of specific humidity enhanceymkess across the Caribbean Sea especially in dry minus
wet Juned6s and over the Western Caribbean and

Caribbean Sea to Eastern Pacific anomalous flow. The changes described in the paragraph above
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occur followng a winter with a positive NAO anomaly. The opposite changes occur after a winter
with a negative NAO phase and the consequent WES feedback.

The anomalous patterns weaken in the Caribbean by the MSI3 &apas the anomalous
circulations shift unto Cearal America, weakly impacting convergence in the Western Caribbean.
Some significant anomalous divergence is found across portions of the Lesser Antilles. By the
LRS nonsignificant anomalous flow and convergence are found in the Caribbean (not shown).
The lack of changes in the moisture budget and transport in the MSD and LRS further support the
suggestion that the NAGST persistence signal only weakly affects the MSD and LRS.

As indicated above, this study finds (F&3a) a weak connection between #RS and
the mature/postature phase of ENSO during the winter preceding the ERS. This connection 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), howeasrwe 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.
3.2a, f) and are indicating thresence of a L-Alifia state in the winter preceding a dry ERS. The
relationship is weak given the weak ENERBS correlations, similarly to that found in some
previous studies (Malmgren et al. 1998; Jury et al. 2007; Fyiasarcel 2018). A simple way to
evaluate the relative roles of the NAO -and EN.
parametric rank correlation coefficient, which takes into consideration issues such as outliers, and
thenongaussian distri but i ons ueefl todaermne thé dssociakiomr e ,
between the indices of each climate driver and the ERS anomalies in the Caribbean. DJF and JFM
NAO with ERS anomalies produce a Kendall U of

a constructive notrivial role for the NAO. DJF and JFM ENSO with ERS anomalies produce a
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Kendal | U of 0.155 and 0.170, respectivel vy,
When DJF NAO and DJF ENSO are combined, they
thereis 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 theviater. This
ENSO supporting role is likely due to the effects pnature 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 PacifitNorth-American (PNA) telesnnection pattern, with a higtressure anomaly
over the TNA, which enhances the trade winds, and consequently 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. Wmd 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. Howethere 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 SLHgnal over the Atlantic. The weaker correlations between the climate
drivers and ERS variability is likely due to the existing incoherence seen between the Northwestern
Caribbean and the rest of the Caribbean. Although the entire Caribbean experiersaaaghe
climate driver, its effects on the Northwestern Caribbean during portions of tharER$osite
to the rest of the Caribbean. Therefore, the ERS regional average may reflect this, and result in
lower correlations. Furthermore, the SST and SLP composites3(&&d, fii) in the equatorial

Atlantic is similar to the Atlantic Meridional Modg AMM) a nonENSO coupled
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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.

3.4.3 Relationship etween LRS and ENSO/NAO

Unlike dry minus wet composite ERS years, dry minus wet composite LRS years (Fig.
3.5a 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 tripslimund in the North Atlantic, somewhat
reminiscent of the tripole found during the WDS during dry minus wet ERS years (compare Fig.
3.5a to Fig.3.2a). SLPs during the WDS show an anomalous dipole pattern in the extratropical
North Atlantic. Specificall, there are anomalous positive SLPs centered between 45°N and 50°N
and anomalous negative SLPs over Greenland and IcelandB ). There are negative SSTs
and positive SLPs over the South Atlantic, and in the Equatorial Pacific the opposite is found.
Although there is little significance in the anomalous SSTs or SLPs in the Caribbean during the
WDS, and there are no significant correlations between wintertime ENSO and NAO with
anomalies of the LRS (Fig3.3b), the spatial pattern in the North Atlantaoks somewhat
reminiscent of the NAO. This may be due to how some wet and dry LRS years coincide with wet

and dry ERS years (TabBl).
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Figure 3.5: Late rainy season dry-year minus wet -year SST composite anomalies for
Dec-Apr WDS (a, g), May t June ERS (b, h), Juk Aug MSD (c, i), and LRS (d tf, jt1). Black box
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indicates the Caribbean domain. Contours are the anomalous SSTs with colors denoting
significance at 90% according to a two -sample t-test

During the RS for dry minus wet LRS years, the North Atlantic SST (8#gb) and SLP
(Fig. 3.5h) pattern disappears. The sole significant residual in the North Atlantic is an anomalous
cold SST band in the equatorial Atlantic. In the Eastern Pacific, anomalougyaifidant warm
SSTs (Fig3.5b) and a negative SLP anomaly (RBdh) emerge. During the preceding MSD (Fig.
3.5c), the Eastern Pacific SST anomalous signal strengthens as does the equatorial Atlantic
anomalous cold SST signal, which now extends intdCliebbean Sea. In the northern TNA, a
significant signal of warm SSTs emerges. A tongue of positive SLP stretching from the South
Atlantic to the Gulf of Mexico is seen while in the Eastern Pacific a negative SLP anomaly persists
(Fig. 3.51). The spatiaEastern PacificCaribbean dipole of 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 Caribbbesaged LRS
anomalies (Fig3.3b) at the 99% confidence level, suggesting that El Nifio (La Nifia) is associated
with the LRS dry (wet) conditions. In response to the emerging El Nifio, a cold SST anomaly and
an anomalous highressure anomaly form over the Tropicalaftic (Curtis and Hastenrath 1995;
Poveda 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 windsass 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 asea fluxes. The anomalous wind flow in the southern TNA funnels through
CentralAmerica 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.
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It is important to note howevdrdt there are also some significant and negative correlations
between springime NAO indices and the LRS anomalies (Bgb). FMA, MAM, and AMJ
NAO indices have correlations of 1T 0.297, 1
correlations a significant at the 95% confidence level and during the MAM they are significant
at the 99% confidence level. The findings are inconsistent with the composites3rn Fig. there
is no indication of the characteristic SST and SLP patterns that aceatasdavith 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 tHeorthwesterrCaribbean (Fig3.5di f). The cold SST signal in the
Eastern Pacific continues (Fi§.5di f). Although the Eastern Pacific negative SLP anomalies
continue (Fig3.5di f), some notable SLP changes are seen in the Atlantic Basin. Thprbggure
Caribbean anomaly diminishas October (Fig3.5k). In November, a dipole of anomalous SLPs
emergs with negative SLPs in th&lorthwesternCaribbean and Eastern U.S. Seaboard, and
positive anomalous SLPs in the Eastern Caribbean and Equatorial Atlanti@ %Bidt is evident
from the spatial composite months coinciding with the LRS that ENSO and its atmospheric bridge
effect during the MSD continue into the LRS.
are significantly and negatively correlated with LRS anomalies R&p). 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 far EBDISO composites (Moron and
Gouirand 2003; Fereday et al. 2008; King et al. 2018; Ayarzaguena et al. 2018). In addition, warm
ENSO composites in (+ 1) January thru March

what are found in November and Ded®m and vice versa for cold ENSO composites, suggesting
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SLPs in the Atlantic 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; Ayarzagtiena 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 phhgesRS 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 moistusptras do not directly affect the
LRS rainfall.

The mean flow moisture transport anomalies (Bi) are, as anticipated, consistent with
anomalous SLP composites. The LRS dry minus wet composite during the MSD through most of
the LRS show anomalous eatitss and divergence over the Caribbean with an anticyclonic
circulation over the Gulf of Mexico (Fi@.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
~ 10AN ar &86adpEromdhe tlimatajogical MSD and LRS moisture budg€tiapter
2, the anomalous easterlies and convergence in the Eastgfic Baown 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 climatologicabrmvergence 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 Northwesten Caribbean in September to the Central Caribbean by OctGbapter 2 Fig.
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2.5e, f). Therefore, the resulting pattern in dry years suggests that convergence on the western

flank of NASH is (1) relatively normal across themhwesterrCaribbean and (2yeaker across

the Central Caribbean.
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Figure 3.6: 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 Bagiminus wet Novembers show an
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anomalous anticyclonic circulation over the TNA (F3gpd). On the southeastern flank of the
anomalous circulation are anomalous divergence and southeasterlies across the Caribbean Sea, On
the northwestern flank of the amalous circulation are southwesterlies and convergence over the
Greater Antilles and drthwesterrCaribbean. The anomalous convergence from the advection of
specific humidity enhances the anomalous convergence band from mass convergence onto the
mean flow(not shown). Based on the climatological November pat@hagter 2 Fig. 2.5c, f),

in dry years Caribbean regions on the southeastern flank of the anomalous pattern would
experience strengthened divergence and easterlies while Caribbean regions othéesteon

flank of the anomalous pattern would experience weakened divergence and easterlies. The
opposite would be seen in wet Novembers, where an anomalous cyclonic circulation appears over
the TNA. Clearly, the ENSO induced SLP signal can impact thasgeof the LRS across the
Caribbean. This finding may explain how this study and others (Giannini et al. 2001b; Chen and
Taylor 2002; Spence et al. 2004; Herrera and Ault 2017) find weakened dryness or anomalous
wetness in the dithwesterrCaribbean whilghe 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 subtropical jet as a result of ENSO during the winter
(Giannini et al. P01b; Spence et al. 2004; Kushnir et al. 2006) is not the sole reason for the
difference in the anomalous signal between tlegtiNvesternCaribbean and the rest of the
Caribbean, as the November divergenoavergence couplet is seen in the mean flow ef th
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;

Ayarzaguena et al. 2018), this study is in congruence with Ayarzagiial. (2018) suggestion
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that ENSGQrelated 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 modifiers of the L&&after 2,
would be seen. With a warm ENSO event, the anomalous easterlies strengthen the CLLJ which
would enhance dryness across most of the Western Caribbean and Central Caribbean. The
exception is across the Nicaraguan to Costa Rican coastlines where, climaliylogiceceives
zonal convergence by the CLLJ (Hidalgo et al. 2@Bapter 2. An enhancement of the CLLJ
enhances zonal convergence in this region and explains the anomalous convergence seen there
(Fig. 3.6). The cold SSTs over the southern TNA woukhken the AWP that is climatologically
seen in the southern TNAhapter 2Fig. 2.5). The climatological AWP in the southern TNA is
located where the Atlantic ITCZ ihapter 2, therefore, the weakening of the AWP would
contribute to the drying of the southern edge of@lagibbean Islandhain associated with the
southern displacement of the Atlantic ITCZ. In thertdwesterrCaribbean and Gulf of Mexico,
the AWP would be noral 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 initialiZatad o
ENSO events.

3.4.4 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
Caribbearaveraged RS and LRS anomalies are correlated. The 18606 time series of ERS
and LRS anomalies (Fi§.7) have a correlation of 0.0634, indicating that the ERS and LRS are

uncorrel ated. To determine if this i RBRSamhi form
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LRS anomalies are correlated. 32 of the 34 stations show their anomalous ERS and LRS to be
uncorrelated (Tabl8.2). A closer look into the years that are determined for the composites
provides further evidence that the ERS and LRS are indeperfdsattioother. Of the 57 years in

this study, there are 33 years identified (Tablg. Of those, only 7 years had both the ERS and

the LRS as both wet or both dry.
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Figure 3.7: Year-by-year anomalies of the 34-station averaged ERS (top) and LRS (bottom)
from 1960t 2016

In contrast, there are 8 years where the ERS and LRS anomalies were opposite to eaxh,other (
wet ERS and dry LRS), and 18 years where one portion of the rainfall season experiences
anomalais wetness or dryness 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$aade climate drier affecting its interannual

variability. The processes that lead to the ERS and LRS anomalies are different. THESYAO
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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 dugndry and wet ERS years. The onset of ENSO and its
associated SLBeesaw pattern does not materialize during the ERS across the Caribbean;
therefore, the ERS is relatively normal during dry and wet LRS years.

Table 3.2: Correlation coefficients between seasonal -averaged ERS anomalies and
seasonalaveraged LRS anomalies for each station. Values in bold denote significance at the
95" confidence level .

Region (ID) Station Name ERSLRS
Correhtions

(2) Nassau, Bahamas 0.085

(7) Georgetown, Cayman 0.132

(8) Camaguey, Cuba 0.108

Northwest Caribbean () La Habana, Cuba 0.028
(13) Worthy Park, Jamaica -.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

(1) BC Bird Intl. AP, Antigua/ Barbudg -0.113

(11) Santo Domingo, DR 0.495

(23) Henry E. Rohlsen AP., St. Croix -0.094

(24) Cyril E. King, St. Thomas -0.131

Central Caribbean / Norther (25) Coloso, USPR -0.600
Lesser Antilles (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
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(32) Morovis N., USPR 0.164
(3) CIMH, Barbados 0.015
Eastern Caribbean (4) Grantley A. Intl. AP., Barbados -0.064
(10) DCAP, Dominica -.218
(12) Guadeloupe 0.045
(14) Intl. AP., Martinique -0.169
(15) Hewanorra, St. Lucia -.0168
(16) Dumbarton, St. Vincent 0.144
(17) Piarco Intl AP, T&T -0.071
(18) Crown Point, T&T -0.623
(5) CFarm, Belize 0.104
Western Caribbean (6) Intl. AP., Belize -0.044
(33) San AndrésColumbia 0.075
(34) Felipe, Mexico 0.093

3.5 Summary and Conclusions

This chapter studiethe interannual variability of the seasonal cycle of rainfall in the
Caribbean based on precipitation station data from the CIMHGH@N between 1962016.
The results show thdhe yeatto-year variabilities of the ERS and LRS aréatieely uniform
across the Caribbean, with exception in tlethwesterrCaribbeanEastern Pacific and Atlantic
wide spatial composites of wet and dry ERS and LRS years for SST, SLP, mean flow moisture
convergence and moisture transparts analyzedlhe two wet seasons are impacted in distinctly
different ways by two different, and largely independent, l&ag@e phenomena: ENSO and the
NAO. The interannual variability of the ERS is dominated by persistent anomalous SSTs due to a
WES feedback, initiateby the preceding winter NAO. The interannual variability of the LRS is
dominated by ENSO and an associated seasonal Stsasebetween the Eastern Pacific and

Caribbean basin/tropical Atlantic. Schematics illustrate the summarized effects of eacltddege
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climate driver on the climatological rainfall pattern and dynamical mechanisms in the Caribbean

(Fig. 338).

a) DRY CARIBBEAN EARLY-RAINY SEASON (MAY-JUNE) b) DRY CARIBBEAN LATE-RAINY SEASON (SEPTEMBER-NOVEMBER)

Anomalous Convergence - Anomalous Convergence Cooler SSTs
and Divergence

Amomalous Divergence | Warmer SSTs
’ 1.5 l}:ﬂ Anomalous Pressure Center
— ERS: Anomalous Winds; LRS: Anomalous Sep-Oct Winds
S LRS: Anomalous Nov Winds

Figure 3.8: (a) Schematic of the anomalous pattern during dry Caribbean early-rainy
seasons as a result of preceding winter dry season positive 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 int er-basin see-saw sealevel
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 sea-surface temperatures, respectively. Black arrows d enote the anomalous surface
wind pattern. Blue arrows denote the anomalous surface wind pattern in November. Large
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 September/October and November, producing convergence

As suggested in Sect432and Fig.3.8a, when a positive N& phase precedes the WDS,
the NAO-SST TNA pattern that persists into spring and early summer through the WES feedback
would cause the following changes to the ERS climatological patternB)ga strengthening
and expansion of NASH during the ER8ore easterly flow across the Caribbean Sea, more
westerlies across theokhwesternCaribbean, a northwestward shift of the NASH convergence

band with a larger SYNE tilt, weakening of the AWP in the Caribbean Sea but strengthening in
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the Gulf of Mexico ad NorthwesternCaribbean, a strengthened CLLJ, and a southern
displacement of the ITCZ convergence bands. These changes induce dryness across the entire
Caribbean, with a lesser dry (or slightly wet) signal in tloettNvesternCaribbean and a weaker
dry dgnal along the Nicaraguan and Costa Rican coastlines. The opposite would occur when the
WDS is preceded by a negative NAO phase. Preceding winter matune@inse ENSO phases
play a secondary role on ERS variability by modifying the NAO induced@&8dstence signal.

El Niflo, the warm phase of ENSO, and its associated seasonal SisBwsgmttern
between the Eastern Pacific and Caribbean basins (descripfection 34.3; Fig. 3.8b) would
cause the following changes to the LRS climatological paftem 2.8: 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 theadkern Pacific ITCZ, weakened Atlantic ITCZ across the
Lesser Antilles, weakened AWP across the eastern Caribbean Sea and southern TNA, and
strengthened AWP across the northern TNA, andhesterrCaribbean. These changes would
induce dryness across tlemtire Caribbean, with a lesser dry signal or wet signal in the
NorthwesterrCaribbean, and along the Nicaraguan and Costa Rican Caribbean coastlines.

Similar to the findings fromChapter 2the findings from this chapter are possible when
utilizing pentadand monthly resolutions in order to avoid masking the evolution of the variability
of rainfall in the Caribbean throughout the rainy season. For instance, a seasonal composite of the
LRS would likely mask the November signal seen inwosk, which is inportant in determining
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

77



is important in explaining the differencaa anomalous precipitation seen between the
Northwestern Caribbean and the rest of the Caribbean.

This chapterprovides several implications and considerations when investigating the
predictability of rainfall in the Caribbearfrst, it is important to cesider whether the
predictability of these largscale 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, thedpmtive skill of the largescale climate drivers and
dynamical mechanism&.g, NASH, CLLJ, AWP, ITCZ) should be investigated for each-sub
region. Second, it is valuable to assess what spatial domain of thedeafge fields would
maximize the predicti skill of the ERS and LRS across each-sedion, as the climate drivers
that influence each rainfall season encompass different spatial domains. For instance, an SST index
consistingof TNA and Caribbean Sea SSTs may be beneficial for predicting ER&ctdristics
across the Caribbeawhereas an intdpasin SST index between the Tropical Eastern Pacific and
Atlantic basins would better inforpredictive skill forLRS characteristicén the region. Third,
both the preERS SSTpersistence signal that thgnter NAO induces and the persistent inter
basin SLP signal that ENSO induces span over the course of several mbigthsplies that the
predictability of characteristics of the ERS and LRS could be investigated $28&mescales.

This could imparbetterleadtime prediction for S2S characteristics such as the onset and demise
of the rainfall cycle.Parts Il and lllincorporate these implications and considerations when
investigatingthe characteristicandpredicton of the Caribbean rainfall cycle

Models have been found to misrepresent some of the dynamical mechanisms in the
Caribbean, and may be responsible for their biases in simulating Caribbean rainfall (Ryu and

Hayhoe 2013; Eichhorn and Bader 2017). A likely reason for these systematscrbasbe that
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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 N&Quced SST persistence signal, ENSO, the
ENSO induced SLP sesmaw effect, may provide insight on these systematic biases and improve
the predictability of the rainfall cycle in models.

Thischaptethas several implications for investigating climate chamgect 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 independent, it would be valuable to assghether 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 ssess how they translate to changes in the ERS and LRS, respeCixazigll, he
better understanding of the interannual variability of the Caribbean rainfall cycle presented in this
Chaptercould be used tbetterpredict the seasonal rainfall cycbeljvance modeling capabilities
understand future climate in the regiand the regional climate effects stemming from lesgale

climate drivers.
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Part Il
Quantifying Subseasonako-Seasonal Characteristicef Caribbean

Rainfall
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Chapter 4: An Adaptive Approach to Quantify Weather-within -
Climate Rainfall Characteristics: Assessment of Temporal and

Mid -Summer Drought Characteristics in theCaribbean Basin

Note: A modified version of this chaptisrunder reviewn Climate Dynamics2021)3
4.1 Introduction

Across the globeS2Srainfall characteristics such as onset, demise, and strength and
duration of intermittent dry periods, or relative dry periods between rainfall seasons, provide
important insight for the agriculture, health, disaster, and energy industries. These Ghtcacte
are classified as S2S because they exhibit S2S variation in their interannual variability, or the
characteristic is within a rainfall season that spans a few weeks to a few months. These
characteristics are examplteéend no fc |l whmatt ear, e ok nacw
weather that lead to climate anomalies such as floods and agricultural droughts (Moron et al. 2019).
Generally speaking, temporal characterisfeg.,onset and demis@f the annual rainfall cycle
are more useful tmarainfall amounts for farmers (Marengo et al. 200dyram et al. 2002). The
onset and demise of the annual rainfall cycle is significant for rainfed agriculture. In this case
agricultural planning, and consequently food production are heavily affectedamges to the
start and end of the rainfall season (Camberlin and Diop 2003; BMjiahdtau et al. 2013;
Diaconescu et al. 2014; Obarein and Amanambu 2019). The timing of the annual rainfall cycle
also impacts water consumption, human health via vetere diseases, and energy generation

(Li and Fu 2002; Bombardi et al. 2020, hereafter B20). Changes in the duration and magnitude of

3Martinez C, MufiozA., Goddard L, Kushnir Y., Ting M., 2021: An Adaptive Approach to Quantify Weather
within-Climate Rainfall Characteristic€lim Dyn. UnderReview
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intermittent dry periods impact planting dates and crop yields that are important for growing and
harvesting seasons (Hastath 1966, Magafa et al 1999, Van der Zee Arias et al 2012, Pons et al.
2016). These S2S rainfall characteristics are especially important for complex rainfall regimes, or
regions that have one or more of the following: (1) multiple rainfall seasonsveraygar, (2) a
relatively wet dry season, (3) unclear transitions between wet and dry seasons. However, forecasts
on the temporal and intermittent dry period characteristics of the annual rainfall cycle are not
readily available from local weather orrolite services to which a majority of stakeholders turn
for forecasts on the annual rainfall cycle (Vaughan and Dessa).2014

S2Scharacteristics of the annual rainfall cycle are valuable for investigating atmospheric
dynamics and simulating rainfall in mels. In most regions, monsoon and lasgale patterns
are responsible for the wet and dry seasons. Temporal variations in the monsoonaismalarge
patterns affect the timing of the annual rainfall cycle (Marengo et al. 2001; Bombardi et al. 2017),
and intermittent dry periods (Anderson et al. 201B) some regions, the interannual variability
of the onset and demise is related to the interannual variability of the total seasonal rainfall
(Marengo et al. 2001; Li and Fu 2001). Hence, accuratehactaizing temporal and intermittent
dry period characteristics of rainfall can enhance the understanding of what dynamical
mechanisms contribute to the annual rainfall cycle and how they affect its variability. In addition,
research on temporal and intéttent dry period characteristics can improve the detection of biases
that models have in simulating the annual rainfall cycle and its interannual variability (Liebmann
et al. 2007; Anderson et al. 2019).

The asymmetry of the annual rainfall cycle, vadasi in modality acrossubregiors, an
intermittent dry period, and unclear transitions between wet and dry seasons make the Caribbean

annual rainfall cycle a prime example of a region with a complex rainfall rediheerainfall
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pattern in the Caribbeas not uniform; there are fiveubregiors, all of which have complex

rainfall regimesChapter 2. The Northwestern, Western, and Central Caribbean regions have non
homogenouand subtlébimodal rainfall regimes with a short duratiBRSand a longer duration

LRS. The MSD which separates the ERS and LR&isntermittent dry periodcach sukregion

has a different set of regional to largeale dynamical mechanisms that are responsiblehéir

distinct rainfall characteristic€papter2). In addition, the interannual variabilities of the ERS and

LRS are independent of each other due to differences indagde climate drivers that affect each
subset of dynamics mechanisms correspondio each seasonal componefthdpter 3).
Therefore, the temporal characteristics associated with the ERS are independent of those of the
LRS.

Although the onset, demise and MSD characteristics are important for numerous industries
in the Caribbeanempaal and MSDrainfall characteristics in the Caribbean have been largely
unexplored particularly on a subegional scalePrevious studies that have investigated rainfall
characteristics in the Caribbean have only focused on precipitation amount, freqtiermetyor
dry days, or wet and dry extremes (Stephenson et al. 2014; Moron et al 2015; Maldonado et al.
2017; Vigaud and Robertson 2018; Alfaro et al. Z0Gouirand et al. 2026alculatedbnsets and
demises using weathé&pes of lowlevel winds, but only treated the Caribbean as one
homogenous region when calculating onsets and demfsesonly recently have there been
investigations into MSD characteristicgven the importance of und¢anding the magnitude and
duration of the MSD for agricultural planning and transitions from ERS to, R&these
investigationhave been focusezhly in Central AmericdKarnauskas et al. 201Blaldonado et

al. 2016a; Maldonado et al. 2016b; Alfarcaét2016; Alfaro et al. 204 Anderson et al. 2039
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There are also no publicly available datasets oGaribbeanMSD and temporalrainfall
characteristics.

Given theabsenceof datasets and investigations irgobregionaltemporal and MSD
rainfall characteristics in the Caribbeamatural step woullle tolook atother regional and global
studies with methodoon S2S rainfall characteristics, and apply thémnthe Caribbean
Meteorological methods are one of two types of methods for calculatmmptal characteristics
of rainfall. Meteorological methods typically use a geographidalgd observation from one
variable such as rainfall, outgoing long wave radiation, or moisture fluxes to detect the timing of
the rainfall seasonA commonlyused m#éod is from Liebmann and Marengo (2001) which
defines the onset and demise dates based on accumulated rainfall anomalies relative to the
climatological annual mean. Several studies adapt the Liebmann and Marengo (2001) method for
their region (Camberlinrad Diop 2003; Liebmann et al. 2007; Bombardi and Carvalho 2008, 2009;
Dunning et al. 2016, hereafter D16; Misra et al. 2017; Bombardi et al. 2017;TB20dther type
of method for calculating temporal characteristics of rainfall are agronomical methods.
Agronomical methods use a set of criteria or threshold(s) to determine the timing of the rainfall
season relative to some crop (Moron and Robinson 2014;-Reteira and Rickenbach 2011;
Marengo et al. 2001, Li and Fu 2004; Obarein and Amanambu 2019®; B20

However, theexisting meteorological and agronomioatthods are not suitable to use for
regions withcomplex rainfall pattem like those in the Caribbean. Thain limitation in the
Liebmann and Marengo (2001) method is that the method has to hasistent above normal
precipitation in order to show an identifiable change in the accumulated precipitation anomaly.
Any intermittent or light rainfall before or after the main portion of the wet season is given a

negative daily rainfall anomaly, poteriyareducing the length of the wet season. Adaptations of
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the Liebmann and Marengo (2001) method experience this limitation; however, sincé tihese

studies worked with regions that have unimodal rainfall patterns with distinct transitions between
thar dry and wet season (Camberlin and Diop 2003; Bombardi and Carvalho, 2008; 2009;
Bombardi et al. 2017; Misra et al. 2017), the limitation is not pertinent for them. However, for
regions that have gradual transitions into and out of the wet seasa@aytlsisew the timing of the

onset and demise. Studies that adapt the Liebmann and Marengo (2001) method to investigate
regions with multimodal rainfall regimes acknowledge thisufihing et al. 2016, hereafter D16
Bombardi et al. 2020, hereafter B20A common limitation seen in several meteorological
methods is using a climatological annual mean to determine the onset and demise of the rainfall
cycle (Liebmann and Marengo 2001; Camberlin and Diop 2003; Cook and Buckley 2009; Moron
and Robertson 2014; Caillia et al. 2016; 6, Bombardi et al. 2017; Obarein and Amanambu
2019; B20). A climatological annual mean works well for unimodal or Audtial regimes with

clear wet and dry seasons. However, using a climatological annual mean for regions with
asymmetrical rainfall seasons (eBR0) can skew the timing of the on&tand demise(s) in these
regions because the annual mean can be biased towards the season within the annual rainfall cycle
with the largest amount of rainfalAgronomical methods commonly use a mm threshold and a
criterion for persistence of rainfall order to determine the timing of the rainfall onset and demise
(B20). However, the threshold values and criteria are different for each agronomical study as the
values are specific to their region or commaodity of interest. Therefore, it would likelsbiaiie

to apply the same values for a differentyregion or cropgn the Caribbeanin addition, many
agronomical studies have fixed dates to their rainfall season that may not be applicable for other

regions
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Furthermore, gronomical and meteorologicahethods have different purposes and
benefits. Agronomical methods are advantageous for farmers and decision makers as it relates to
the physical needs of their crops or livestock. In addition, agronomical methods can be applied for
reattime monitoring andforecasting (Moron and Robertson 2014). However, agronomical
methods do not focus on largeale or monsoonal features, as-pr@soon or transient activity
may be enough to satisfy the required criteria or thresholds pertaining to the crop. If a eesearch
desires to investigate the variability and timing of monsoonal or -kocgke features, a
meteorological method is used. Meteorological methods are advantageous for diagnostic studies:
they focus on monsoonal or regional to lasgale dynamical pattesrthat typically separate wet
and dry seasons (B20) to assess what dynamical mechanisms affect the timing of the annual rainfall
cycle.lt would be beneficial to develop an agronomical/meteorological hybrid method given their
respective benefits.

Most agronomical or meteorological methods not detect intermittent dry periods,
calculate its characteristics, use them to categorize rainfall modalities, and consequently,
determine whether multiple onsets and demises can be calculated for a giverSegiestudies
classify rainfall modalities by defining rainfall seasons. For example, Sereging26tld.defined
a rainy season when at least five consecutive pentads exceed trafipee rainfall threshold.

D16 used a ratio between the first ancosel peak amplitudes to determine whether or not a season
is bimodal. Studies that classify rainfall modalities based solely on the rainfall season; however,
can oversimplify complex rainfall patterns. There are regions with neither a classic unimodal or
bimodal rainfall pattern (e.g., southeast Asia, Africa, Central America, and Caribbean) (Hermann
and Mohr, 2011; B20Chapte2 and3). Instead, these regions experience patterns that are referred

to as single wet season bimodal (Herrmann and Mohr, 26 Bs stated in previous Chapteas
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bimodal cycle that is subtlén this Chapter, we will term regions with these patterns as unimodal
dual maxima, in order to distinguish them from classic bimodal patfEnes. distinction comes
from their subtle intermittent dry period, which prevents multiple onsets and demises from being
calculated. However, unlike unimodal patterns, the onset and demiseimbdal dual maxima
patterns ardikely influenced by two sepate sets of dynamical mechanisms that are associated
with each rainfall maximum. Subtle intermittent dry periods are difficult to predict and are highly
variable (Hellin et al 2017, Bellante 2019). As a consequence, methods that use dry periods to
determne the modality of rainfall cycles in order to calculate onsets and demises classify rainfall
patterns with subtle intermittent dry periods as unimoea.(B20). Yet subtle intermittent dry
periods and their characteristics are important for farmers/atet management as the period can
impact the end of the preceding rainfall season and start of the subsequential rainfall season
(Anderson et al. 2019). There has yet to be a method that 1) utilizes intermittent dry periods to
classify rainfall modalitie and determine whether multiple onsets and demises can be calculated
and 2) distinguishes unimodal dual maxima patterns and calculates its temporal and intermittent
dry period characteristics.

This chapter presents a new and comprehensive method fotatalguS2S rainfall
characteristicsand uses the methtalinvestigate temporal and MSD characteristics of rainfall in
the Caribbean. The new method aims to 1) include both meteorological and agronomical
considerations 2) classify common and uncommonfati modalities €.g., unimodal dual
maxima), and 3) frame characteristics based on the modality of the annual rainfalCtygeer
4 is structured as followssection 4.2 addresses the datasets used for the analysis. Section 4.3
discusses, stelpy-step, the methoalogy on calculding temporal and intermittent dry period

characteristics under a meteorological context. Section 4.4 compares the mean and variability of
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Caribbean temporal rainfall characteristics calculated usiegtbesentmethod versusrpvious
methods In addition,Section 4.4 investigates thelationships between dynamical mechanisms
that influence the Caribbean rainfall cy¢@hapter 2; Chapter)3andtemporal/MSD rainfall
characteristics. Section 4.5 discesisow the method can be adapfedan agronomicatontext.

Discussion and concluding remarks can be found in section 4.6 and 4.7, respectively

4.2 Data

There are a few important considerations on what data to use in order to effectively utilize
the methd. This method requires daily data, in order to accurately capture the timing of the rainfall
characteristics. Spatially, the method can be applied to-locaégionallyaveraged timaeries.
Both have their advantages and disadvantages. For examplef, insividual stations or grid
points allows one to investigate local forcings and transient activity, but missing values can cause
issues when smoothing or filtering the data. Grouping stations oipguidis reduces rainfall
6noi se6 andbmitsdsihmg walweag,jng can dampen Otra
If a region does have subgional rainfall heterogeneity, it may be beneficial to further subset the
data into smaller, but more homogenous regions. For the Caribbean region exatwié be
employed to demonstrate the methtte daily station rainfall dataset described in Chapter 2,
Section 2, is usedeveral stations from Guatemala are also included irCtingptey provided by
the INSIVUMEH. In total, the daily rainfall from 44tations is used in this study. Stations are
grouped by subbegion based on the classified Caribbsabregiors from Chapter 2A summary
of the stations used to showcase this method can be found irdThble

Table 4.1: List of rainfall regions, and their corresponding stations used in Chapter 4.
Station ID, station name, and location in latitude and longitude.
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Region (ID) Station Name Latitude| Longitude
(1) Nassau, Bahamas 25 1775
(2) Georgetown, Cayman 19.3 1813
Northwest Caribbean (3) Camaguey, Cuba 21.24 17751
Mode: Unimodal Dual Maxim; _
Start Date: April ¥ (4) La Habana, Cuba 23.1 18221
(6) Ft. Lauderdale, USA 26.1 1.80.28
(7) Key West, USA 24.55 1 81.75
(8) Miami Intl. AP., USA 25.82 1.80.28
(9) Palm Beach, USA 26.68 1 80.08
(10) BC Bird Intl. AP, Antigug 17.135 1 61.791
(11) Santo Domingo, DR 18.25 1 69.58
(12) Henry E. Rohlsen AP., St. Croix ~ 17.7 T 64.81
(13) Cyril E. King, St. Thomas 18.33 1 .64.97
Central Caribbean / Northery (14) Coloso, USPR 18.381 1 67.157
Lesser Antilles (15) Dora Bora, USPR 18.336 1 66.667
. . | (16) Enseada, USPR 17.973 T 66.946
Mode: Unimodal Dual Maxim (16
Start DateMarch F (17) Guaynama, USPR 17.978 T 66.087
End Date: December 31 (18) Jajome Alto, USPR 5073 5143
(19) Mora Camp, USPR 18.474 167.029
(20) Paraiso, USPR 18.265 165.721
(21) Morovis N., USPR 18.334 | 1 66.408
(22) CIMH, Barbados 13.148 1 59.624
13.08 1 59.485
Central and Southern Lesst (23) Grantley A. Intl. AP., Barbados I
(24) DCAP, Dominica 15.547 161.2993
Antilles (or Eastern Caribbe _
(25) Guadeloupe 16.2 1 61.66
Mode: Unimodal (26) Intl. AP., Martinique 14.59 160.99
Start Date: Marchsl
(27) Hewanorra, St. Lucia 13.737 1 60.952

End Date: +1 January 80
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(28) Dumbarton, St. Vincent 13.18 161.17
(29) CFarm, Belize 17.2 189
Western Caribbean (30) Intl. AP., Belize 17.53 1883
(31) San AndrésColumbia 12.583 -81.717
Mode: Unimodal DuaMaxima : :
Start Date: April ¥ (32) Felipe, Mexico 19.7 -87.9
End Date: +1 January 80 (33) Flores, Guatemala 16,915 89 865
(34) LasVegas, Guatemala 15.600 -88.967
(35) Puerto Barrios, Guatemala 15.737 -88.591
(36) San Augustin Chixoy, Guatemal 16.067 -90.439
(37) San Pedro Mactun, Guatemala 17.260 -90.949
(38) Georgetown, Guyana 6.8 -58.133
Mociglg?rats)dal (39) Time H.R.l., Guyana 6.483 -58.25
Start Date: March*1 (40) Corantjipolder, Suriname 5.96 -57.04
End Date: +March 5th _ :
(41) Zanderji, Suriname 5.45 -55.2

Additional steps are suggested to prepare the daily data ahead of the analysis. A smoothing
filter on the daily data is also recommended in order to reduce noise. Gaussian windows are used
here, as they simplify delineation of transient vs.-transient ativity, and have been used in
other similar studies (e.g., B20). A-tlay Gaussian window was found to best suit the Caribbean:

it reduced noise but did not substantially modify signals seen in the daily data.

4.3 Methods

The methodology comprises thrparts: creating the annual cycle climatology of rainfall
and determining intermittent dry periods, identifying seasonal windows, and calculating temporal
and intermittent dry period rainfall characteristics for each year. For temporal characteristics, one
context is examined in this section and a summary of the methodology in this context can be found

in Fig.4.1. In addition, Fig4.1 includes a summary of the adaptations of the methodology in other
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contexts €.g9.,Absolute Meteorological Characteristiesyd Agronomical Characteristics), which

can be found in Sectiods4 and4.5, respectively.

Set-Up (Using Daily Data)

Calculate Yearly Rainfall Characteristics

2a) Determine Candidate
Onsets

2b) Calculate Anomalous
Accumulated
Precipitation (Eq. 1,
Swindow(N))

1a) Calculate Climatology
(Harmonics Filter)

2c) Determine
Meteorological Onset

v
1b) Determine Start and
End dates for Analysis

3) Calculate Intermittent
Dry Period Characteristics

v
1c) Identify Intermittent
Dry Periods

1. Day above mm-threshold
2. Rate of Change above mm-threshold

Relative Meteorological Characteristics

1. Using raw data, calculate S(n) for each

seasonal window where Pwindow(n) is
the mean value of rainfall relative to
that year.

. Find the minimum of S(n)
. Using the smoothed data, find the

Candidate Onset that is less than the
date of the minimum of S(n) and is
within “R” Percentile of rainfall amount
relative to that year.

Absolute Meteorological Characteristics

1. Same as above, except calculating

Pwindow(n) and “R" Percentile is relative
to the climatology.

¥
1d) Create Seasonal
Windows

|

2a) Determine Candidate
Onsets

1e) Smooth the Raw Data
(Gaussian Filter)

|

2b) Set up Agronomical
Thresholds

|

2c) Determine
Agronomical False Onset

|

2d) Calculate Agronomical
Onset

1. Day above mm-threshold
2. Rate of Change above mm-threshold

Agronomical Characteristics

. Set an Agronomical mm Threshold
. Using raw daily data, look for the

Candidate Onsets that meet the number
of dry days below agronomical mm
threshold OR X% of days between N
days that is less than the agronomical
mm threshold. If so, Candidate Onset(s)
is a False Onset(s).

. Filter out False Onsets
. Earliest Candidate Onset after start of

analysis is Agronomical Onset.

Figure 4.1: Summary of methodology under various contexts to calculate onset. Blue
boxes highlight the steps. Green boxes are details of the blue boxes. The upper -half of the
calculation of yearly rainfall characteristics are steps to calculate meteorological
characteristics. The lower -half of the calculation of yearly rainfall characteristics are steps to
calculate agronomical characteristics. Demises follow the same steps except in (2a) the
candidate demise is only determined if the day is below the mm threshold. Fo r
Meteorological Demises, in (2b, c) the maximum of S(n) is found and the Candidate Demise
is greater than the time of the maximum of S(n). For Agronomical Demises, in (2b  -d) number
of wet days, and above agronomical mm threshold are used .
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4.3.1 Create Amual Cycle Climatology of Rainfall

The annual climatology of rainfall is calculated from the raw daily data, excluding leap
days. A harmonic filter then smooths the climatological annual cycle. Harmonic filters have been
used to investigate the numberveét seasons over a given regi@ng(,Wang 1994; Wang and
LinHo 2002; Liebmann et al. 2012). The number of harmonics used depends on the region under
study. Previous studies suggest the use of the first 4 to 12 Fourier harmonics (Wang 1994; Wang
and LinHo2002; Liebmann et al. 2012). Here, a five harmonite(i Fourier) filter is used to
smooth the climatology.

For the purposes of the analysis, the calendar year should be shifted also, to better capture
the full cycle of annual rainfall cycle and all nsation between wet and dry seasons (e.g.,
Bombardi et al. 2017; B20), particularly for regions where a rainfall season bridges two calendar
years. The shift is determined by the peaks and troughs of the rainfall cycle that are identified in
the smoothedlitnatology. In the smoothed climatology, the minima that separates the dry and wet
seasons, and the final peak of the rainfall season are identified. The former denotes the beginning
of the climatological rainfall cycle. Next, the start and end datesecamialysis are determined.
Selecting the start and end dates are subjective choices. Recent studiesS@sddyZbefore the
beginning of the climatological rainfall cycle as their start date (D16; B20). However, some
determine the start date from traaiit (e.g.,Allen and Mapes 2017; CIMH deems the start of the
Caribbean rainfall season as April 1st). The same steps are applied to determine the end date for
the analysis; the end date must be some days after the final climatological peak of the rainfall
cycle. Recent studies use-20 days after the final climatological peak of the rainfall cycle to
determine the end date (D16; B20), or use a traditional date that is commonly used to describe the

end of the rainfall cycleg(g.,Chapter 2Chapter 3. These dates will also be used in the y&ar
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year analysis. For the Caribbean, the data is shifted such that Day 1 is March 1st and Day 365 is
February 28th of the following year. For the Guianas, the data is shifted such that Day 1 is February
1st and Day 3B is January 30th of the following year. Daily data for eachrsgimn was
calcul ated by averaging their stationsdé daily
Caribbean is April 1st. Since the transition from dest to wet rainfall seasobegins in late
March/early April for the Central and Eastern Caribb@@mapter 2, the start date is March 1st.

The start and end date in the Guianas is the day of the climatological minima prior to the first
rainfall season, or March 1st through MakBth of the following year. The end date is November

30th in the Northwestern Caribbean. The Central Caribbean end date is December 30th and the
Eastern and Western Caribbean is January 30th of the following year, as the demise of their rainfall
cycles is ater in the year than in the Northwestern Caribb&agter 2. A summary of the start

and end dates for each stdgion can be found in Tabfel.

Intermittent dry periods in the smoothed climatology are identified in order to determine
the modality of he rainfall cycle. Between the start and end dates, an intermittent dry period is
identified if the difference between either rainfall peak and the minima between peaks is greater
than 1 mm, following similar steps from B20. Next, any identified intermtitty period is
classified as subtle or distinct. If the intermittent dry periodimmiim is 1 mm less than the
climatological annual mean, the intermittent dry period is distinct. Otherwise, the intermittent dry
period is subtle. A stepy-step example ahe process for identifying and classifying intermittent
dry periods using the smoothed climatology is given for the Northwestern Caribbeah.Z&)g
and Guianas (Figd.2b). In the Northwestern Caribbean there are two rainfall peaks with a
minimum betveen peaks. The difference between the mimmand either rainfall peak is greater

than 1 mm; therefore, the Northwestern Caribbean experiences one intermittent dry period. The
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intermittent dry period is not 1 mm less than the climatological annual mea8maday);
therefore, the intermittent dry period is subtle. Similarly, the Guianas has two rainfall peaks with
an intermittent dry period. However, the intermittent dry period minirm the Guianas is 1 mm

less than its climatological annual mean (~6mimgrefore, the intermittent dry period is distinct.

The number of intermittent dry periods and their classification determines the modality of the
rainfall cycle. The Northwestern Caribbean experiences one subtle intermittent dry period;
therefore, the miality of the rainfall cycle is unimodal dual maxima, or a subtle bimodal rainfall
cycle. The Guianas experiences one distinct intermittent dry period; therefore, the modality of the
rainfall cycle is bimodal. Whether or not an intermittent dry periodliie or distinct determines
whether one is able to calculate multiple onsets and demises between the start and end dates of the
analysis. For example, in the Northwestern Caribbean, only one onset and demise can be
determined in the yearly analysis beatise intermittent dry perioid7 subtle. In the Guianas,

two onsets and two demises can be determined in the yearly analysis because the intermittent dry
period is distinct. A summary of the classified modalities for eactiesgibn can be found in Table

41.

4.3.2ldentify Seasonal Windows
Using the smoothed climatology, seasonal windows are introduced for the calculation of
characteristics associated with each rainy season of the annual rainfall cycle for each year. For
unimodal regimes, the seasonahdow is the rainfall staio-end date. For bimodal regimes, the
first window is set between the start date to the date of the rainfall minimum within the first valid
intermittent dry period. The second window is set between the rainfall minimum withiinsthe
valid intermittent dry period and the end date. A few regions yield trimodal patterns (B20); hence,

for a trimodal regime, the first window is set between start date and the date of the rainfall

94



minimum within the first valid intermittent dry periodhe second window is set between the
rainfall minimums within the first and second valid intermittent dry periods. The third window is
set between the rainfall minimum within the second valid intermittent dry period and the end date.
Intermittent dry paeod windows are set by determining the midpoints between the rainfall peaks
and the minima of the intermittent dry period.
To demonstrate the construction of the smoothed climatology and creation of seasonal
windows, a stejy-step illustration of the pre@ss is given for the Northwestern Caribbean region.
For the Caribbean, the data is shifted such that Day 1 is March 1st and Day 365 is February 28th
of the following year. Daily data was averaged across stations in the Northwestern Caribbean to
investigatethe region. For the Northwestern Caribbean, the rainfall minimum that is associated
with the start of the rainfall cycle is on day 50 (April 19th) (Fg.), and we choose to take the
start date as defined from tradition: day 30 (April 1st). The timagtessociated with the peak of
the hydrological cycle is on day 215 (October 1st) (Eig), but there can be rainfall long after.
Hence the end date is defined from tradition: day 274 (November 30th).
The Northwestern Caribbean follows a bimodal rainfycle (Fig.4.2a) as it experiences
one valid intermittent dry period. Two seaso
window, which is between the start date and the minimum location of its intermittent dry period,
or Day 141 (July 18%$dasommdwitmeow, awkri Rlaiing ab
location of the intermittent dry period to the end date (Biga). The intermittent dry period

window is Day 117 (June 26th) to Day 164 (August 12th) @Rgn).
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Figure 4.2: Calculating the climatological rainfall cycle, classifying intermittent dry
period, and setting seasonal windows for the Northwestern Caribbean (a) and the Guianas
(b), where Day 1 is March 1st and February 1st, respectively. Blue line de notes the smoothed
climatology averaged over all stations for each region. Seasonal windows are shaded: first
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rainfall season (green), and second rainfall season (yellow). The darkened green/yellow
window is the intermittent dry period window, or mid -summer drought (MSD) for the
Northwestern Caribbean .

4.3.3 Calculate Rainfall Characteristics for Each Year

First, the temporal location, amplitude, and width of every peak and trough in the gaussian
filtered daily data for each year is calculated. Seconkdidn points are determined in the year
to-year smoothed data, and are classified as candidate meteorological onset or demise dates. For
candidate onsets, the method considers every trtmighak within the smoothed daily data, and
finds the minimum dayif any, that has both of the following usaput conditions: (1) the day is
above an inflection point mm threshold, and (2) the rate of change between the inflection point
and X days exceeds a given mm/day threshold. The latter is done to avoidanflemitits in
which no clear changes in slope above the mm threshold exist in subsequent days. For candidate
demises, the method inspects every peakough and finds the minimum day, if any, that has its
value below the inflection point mm threshold. define a wet vs. newet day, most studies use
a threshold value from 0.85mm (Stern et al. 1981) to 1 mm (Moron and Roberstson, 2014), but in
some regions with unclear dry seasons, values as high as 2.5 mm are used (Nandargi and Mulye
2012). Therefore, is recommended to set the inflection point mm threshold between .85mm and
2.5mm. For the onset calculation, the rate of change requirement is similar to methods that use a
criterion to check for persistence of rainfall, and typically check approximatelyagf out.
However, those methods do not check for slope and only ask how many days after the date are
also at or above the mm threshold. Onsets are associated with a change in intensity of rainfall;
hence they should also depend on the change in slogemEthod is the first to put a mm/day

tendency threshold. In the application of this method, the tendency is calculated as the average
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change in daily rainfall amount between the climatological trough and peak that is associated with
the onset.

To demonstrate the calculation of the accumulated precipitation anomalies, onsets, and
demises, a stepy-step illustration of the method using the 2011 rainfall cycle in the Northwestern
Caribbean (Fig4.3) and the 1985 rainfall cycle in the Guianas (Fg), are shown. In the
Northwestern Caribbean, a candidate onset is determined between any trough to peak if the
inflection point is above 1 mm and if there is a rate of change of .102 mm/day between the date of
the inflection point and 10 days out (F3a). The latter was determined by taking the difference
between the climatological peak (7mm) and trough (1.9mm) that is associated with onset divided
by the number of days between the climatological trough to peak associated with onset (50 days).
A demise inflection point is determined between any peak to trough if the inflection point is below
1 mm (Fig 4.3a). A similar procedure is done for the Guianas.(##g), except 1) the inflection
point threshold is 1.5 mm because it is common for themeginot have consistent rainfall values
below 1mm, and 2) determining candidate onsets are different between the first and second rainfall
seasons, as the second rainfall season has a separate mm tendency threshold.

The context that is examined using ffresent method in this section is an adaptation of
the approach used in Liebmann and Marengo (2001) and Bombardi et al. (2017) to onsets and
demises that do not use a mean threshold based on the climatology of the rainfall cycle, or referred
in this studyas the Relative Meteorological Onset (RMO) and Demise (RMD). Using the raw daily
data, the same equation from Bombardi et al. (2017) is applied with some modifications to

calculate RMOs and RMDs:

('Y)A
C
@)
Ca

P Y
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Where Qindol N) i s the anomal ous accumul ated precipl
P(i) 1s the dail ywndpwiséhe mean daily valueaf theardinfalllim tihat yiéar o . P
calculated over the particular seasonal wingibwe differsfrom other methods that useifdowas
the annual climatological daily precipitation rate (Liebmann and Marengo 2001; Bombardi et al.
2017; D16; B20). Finallyindow is the date related to the start, or before the start, of the seasonal
window being use. Similar to Bombardi et al. 2017, for onsets it is recommended to place t
in the dry season that precedes the rainfall season in order to accurately depict the transition from
dry to wet seasons. Depending on the modality of the climatologicdbltgmattern, one or
multiple Svindow (N) are used. For unimodal patterns, only opgs&(n) is used and is used for
calculating both onset and demise. For unimodal dual maxima patterns,itwa(i9 are used:
one is used for the onset, and the othersied for the demise. For bimodal patterns, fautsa(n)
are used: each for each onset and each demise calculation. For onset, the minigndsy(0) &
identified. Next, the candidate onsets from the smoothed data are utilized by finding thateandid
onset that relates to the date of the minimumv@is(n). This is done by finding the latest date
of a candidate onset that is (1) less than the date of the minimumn@i8), and (2) the
magnitude of the rainfall on the candidate onset dayitisiwthe R percentile of the rainfall
amount, relative to that year, over the window. The latter is done in case the smoothing filter has
several fdkinkso bet we eaiRowh)lothe actad aseo A reconmeendedi ni mt
value for the ongeR™ percentile is the 33to 50" percentile. The candidate onset that satisfies
both criteria is deemed the RMO.

The approach to find the RMDs follows that for the RMOs, with a few key differences.
The maximum of Gndow(n) is found. Using the candidate demises, the timing of the RMD is

determined by finding the minimum candidate demise that: (1) is greater than the date of the
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maximum of Sindow(N), and (2) the candidate demise value is withia R" percentile of the

rainfall amount, relative to that yearyer the window. The latter is done in case the smoothing
filter has several A Ki nKk sSQkindd() o tne dctuad dechisét e o f
recommended value for the demiségercentile is the 10to 339 percentile.

In the Northwestern Caribbean, two Swindow(n) are determined:

C

Q

C

C Y €

tersis Day 1 (March ¥) and trsis the date of the climatological intermittent dry period minima,

or Day 141 (July 18). Since the Northwestern Caribbean has a unimodal dual maxima pattern,
only the first window is used to determine onset, and the second window is used to determine
denise. The date of the minimum of(n) is calculated, and is on day 85 (May"B(Fig. 4.3b).

The date of the minimum o&&q(n) is used as a reference date to determine the timing of the RMO
(Fig. 4.3c). There is one candidate onset that is beforeateeaf the minimum of g&gdn) and its

value is within the 38 percentile of the rainfall amount, relative to the year, over the ERS window.
Therefore, the RMO is on day 80 (May"}0The date of the maximum ofi(n) is calculated,

and is on day 248 (Novembef)4(Fig. 4.3b). There are two candidate demises #natafter the

date of the maximum of.&s(n) and its value is within the 1
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0" percentile of the rainfall amount, relative to the year, over the LRS window (Fig. 3c). Therefore,
the RMD s the earlier of the two candidate demises, or day 255 (Noveniber 11

The Guianas experience a bimodal pattern; therefore, faupsbn) are determined (Fig
4.4b). For finding the onset of the first rainfall season and demise of the second rainfall season,
Equation 1 is used. For finding the demise of the first rdistdson and onset of the second
rainfall season, Equation 1 is altered, such that the mean daily value of the rainfall in that year
calculated over the intermittent dry period windowPwi(n), is used. For bimodal patterns the
demise of the first raimall season (RFS1) and onset of the second rainfall season (RFS2) fall under
the intermittent dry period window, where usige(n) better characterizes the transition between
each rainfall season. The minimums @t&(n) and &rsAn) are calculated and\ROs for each
season are determined (F#4c). The maximums of §ss(n) and &rs{n) are calculated and

RMDs for each season are determined.
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Figure 4.3: Schematic summary of using the method to calculate Relative
Meteorological Onsets and Demises for the 2011 Northwestern Caribbean rainfall cycle
using smoothed daily data (orange line). (a) Determining onset and demise candidates using
the mm threshold and rate of change threshold. (b) the minimu m and maximum of the
accumulated precipitation anomalies using raw daily data (light blue and maroon lines) for
each seasonal window (green and yellow boxes) are calculated. (c) locate the nearest
candidate onset and demise from min/max S(n) (light blue an d maroon squares) that satisfy
conditions for Relative Meteorological Onset (green star) and Demise (yellow star).
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