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ABSTRACT 

Mexico and Central America (Mesoamerica) are situated in a complex and unique 

geographical position with the Caribbean Sea to the East and the tropical Eastern Pacific Ocean 

to the West. The weather patterns of this region are driven by winds, temperatures, moisture, and 

orography of several mountain ranges. This study finds the dates of the onset and demise of 

rainfall regimes on a specific day using NASA’s Tropical Rainfall Measuring Mission (TRMM) 

rainfall for years 1998-2012, area-averaged over land. Using NASA’s MERRA-2 Reanalysis 

data, we also look at the phenomenology of the triggers of the rainy season onset and demise on 

the daily time-scale instead of the monthly scales used by previous studies.  

We find that the Mesoamerican Rainy Season can be distinguished into two parts: the 

Early Spring Rainfall (ESR) associated with light rains and the Late Spring Rainfall (LSR) 

associated with heavy rains. Two algorithms are used to obtain these rainy season distinctions. A 

new algorithm was developed during this study, called the SLOPE algorithm, to calculate when 

the rain rates first start to increase. In the second method, called the MINCA algorithm, the daily 

cumulative anomalies of rainfall are compared to the climatological rainfall to find the time of 

onset of the heavy rains. To better understand the phenomenology associated with the timing of 

the rainfall, we look at the monsoon trough, moisture flux convergence, moist static energy 

anomalies, and the weakening/strengthening of the winds associated with the Caribbean Low-

Level Jet and Panama Jet.  

The light rain rates begin, on average, in mid-March, approximately one month after the 

peak of the winter Caribbean Low-Level Jet and the Panama Jet. The ramp-up between the light 

rains and heavy rains is associated with a significant weakening of both jets and the northward 

progression of a monsoon trough off the western coast of Central America. The heavy rain rates 

begin, on average, in mid-May, and are associated with the timing when the Panama Jet goes to 

near zero magnitude and a strong monsoon trough in the eastern Pacific. At the demise of the 

rainfall, approximately in mid-November, the Panama Jet strengthens again, the total moisture 

flux convergence decreases significantly, and the monsoon trough retreats southward and 

eastward. The results of this study have positive implications in agriculture and water resources 

for Mesoamerica, as this information may help resource managers better plan and adapt to 

climate variability.
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CHAPTER 1 

 
INTRODUCTION 

 
Mesoamerica (Mexico and Central America) is a geographical region that provides the 

United States with essential crops such as coffee and bananas. The majority of the region is an 

isthmus, with the Gulf of Mexico and Caribbean Sea to the East, and the Pacific Ocean to the 

West. Mesoamerica also has complex terrain with several mountain ranges, which affect its 

rainfall patterns. Past studies have defined the rainy season as occurring from May to October 

(Hastenrath 1967) and have typically analyzed weather phenomenon related to the rainy season 

in terms of monthly climatologies. This study will look at daily values of rain and the 

phenomena associated with the causes of the rain. This study is unique in that its goal is to define 

the start and end of these rainy seasons on a specific day for individual years, and then identify 

the weather phenomena that occur with the transition into and from the rainy season. 

The importance of this research is related to the agriculture of Mesoamerica. The timing 

and amount of rainfall are critical for the health of key crops such as coffee, bananas, rice, maize, 

as well as other fresh fruits and vegetables. For example, when coffee cherries are budding, they 

require a lack of precipitation to grow to their full potential, but once the buds flower, they need 

a heavy amount of rain (Carr 2001). Coffee development is especially sensitive to springtime 

precipitation and summer and winter temperatures (Gay et al. 2004). Coffee is also susceptible to 

the coffee rust fungus (la roya), which destroys crops. The coffee production in El Salvador 

decreased 70% between 2010 and 2014 due to coffee rust in the 2012/2013 growing season 

(FEWS NET 2016). Meteorological conditions such as increased annual rainfall, an earlier rainy 

season, and decreased diurnal temperature variability are all factors which exacerbate this fungus 

(Avelino et al. 2015). The coffee borer and coffee rust fungus are already destroying coffee crops 

and climate change is expected to exacerbate these issues (Groenen 2018). These past studies 

have found evidence that the timing and amount of rainfall is critical to the success and health of 

coffee crop yields. Knowing the approximate timing of the onset would allow coffee growers to 

make early decisions on whether or not to spray their plants with chemicals to prevent the coffee 

rust fungus, for example. 

Changes to the crops in Mesoamerica affect us directly in the United States because we 

import a lot of agricultural goods from Mexico and Central America. 12.6% of United States 
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imports come from Mexico, which makes it the third largest supplier of imports to the US, and 

the second largest supplier of agricultural imports to the US (US Census Bureau 2017, USTR 

2017a). In 2015, the US imported $295 billion worth of goods from Mexico, which included $21 

billion of agricultural imports (USTR 2017a). Of those agricultural imports, 22.8% were fresh 

vegetables and 20.5% were fresh fruits (USTR 2017a). In 2015, Guatemala (our 16th largest 

supplier of imports) exported $1.5 billion worth of agricultural goods to the US; 42.3% of that 

came from bananas and plantains and 17% came from unroasted coffee (USTR 2017b). The US 

also imports coffee from Panama, Nicaragua, Honduras, El Salvador and Costa Rica. Not only 

do these countries rely on these exports for their economies and livelihoods, we rely on the food 

and caffeine in our daily lives.  

Past studies use monthly-averaged rainfall at station data to define the onset and demise 

of the rainy season, but this study uses daily rainfall data area-averaged over the entire Mexico 

and Central America (Mesoamerican) region as well as the smaller Central American region 

only. The daily averages are then averaged, or smoothed, using a 20-day time period. Averaging 

is needed to reduce the noise from the natural variability of rainfall. This study finds that the 

rainy season of Mesoamerica can be divided into two distinct time periods during the springtime: 

Early Spring Rainfall (ESR) and Late Spring Rainfall (LSR). Early Spring Rainfall is associated 

with light rain rates that typically occur in March and April, whereas Late Spring Rainfall is 

associated with heavy rain rates in that are normally defined as being in May and June. This 

distinction was determined through analysis of the daily rainfall using two methods to interpret 

and calculate the rainy season; it is clear that there are two different rainy periods in the spring, 

with different phenomena associated with each. This will be discussed thoroughly in later 

chapters.  

This paper is organized as follows: chapter two contains a review of background 

literature on mechanisms contributing to Mesoamerican rainfall, as well as the data used in this 

study. Chapter three discusses the new methodology for calculating the start of the light rains. 

We find the light rains start mid-March and are associated with the passage of a monsoon trough 

off the western coast of Central America. Chapter four uses another algorithm to calculate the 

start of the heavy rains, and shows that these rain rates are associated with a weakening of the 

Panama Jet. Chapter five discusses the demise of the heavy rain, associated with the 

strengthening of the Panama Jet. Chapter six discusses the seasonal characteristics of each rainy 
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season and chapter seven summarizes the conclusions and main findings and possible future 

work. The main conclusions of this study are the quantification of how the weakening of the 

major jets influence the timing of the rainy season, as well as the monsoon trough progression. 

All finds are described on a timescale of days, instead of months, which is often used in previous 

studies.  
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CHAPTER 2 

BACKGROUND AND DATA 

 

2.1 Description of Study Regions 

The large, entire domain of Mexico and Central America (Mesoamerica) comprises of 

southern Mexico and the countries of Central America: Panama, Costa Rica, Nicaragua, 

Honduras, El Salvador, Guatemala, and Belize. This region is denoted as MESOAM in this study 

and is shown in map form in Figure 2.1. Analysis of the rainfall was completed for the entire 

MESOAM domain, but it was found that the area average was strongly dominated by a much 

smaller region in Southern Central America. Therefore, a smaller domain is used here to look at 

the key dynamics involved which cause the onset and demise of the rainfall to occur. This will be 

distinguished as the Central American (CA) domain which includes the countries of Panama, 

Costa Rica, Nicaragua, Honduras, and El Salvador, but excludes Guatemala and Belize (Figure 

2.2).  

 

 

Table 2.1: Geographic regions/domains used to area-average quantities in this study.  

Abbreviation Latitude/Longitude (degrees) Countries included 
MESOAM = 
Mesoamerica 

7 - 28 °N/77 - 109 °W Panama, Costa Rica, Nicaragua, 
Honduras, El Salvador, Guatemala, 
Belize, southern Mexico  

CA = Central 
America 

7 - 15 °N/77.5 - 90 °W Panama, Costa Rica, Nicaragua, 
Honduras, and El Salvador 

 

 

The domain enclosed by the Central American (CA) domain will be the main area of 

focus for this study. It is important to understand the dynamics going into and out of this box and 

how it is driving the rainfall. Therefore, the CA domain will be used for the major dynamical 

analysis of the triggers surrounding the onset and demise. Please note that an analysis for both 

the MESOAM and CA domains were completed, but we chose to only include the CA domain 

results in this paper.  
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Figure 2.1: The entire domain of Mexico and Central America (MESOAM) used in this study 
encompassing all Central American countries and southern Mexico. Coordinates of the domain 
are 7- 28 °N and 77 - 109 °W. Figure adapted from World Wide Maps, © World Wide Maps 
2019.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Adapted from Chelton et al. (2000a). The CA region outlines the regional-scale 
domain used in this study. Coordinates for the CA domain are 7 - 15 °N and 77.5 - 90 °W. 
Shading indicates elevation in meters.  
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2.2 Prior Work on the Mesoamerican Rainy Season 

Historically, there have been a few methods used to define the onset of a rainy season in 

this region, but the timing of the rainy season has not been thoroughly studied. A commonly used 

method is the threshold method, which defines the onset as the pentad (five-day averages) in 

which the mean precipitation exceeds a critical value (Gramzow and Henry 1972; Stern et al. 

1981; Stern 1982; Marengo et al. 2001). Different threshold values have been used to define the 

onset of the rainy season in Mesoamerica (southern Mexico, Panama, Costa Rica, Nicaragua, 

Honduras, El Salvador, Guatemala and Belize), such as the first pentad whose mean daily 

precipitation exceeds 25 mm using station data in Central America (Gramzow and Henry 1972) 

and the mean pentad precipitation which exceeds 3 mm/day in Panama (Nakaegawa et al. 2015). 

In general, these studies found the onset of the rainy pentads to begin approximately around mid-

April on the Caribbean side of Central America, in Panama and Costa Rica, and then progress 

west and northwestward. These studies always defined an onset at a particular location, using 

station data, but never defined an overall onset of an entire region. The advantage of looking at a 

larger region is a reduction in the noise of the mean daily rainfall, and the ability to more 

precisely define the timing of the broad-scale changes in the precipitation regime. The advantage 

of looking at a smaller region is narrowing down the key dynamics which contribute to the 

changes in the precipitation regime, and may be more useful in applications to farmers, for 

example.  

It is unknown which exact combination of atmospheric and oceanic conditions cause the 

onset of the Mesoamerican rainy season and the Mid-Summer Drought (MSD). Studies have 

investigated several factors such as the seasonal migration of the Inter-Tropical Convergence 

Zone (ITCZ) (Hastenrath 2002, Hidalgo et al. 2015), sea surface (SSTs) (Karnauskas and 

Busalacchi 2009), SST dipoles between the north Atlantic and tropical eastern Pacific (Enfield 

and Alfaro 1999), position of the North Atlantic Subtropical High (NASH) (Davis et al. 1997), 

solar declination angle which describes the latitude where the sun is directly at its zenith 

(Karnauskas et al. 2013), and the Caribbean Low Level Jet (CLLJ) (Muñoz et al. 2008); 

however, a cohesive mechanism has not yet been proposed. There is no all-inclusive mechanism 

due to the complexity of the system, which involves high terrain, influences from two large 

bodies of water, and constantly changing wind patterns. The complexities of these issues make it 

difficult to diagnose a specific onset date. There is most likely not one key phenomenon involved 
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in causing the rainy season, but rather several features working together. Previous work on the 

mechanisms related to the Mesoamerican rainy season are discussed in detail below.  

 

 

2.3 Prior Work on Rainy Season Mechanisms 

 The Caribbean Low-Level Jet (CLLJ) and Easterly Waves (EW) 

The Caribbean Low-Level Jet (CLLJ) plays a key role in modulating the weather in the 

Mesoamerican region. The CLLJ appears at 925mb and has a semi-diurnal cycle (Cook and Vizy 

2010) as well as a semi-annual cycle (Wang 2007). Mestas-Nuñez at al. (2007) first linked the 

trade winds moving over the warm SSTs of the tropical Atlantic as a key mechanism to transport 

moisture into Mesoamerica. They also found that the northern branch of the CLLJ transports 

moisture into the Central United States. They demonstrated the interannual variability of the 

moisture flow is related to the CLLJ, as well as the Pacific-North American (PNA) and ENSO 

during the boreal summer. They also link the strong CLLJ in July with an increase in evaporation 

over the Intra-American Seas (IAS) (Gulf of Mexico and Caribbean Sea), leading to the MSD. 

They found that the IAS is a source of moisture in July, but a sink of moisture in September.  

Méndez and Magaña (2010) showed that more convective activity over Mesoamerica is 

associated with the negative phase of the Pacific Decadal Oscillation (PDO), a weak CLLJ, 

increased easterly wave (EW) activity, and less moisture flux into northern Mexico. They point 

out the out-of-phase relationship between precipitation in northern Mexico and precipitation in 

southern Mexico or Central America. For example, dry periods in northern Mexico are often 

associated with wet periods in southern Mexico. Using seasonal averages, Méndez and Magaña 

(2010) found that a strong CLLJ inhibits easterly wave development, whereas a weak CLLJ (< 

10 m/s) enhances easterly wave development, with the latter situation leading to more 

precipitation over Mesoamerica. They estimated EW activity similar to Diedhiou et al. (1999), 

by looking at the meridional wind spectral analysis at 700mb at 17.5 °N/70 °W, where a signal 

for westward waves is detected on the scale of 3-5 days and 6-9 days.  

Studies have shown that that the CLLJ is a mechanism that connects the Caribbean Sea 

with the Northeastern tropical Pacific through gap flow into the Gulf of Panama (Magaña and 

Caetano 2005). The strength of the CLLJ reaches its maximum in July (Amador et al. 2006), and 

has been linked to the timing of the MSD. However, things are more intricate than they first 
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appear. The CLLJ strengthens in July, causing increased convective activity on the Caribbean 

coast of Costa Rica and Nicaragua, the site of the CLLJ exit region. Yet, this increased CLLJ 

strength also coincides with decreased convective activity on the Pacific coast, which is the 

minimum in precipitation known as the MSD.  

 

 
 
Figure 2.3: Adapted from Figure 3 in Herrera et al. (2015). Hovmöller diagram of the 
climatology of GPCP pentad precipitation (mm day−1), weekly sea surface temperature (∘C) red 
lines, and 925 hPa weekly winds averaged between 12.5 °N and 15 °N from 140	°W to 60	°W 
(Méndez, 2006).  

 

The increased convection on the eastern coast of Central America causes a direct 

circulation to set up, with subsidence on the western coast of Central America. The increased 

convergence on the Caribbean coast causes the low-level convergence to shift westward from 

90-100 °W in June to 110-120 °W in July and the SSTs to decrease slightly (by 0.5 °C) in the NE 

tropical Pacific, shown in Figure 2.3 (Herrera et al. 2015).   

This shift in low-level convergence suppresses the convection on the western coast, 

which could lead to the MSD. Increased convergence on the eastern coast and therefore 

convection, leads to a decrease in rainfall on the western coast. This is important in thinking of 

the overall circulation pattern of this area during the boreal summer. 
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 Panama Jet and the Papagayo Jet 

The topography of Mexico and Central America is complex, with the Sierra Madre 

mountain range hugging the west coast and mostly low elevations on the east coast, all on a thin 

area of land (see Fig 2.1). This topography plays an important role in the wind formations in the 

region. The combination of the southward and westward winds funneling through the gaps in the 

Sierra Madre Mountain range cause strong winds off the Pacific coast of Mesoamerica. These 

strong winds are called jets and there are three main jets in this region: the Tehuantepec jet, the 

Papagayo jet, and the Panama jet. This system of winds and jets influence sea surface 

temperature (SST), precipitation and other synoptic scale weather in this region (Clarke 1988; 

Chelton et al. 2000a and 2000b; Holbach and Bourassa 2014; Mora 2017). The jets in the Intra-

America Seas region are shown in Figure 2.4.  

 
Figure 2.4: Figure 1 from Mora (2017) showing the different tropical low-level jets in Mexico, 
Central America, and South America. This region is also known as the Intra-America Seas 
region. The major jets are: the Caribbean Low-Level Jet (CLLJ), the Tehuantepec Jet, the 
Pagagayo Jet, the Panama Jet (PJ), and the Choco Jet.  
 
 

Chelton et al. (2000a) characterized the dynamical and statistical differences between 

three gap winds in Central America: the Tehuantepec, the Papagayo, and the Panama Jets. The 

Panama Jet (PANJET) is a seasonally persistent jet, with event time scales of approximately two 

days. Chelton et al. (2000a) studied one “jet season” of six months from December 1996 through 

May 1997, using NASA scatterometer (NSCAT) ocean vector winds, at the location of 7 °N, 79 

°W. They found that 86% of the winds associated with the PANJET were offshore winds, with 

40% of those offshore winds between 5 and 8 m/s. They never saw winds that exceeded 10 m/s 
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in their time period, and noted that an earlier study (Chapel 1927) found a 2% chance that the jet 

could exceed 10 m/s.  

The Panama Jet is at a maximum in late February/early March and typically disappears 

around late May/early June. This time frame represents a transition from offshore winds to 

onshore monsoon winds, associated with the Central American rainy season. The triggers for the 

Papagayo and Panama jets are different from the Tehuantepec jets. The main cause of the 

Tehuantepec jet is the area of high pressure in the Gulf of Mexico caused by midlatitude cold 

fronts/surges (Hurd 1929; Parmenter 1970; Schultz et al. 1997; Steenburgh et al. 1998). 

However, other tropical phenomena are responsible for the Papagayo and Panama jets; perhaps 

even a combination of phenomena are involved such as variations in the trade winds or pressure 

gradients caused by a passing tropical cyclone.   

Mora (2017) is one of the few studies to investigate key features of the Panama Jet. 

Figure 2.5 is a key figure from the Mora (2017) paper which shows the vertical profile of the 

Panama Jet using two reanalysis datasets. The key findings are that the Panama Jet is strongest at 

the 925mb pressure level, and strongest in the Winter and Spring. In particular, the Winter v-

component and Spring v-component of the Panama Jet are the strongest in magnitude, between -

4 and -6 m/s. Therefore, in this study, we examine the Panama Jet by studying the v-component 

of the winds at the 925mb pressure level. We also use the coordinates used for the Panama Jet in 

the Mora (2017) study as the center of the box in which we area-average the v-winds to get the 

magnitude and direction of the Panama Jet.  

The Papagayo and Panama jets are statistically correlated to each other but variations in 

these jets are not statistically correlated to the Tehuantepec jet (Chelton et al. 2000b). Chelton et 

al. (2000b) suggest that the Panama jet appears to be coupled with the trade wind axes shifting 

equatorward, indicating zonal variations in the trade winds across the Isthmus of Panama are 

driving the Panama jet. Chelton et al. (2000b) examined the pressure gradients between the Gulf 

of Mexico and the eastern tropical Pacific. They found no correlation between those pressure 

gradients and the Papagayo and Panama jets. However, they did find a strong correlation 

between the Papagayo/Panama jets and the meridional pressure gradient upstream from the jets, 

at around 12.5 °N, 77.5 °W. The Panama jet turns anticyclonically to the west, however this 

wind is usually interrupted by a large-scale synoptic weather such as southwesterly flow from the 

tropical Pacific associated with the Intertropical Convergence Zone (ITCZ). This suggests that 
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the jet is inertially balanced at the coast and becomes more geostrophically balanced as the winds 

go further away from the coast (Clarke 1998).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Figure 7 from Mora (2017), examining the vertical jet structure of the Panama Jet 
using different re-analysis data. (a.) Panama Jet vertical profile using data from ERA-Interim, 8 
°N, 79 °W and (b.) Panama Jet vertical profile using data from NCEP-DOE, 8°N, 79°W. The 
vertical axis is pressure levels: 1000mb, 925mb, 850mb, and 700mb. The horizontal axis is wind 
speeds in m/s and range from -8 m/s to +8 m/s. Negative u-values represent westward winds and 
negative v-values represent southward winds.  
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 Rain Bearing Systems 

When studying the rainfall of Mexico and Central America, it is important to account for 

the different types of convection and rain bearing systems that are the cause of the rainfall. 

Houze et al. (2015) investigate different types of convection in the major monsoon areas of the 

world, focusing on three main types: isolated shallow echoes (ISEs), deep convective cores 

(DCCs), and wide convective cores (WCCs). An important finding of the study is that the strong, 

deep, and intensive convection associated with DCCs occurred almost exclusively over land 

only. DCCs are often considered a “young and vigorous” convection type (Houze et al. 2015). 

They also find some unique characteristics in the Mesoamerican region. During the months of 

June, July, and August (JJA), the boreal summer months, DCCs dominate over the landmass of 

Central America, and are caused by a variety of different mechanisms (see Figure 2.6a).  

Near mountainous regions, Houze et al. (2015) suggest that the DCCs in Figure 2.6a are 

due to a diurnal land-sea-mountain forcing. Offshore peaks of DCCs are caused by a land-sea 

breeze that triggers convection. A maximum of DCCS is also seen along the Sierra Madre 

Occidental mountain range in the north of the domain, more in the region of the North American 

Monsoon (NAM).  The probability of WCCs, shown in in Figure 2.6b, shows a more offshore 

phenomenon. The authors point out that often there is a transition between DCCs into WCCs, as 

the they grow into mesoscale systems (Houze et al. 2015). There are several mechanisms found 

in this paper, causing different types of convection, which illustrates how complicated rainfall is 

in the Mesoamerican region. 

Another important type of rain bearing systems are Mesoscale Convective Systems 

(MCSs). These are a particular feature of tropical convection, and they play an important role in 

the rainfall in Central America. Over the Pacific Ocean region (the same as the Gulf of Panama 

area used in this study), MCSs are responsible for 57% of the total volumetric rain (Jaramillo et 

al. 2071). Over the Caribbean Sea, MCSs are responsible for 34% of the total volumetric rain. 

Jaramillo et al. (2017) also found that the Pacific Ocean region had 4.6 times the number of 

MCSs than the Caribbean Sea region they studied. This indicates how important MCSs are in the 

Gulf of Panama, and provides some compelling evidence that perhaps the winds over the Gulf of 

Panama may be more important than the winds over the Caribbean Sea, especially when 

influencing Mesoamerican rainfall.  
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Figure 2.6: Figure 7 from Houze et al. (2015) paper, analyzing the probability of occurrence for 
convective types (a.) deep convective cores (DCCs) and (b.) wide convective cores (WCCs) 
using TRMM PR radar data. Black contour over land signifies the 700 m elevation level. 
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 Monsoon Trough 

Monsoon troughs are areas of minimum sea level pressure that are associated with heavy 

rainfall (Glickman 2000). In more dynamical terms, a monsoon trough is defined in the Northern 

Hemisphere as an area of northeastern easterly trade winds converging with an area of monsoon 

southwesterlies (see Figure 2.7).  

 
Figure 2.7: From Holbach and Bourassa (2014) paper, Figure 15b. A monsoon trough is 
categorized by the northeast (NE) trade winds with an area of southwesterlies directly below it. 
Average zonal winds within the monsoon trough area tend to be small, or close to zero, to 
indicate a change in the wind direction. The NE trade winds (westerlies) tend to be stronger than 
2 m/s in a monsoon trough. 

 

 

Strong westerly winds with a zonal wind averaged from 80° to 140°W that are greater 

than 2 m/s indicate a monsoon trough is present (Holbach and Bourassa 2014). A monsoon 

trough is a different phenomenon than the Intertropical Convergence Zone (ITCZ), as the ITCZ 

is a convergence of the northeast trade winds with the southeast trade winds and is associated 

with weak westerly winds. Monsoon troughs are often associated with tropical cyclone (TC) 

formation and play an important role in TC genesis (Holbach and Bourassa 2014).  

The monsoon trough is linked with rainfall, as the trough is usually present at the 850mb 

pressure level, often with cumulus convection south of the trough and a strong horizonal 

temperature gradient across the trough axis which acts to warm the troposphere (Chen and Chang 

1980). Heavy rains typically occur along the monsoon trough axis. There are also monsoonal 
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low-pressure systems present in ocean basins which account for a large fraction of summertime 

precipitation poleward of 10 °N (Hurley and Boos 2015).  

More studies exist studying the monsoon trough in the Western North Pacific Ocean than 

other areas of the world, as the Asian monsoon is strong, persistent, and of much importance to 

the people and livelihoods in those regions. Perhaps what has been done there can be applied to 

the Mesoamerican region. The key aspects of defining a monsoon trough are usually by rainfall, 

relative vorticity, and zonal winds at the 850mb pressure level. 

 

 

 Central American Cold Surges (CACS) and Gyres (CAGs) 

Two large-scale phenomena have been studied that are also related to the rainfall and 

weather patterns in Mesoamerica: Central American cold surges (CACS) and Central American 

gyres (CAGs). Central American cold surges are generally more prevalent during wintertime; 

however, they also occur in the month of March, where there is a maximum number of fronts 

entering the Gulf of Mexico, second to the month of December (Henry 1979). These fronts have 

been linked with heavy rainfall and ending the dry season and bringing on the start of the rainy 

season (Henry 1980). CACS are a blast of cold, polar air moving equatorward after the passage 

of a cold front. They are associated with strong southward winds (Colle and Mass 1995) flowing 

over the Gulf of Mexico and into the Yucatan Peninsula and Gulf of Campeche, which are then 

funneled through the Gulf of Tehuantepec. These southward winds are called nortes or 

Tehuantepecers when they are funneled through the mountains and into the Gulf of Tehuantepec, 

and are related to strong storms lasting 1 hour.  

Approximately 75% of surge events can last 2-6 days (Schultz et al. 1998), and are 

controlled by the confluence of the 200mb subtropical jet stream, which strengthens the 850mb 

trade winds. Schultz et al. (1998) also analyzed the relationship between ENSO and cold surge 

events, and found that following an El-Niño calendar year, there are more cold-front passages 

(almost double) in the next cold season (September-April) than during a La-Niña calendar year, 

but noted that ENSO is not the only contributing factor to cold surge variability. The authors also 

infer that a large number of cold front passages could lead to more precipitation for 

Mesoamerica. An interesting study (Pérez et al. 2014) looked at how cold surges would change 

in a warmer climate, and found that there would be an increase in cold surge activity, but that the 
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events would be shorter in duration and move at faster phase speeds, which could lead to 

decreased wintertime precipitation.  

Central American gyres (CAGs) are low-level (850mb) cyclonic, closed-systems that 

produce widespread rainfall over Mesoamerica (Papin et al. 2017). These systems have not been 

thoroughly studied. Papin et al. (2017) found 47 CAGs from 1980-2010, and showed the 

bimodal distribution of CAGs, which has peaks in both May-June and September-November. 

The authors found a minimum in CAGs during the months of July-August, which they imply is 

related to the mid-summer drought. The peak in CAGs coincide with the 850mb westerly wind 

over the eastern tropical Pacific Ocean.   

 

 

 The El-Niño Southern Oscillation (ENSO) 

Another key phenomenon that impacts the weather and climate in the Mesoamerican 

region is the El-Niño Southern Oscillation (ENSO), which has far reaching teleconnections all 

over the globe. During El-Niño summers, precipitation is reduced because of large-scale 

subsidence over Mesoamerica (Diaz and Bradley 2004) and the shift of the ITCZ towards the 

equator (Waliser and Gautier 1993). This is also associated with low activity of both tropical 

cyclones (TCs) and easterly waves (EWs) developing over the Intra-American Seas. During La-

Niña summers, precipitation is enhanced over Mesoamerica because of a northward shift of the 

ITCZ (Cavazos and Hastenrath 1990), weaker trade winds, and high activity of both TCs and 

EWs.  

However, things are more complicated than that, as ENSO has some different regional 

impacts in Mesoamerica, as well as timing effects. In a study focusing on monthly rainfall 

averages in Costa Rica, Waylen et al. (1996) find that before and during the onset of a warm 

ENSO event, the Caribbean coast of Costa Rica receives increased precipitation whereas the 

Pacific coast receives decreased precipitation. Giannini et al. (2001) find an interesting lag in 

rainfall related to ENSO events. For example, El-Niño conditions in the boreal summer over 

Mesoamerica (less seasonal summertime rainfall) correspond to more rainfall the following 

spring. These wet conditions in the spring are caused by lagged warming of the tropical North 

Atlantic. This could be critical to coffee development, as coffee is sensitive to springtime 
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precipitation. This finding suggests that different mechanisms are responsible for precipitation on 

each coast. 

 

 

 The Madden-Julian Oscillation (MJO) 

The Madden-Julian Oscillation (MJO) is an atmospheric disturbance with an 

intraseasonal time scale of less than 90 days (Madden and Julian 1972). It propagates eastward 

and is responsible for explaining much of the weather variability in the tropics on a 30-60-day 

time scale as it is associated with spatial patterns of enhanced or suppressed rainfall (Gottschalk 

2008). The MJO is known to affect tropical cyclones and monsoon activity. For example, the 

enhanced rainfall associated with the MJO can potentially trigger the onset of a monsoon, 

whereas the suppressed rainfall associated with the MJO can potentially cause a delay in the 

onset of a monsoon (Jones and Carvalho, 2002; Lavender and Matthews, 2009).   

Wheeler and Hendon (2004) developed a seasonally independent index to monitor the 

MJO called the all-season real-time Multivariate MJO (RMM) Index. This method used a pair of 

empirical orthogonal functions (EOFs) of 850-hPa and 200-hPa zonal winds, as well as the 

outgoing longwave radiation (OLR). It yielded two principal component time series: RMM1 and 

RMM2, which can be used as indices of the MJO. The combined magnitude of a vector (RMM1, 

RMM2) is known as the amplitude of the MJO, and gives an indication of the strength or 

weakness of the MJO activity. The signed values of the RMM indices are used to determine 

MJO phases 1 through 8, indicating the area of most active convection. For example, phases 4 

and 5 are associated with enhanced convection/precipitation on the Maritime Continent. This can 

be visualized in a phase space diagram (shown in Figure 2.8), with weak MJO activity in the 

middle of the diagram and stronger MJO activity further from the center (Wheeler and Hendon 

2004). Weak MJO activity is generally defined as the RMM amplitude less than 1. 

The MJO in the eastern Pacific contributes to the rainfall in Mexico and Central America, 

and was investigated using daily rainfall values from station data for the boreal summer time 

period of July through September (Barlow and Salstein 2006). They found that the eastern 

Pacific MJO (defined by an OLR-based MJO index) has the greatest influence on the Pacific 

coasts of Mexico and Central America, as well as the Gulf coast of Mexico. Barlow and Salstein 

(2006) also found that at 45 stations, the daily rainfall was twice as much during a positive MJO 
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phase than as the negative MJO phase. Another important find from the study was that the MJO 

influence on summertime daily rainfall was consistent from year to year.  

 

 
Figure 2.8: Figure 7 from Wheeler and Hendon (2004). (RMM1, RMM2) phase space points for 
all available days in DJF season from 1974 to 2003. Eight defined regions of the phase space are 
labeled, as is the region considered to signify weak MJO activity. Also labeled are the 
approximate locations of the enhanced convective signal of the MJO for that location of the 
phase space, e.g., the ‘‘Indian Ocean’’ for phases 2 and 3. 

 

 

 Sea-Surface Temperatures (SSTs) 

SSTs play a critical role in driving weather and climate in Mesoamerica, especially since 

it is a unique region that has influences from both the Caribbean Sea and the tropical north 

Atlantic from the East and the northeastern tropical Pacific Ocean from the West. Warmer SSTs 

cause more evaporation, which causes more moisture in the air, combined with convection leads 

to water vapor condensing and clouds forming and precipitation. Therefore, warmer SSTs are 

associated with more rainfall, in general. Enfield and Alfaro (1999) found that opposite SST 

anomalies between the north Atlantic and tropical eastern Pacific were associated with enhanced 
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rainfall over Central America. This SST dipole between these two large bodies of water has an 

influence on the amount of rain in the Mesoamerican region. SSTs are key drivers of rainfall, and 

are linked with several other atmospheric phenomenon, such as ENSO. 

There are also several warm pools that affect the rainfall in Mesoamerica: the Eastern 

Pacific Warm Pool (EPWP) and the Atlantic Warm Pool (AWP). These warm pools are typically 

defined as the area enclosed by the 28.5 °C isotherm. The Eastern Pacific Warm Pool (EPWP) 

typically occurs earlier in the year than the Atlantic Warm Pool (AWP). The EPWP 

climatological onset is March 22, and the EPWP climatological demise is August 16 (Misra et al. 

2016). In Misra et al. (2016), the authors find links between the EPWP and the onset of the rainy 

season in Mesoamerica. They find that early onset of the EPWP is related to less rainfall in 

April-May-June (AMJ) over Southeastern Mexico.  

Typically, the onset of the Atlantic Warm Pool (AWP) occurs after the onset of the 

Eastern Pacific Warm Pool (EPWP). The AWP climatological onset is June 20 and the AWP 

climatological demise is November 4 (Misra et al. 2014). In Misra et al. (2014), they find a high 

correlation of variability between the onset of the Atlantic Warm Pool (AWP) and the onset of 

the rainy season in Mesoamerica. Early onset of the AWP corresponds to an early onset of the 

rainy season, as well as stronger moisture convergence and weaker easterlies over the Caribbean 

Sea (Misra et al. 2014). Conversely, the late onset of the AWP corresponds to a late onset of the 

rainy season, as well as weaker moisture convergence and stronger easterlies over the Caribbean 

Sea. The authors also find that the onset of the AWP season is positively correlated to the demise 

of the rainy season in Mesoamerica.  

 

 

2.4 Data 

 

 Rain Data 

The Tropical Rainfall Measuring Mission (TRMM) 3B42 v7 (TMPA) Research Derived 

Daily Product (Huffman et al. 2007, 2010) is used in this study. This dataset is a daily 

accumulated rainfall (in mm/day) product derived from three-hourly data with a horizontal grid 

spacing of 0.25°. This TRMM dataset was obtained by applying the Version 7 TRMM Multi-
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Satellite Precipitation Analysis (TMPA) algorithm to 3-hourly microwave-IR estimates with 

gauge adjustment. The daily rainfall over the ocean is masked out of the dataset prior to use in 

any algorithms presented in this study, as well as the rainfall over the landmasses of Florida and 

Cuba. This mask is applied to focus only on the processes affecting Mesoamerican land rainfall. 

The dataset is available from January 1998 until December 2012 between the latitudes of 50°N 

and 50°S. The primary application of this dataset is for research, whereas the real-time TRMM 

Multi-Satellite Precipitation Analysis (TMPA-RT) 3B42RT is used for real-time applications in 

operational forecast settings. The leap days are removed from the dataset, to have consistent 

lengths of each year, and therefore making it a more consistent analysis.  

The strengths of the TRMM dataset are that this product has a good sampling in the 

tropics, with the satellite passing over a specific region eight times each day. The version 7 

algorithm is an improvement over version 6 with higher correlation coefficients and lower biases 

(Chen et al. 2013a and 2013b; Liu 2015). The weakness of the TRMM dataset is that the rainfall 

amounts are underestimated over mountainous regions (Prat and Barros 2010; Scheel et al. 

2011), especially for coastal and island areas with high altitudes (Kubota et al. 2009; Kidd et al. 

2012; Chen et al. 2013). Mexico and Central America have several mountainous areas, so that is 

a possible source of systematic error in the results presented in this study. TRMM also 

overestimates light rain (Greene and Morrissey 2000; Huffman et al. 2007).  

 

 

 Wind and Moisture Data 

Other upper air variables are taken from the second Modern-Era Retrospective analysis 

for Research and Applications (MERRA-2; Molod et al. 2015). MERRA-2 is a NASA product 

available from January 1, 1980 until present. The grid spacing is 0.625º longitude by 0.5º 

latitude. This corresponds to a roughly 50km grid spacing in the latitudinal direction. For this 

study, the quantities used from MERRA-2 were daily eastward and northward winds (m/s) at 

multiple pressure levels (1000mb to 100mb), sea level pressure (Pa), temperature (K), specific 

humidity (kg/kg), and height (m). These quantities are used to analyze atmospheric conditions 

prior to and around the time of onset and demise.  

The MERRA-2 dataset was chosen for its strength in that it is a satellite-based reanalysis 

product. It is a relatively new data product that improves on the first MERRA by reduction of 
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some biases and imbalances in the water cycle; however, MERRA-2 does have a warm bias in 

the upper troposphere (Gelaro et al. 2017). The physics in reanalysis data for the tropics is poor. 

Observations often don’t match models because of the lack of correct physics, which is a 

problem for any analysis of model-based physics. For example, it won’t resolve the pressure 

gradient well in the tropics. However, MERRA-2 assimilates more strongly in tropics than other 

competing products, and that is why it is chosen for this study.    

 

 

 MJO Index 

For the MJO index, the Real-time Multivariate MJO series 1 (RMM1) and 2 (RMM2) 

index (Wheeler and Hendon 2004) is used from the Australian Government, Bureau of 

Meteorology at the website  http://www.bom.gov.au/climate/mjo/. Daily values are available for 

the RMM1, RMM2, phase, and amplitude (combined magnitude of square root of RMM12 + 

RMM22) of the MJO from 1 June 1974 through present day. The MJO RMM values are taken on 

the specific date of onset and demise, for each year of the study (1998-2012).  
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CHAPTER 3 

EARLY SPRING RAINFALL CHARACTERISTICS 

 

3.1 Onset of Early Spring Rainfall  

One of the main objectives of this study is to diagnose the timing of the first major 

increase in rain rates begins in the key area of southern Central America, specifically in the 

countries of Panama, Costa Rica, Nicaragua, and Honduras (enclosed in the Central American 

domain), and the associated phenomenology. This rainfall occurs in the months of March and 

April, hence the name Early Spring Rainfall (ESR). The goal is to calculate the time when the 

slope of rainfall as a function of time changes from close to zero to a positive value. The method 

outlined below calculates this change in rainfall.  

 

 SLOPE Method 

The SLOPE method calculates the slopes of the daily rainfall and determines the point of 

inflection when the rainfall increases (onset) and decreases (demise). The month of December 

from the previous year and January from the following year are added to the calendar year of 

area-averaged rainfall data in order to have a full year’s worth of smoothed data. For example, 

the rainfall data from December 2002 and January 2004 are added to the entire year of 2003 data.  

For each year, the daily rainfall is averaged over the specific domain (see Table 1.1 and 

black line in Fig. 3.1), then a 21 day centered moving average is applied (green line in Fig. 3.1). 

This smooths out some of the noise in the daily data and makes it easier to see the overall trend 

in the rainfall amount, ultimately indicating the start an increasing trend in rainfall. The 21 days 

smoothing was chosen after testing out 7, 11, 21, and 31 days smoothing options. The 7 and 11 

days smoothing are too noisy, and the 31 day smoothing does not capture all the details needed 

for this study (more detail on this sensitivity in Section 3.1.3).  

The 21 day smoothing captures the change in slope in the rainfall time series, as well as 

other features, such as the mid-summer drought (MSD). The rain rate data is noisy due to 

sometimes large day to day changes in rain rate. For example, sometimes there are “false alarms” 

of the onset of a rainy season, but are only associated with early rain events. In other words, the 

signal to noise ratio is better at 21 days than for the other averaging windows that were 
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examined. The purpose of using a moving average is to observe and capture the trends in rainfall 

that stand out from the day to day noise. More detail on the sensitivity of these choices are 

discussed in section 3.2.  

 

 
Figure 3.1: The SLOPE method of calculating the onset of light rainfall over the MESOAM 
region, for the TRMM dataset in 2003. The black line is area-averaged daily rainfall and the 
green line represents the 21-day moving average. The onset date of Julian Day 70 (11 March) is 
marked with a purple arrow. 
 

 

After smoothing the data, the slope of the best fit line is calculated for every 5 days of 

daily rain. The slope (m) of the best fit line is calculated as follows: 

𝑚 =	%&
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where n = 5 data points, x are the days of the year and y is the 21-day smoothed rainfall data. The 

best fit slope is calculated for 5 points and then that value is placed as the center of the 5 data 

points. This ensures a statistical robustness of the slope values. Three, five, and seven days are 

tested for the slope calculation, and little variation is found between the three options. In other 

words, there was an insignificant difference between the three, five, and seven-day options, 
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presumably because of the 21 day smoothing. Therefore, five days was chosen arbitrarily for the 

slope calculation, to include two days before and two days after the day of interest, similar to a 

pentad calculation.  

The onset is defined as the beginning date when the slope is greater than or equal to 0.01 

mm/day/day for at least 10 consecutive days. There is an additional onset criterion that the onset 

does not begin before Julian Day 60 (approximately March 1st). For example, for the broad-scale 

area-averaged region (MESOAM) TRMM rainfall data in the year 2003, the slope is greater than 

or equal to 0.01 from Julian Days 70 - 82, for 12 consecutive days. The onset date is defined as 

Julian Day 70 (11 March) for the year 2003 (see Fig 3.1). Sensitivity tests are performed for 

different slope thresholds to determine the most accurate way of defining the onset date. The 

slope threshold of 0.01 is found to be a critical threshold value that indicates a substantial 

transition from zero slope to a positive slope. Adding the criteria for the slope to be above 0.01 

for at least 10 consecutive days filters out passing synoptic events and ensures that the onset date 

signifies a noteworthy change in the weather pattern.   

 

 SLOPE Method Time Series and Statistics 

 
Figure 3.2: Timeseries of the onset dates using the TRMM rainfall dataset for the Central 
American domain (CA; purple line) and the whole Mesoamerican domain (MESOAM; blue 
line). The Pearson correlation coefficient between these two onset dates is 0.325, with a 2-tailed 
p-value of 0.256. Note that both onset dates are the same for the year 2009.  
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The SLOPE method is applied to every year, for each domain. This results in a specific 

onset date for every year, given in Julian days. The interannual variability of the MESOAM and 

CA domains are shown in Figure 3.2.   

 
Table 3.1: Statistics associated with the onset dates of the Early Spring Rainfall (using the 
SLOPE method) and for TRMM data (1999-2012) for the two study regions. Both Julian dates 1-
365 and calendar dates are shown. The standard deviation indicates large year to year variability. 

 Region Mean  Median  Standard 
Deviation 

Range  

Onset 
Dates 

CA 81 
(22 Mar) 

79 
(20 Mar) 

13.99 63 –101 
(4 Mar – 11 Apr) 

MESOAM 96 
(6 Apr) 

102 
(12 Apr) 

16.95 70 – 120 
(11 Mar – 30 Apr) 

 

 

The MESOAM region has a larger standard deviation and therefore a larger interannual 

variability than the CA region. The mean and median dates of the CA region are earlier than the 

MESOAM region. Because the MESOAM region is so much larger than the CA region, and we 

are using area-averages of rain rates, we expect the MESOAM region to have more variability 

and be less reliable when defining a start date to the rainy season because of its large scale.  

 

 

3.2 SLOPE Method: Sensitivity Tests  

 Sensitivity to Smoothing of Temporal Window 

Since the SLOPE method is uniquely developed as part of this study, and therefore never 

been used before, it is important to analyze some of the criteria chosen for the method. The 

SLOPE method is unique in that it provides a higher precision for defining the start date of the 

rainy season, on the timescales of days. Here we perform an investigation of different time 

periods for the smoothing technique to determine the sensitivity of the onset date with the chosen 

smoothing temporal window. For the Central American (CA) domain, we test different time 

periods (days of smoothing), then apply the criteria of 10 consecutive days with the slope greater 

than 0.01 mm/day/day to estimate the onset date. In all cases the smoothing is centered. The first 

day of these 10 days is considered the onset date. 
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 (a.) 

 

 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
(b.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Timeseries of daily area-averaged TRMM rain rate (mm/day) for the year 2003 (in 
black) with different temporal smoothing options in the Central American (CA) domain. (a.) 7-
day smoothing (red line) and 11-day smoothing (purple line) and (b.) 21-day smoothing (blue 
line) and 31-day smoothing (green line).  
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Figure 3.3 shows the year 2003 with different smoothing options. The daily rain is noisy, 

and it is challenging to determine any dominate pattern or trend. The different smoothing options 

show a picture of how the rain rate is increasing, decreasing, or staying constant. The 7-day and 

11-day smoothing captures the short-term trends in the rain rate and we see stronger peaks and 

valleys (Figure 3.3a). These 7- and 11-day smoothing options have considerable variability due 

to short time scale events, for example weather events on the scale of 5 to 7 days.  

Arguably they are influenced by the variability in weather as much as by longer-term 

changes, synoptic systems or oscillations lasting approximately for a two- or three-week time 

period. Whereas the 21- and 31-day smoothing captures the longer-term trends in the rain rate, 

and are less influenced by weather-scale variability. The 21- and 31-day smoothing options show 

the dominate trend in rain rate, but does not capture the details of all the peaks and valleys of the 

rain rates (Figure 3.3b). 

For the year 2003, the 7-day smoothing option indicates the onset of light rain on Julian 

Day 109, with 10 consecutive days where the slope is greater than 0.01 mm/day/day. There is a 

bump in rain rate around Julian Day 70 for 6 days and Julian Day 96 for 8 days. However, Julian 

Day 109 matches the 10-day criteria. For the 11-day smoothing option, the onset of light rain is 

Julian Day 68, with 10 consecutive days.  

The 21-day smoothing option captures the onset at Julian Day 63, with 20 consecutive 

days of a slope greater than 0.01 mm/day/day. The 31-day smoothing option captures the onset at 

Julian Day 58 for 22 consecutive days. In the 31-day smoothing, there is another large increase 

of rain rate at Julian Day 97 for 63 consecutive days.  For 2003, the no-smoothing option does 

not fit the 10-day criteria: 5 consecutive days starting at Julian Day 141 and ending at Julian Day 

146 is the largest time period in which the slope is greater than 0.01 mm/day/day.  

The interannual variability in Figure 3.4 shows some years in which the 31-day 

smoothing onset occurs first, followed by the 21-day onset, then the 11-day onset, and then the 

7-day onset (such as the years of 1999, 2005, and 2006). However, a clear pattern does not 

emerge. The 7-day smoothing onset dates are highly variable, and there appears to be a bimodal 

pattern in the dates: an onset occurs around Julian Days 127-130 or Julian Days 75-78.  

Either this is a result of the 10 consecutive day criteria or there is an actual pattern of 

significance, possibly related to another bimodal atmospheric phenomenon. Any potential 

statistical significance (or lack thereof) to this pattern will be explored in future work. The 21-
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day smoothing onset dates are most consistent year-to-year. There appears to be no benefit for 

smoothing on a longer-time scale than 21-days. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Timeseries of the SLOPE onset dates (for the Central American domain) using 
different smoothing days: 7-day running mean (red), 11-day running mean (purple), 21-day 
running mean (blue), and 31-day running mean (green) for years 1999-2011 using NASA 
TRMM rain data. The same criteria of 10 consecutive days with slope greater than 0.01 
mm/day/day was applied to each smoothing technique to obtain these onset dates.  
 
 
 

The years of 1998 and 2012 are removed from the analysis above because they are the 

beginning and ending years of the TRMM v7 dataset. The 31-day smoothing option is not valid 

on these years, therefore we omit them from this particular analysis and comparison. To get a full 

year’s worth of rain data to be smoothed, we use the rain data from the December prior and the 

January post the year in question to ensure we get a continuous year of smoothed rain data.  

When comparing the different temporal windows of smoothing, the no smoothing option 

has the largest standard deviation, and therefore the largest year-to-year variability of the onset 

dates. The 21-day smoothing has the smallest standard deviation, and therefore the smallest year-
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to-year variability. The 11-day and 31-day smoothing options are very similar in their mean and 

median onset dates, indicating that no strong argument can be made for picking a window 

between 11 and 31 days for the purpose of determining the onset of the early rainy season. The 

standard deviation increases again for the 31-day smoothing, most likely because it is too long an 

averaging period for a non-constant rate of change, and the variability is due to this non-linearity. 

 

 

Table 3.2: Statistics associated with the onset dates of the Early Spring Rainfall (using the 
SLOPE method and Central American (CA) domain) and for TRMM data (1999-2011) for the 
five smoothing day options: no smoothing, 7-day, 11-day, 21-day, and 31-day. Both Julian dates 
1-365 and calendar dates are shown. The standard deviation (in number of days) indicates large 
year to year variability. The slope threshold used was 0.01 mm/day in these tests.  

 Number of 
Smoothing 

Days 

Mean  Median  Standard 
Deviation 

Range  

Onset 
Dates 

For CA 
domain 

No Smoothing 
 

110 
(20 April) 

106 
(16 April) 

30.21 62 – 161 
(3 March – 10 June) 

7-day 
smoothing 

108 
(18 April) 

111 
(21 April) 

23.57  75 – 136 
(16 March – 16 May) 

11-day 
smoothing 

87 
(28 March) 

84 
(25 March) 

17.04  68 –125 
(9 March – 5 May) 

21-day 
smoothing 

80 
(21 March) 

75 
(16 March) 

15.09 63 – 102 
(4 March – 12 April) 

31-day 
smoothing 

84 
(25 March) 

83 
(24 March) 

17.75 58 – 118 
(27 February – 28 

April) 
 

 

The 7-day smoothing is too noisy and retains too much variability associated with short-

term variations in weather. The 31-day smoothing reduces a lot of the weather-related noise in 

the dataset, and captures the main, large increase in rain rate. In order to further quantify the 

statistical differences between the no smoothing and different smoothing options better, we 

calculate the Root Mean Square Deviation (RMSD) for all smoothing combinations, shown in 

Table 3.3.  

The formula for the Root Mean Square Deviation (RMSD) is as follows: 
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𝑅𝑀𝑆𝐷 = 	6∑ (+78-+8).9
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<
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where 𝑦7? is the predicted value, 𝑦? is the observed value, and T is the number of measurements in 

the dataset. For the calculations in Table 3.3, T is 13 years for the years 1999-2011. The RMSD 

is a measure of accuracy, and is a useful statistic for quantifying the difference between values 

that are observed and values that are predicted by a model, for example. In the calculations 

below, we use the “no smoothing” option as the observed values, and the smoothing options as 

the predicted values. We do this because the no smoothing represents the actual data.   

The smallest RMSD is between the 11- and 31-day smoothing options, which confirms 

how similar they are to each other. The next smallest RMSD is between the 21- and 31-day 

smoothing options, and then between the 11- and 21-day smoothing options. The largest RMSD 

is between the no smoothing and 21-day smoothing options. Even though it is the largest 

difference, this shows that the 21-day smoothing option captures different features than the no 

smoothing option. The no smoothing option, while it has the most year-to-year variability, is the 

closest to the 7-day smoothing option for the onset dates.  

 

 
Table 3.3: Table of the Root Mean Square Deviation (RMSD) of the onset dates using different 
smoothing techniques for years 1999-2011. The RMSD is calculated as the onset date of the 
smoothing time period in the row of the table relative to the onset date of the smoothing time 
period in the column of the table.  
 

 7-day 
Smoothing 

11-day 
Smoothing 

21-day 
Smoothing 

31-Smoothing 

No Smoothing 36.28 37.63 42.11 37.50 
 

7-day 
Smoothing 

0 31.64 40.69 37.15 

11-day 
Smoothing 

31.64 0 18.52 12.57 

21-day 
Smoothing 

40.69 18.52 0 16.22 

31-day 
Smoothing 

37.15 12.57 16.22 0 
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 Sensitivity to Slope Value Criterion 

Next, we examine the sensitivity of the choice of the value for the slope criterion. In this 

analysis, we keep the 21-day smoothing window and the slope calculation for 5 data points. This 

allows us to test only the effect the change the value of the slope has on the onset dates. Figure 

3.5 shows the onset dates in which the slope is greater than or equal to 0, 0.005, 0.01, 0.015, 

0.02, 0.03, 0.05, 0.10, and 0.15 mm/day/day. The onset date is the first day of 10 consecutive 

days that the slope value is greater than or equal to the specific value being tested.  

The statistics associated with the different slope values are shown in Table 3.4. The 

largest standard deviation value is for slope of 0.03 mm/day/day, followed by 0.05 mm/day/day.  

The standard deviation of the 0.15 slope value is the smallest, meaning it is most consistent. 

However, this is not the most useful slope criterion because the slope value is so large compared 

to zero, years 2007 and 2010 do not meet the 10-day criteria.  

Not every year has such large changes in rain rate. The value of 0.01 is chosen as it is 

slightly greater than 0.0, meaning there is a measurable positive trend or increase in the rain rate. 

The values of 0.01 and 0.015 are so similar, the SLOPE algorithm does not appear to be sensitive 

to 0.005 changes. The mean and median onset dates of the 0.005, 0.01, and 0.015 slope values 

are all within +/- 2 days of each other.  

Therefore, the onset dates are not sensitive to small changes in the slope criterion, less 

than 0.005 mm/day/day. The SLOPE algorithm is sensitive to large changes in the slope 

criterion, but that is the purpose of the SLOPE algorithm: to calculate the general trend in the 

rain rates.  The difference between the mean and median onset dates for 0 mm/day/day to 0.01 

mm/day/day is approximately five days. This may be a result of the choice of 5 days for the 

slope calculation.  

The SLOPE method has the smallest interannual variability in the onset dates using a 

small slope criterion, less than 0.015 mm/day/day. There is very little difference in results for 

slopes between 0.005 and 0.0015, therefore it appears that any slope within that range would be 

effective as a threshold for this technique. While this value works very well for the Central 

American region, it would have to be tuned for other regions. That is an area of further work that 

could be explored at a later time. The statistics that follow were only calculated for the Central 

American (CA) domain, and not the Mesoamerican (MESOAM) domain.  
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Table 3.4: Statistics for different sensitivity tests of the value of the slope criterion used to define 
the onset date. Slope criterion greater than or equal to 0.0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.05, 
0.10, and 0.15 mm/day/day. Dates are shown in Julian Days (with the actual calendar date in 
parentheses).  

 
 

Slope 
Criterion 

(mm/day/day) 
 

Mean  Median  Standard 
Deviation 

from 
mean 

onset date 
(days) 

Range  

0.0 74 
(15 March) 

 

70 
(11 March) 

13.93 54 - 102 
(23 Feb - 12 Apr) 

0.005 78 
(19 March) 

 

74 
(15 March) 

13.10 63 - 102 
(4 March - 12 Apr) 

0.01 79 
(20 March) 

 

75 
(16 March) 

14.29 63 - 102 
(4 March - 12 Apr) 

 
0.015 80 

(21 March) 
 

77 
(18 March) 

13.65 63 - 103 
(4 March - 13 Apr) 

0.02 87 
(28 March) 

 

82 
(23 March) 

18.12 64 - 125 
(5 March - 5 May) 

0.03 91 
(1 April) 

 

93 
(3 April) 

20.68 64 - 130 
(5 March - 10 May) 

0.05 95 
(5 April) 

 

95 
(5 April) 

19.39 67 - 130 
(8 March - 10 May) 

0.10 111 
(21 April) 

 

111 
(21 April) 

15.39 72 - 130 
(13 March - 10 May) 

0.15 117 
(27 April) 

 

120 
(30 April) 

10.37 102 - 130 
(12 April - 10 May) 
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 Sensitivity to Number of Days in Best Fit Line  

Different number of days can be applied to the slope calculation. The goal is to use the 

smoothed rain rates and calculate the slope of the smoothed rain data. When we consider 5 days 

to calculate the slope, we take 2 days ahead and 2 days behind the center point and use the 5 

points to calculate the slope of the best fit line that fits those 5 data points. The slope value of 

those 5 days becomes the new value of the centered point. We examine different options for the 

number of days to calculate the slope: 5, 7, 9, and 11 days, shown in Table 3.5. Three days are 

not included in this table because the standard deviation from the mean was above 20 days, and 

therefore the interannual variability of three days is too large to be considered useful.  

To a good approximation, the more data points/days used for the 11-day slope 

calculation, the earlier the onset dates, and smaller the standard deviation from the mean. The 

mean and median dates all range from 12 March to 26 March, a two-week window. The 11-day 

smoothing options have a much wider range of onset dates and larger variability in the start dates 

than the 21-day options. In other words, the 21-day smoothing leads to consistent answers with 

little dependence on the time window used to calculate the slope.  

In contrast, the 11-day smoothing appears to require at least a nine-day window for 

calculating the slope to have similarly stable answers. These six cases result in similar onset 

dates and similar interseasonal variability. Therefore, we conclude that an 11-day smoothing 

with a 9 to 11 day window for the slope calculation has similar results to a longer smoothing 

period with a shorter window for the slope calculation. Any of these solutions will effectively 

remove the short timescale (i.e., weather) variability for this data set.  

Given the above finding we could arbitrarily select similarly effective combinations of 

the smoothing periods and windows for the slope calculation. This analysis is based on only 14 

years of data, which will not effectively sample atypical weather events. This would be one 

reason to select the longer smoothing period for more general applications. Many past studies 

have used pentad data to define the rainy season in Central America (Gramzow and Henry 1972; 

Nakaegawa et al. 2015). Such smoothing of the data allows for differences and slopes to be 

calculated on scales of integer multiples of five days. Therefore, using a 5-day slope calculation 

provides an easier basis for comparison to past studies. This selection of a window for the slope 

calculation then requires the longer smooth period, consistent with smoothing that is more robust 

to extreme weather events. We recommend that future applications of this technique for other 
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regions re-evaluate the choices for smoothing and calculating a slope, and also provide additional 

tests for statistical significance of these choices.  

 
 
 
Table 3.5: Statistics for different sensitivity tests of the number of days used to calculate the best 
fit line. Tests are done for 5, 7, 9, and 11 days to calculate the slope of the best fit line. Two 
different temporal smoothing windows are used prior to the calculation of the slope: the 11-day 
smoothing window and the 21-day smoothing window. All smoothing and slope calculations are 
centered. Mean and median of the onset dates from 1999-2012. Standard deviation is from the 
mean onset date. The threshold slope value used for these tests was 0.01 mm/day/day.   
 

 Number of 
Days used in 
Best Fit Line 
Calculation 

Mean 
of onset 

dates 

Median of 
onset dates 

Standard 
Deviation 

from 
mean 
(days) 

Range 

11-day 
Smoothing 
Window 

5 days 85 
(26 March) 

 

81 
(22 March) 

16.47 68 - 125 
(9 March - 5 May) 

7 days 82 
(23 March) 

 

76 
(17 March) 

18.74 59 - 125 
(28 Feb - 5 May) 

9 days 74 
(15 March)  

72 
(13 March) 

13.07 60 - 104 
(1 March - 14 

April) 
11 days 73 

(14 March) 
72 

(13 March) 
12.63 58 - 100 

(27 Feb - 10 April) 
21-day 

Smoothing 
Window 

5 days 79 
(20 March) 

75 
(16 March) 

 

14.29 63 - 102 
(4 March - 12 

April) 
7 days 76 

(17 March) 
 

71 
(12 March) 

12.82 58 - 101 
(27 Feb - 11 April) 

 
9 days 76 

(17 March) 
 

72 
(13 March) 

12.89 67 - 100 
(8 March - 10 

April) 
 

11 days 75 
(16 March) 

72 
(13 March) 

 

13.13 56 - 100 
(25 Feb - 10 April) 
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3.3 Phenomenology of Early Spring Rainfall  

The results in sections 3.1 indicate that the Early Spring rains begin on average around 22 

March in the Central America (CA) region and 6 April for the overall Mexico and Central 

America (MESOAM) region. This will be investigated further in this section, while looking at 

the phenomenology associated with the timing of the onset of the Early Spring rainfall. 

 

 Rainfall Climatologies  

Before analyzing the phenomenology that leads to the early season rainfall, it is important 

to look at the climatological evolution of the rainfall before each set of onset dates. Linking how 

the large-scale features evolve with the rainfall will give more insight into the causes of the 

rainfall. Figure 3.5 show the evolution of rain rates four days before the climatological onset 

through four days after the climatological onset (22 March) for the CA domain, and Figure 3.6 

shows the evolution of rain rates for the MESOAM domain (6 April). 

Four days prior to the SLOPE CA onset, there is a concentration of heavy rain rates in the 

rates in the southernmost part of Panama. Three days prior to onset, another hotspot shows up 

centered on the border between Costa Rica and Panama. Two days prior to onset, rainfall covers 

most of Costa Rica, as well as four days post onset. Post-onset, there is more heavy rainfall at the 

southernmost part of Panama, as well as northeastern Nicaragua and Honduras (in the northern 

part of the Central American domain). For the overall onset in the MESOAM domain shown in 

Figure 3.6, two days prior to onset, there is a hotspot of rain in western Honduras and eastern 

Guatemala. Post-onset, the rainfall is centered on southern Panama and across Costa Rica. 

Because post-onset there is a consistent rainfall in Costa Rica and Panama, this will be an 

important region to focus the study on.  

In general, there are no major differences between the onset using the CA domain versus 

the MESOAM domain. Both onsets are dominated by heavy rain rates greater than 6 mm/day 

over Costa Rica and Panama post onset, and light rain rates between 1 and 4 mm/day in the other 

parts of the domain. Although it is evident from both Figures 3.5 and 3.6 that there are large 

regional differences in rain rates across the domains. Because the CA domain is smaller, we can 

focus on more regional scale dynamics. Therefore, our remaining analysis focuses on the CA 

domain and its associated phenomenology.  
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Figure 3.5: The composite evolution of climatological TRMM daily rain rate (mm/day) 4 days 
prior through 4 days after the SLOPE_CA onset dates (1999-2012). 0 days represents the 
climatological onset date of 22 March.  
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Figure 3.6: The composite evolution of climatological TRMM daily rain rate (mm/day) 4 days 
prior through 4 days after the SLOPE MESOAM onset dates (1999-2012). 0 days represents the 
climatological onset date of 6 April.  
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 Moisture Flux Convergence 

To analyze the dynamical causes of the precipitation, we look at moisture flux 

convergences on the faces of a box surrounding the area where the precipitation occurs. This 

method is similar to the moisture flux calculations over a polygonal boundary for the Intra-

America Seas region in Mestas-Nuñez et al. (2007). The rainfall associated with the SLOPE 

onset is concentrated in Panama and Costa Rica, and therefore that is the area of focus for the 

moisture flux analysis. We are using the Central American (CA) region as the main focus of this 

study. The winds and moisture data are taken from the MERRA-2 Reanalysis data. A rectangular 

box is used to zoom in the area of interest, with four faces: Northface (NF), Eastface (EF), 

Southface (SF), and Westface (WF) (see Figure 3.5 and Table 3.2). The equation to calculate the 

moisture flux at each face is: 

𝑄 = 	∫ 𝑞𝑉D⃗FGH
?IJ

KJ
L
	 (3)	

where the top pressure level is 700mb, the sfc (surface) pressure level is 1000mb, q is the 

specific humidity, V is the vector wind velocity (m/s), p is pressure, and g is the acceleration due 

to gravity. The moisture flux is only calculated up to the 700mb, assuming that most of the 

moisture in the atmosphere occurs below that pressure level.  

The zonal winds (u-winds) are used for the Eastface and Westface, whereas the 

meridional winds (v-winds) are used for the Northface and Southface. The fluxes from the 

Northface and Westface are multiplied by -1 to represent the fluxes “from the North” and “from 

the West,” respectively. The positive numbers associated with each face indicate transport into 

the region. This calculation finds the scalar quantity of moisture flux convergence. Positive 

moisture flux convergence means an inflow of moisture into the region, and negative moisture 

flux convergence means an outflow of moisture out of the region.  

The curvature of the Earth is accounted for by multiplying all the faces by 111000 km, 

and accounting for cosine (latitude) in the Northface and Southface calculations. The Total 

Moisture Flux (TMF) convergence of the entire box is calculated by adding up the moisture 

fluxes of all four faces together.  

This approach ignores evaporation as part of the moisture budget.  While evaporation 

appears to be non-negligible based on residuals of moisture inflow minus precipitation, the 

accuracy of model values is highly questionable in this region. The purpose of analyzing the 
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moisture flux convergence on the four faces is to determine the source/influx of moisture. Once 

we determine where the moisture is coming from, we can look at the dynamics in that region that 

are influencing the moisture, and therefore the rainfall.  

 
 
Figure 3.7: Map of the area of interest in Central America (CA), with the faces labeled used in 
the moisture flux convergence calculations: Northface (NF), Eastface (EF), Southface (SF), and 
Westface (WF) over the box encompassing 7 - 15 °N and 90 to 77.5 °W (outlined in purple). 
Shading indicates elevation in meters. (Figure taken from Chelton et al. 2001a and updated for 
this paper).  
 

 
Table 3.6: Latitude and longitude coordinates used for the directional faces in the moisture flux 
calculations, over the box encompassing 7 - 15 °N and 90 to 77.5 °W. 

Moisture Flux Faces Latitude (degrees) Longitude (degrees) 

Northface (NF) 15 °N 90 - 77.5 °W 

Eastface (EF) 7 - 15 °N 77.5 °W 

Southface (SF) 7 °N 90 - 77.5 °W 

Westface (WF) 7 - 15 °N 90 °W 
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The total moisture flux convergence of the region and the rainfall are closely linked and 

follow a similar pattern (see Figure 3.8). For example, in the year 2010, the SLOPE onset date of 

the CA region is Julian Day 95 (5 April 2010). We are interested when the area-averaged 

moisture flux convergence crosses above the zero line, meaning that the moisture flux 

convergence changes sign from negative to positive. The total moisture flux convergence crosses 

the zero line at Julian Day 93 (3 April 2010). This is a year where the total moisture flux 

convergence changes sign and becomes positive and then the onset of the rainfall occurs within a 

5-day time frame. It does not follow this pattern every year, however, this represents a year in 

which the moisture flux convergence sign change and onset of rainfall are closely related.  

 

 
 
Figure 3.8: The TRMM rainfall area-averaged over the CA domain (black line, left vertical axis) 
and the total moisture flux convergence (kg/kg/s) of the CA area (red line, right vertical axis) for 
the year 2010. Moisture flux is integrated from 1000mb to 700mb. For both lines, the daily data 
is smoothed over a 20-day running mean. The onset date is Julian Day 95 (5 April 2010) for the 
rainfall. The total moisture flux (red line) crosses the zero axis at Julian Day 93 (3 April 2010).  

 

Separating the total moisture flux convergence into its different faces, we can determine 

the importance of the moisture transport through each face and compare it to the total moisture 

flux convergence (Figure 3.9). The Southface (purple line in Figure 3.9) follows a similar trend 

as the total moisture flux convergence (red line), as does the Westface (teal line in Figure 3.9). 

Just by looking at the plot, we see the total, South, and Westfaces all start negative and then have 

a sudden increase around a similar time of the year, when the rainfall starts to increase. From 
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Figure 3.9, we conclude that the Eastface dominates the moisture flux convergence for the region 

since it remains positive for the majority of the year. The South and Westfaces change the closest 

to the onset date, and are most likely related to any major changes in the moisture influx into the 

Central American region.  

The positive Southface moisture flux convergence occurs for the first time at Julian Day 

111 (21 April 2010), and the positive Westface moisture flux convergence occurs for the first 

time at Julian Day 113 (23 April 2010). This occurs within three weeks of the SLOPE CA onset 

date of 5 April 2010. The positive Northface moisture flux convergence occurs for the first time 

at Julian Day 109 (19 April 2010). However, the Northface is the opposite of the South and 

Westfaces because it changes from positive to negative on 19 April 2010. The moisture flux 

convergence through the Eastface has little change during the onset, and therefore changes in the 

flow through the Eastface do not contribute to the onset of the rain. 

The box and whisker plot in Figure 3.10 shows the SLOPE CA onset dates and the dates 

when the total moisture flux convergence (TMFC) changes sign from negative to positive. We 

see in Figure 3.10 that the SLOPE CA onset happens first, followed by the positive total 

moisture flux convergence (TMFC).  The median of the onset dates is Julian Day 79 (20 March) 

and the median of the positive moisture flux convergence is Julian Day 95 (5 April). This is a 

difference of about 16 days. There is a large range of the TMFC compared with the SLOPE CA 

onset dates.  

Another way of showing the box and whisker plot in Figure 3.10 is to show the 

interannual variability of the SLOPE CA onset dates and the positive total moisture flux 

convergence dates (Figure 3.11). The Pearson correlation coefficient between these two dates is 

0.55, with a 2-tailed p-value of 0.04. For the years 2005 and 2010, the SLOPE CA onset and 

TMFC sign change dates are almost identical. For the majority of the dataset, the SLOPE CA 

onset occurs first, followed by the positive TMFC. This indicates that the light rains start first, 

and approximately 15 days later, the total Central American domain has a positive moisture flux 

convergence. In this case, it appears that the rain is driving the change in the moisture flux 

convergence. 

Referring back to Figure 3.9 gives insight into which directional face is dominating the 

total moisture flux convergence. Around the timing when the total moisture flux convergence 

becomes positive, the Southface and Westface moisture flux components begin to increase. The 



 42 

Eastface component remains positive and increases a few days after the total moisture flux 

convergence becomes positive, therefore remaining positive the entire time during the early 

spring rainfall time period. Because the South and Westfaces have the biggest change around the 

time of the light rain onset, we look more closely at the timing of sign change from negative to 

positive in relation to the timing of the rain. Table 3.3 shows the statistics associated with the 

Southface and Westface moisture flux components.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: The TRMM rainfall area-averaged over the CA domain (black line) and the total 
moisture flux of the CA area (red line), as well as the four directional faces for the year 2010. 
Eastface MF is the blue line, Northface MF is the green line, Westface MF is the teal line, and 
Southface MF is the purple line. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: A box and whisker plot for the SLOPE Central American onset dates 
(SLOPE_CA_Onset) and the date when the total moisture flux convergence changes sign from 
negative to positive (TMFC_positive), years 1999-2012.  
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Figure 3.11: Interannual variability (1999-2012) of the TRMM SLOPE CA onset dates (Julian 
Days) and the date when the Total Moisture Flux crosses the zero axis, changing signs from 
negative to positive (also Julian Days). The Pearson correlation coefficient is 0.55 with a 2-tailed 
p-value of 0.04.  

 

 

Table 3.7: Statistics for the moisture flux sign change in relation to the SLOPE CA onset dates. 
The 1st Total Moisture Flux (TMF) sign change represents the change from negative to positive. 
The last Total Moisture Flux (TMF) sign change is the reverse, the change from positive to 
negative.  

 SLOPE 
CA 

Onset 

TMF 1st 
Sign 

Change 

TMF 
Last Sign 
Change 

Southface 
1st Sign 
Change 

Southface 
Last Sign 
Change 

Westface 
1st 

Sign 
Change 

Westface 
Last 
Sign 

Change 
Mean 81 

(22 
March) 

95 
(5 April) 

232 
(20 Aug) 

134 305 169 291 

Median 79 
(20 

March) 

95 
(5 April) 

326 
(22 Nov) 

136 307 145 296 

Mode 70 
(11 

March) 

104 
(14 

April) 

344 
(10 Dec) 

138 307 143 298 

Standard 
Deviation 

13.99 14.32 122.01 10.16 9.82 51.76 11.88 
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 Moist Static Energy (MSE) Anomalies  

In addition to moisture flux convergence, we also look at moist static energy (MSE) 

anomalies at the time of the onset of the light rain rates. Moist static energy is a measure of an air 

parcel’s internal energy and latent heat energy. It is similar to equivalent potential temperature, 

as it is approximately conserved by adiabatic ascent and descent. By studying this meteorological 

quantity, it gives insight into the different kinds of energy related to the start of the light rain 

rates. It is a way to budget the contributions from thermodynamic energies associated with the 

rain phenomena.  

The equation for the moist static energy is as follows: 

𝑀𝑆𝐸 = 	𝐶J𝑇 + 𝐿S𝑞 + 𝑔𝑧		 (4)	 	

where Cp is the dry air heat capacity at constant pressure = 1004 J K-1 kg-1, T is the air 

temperature (K), Lv is the latent heat of vaporization = 2.5 x 106 J kg-1, q is the water vapor 

specific humidity (kg kg-1), g is the acceleration due to gravity = 9.81 m s-2, and z is the height 

(m) above the surface. The first term of equation (4) represents the heat content, the second term 

represents the energy available through a phase change from water vapor to water, and the third 

term is the potential energy.  

 

(a.)      (b.)  

 
 
 
 
 
 
 
(c.)      (d.)  
 
 
 
 
 
 
Figure 3.12: De-seasonalized MSE anomalies (kJ/kg) at the time of the climatological mean of 
onset of light rain rates, SLOPE_CA onset dates. Cross-section at 10 °N. (a.) Total MSE 
anomalies, (b.) the CpT term of the MSE, (c.) the Lvq term of the MSE, and (d.) the gz term of the 
MSE. 
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 The moist static energy is de-seasonalized; the mean conditions of that particular day are 

removed to get the anomalous conditions of the particular day of interest. For example, in 2008 

the onset of the light rain rate occurs on 22 March. In order to calculate the MSE anomalies, we 

average the MSE on 22 March for all years, 1998-2012, and then subtract the mean from 22 

March 2008. This gives us the MSE conditions that are unique to 22 March 2008, with the mean 

conditions removed, which we refer to as de-seasonalized. 

The anomalous MSE is shown (Fig. 3.12) for the start of the ESR in 2008. Figure 3.12a 

shows the total MSE components in a cross section along 10°N. The latitude of 10 °N was 

chosen after careful consideration of the progression of rainfall plots, which showed heavy 

rainfall in Costa Rica at the rainy season onset (see Figures 3.5 and 3.6). The 10 °N also gives a 

cross-section which allows us to examine the Caribbean Sea to the East, and the Pacific Ocean to 

the West in more detail. It is geographically close to the middle of the Central American domain 

chosen for this study (between 7 and 15 °N).  

Figure 3.12b shows the first component of equation (3), Figure 3.12c shows the second 

component of equation (4), and Figure 3.12d shows the third component of equation (4). The 

white peak between 80 and 90 °W represents the landmass of Costa Rica. In the total MSE 

anomalies, negative MSE anomalies dominate between 80 and 100 °W, deep in the atmosphere, 

up to the 500mb pressure level. This is centered over the Central American landmass. To the east 

and west of this, there are small positive MSE anomalies, which creates a dipole of energies. 

When the MSE anomalies are separated into their three components, it becomes clear 

which component is the dominate one at the time of the onset of the light rain rates. The dry heat 

energy and potential energy terms have insubstantial anomalies, as seen in Figure 3.12b and 

Figure 3.12d. The second term of equation (4), the latent energy anomaly, is the dominate 

component. This means that the latent energy is the main driving energy of the moist static 

energy.  

To better understand the physical meaning of the latent energy dominance associated 

with the light rain onsets, we look at the time progression to see how the latent energy changes 

relative to the climatological onset. This time evolution is shown in Figure 3.13 and shows four 

days prior to the climatological onset through four days post the climatological onset. Negative 

anomalies represent a lack of water vapor or drier air and positive anomalies represent a relative 

abundance of water vapor or moist air in the air above the Central American landmass. 
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Figure 3.13 shows a dipole of negative latent energy anomalies to the east and positive 

latent energy anomalies to the west at four days prior to the onset. These anomalies are shallow 

in the troposphere directly above the landmass. As time progresses, the negative anomalies 

propagate westward, directly above Costa Rica, and become larger and go higher up into the 

atmosphere. At the time of climatological onset, there are large negative latent energy anomalies 

over Costa Rica. This represents a lack of moisture, meaning that the atmosphere is drier than it 

was before. The next day, which might be a better choice of the day of onset, there are low-level 

positive anomalies over Costa Rica.  

Post onset, the negative anomalies become smaller and the lower level positive anomalies 

off the western coast become stronger. As time progresses, especially three days post onset, there 

is a band of positive latent energy anomalies at around 900mb, above the northeastern Pacific 

Ocean between 100 and 110 °W. Four days post onset, these anomalies deepen up into the 

troposphere, up to 800mb. Given that we know that rain rates are increasing in this region, it is 

clear that moisture is being advected into this region. Without directly analyzing the winds in 

conjunction with the changing latent energy anomalies, we can only speculate at what is driving 

these changes in latent energy. The band of positive latent energy anomalies at the lower levels 

post onset could be related to the monsoon trough developing off the western coast of Central 

America. There is drier air aloft but moist air below at lower levels. The moist air is not deep in 

the atmosphere, so there is probably shallow convection associated with the light rain onset. 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 3.13: Time evolution of the de-seasonalized (Lvq) latent energy term (kJ/kg) of the MSE 
relative to the climatological SLOPE CA onset dates. Cross-section at 10 °N. The time 
progression shows four days prior to the climatological onset date of 22 March and four days 
post climatological onset date. The light blue circle indicates the interesting feature off western 
coast of Central America. 
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 The Caribbean Low-Level Jet and the Panama Jet 

The Caribbean Low-Level Jet (CLLJ) and the Panama Jet (PJ) are two jets that directly 

affect the weather of Mesoamerica, especially the area enclosed by the Central American (CA) 

domain. The CLLJ is frequently cited as influencing the Mesoamerican rainfall. However, the 

Panama Jet has not been studied as much as the CLLJ, most likely due to the Panama Jet’s small 

regional scale and lack of available data at the appropriate temporal and spatial scales to resolve 

all its features. This study finds that the CLLJ and PJ are closely linked in a way that has 

previously not been discovered nor discussed. These jets also have a powerful influence on the 

rainy season, and in this section, we investigate the relationship between the peaks of the CLLJ 

and PJ with each other and with the Early Spring Rainfall (ESR) onset.  

The area of the CLLJ is well established and has been used extensively in studies of the 

CLLJ in relation to Central American weather and climate dynamics (Amador 1998, 2008; 

Muñoz et al. 2007, Wang 2007, Cook and Vizy 2010, Hidalgo et al. 2015, Maldonado et al. 

2016). However, most studies focus only on how the CLLJ affects precipitation in the 

summertime in Central America (Amador 1998, 2008; Muñoz et al. 2007). This current study is 

unique in that we will look at the bi-annual peaks of the CLLJ on a daily timescale instead of the 

traditional monthly climatologies. We will analyze the CLLJ peak in the springtime 

(February/March) and one in the summertime (July/August). For this section, we focus on the 

peak of the CLLJ that could affect the Early Spring Rainfall (ESR) onset date.  

The rectangular area of the CLLJ is taken as 12.5 - 17.5 °N and 70 - 80 °W, which has 

been used to calculate the CLLJ index in numerous studies (Wang 2007, Cook and Vizy 2010, 

Hidalgo et al. 2015, Maldonado et al. 2016). The CLLJ is a zonal jet, and therefore we only use 

the zonal (u-wind) data from the MERRA2 Reanalysis data set. The daily values of the u-wind 

(m/s) at 925mb are area-averaged over the CLLJ area (shown in Figure 3.15) and then smoothed 

over a 21-day running average, similar to the other data used in this study.  

The Panama Jet has not been studied as much as the Caribbean Low-Level Jet, but the 

previous section showed its importance to the weather of the Mesoamerican region. The Panama 

Jet is a largely a north-south wind when it starts to flow over the ocean, and specifically the Gulf 

of Panama. This jet is found off the west coast of Panama, in the Eastern Tropical Pacific Ocean. 

Therefore, we use the meridional (v-winds) winds in meters/second are used to examine the jet. 

 The core of the jet is the strongest at 925mb, which is the same pressure level as the jet 
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core of the CLLJ. In the beginning of each year, it is mostly southward, with winds crossing the 

Panama isthmus traveling from north to south. The daily v-winds at 925mb from the MERRA-2 

Reanalysis data set are area-averaged over the Gulf of Panama domain (5 - 9 °N/77.5 - 82.5 °W), 

and then smoothed similarly to the other data in this study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: Yearly climatology of u-winds (m/s) at 925mb using MERRA2 Reanalysis data, for 
years 1999-2012. The thick black box outlines the Caribbean Sea region used in the Caribbean 
Low-Level Jet calculations. Coordinates of the Caribbean Low-Level Jet region used are 12.5 - 
17.5 °N and 70 - 80 °W. Red shading represents zonal winds moving westward (easterlies) and 
blue shading represents zonal winds moving eastward (westerlies). (Black vector arrow not 
drawn to scale). 
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Figure 3.15: Yearly climatology of the v-winds (m/s) at 925mb using the MERRA-2 Reanalysis 
data, for years 1999-2012. The thick green box outlines the Gulf of Panama region used in the 
Panama Jet calculations. Coordinates of the Panama Jet region used are 5 - 9 °N and 77.5 - 82.5 
°W. Green shading represents meridional winds moving southward (northerlies) and purple 
shading represents meridional winds moving northward (southerlies). (Green vector arrow not 
drawn to scale).  
 
 

The area of the Gulf of Panama is shown in Figure 3.15. This domain was chosen using 

past studies that considered the Panama Jet in the Gulf of Panama, centered at 7 °N and 79 °W 

(Chelton et al. 2000a) and 8 °N and 79 °W (Mora 2017). The Panama Jet box domain (outlined 

in green in Figure 3.15) used in this study is a rectangle with the 7-8 °N and 79 °W coordinates 

at the center. The peak of the Panama Jet is defined as the maximum strength in the southward 

component of the winds throughout the year. Because the Panama Jet is directed southward 

during the beginning of the year, the peak is defined as when the Panama Jet is the strongest, or 

most negative in value (see Figure 3.16 for an example).  

In some years, a clear pattern in the timing of these weather events emerges. First, the 

CLLJ peaks, followed by the peak of the Panama Jet, then followed by the SLOPE_CA onset of 

rainfall. For example, in the year 2012 (Figure 3.16), the CLLJ peaks on Julian Day 65 (6 March 

2012), closely followed by the Panama Jet peak on Julian Day 69 (10 March 2012). Eight days 

later, the SLOPE_CA onset occurs on Julian Day 77 (18 March 2012). Although this does not 

happen in all the years in the data set (1999-2012), it occurs enough times for there to be a 
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possible link. This particular timing pattern occurs in nine out of the 14 years, approximately 

64% of the time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Timeseries of the year 2012, with the daily area-averaged TRMM Rainfall over the 
CA domain (black line, left axis), the daily area-averaged u-winds over the Caribbean Sea at 
925mb to represent the CLLJ (blue line, right axis), and the daily area-averaged v-winds over the 
Gulf of Panama at 925mb to represent the Panama Jet (green line, right axis).  
 
 

The interannual variability of the timing of these events is shown in Figure 3.17.  This 

additional variability is likely due to additional processes that such as the timing of the 

northward passage of the monsoon trough and latent and sensible heat fluxes from land 

modifying convection and the pressure gradient. 

The interannual variability of the three weather events in Figure 3.17 shows the 

covariance between the dates of the wintertime Caribbean Jet peak, the dates of the peak Panama 

Jet, and the SLOPE_CA onset dates. The correlation coefficient between the wintertime CLLJ 

peak and PJ peak is small (0.38), as is the correlation coefficient between the wintertime CLLJ 

peak and the SLOPE_CA onset (0.25). The correlation coefficient is between the PJ peak and the 

SLOPE_CA onsets and suggests a possible dynamical link (r = 0.42). 

Figure 3.17 shows the large interannual variability of the wintertime CLLJ peak. The 

dates of the wintertime CLLJ peak are much more variable than the dates of the peak Panama Jet 

and SLOPE_CA onset dates. The interannual variability plot also shows the covariance in the 
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timing between the peak of the Panama Jet and the SLOPE_CA onsets. In each year, the Panama 

Jet peaks prior to the SLOPE_CA onset date. In 2011 and 2012, the two events are close to each 

other, only separated by a few days. The statistics of the three events is shown in Table 3.8.  

 

 
Figure 3.17: Timeseries of the dates of the wintertime peak of the Caribbean Low-Level Jet (red 
line), the peak Panama Jet (green line) and the SLOPE onset dates in the Central American 
(SLOPE_CA) domain (purple line), all in Julian days. The Pearson correlation coefficient 
between the PJ peak and the SLOPE_CA onsets is 0.418, with a 2-tailed p-value of 0.14. 
 
 

A few interesting points emerge from the timeseries and statistics analysis between the 

springtime CLLJ and PJ peak with the SLOPE_CA onset dates. The mean of the spring CLLJ 

peak occurs only two days before the mean of the PJ peak. The median of the spring CLLJ peak 

occurs nine days before the median of the PJ peak. However, the standard deviation of the spring 

CLLJ peak is large, approximately 30 days. Therefore, there is a relatively large amount of 

variation in the springtime CLLJ peak. The CLLJ and PJ mean peak dates (16-18 February) 

occur approximately one month before the SLOPE_CA mean onset date (22 March).  

The composite evolution of zonal winds at 925mb around the climatological timing of the 

wintertime CLLJ peak and the SLOPE_CA onset dates are shown in Figure 3.18. In Figure 

3.18a, the areal extent of the CLLJ is large, both latitudinally and longitudinally. It covers most 

of the eastern Caribbean Sea, in between the Dominican Republic and South America. The -12 

m/s winds are strong and persistent enough that they cross the isthmus of Central America, and 
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come out in the Gulf of Papagayo, known as the Papagayo Jet. The Papagayo Jet is shown in 

Figure 3.18a as the oval-shaped outline of strong winds directly off the western coast of 

Nicaragua, in the northern Eastern Pacific Ocean.  

 

Table 3.8: Statistics for the wintertime peaks of the Caribbean Low-Level Jet (CLLJ) and the 
Panama Jet (PJ), as well as for the SLOPE_CA onset dates, for years 1999-2012.  

Weather 
Event 

Mean Onset 
Date 

Median 
Onset Date 

Standard 
Deviation of 

the Onset 
Date (Days) 

Range of the Onset 
Dates 

CLLJ 
Wintertime 

Peak 

47 
(16 Feb) 

 

40 
(9 Feb) 

29.37 11 – 120 
(11 Jan – 30 Apr) 

PJ Peak 49 
(18 Feb) 

 

49 
(18 Feb) 

20.75 12 – 77 
(12 Jan – 18 Mar) 

SLOPE_CA 
Onset Dates 

 

81 
(22 Mar) 

79 
(20 Mar) 

13.99 63 –101 
(4 Mar – 11 Apr) 

 

 

In Figure 3.18b, we see that the eastward winds have moved further south at the top of 

the domain, and cover Florida entirely. Four days prior to onset, the area of the CLLJ has shrunk 

significantly. This area of eastward winds over Florida, propagates eastward through -1 day 

relative to the onset. These eastward winds disappear at the time of onset, and the CLLJ areal 

extent becomes larger once the eastward winds are out of the region. Figure 3.18b is evidence 

that the SLOPE_CA onset of light rain rates is associated with a significant weakening of the 

CLLJ.  

In order to supplement Figure 3.18, we look at the sea level pressure (mb) at the times of 

the wintertime peak of the CLLJ and the SLOPE_CA onset dates to see how the pressure 

gradients may be influencing the changes in the winds. The composite evolution of the sea level 

pressure (mb) associated with the wintertime peak CLLJ and SLOPE_CA onset dates is shown in 

Figure 3.19.  

Looking at Figures 3.18 and 3.19 in tandem, we see the changes in the areal extent of the 

CLLJ are covariant with the changes in the sea level pressure gradient. The peak of the CLLJ is 

associated with a strong pressure gradient in the Caribbean Sea, seen in Figure 3.19a. There is a 
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pressure difference of approximately 10mb across the Caribbean Sea, in the North-South 

direction. The North Atlantic Subtropical High (NASH) is outlined by the 1020mb contour, 

which we see dominate over Florida at the time of the peak CLLJ. At the climatological peak of 

the CLLJ, the NASH contour has moved as far southward as 25 °N. After the CLLJ peaks, the 

NASH propagates eastward, and out of the region of interest.  

 

(a.) 

 

 

 
 
 
 
 
 
 
 
 
 
  
 (b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18: Composite evolution of the climatology of u-winds (m/s) at 925mb from MERRA-2 
Reanalysis data at the time of (a.) climatological winter peak CLLJ of 16 February and (b.) 
climatological SLOPE_CA onset dates of 22 March for the years 1999-2012. The black solid 
contour outlines the u-wind speeds of 0 m/s. The dashed black line outlines the -12 m/s contour 
of the u-winds.  
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Figure 3.19b shows a lack of the NASH presence in the region during the time before and 

after the onset of the light rain rates. The NASH is visible only at the climatological onset and 

one day after the onset, off the eastern coast of Florida. However, for the other days leading up to 

the onset, the NASH is not present. There are also weaker pressure gradients at the time of light 

rain onsets, which coincides with the weaker CLLJ. There is a pressure difference of 

approximately 8mb across the Caribbean Sea, in the North-South direction. The weaker pressure 

gradients correspond to the weaker CLLJ, and the stronger pressure gradients correspond to the 

stronger CLLJ. This matches with previous studies which have linked the variability of the CLLJ 

to the variability of NASH (Wang 2007; Cook and Vizy 2010).  

(a.) 

 

 

 

 
 
 
 
 
 
 
 
 (b.) 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.19: Composite evolution of the climatology of sea level pressure (mb) from MERRA-2 
Reanalysis data at the time of (a.) climatological wintertime peak CLLJ of 16 February and (b.) 
climatological SLOPE_CA onset dates of 22 March for the years 1999-2012. The black solid 
contour outlines the 1020mb contour, which outlines the center of NASH.   
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The gradual weakening of both the CLLJ and PJ appears to be associated with an 

increase of the moisture flux convergence into the area. It is difficult to quantify the exact role 

the CLLJ and PJ have on the light rain onset other than to say it is related somehow. The peak PJ 

and light rain onsets are correlated, but it is not clear to what extent the PJ weakens in order to 

allow the light rains to begin. Both changes could be related to another process. Further study is 

required to quantify the amount of change in the PJ that coincides with the timing of the light 

rain onset. A better understanding of the sub-seasonal cycle of the CLLJ might add important 

information to this analysis.  

 
 

 Monsoon Trough and the Panama Bight 

The monsoon trough is an area of minimum sea level pressure distinguished by an area of 

trade wind northeasterlies converging with an area of monsoon southwesterlies, often associated 

with rainfall. This is different than the Intertropical Convergence Zone (ITCZ) in which the 

winds move in the same zonal direction as they converge. 

Figure 3.20 shows the composite evolution of the zonal winds relative to the 

climatological light rain onset of 22 March at the pressure level 950mb. Some interesting 

features stand out from the time progression. Off the western coast of Costa Rica, there is a small 

area of weak westerly (eastward winds), flowing onshore. As time progresses towards the 

climatological onset, this area of eastward winds gets smaller and then starts grow larger three 

days post onset. This area of weak eastwards winds is titled on a northeast-southwest axis. We 

can see the Papagayo Jet directly northwest of this small area of winds flowing onshore into 

Costa Rica. Though we do not show all the pressure levels here, the features shown in Figure 

3.20 only stay in the shallow pressure levels in the atmosphere. This feature begins to disappear 

higher than 925mb pressure levels.  

Related to the Panama Jet, is the Panama Bight, the area of the tropical northeastern 

Pacific Ocean located off the western coasts of Panama, Colombia, and Ecuador. The Panama Jet 

blows southward across the Panama isthmus and into the Gulf of Panama, with the strong winds 

associated with the jet cooling the surface of the area of the Panama Bight through upwelling 

(Kessler 2006). The circulation pattern in the ocean water of the Panama Bight, is cyclonic in 

winter/early Spring and anticyclonic in the summer months (Devis-Morales et al. 2008). This 

reversal of the flow is due to monsoon-like winds switching directions in the Panama Bight. 
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Along the jet axis, there is positive wind stress curl on the eastern flank which produces cyclonic 

eddies in the water. During the wintertime, the Panama Jet enters the Panama Bight at a 

maximum wind speed of 7 m/s and mean wind speed of 3.5 m/s (Devis-Morales et al. 2008).  

We hypothesize that the Panama Bight plays a key role in the Early Spring Rainfall 

(ESR) onset. Previous plots and statistics show that the ESR onset is somehow related to the 

peak of the Panama Jet. It appears that the PJ peaks in February sometime, then weakens slightly 

around the time of the ESR onset. This weakening in the PJ winds could allow a small area of 

eastward winds to form on the leeward side of the Costa Rican mountains. The timing of the 

ESR onset also coincides with changes in the Southface and Westface moisture flux components. 

Changes in the winds in the Panama Bight would affect the South- and Westfaces the most. The 

topography of this region plays a crucial role, as the mountains of Costa Rica partially block the 

westward winds, and direct the Panama Jet winds directly into the Gulf of Panama, which is 

shown in Figure 3.21.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20: Composite evolution of monsoon trough relative to the climatological light rain 
onset date of 22 March. Shading is zonal winds (m/s) at the pressure level 950mb using 
MERRA-2 Reanalysis data. Climatology is for the years 1999-2012. The black line represents 
the 0 m/s contour.  
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Figure 3.21: Composite evolution of v-winds (m/s) at 925mb relative to climatological SLOPE 
CA onset. Negative v-winds represent southward winds and positive v-winds represent 
northward winds.  

 

 

 Panama Jet’s Influence on the Moisture Flux 

We hypothesize that the Panama Jet (PJ) plays an active role in the onset of the light 

rains. This hypothesis is based on the work described earlier in this chapter, with a high 

correlation coefficient between the peak of the PJ and the SLOPE CA onset dates. In addition, 

the various analyses of the Panama Jet show how strong the jet is around the time of light rain 

onset (Figures 3.17 and 3.22). In order to determine the Panama Jet’s exact role in the onset of 

the light rains, we separate the Southface moisture flux component into two different parts. 

To investigate this further, we define the “jet” component as including wind speeds 

higher than 9 m/s. We define the “not jet” component as including wind speeds less than 9 m/s. 

The goal is to better understand the role of the jet in relation to the Southface moisture flux 

component, in particular. This is because the jet primarily is the strongest along a north-south 

axis and flows through the southface of the box, as we defined as the southern border of the 

Central American domain. Figure 3.22 shows the TMFC and the Southface moisture flux 

component, separated into a JET component (v > 9 m/s) and a NO JET component (v < 9 m/s).  

In the earlier part of the year, the JET component follows closely with the TMFC. In 

Figure 3.22, between Julian Days 61 and 91 (outlined in a yellow circle), the JET moisture flux 
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matches with the TMFC curve. In 2001, the SLOPE CA onset date is Julian Day 70 (11 March 

2001). The peak of the PJ is Julian Day 46 (15 February 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.22: Timeseries for the year 2001, with daily rain rates (smoothed black line, left axis), 
and the total moisture flux convergence (TMFC; smoothed red line, right axis), along with the 
Southface moisture component (smoothed solid purple line, right axis). The purple dashed line is 
the JET component of the Southface moisture flux and the purple dotted line is the NO JET 
component of the Southface moisture flux. The JET component is defined as when the v-winds 
are greater than 9 m/s and the NO JET component is winds less than 9 m/s. All data has been 
smoothed using a 21-day temporal smoothing window.  
 
 

On the curve in Figure 3.22, after Julian Day 46, the JET component increases and goes 

toward the TMFC curve. At Julian Day 70, the JET component is almost identical with the 

TMFC curve. Therefore, the Panama Jet plays an active role in the light rain onset, as it accounts 

for much of the TMFC in the Central American domain around the time of light rain onset.  

Around Julian Day 121, the JET component goes to zero. And the Southface moisture 

flux is dominated by the NO JET component only. This means that the jet does not influence the 

Southface moisture flux after Julian Day 121, in the year 2001. Although only one year is shown 

here, this same pattern occurs in all the other years of the dataset. The timing of this lack of jet 

influence matches well with the timing of the heavy rain onset, which will be discussed further in 

Chapter 4.  
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Figure 3.23 shows the contributions of the jet with the westface moisture flux 

components. At the light rain onset of Julian Day 70, the JET westface and TMFC are equal to 

each other. After the light rain onset, the JET Westface component decreases, but eventually 

goes to zero around Julian Day 131. At that same time, the NO JET component takes over and 

dominates the Westface MF. Therefore, the Westface JET component plays an active role in the 

light rain onset, similar to the Southface JET component.  

However, comparing the two, the Southface JET component follows the TMFC closely 

for a longer time period than the Westface JET component. These findings match previous plots, 

such as Figure 3.21, where there are strong southward winds associated with the Panama Jet 

during the light rain onset and weaker westward winds. The strong southward winds blow across 

the Panama isthmus and bring moisture from the Eastface and through the Southface, seen in the 

spatial plot of Figure 3.22. The Costa Rican mountains split the jet into two components: one 

moves southward and one component moves westward. Figure 3.22 shows the stronger 

component as the southward component, and that is confirmed in Figure 3.23 where the JET 

component of the Southface matches the TMFC.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.23: Same as Figure 3.22 but for the Westface moisture flux components.  
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 MJO Phases of the Early Spring Rainfall (ESR) Onset 

As discussed in Chapter 2, the Madden-Julian Oscillation (MJO) has an effect on the 

rainfall in Mesoamerica. The Australian Government Bureau of Meteorology monitors the MJO 

and collects/records the real-time Multivariate MJO (RMM) Index data for each day of the year 

since June 1974 and posts the data on their website, available to the public. They collect 

information on RMM1, RMM2, phase, and amplitude of the MJO for every day. Therefore, we 

use this information to obtain the MJO phase for each onset date, for the Central American (CA) 

domain in years 1998 through 2012. The MJO phases associated with the SLOPE_CA onset 

dates are shown in Figure 3.24. The MJO phase on the exact onset date is used.  

The mean MJO phase of the SLOPE_CA onset dates is 4.47 and the median MJO phase 

is 5. For four out of the fifteen years, the MJO phase is phase 5 at the time of onset (~33%). 

These statistics show that the Early Spring Rainfall (ESR) onset is most likely associated with an 

MJO phase of 5, which is related to enhanced rainfall over the Maritime Continent. There are a 

lot of variations between the onset dates and the MJO phases, however. The SLOPE_CA onset 

dates vary over the entire range of MJO phases, from 1 to 8. These results indicate that MJO 

phase may be a factor in the timing of onset, but it most likely has an indirect effect.  

 

 
Figure 3.24: A histogram of the MJO phases associated with the Early Spring Rainfall (ESR) 
onset dates for the Central American domain using the SLOPE method (SLOPE_CA) for years 
1998-2012. The median phase of the onset dates is an MJO phase of 5.  
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This is just a cursory analysis of the MJO phases at the time of Early Spring Rainfall 

(ESR) onset, and more work needs to be done. Because the MJO is a 60- to 90-day oscillation, 

we most likely need to look at the MJO phases in complete cycles before and after the onset 

dates and look for patterns.  

 

3.4 Summary and Discussion 

The Early Spring rainfall begins on 22 March, on average, in the key southern region of 

the Central American domain. This is followed by the more widespread MESOAM domain onset 

of 6 April. The earlier onset in the CA region is expected, as past literature shows the rainy 

season begins in the south, in Panama and Costa Rica, and progresses north (Nakaegawa et al. 

2015). This is several weeks earlier than the typical definition of a rainy season start definition of 

May. This study attempts to offer some dynamical explanations for this Early Spring Rainfall 

(ESR) onset. Moisture flux, the monsoon trough, Caribbean Low-Level Jet, and the Panama Jet 

are the major dynamical factors that we find influence the Early Spring Rainfall (ESR) onset 

dates.  

The horizontal moisture flux convergence plays a key role in the Early Spring Rainfall 

onset (ESR) driven by the weakening of the Caribbean Low-Level Jet (CLLJ) and the Panama 

Jet (PJ). The South and the Westface moisture flux convergences change the most during the 

onset of the rain, and therefore we conclude that changes at the South and West are controlling 

the rain. However, we find that the sign change of the Total Moisture Flux of the CA region is 

closely linked to the timing of the SLOPE_CA onset. On average, the CA onset occurs on 22 

March, followed by the Total Moisture Flux sign change on 5 April. Most likely this occurs 

because the winds weaken near the onset of the Early Spring Rains, which allows more moisture 

to stay in the Central American region, instead of being advected out to sea as seen in Herrera et 

al. (2015), and discussed in Section 2.3.1.  

The MJO has some influence on the rainfall in Mesoamerica. This study finds that the 

Early Spring Rainfall (ESR) onsets are most associated with the MJO phase of 5. A more 

thorough analysis of the MJO cycles before and after the onset dates are needed, as well as an 

investigation into the possible link between MJO amplitude and the onset dates.  

There is a pattern in the timing of the peak of the CLLJ, the peak of the Panama Jet, and 

the SLOPE_CA onset dates. On average, the CLLJ peaks in early February (12 February), the 
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Panama Jet peaks in mid-February (18 February), and the Central American (CA) Early Spring 

Rainfall (ESR) onset of the rainfall occurs approximately a month later, in mid-March (20 

March). In 64% of the years, this timing pattern upholds, with variations. The highest Pearson 

correlation coefficient is between the Panama Jet and the CA ESR onset dates. There is a pattern 

here, but further investigation is needed to confirm and quantify this pattern.  
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CHAPTER 4 

LATE SPRING RAINFALL CHARACTERISTICS 

Another main objective of this study is to diagnose the timing when the heavy rain rates 

begin each year, usually in May and June, and the associated phenomenology. This is related to 

the more monsoon-like rains that typically occur from May to October (Hastenrath 1967). For 

the area-averaged calculations, we use the same area used in Chapter 3, the Central America 

domain (outlined by the purple box in Figure 2.2). Section 4.1 describes the MINCA 

methodology that identifies the onset of the heavy rain rates and the statistics associated with the 

interannual variability, Section 4.2 includes the sensitivity tests associated with the MINCA 

methodology, Section 4.3 is an analysis of the phenomenology associated with the MINCA onset 

dates, and Section 4.4 is a summary and discussion of both the onset dates and associated 

phenomena.  

 

4.1 Onset Methods of Late Spring Rainfall 

 MINCA Method 

This method defines the onset as the MINimum in the daily Cumulative Anomalies 

(MINCA). The MINCA method was first developed in association with the onset of the rainy 

season in South America by Liebmann et al. (2007). Since then, it has been applied to the onset 

of the Indian monsoon (Noska and Misra 2016), the onset of the Eastern Pacific Warm Pool 

(Misra et al. 2016), the onset of the Atlantic Warm Pool, and the onset of the summer rains in 

Central America (Misra et al. 2014). One of the advantages of the MINCA method is that it can 

be applied to any variable, e.g. precipitation, sea surface temperatures, and wind speeds. Any 

variable that displays a strong seasonal cycle can be used as an input into the MINCA method.   

The daily cumulative anomalies are calculated by subtracting the climatological mean 

rainfall from the daily area-averaged rainfall amount, and then by taking the sum of the daily 

anomalies over the entire year (Fig. 4.1). The equation used to calculate MINCA is as follows: 

𝐶WX (𝑛) = ∑ 𝐷W%
Z[\ (𝑖) − 𝐶̿		 (5)	

where n represents the Julian Days from 1 to 365 in a normal year, and 1 to 366 in a leap year, 

and m represents the year. Dm(i) is the daily, area-averaged rainfall over the region, 𝐶̿ is the 
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climatological mean rainfall for all years and 𝐶WX  is the daily cumulative anomaly. The onset is 

defined as the minimum of the daily cumulative anomalies curve, whereas the demise is defined 

as the maximum of the daily cumulative anomalies curve. This definition focuses on times when 

the rainfall rates exceeds or falls below the climatological average rain rate. For the TRMM 

rainfall dataset from 1998-2012, the climatological mean rainfall is 3.33 mm/day.  

 
Figure 4.1: The MINCA method of calculating the onset of Late Spring Rainfall onset over the 
MESOAM region, for the year 2003. The black line is the area-averaged daily rainfall. The red 
line represents the daily cumulative anomalies, calculated using equation (4). The onset date of 
Julian Day 145 (25 May 2003) is marked with a purple arrow. 

 

 MINCA Method Time Series and Statistics 

The MINCA method outlined above is applied to the TRMM rainfall dataset, for years 

1998-2012, and area-averaged over two domains. The MINCA method applied to the Central 

American domain (7-15 °N/77.5-90 °W) is referred to as the MINCA_CA Onset, and the 

MINCA method applied to the Mesoamerican domain (7-28 °N/80-110 °W) is referred to as the 

MINCA_MESOAM Onset. This terminology is used throughout the subsequent sections.  

MINCA Onset 
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Figure 4.2: Timeseries of the onset dates using the MINCA method applied to the TRMM 
rainfall dataset for the Central American domain (MINCA_CA Onset; dashed purple line) and 
the whole Mesoamerican domain (MINCA_MESOAM Onset; dashed blue line) for the years 
1998-2012. The Pearson correlation coefficient between these two onset dates is -0.194, with a 
2-tailed p-value of 0.487.  
 
 
Table 4.1: Statistics associated with the onset dates of the Late Spring Rainfall (using the 
MINCA method) and for TRMM data (1998-2012) for the two study regions. Central America 
(CA) domain is defined as 7-15 °N/77.5-90 °W. Mexico and Central America (MESOAM) is 
defined as 7-28 °N/80-110 °W. Both Julian dates 1-365 and calendar dates are shown. The 
standard deviation, which is related to half the width of the approximately Gaussian distribution, 
indicates large year to year variability.  

 

 Region Mean  
Onset Dates 
(1998-2012) 

Median  
Onset Dates 
(1998-2012) 

Standard 
Deviation 

From Mean 
of Onset 

Dates 

Range of Onset 
Dates 

MINCA 
Onset 
Dates 

CA 129 
(9 May) 

131 
(11 May) 

9.06 114 - 143 
(24 April - 23 May) 

 
MESOAM 138 

(18 May) 
135 

(15 May) 
10.7 116 - 162 

(26 April - 11 June) 
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The mean of the MINCA_CA onset is Julian Day 129 (9 May), and the mean of the 

MINCA_MESOAM onset is nine days later, on Julian Day 138 (18 May). The median values of 

the two onset dates are even more similar, with MINCA_CA onset on 11 May and the 

MINCA_MESOAM onset on 15 May, only four days apart. The seasonal cycle of the onset dates 

of the two domains is similar, and some years have identical onset dates for both domains (such 

as years 2008 and 2012). This is because the variability in the average rain rates over the 

MESOAM region is largely controlled by the variability in the much larger average rain rates in 

the CA region. Therefore, we can examine the related phenomenology of the two domains 

interchangeably, since the timing is close together it is hard to distinguish the CA related 

phenomenology from the MESOAM related phenomenology. However, the Central American 

domain is smaller and therefore easier to examine the related phenomena, and we will focus on 

the Central American domain for our study of the phenomenology.  

 

4.2 MINCA Method: Sensitivity Tests  

The onset dates of the late spring rainfall using the MINCA method are defined as the 

day after the minimum in the daily cumulative anomalies of daily rain rates for a particular year 

using equation (4). This daily cumulative value is relative to a climatological mean rain rate, 

which is the area-averaged rain rate over the spatial domain and averaged over all the years of 

the dataset, 1998-2012. The goal of this section is to investigate the sensitivity of the onset dates 

to the climatological mean daily rain rate value 𝐶̿	in equation (4), also referred to as the rain rate 

threshold value from hereafter.  

Errors in the MINCA start date could occur if the wrong value of the climatological mean 

is used, and due to errors in the daily mean rain rates. This calculation is not influenced by 

systematic biases in the observations: biases in the daily value cancel the same bias in the 

climatological average. Random errors have little impact on the climatological average because 

it is an average over many days, and the random uncertainty in an average is proportional to one 

divided by the square root of the number of independent samples. With more than a decade of 

daily observations, that are observationally independent, the uncertainty in the climatological 

daily mean rain rate is small compared to the annual total anomaly.  

As will be shown below, such a small change will have little impact on the MINCA start 

dates. TRMM’s sampling of the diurnal cycle could cause large errors when short lived rain 
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events are not observed, but is otherwise an excellent choice for use with MINCA because the 

quality of the data set is consistent through the period of study. A longer dataset that combines 

data from more satellites will likely have discontinuities due to changes in the sampling of the 

diurnal cycle. These discontinuities are analogous the changes in the climatological mean rain 

rate.  

The area-averaged climatological mean rain rate is 6.04 mm/day for the Central 

American (CA) domain. The area-averaged climatological mean rain rate is 3.33 mm/day for the 

Mesoamerican (MESOAM) domain. The area-averaged climatological mean rain rate is 

therefore sensitive to the area chosen to average over as well as the sampling of the diurnal cycle. 

For the following analysis, we focus on sensitivity tests to the mean daily rain rate using only the 

CA domain. We focus on the sensitivity of the threshold value for the MINCA method, since that 

is the main variable which affects the MINCA calculation. Because it is area-averaged, it does 

not account for regional differences in the rain rate. For example, there may be heavy rain in the 

eastern part of the domain, but light rain in the western part of the domain. Therefore, it would 

be optimal to use this technique on an area with homogenous rainfall characteristics throughout 

the region. In Central America, the distribution of rain is quite non-homogenous, thus we focus 

on a relatively small region that dominates the MESOAM averaged rain rate. Our goal is to 

demonstrate the sensitivity of the onset date to changes in the threshold used in the MINCA 

method. The analysis for 2007 is shown in Figure 4.3.  

In the year 2007, the observed onset date using the MINCA method with the 

climatological mean rain rate of 6.04 mm/day gives the onset date of Julian Day 122 (2 May 

2007). This value changes quite a bit using quite different values for the climatological mean rain 

rate. If we take the climatological mean rain rate as 2 mm/day, the onset date becomes Julian 

Day 92 (2 April 2007). For 3 mm/day, the onset date becomes Julian Day 93 (3 April 2007), 

which is similar to the 2 mm/day onset date. For 4 mm/day, the onset jumps to Julian Day 114 

(24 April 2007) and for 5 mm/day, the onset is Julian Day 116 (26 April). For 6 mm/day, the is 

Julian Day 122 (2 May 2007), the date determined using the mean daily rain rate for this data set. 

For 7 mm/day, the onset is Julian Day 132 (12 May 2007). However, these are very large 

changes in the MINCA threshold, and indicate that the selection of the threshold is very 

important for determining the onset of the period of heavier rain rates. That is, these differences 

in the start date are due to differences in definition of heavy rain rates, rather than uncertainty in 
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the MINCA method. It is likely that different thresholds will be important for different crops and 

areas with different retention of ground water.   

 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Example year of 2007 with tests of different values for the climatological average of 
TRMM land-only rain for the Central American (CA) domain. The bold red line is closest to the 
actual climatological mean of 6.04 mm/day in the CA domain.  
 
 
 

 
Figure 4.4: Interannual variability of the onset dates using different climatological mean rain 
rates for the TRMM dataset, years 1998-2012. The MINCA CA onset dates are in black, using 
the climatological rain rate of 6.04 mm/day.  
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Looking at the onset dates for all the years and all the different threshold values for rain 

rates in Figure 4.4, we see the 4 to 7 mm/day range of onset dates are most similar to each other. 

The most variable onset dates are associated with the 2 and 3 mm/day rain rates. The year 1999 

appears to be an outlier, with an earlier than normal onset date of Julian Day 44 (13 February 

1999), using 2 mm/day as the climatological mean rain rate. This is likely due to the daily 

cumulative anomalies being constant in 1999 for the early part of the year until around Julian 

Day 110, using the 2 mm/day. Meaning, in this particular year, the rain rate was the same as the 

hypothetical climatological mean rain rate of 2 mm/day. In the plot of this year, there is barely a 

minimum in the daily cumulative anomalies. The MINCA algorithm picks up the small 

minimum value of the daily cumulative anomalies around Julian Day 44, but overall the 

anomalies are constant for the first few months of the year. This means that a small threshold 

value does not work well for the MINCA method because of the lack of large changes in rain 

rate in the earlier part of the year. If the rain rate is constant and remains close to the threshold 

value, the MINCA method does not work well for defining an onset date.   

For the syntax used in Figure 4.3 and the rest of this section, the 2 mm/day rain rate 

corresponds to a -4 mm/day bias, relative to the approximate 6 mm/day climatological mean rain 

rate. The 3 mm/day rain rate corresponds to -3 mm/day bias, and so forth. The +0.5 mm/day bias 

corresponds to the threshold value of 6.5 mm/day, and the +1 mm/day bias corresponds to the 

threshold value of 7 mm/day. We use the different terminology because we are now discussing 

changes in the start date due to errors in climatological rain rate.  

For the example year shown in Figure 4.3, we see that the onset date ranges from Julian 

Day 92 to Julian Day 132, a 40-day time period. The minimum of each curve gets later as the 

climatological mean rain rate gets higher. This means that it takes longer for the daily, area-

averaged rain rate to exceed the higher rain rates, such as the climatological mean value of 6.04 

mm/day. Overall, the -4 and -3 mm/day onset dates are similar to each other, the -2 and -1 

mm/day onset dates are similar to each other, as are the -0.04 and +1 mm/day. These onset dates 

appear to be paired to a small range of climatological mean rain rates.  Therefore, small changes 

in the mean climatological rain rate are not important. Equation (4) is not sensitive to changes 

less than +/-1 mm/day in the rain rate threshold value. These are unrealistically large biases to be 

in the climatological rain rate without also being in the daily values.   
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Table 4.2: Statistics associated with the onset dates of the Late Spring Rainfall (using the 
MINCA method and Central American (CA) domain) and for TRMM data (1998-2012) for eight 
different biases of climatological mean of rain rate: -4, -3, -2, -1, -0.5, -0.04, +0.5, and +1 
mm/day, all relative to the climatological mean rain rate of 6.04 mm/day for the CA domain. 
Both Julian dates 1-365 and calendar dates are shown. The standard deviation indicates large 
year to year variability. 

 

Bias in 
Climatological 

Mean Rain 
Rate 

Root Mean 
Square 

Deviation 
(RMSD) 

Mean of 
Onset 
Dates 

Median  
of Onset 

Dates 

Standard 
Deviation 
of Onset 

Dates 

Range of Onset Dates 

-4 mm/day 37.1 96 
(6 April) 

 

99 
(9 April) 

19.33 44 – 119 
(13 February – 29 

April) 
-3 mm/day 19.69 112 

(22 April) 
 

113 
(23 April) 

11.07 92 – 133 
(2 April – 13 May) 

 
-2 mm/day 9.85 122 

(2 May) 
 

119 
(29 April) 

11.04 106 – 143 
(16 April – 23 May) 

 
-1 mm/day 5.78 125 

(5 May) 
 

129 
(9 May) 

9.24 112 – 143 
(22 April – 23 May) 

 
-0.5 mm/day 5.23 

 
 

126 
(6 May) 

129 
(9 May) 

9.74 112 - 143 
(22 April - 23 May) 

-0.04 mm/day 
 

3.62 128  
(8 May) 

 

131 
(11 May) 

9.71 114 - 143 
(24 April - 23 May) 

+0.5 mm/day 6.58 
 
 

131 
(11 May) 

133 
(13 May) 

8.99 114 - 146 
(24 April - 26 May) 

+1 mm/day  
 

8.54 133 
(13 May) 

133 
(13 May) 

7.88 114 – 146 
(24 April – 26 May) 

 
 
 

The values in Table 4.2 show that as the threshold for the rain rate increases, the mean 

onset date occurs later in the year. The standard deviations in annual start dates also decrease as 

the rain rate increases. This means that as the threshold becomes larger, the values of the onset 
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have less variability year-to-year. In other words, the larger the rain rate threshold is, the more 

‘predictable’ the onset dates are.  

The Root Mean Square Deviation (RMSD) in Table 4.2 is calculated relative to the date 

determined from the MINCA CA date with 6.04 mm/day as the climatological mean rain rate. 

The predicted values are the onset dates calculated by each climatological mean value. The -0.04 

mm/day has the smallest RMSD and therefore is the closest to the observed values, which is 

expected. That has an RMSD of roughly 4, whereas much large biases of ±0.5 mm/day have 

RSMDs of 5 or 6 days, which is quite similar to the 4 days shown with a very small bias in 

threshold. This result strongly indicates that the uncertainty in the MINCA start dates is about 4 

days. That is, if the error distribution is Gaussian (which is likely), then the standard deviation of 

that error distribution is 4 days.  

 

4.3 Phenomenology 

The results in sections 4.1 indicate that the Late Spring rains begin on average around 9 

May in the Central American (CA) region and 18 May for the overall Mexico and Central 

American (MESOAM) region. This will be investigated further in this section, while looking at 

the phenomenology associated with the timing of the onset of the Late Spring Rainfall. In some 

years (2005 and 2010), Tropical Cyclones (TCs) seem to influence the date of the start of the 

LSR, but there are insufficient cases to determine if TCs have a large influence on this date in 

years with TC activity. There is also an inadequate number of years in this study (15 years) to 

study ENSO properly, therefore ENSO is not included in the phenomenology discussion. The 

phenomenology analysis will only focus on the onset dates of the Central American (CA) region.  

 

 Rainfall Climatologies 

Before analyzing the phenomenology that leads to heavy rainfall, it is important to look 

at the climatological evolution of the rainfall before each set of onset dates. Linking how the 

large-scale features evolve with the rainfall will give more insight into the causes of the rainfall. 

Figure 4.5 shows the evolution of rainfall 4 days before the climatological onset through 4 days 

after the climatological onset for years 1999-2012.  

Prior to onset, there are some areas of heavy rain, particularly in southern Panama and 

Costa Rica. However, there is a clear difference in rainfall amount at the time of onset. At the 
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climatological onset, all of Panama and Costa Rica have above 12 mm/day of rainfall. Post-

onset, the rainfall is seen over Eastern Nicaragua, and appears to be moving northwest as the 

days progress. One of the main objectives is to investigate and determine the triggers of this 

rainfall. The different phenomena associated with the Late Spring Rainfall (LSR) onset are 

discussed below. 

 
 
Figure 4.5: The composite evolution of climatological TRMM daily rain rate (mm/day) 4 days 
prior through 4 days after the Late Spring Rainfall (LSR) onset dates (using the MINCA method) 
for the Central American domain (1998-2012). 0 days represents the climatological onset date of 
9 May. 
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 Moisture Flux Convergence 

The same technique to calculate the moisture flux convergence across the different faces 

of the Central American domain, used in Chapter 3, is applied here for analysis. Before looking 

at the statistics for all 14 years, we look at the moisture flux convergences in one year. We look 

at the year 2000, shown in Figure 4.6. For this year, the MINCA_CA onset occurs on Julian Day 

133 (13 May 2000).  

 
Figure 4.6: Moisture flux timeseries for the year 2000. The daily, area-averaged Total Moisture 
Flux (TMF) is in red, the Eastface Moisture Flux (EF_MF) is in blue, the Northface Moisture 
Flux (NF_MF) is in green, the Westface Moisture Flux (WF_MF) is in teal, and the Southface 
Moisture Flux (SF_MF) is in purple. The black line is the daily, area-averaged TRMM rainfall 
over the domain. The grey line indicates the Late Spring Rainfall (LSR) date, using the MINCA 
Method for the Central American domain. The yellow circle indicates the area of interest 
associated with the MINCA_CA onset date, which is Julian Day 133 (13 May 2000).  
 
 

As seen in Figure 4.6, the total moisture flux convergence is negative for the early part of 

the year (January through March). At Julian Day 104 (14 April 2000), the total moisture flux 

convergence (TMFC) changes sign from negative to positive, signaling a change from moisture 

outflow to moisture inflow. After this, the TMFC starts to increase relatively rapidly, 

representing an increasing positive moisture flux into the Central American domain. The 

MINCA_CA onset is on Julian Day 133 (13 May 2000), and occurs when the TMF has almost 

reached a peak after increasing steadily for 30 days or so. The Eastface contribution to 

convergence remains positive throughout the year, and has relatively little variability at the time 
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of onset. Therefore, the Eastface Moisture Flux convergence is not driving the moisture flow in 

the Central American domain.  

A day after the MINCA_CA onset, on Julian Day 134 (14 May 2000), the Northface 

moisture flux convergence changes from positive to negative. This indicates a change from an 

inflow of moisture to an outflow of moisture on the Northface of the Central American domain, 

which reduces moisture convergence rather than increases it. Four days later, on Julian Day 138 

(18 May 2000), the Southface contribution to the moisture convergence also changes sign, but in 

the opposite way of the Northface. The Southface changes from negative to positive, indicating a 

change from an outflow to an inflow of moisture through the Southern part of the Central 

American domain. Therefore, we can conclude that at the time of the MINCA_CA onset, the 

moisture is flowing out through the Northface and in through the Southface.  

 

 

Table 4.3: Statistics associated with the Late Spring Rainfall onset dates in Julian Days (using 
the MINCA method) and the Northface Moisture Flux sign change for years 1999-2012. 

Event Mean Median Standard 
Deviation 

Range 

MINCA_CA 
Onset Dates 

128 
(8 May) 

130 
(10 May) 

8.99 114 – 139 
(24 April - 19 May) 

 
Northface 
Moisture 
Flux Sign 
Change 

 

118 
(28 April) 

131 
(11 May) 

28.8 59 - 150 
(28 Feb - 30 May) 

 
 

The MINCA CA onset dates and dates when the Northface moisture flux changes its sign 

from negative to positive are not well correlated and there is a lot of year to year variability. 

Therefore, we conclude that although there is a lot of year to year variability in the Northface 

contribution to the moisture flux convergence, it is a change in the North directional face that is 

most likely preceding the onset of the heavy rains. This is related to the weakening of the 

Panama Jet from the North, discussed in the Section 4.3.5.  
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 Moist Static Energy (MSE) Anomalies  

To better understand the different energies associated with the onset of the heavy rain 

rates, we look again at the moist static energy (MSE) anomalies. Using equation (3), we calculate 

the de-seasonalized MSE anomalies associated with the MINCA onset dates for the CA domain. 

The goal of this investigation is to see which components of the MSE contribute the most to the 

total MSE anomalies. The reasoning behind this is to see if any of the physical features such as 

the Caribbean Low-Level Jet or Panama Jet, are linked to the energy properties of this region.  

 

(a.)      (b.)  

 
 
 
 
 
 
 
(c.)      (d.)  

 

 

 

 

 
 
 
 
Figure 4.7: De-seasonalized MSE anomalies (kJ/kg) at the time of the climatological mean of 
onset of heavy rain rates, MINCA_CA onset dates. Cross-section at 10 °N. (a.) Total MSE 
anomalies, (b.) the CpT term of the MSE, (c.) the Lvq term of the MSE, and (d.) the gz term of the 
MSE. 
 
 

At the time of the climatological onset of the heavy rain rates, the Central American 

landmass has large positive MSE anomalies above the landmass, and off the eastern and western 

coast. These positive MSE anomalies are deep in the atmosphere and go above the 700mb 

pressure level. It almost appears to be symmetrical about the 85 °W axis, at least close to 85 °W. 

Similar to the light rain onset, the Lvq term, or latent heat energy term in equation (3), dominates 

the total MSE anomalies, as shown in the similarities between Figure 4.7a and Figure 4.7c. 
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 However, in Figure 4.7b, there is a small area of positive MSE anomalies in the 

Caribbean Sea, between 70 and 80 °W, at low pressure levels. This has some contribution to the 

total MSE anomalies in the Caribbean Sea. From this figure, we can speculate that the Caribbean 

Low-Level may be coupled with the heat content at lower levels, which is associated with the 

onset of the heavy rain rates. The CLLJ’s influence on the onset appears to be weaker winds 

allowing the moisture convergence into the Central American domain, however, it is also 

possible that a third process is driving both these changes.    

To delve deeper into the physical meaning of how the latent energy evolves with the 

heavy rain onset, we look at the time progression of the latent energy anomalies with respect to 

the climatological onset of heavy rain. This time evolution is shown in Figure 4.8 and shows four 

days prior to the climatological onset through four days post the climatological onset. Figure 4.8 

is a cross-section at 12 °N, chosen because that is the axis of the Caribbean Low-Level Jet 

(CLLJ). Negative anomalies represent a lack of water vapor or drier air and positive anomalies 

represent an abundance of water vapor or moist air in the air above the Central American 

landmass. 

For the onset of the heavy rain, there are large positive latent energy anomalies that 

penetrate deep into the upper atmosphere, mostly on the Eastern side of the domain. This 

physically represents an abundance of moist air in the atmosphere. In particular, two days post 

onset, the positive anomalies penetrate up to the upper atmosphere, up to 400mb. This is 

associated with deep convection. Similar to the light rain onset, three- and four-days post onset, 

there are lower level positive anomalies off the western coast of Costa Rica, which become 

strong on three- and four-days post onset. This could be associated with the monsoon trough. 

The monsoon trough is deepening off the western coast as the positive latent energies develop 

over the Central American landmass.   

The CLLJ is strongest at 925mb between 70 and 80 °W. At the time of climatological 

onset and one day post onset, there is a small area of positive latent energies in between the two 

landmasses of South America to the East and Costa Rica to the West. Perhaps this is due to the 

CLLJ weakening, allowing more moisture to accumulate in the region. If the CLLJ has 

weakened, it cannot advect the moisture out of the region, and therefore there will be more moist 

air present. This will allow deep convection to form, and heavy rain rates.    
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Figure 4.8: Time evolution of the de-seasonalized (Lvq) latent energy term (kJ/kg) of the MSE 
relative to the climatological MINCA CA onset dates. Cross-section at 12 °N. The time 
progression shows four days prior to the climatological onset date of 8 May and four days post 
climatological onset date. The black circle outlines the area of the CLLJ.  
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Figure 4.9: Same as Figure 4.8, except the cross-section is at 8 °N relative to MINCA CA onset 
date. Area of the Panama Jet, centered at 79 °W is circled in red.  
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In order to look at the Panama Jet’s possible influence on the latent energy, we look at the 

cross-section of latent energy anomalies at 8 °N. These are the coordinates used to study the 

Panama Jet in the Mora (2017) study, where the Panama Jet was centered on 8 °N, 79 °W. Figure 

4.9 gives some insight into the Panama Jet’s influence. At the climatological onset, a large area 

of positive latent energy anomalies appears centered at the exact location of the Panama Jet, 

circled in red in Figure 4.9.  

Figure 4.9 shows at the cross-section of latent energy anomalies at the latitude of 8 °N, 

which shows the positive latent energy anomalies are coming from the west, as the winds 

weaken and energy is allowed to accumulate over the land. Specifically, the red circles outline 

the area of the Panama Jet. There is a bubble of strong positive latent energy anomalies at the 

onset and one day post onset in the exact location of the Panama Jet. The timing of the changes 

in the area of the Panama Jet appear to coincide with the onset of the heavy rains.   

Based on the cross-sections at different latitudes, we conclude that the latent energy from 

the East is most important at higher latitudes of 10-12 °N, whereas the latent energy from the 

West is most important at latitudes of 8-9 °N. This corresponds to the areas of both the 

Caribbean Low-Level Jet at 10-12 °N, and the Panama Jet at 8-9 °N. We conclude that changes 

in the CLLJ and PJ coincide with the onset of the heavy rains. When we examined the moisture 

flux convergence in section 4.3.2, we saw major changes in the North- and Southfaces of the 

Central American domain. It appears that the CLLJ affects the Northface moisture flux 

component and the PJ affects the Southface moisture flux component.  

 

 

 Monsoon Trough at Time of Late Spring Rainfall (LSR) Onset 

The monsoon trough is associated with convergence of northeasterly trade winds and 

southwesterly winds. A strong monsoon trough has been defined as zonal winds averaged over 

80° to 140 °W with wind speeds greater than 2 m/s (Holbach and Bourassa 2014). We 

hypothesize that a monsoon trough to the west of Central America plays a key role in the timing 

of the rainfall. Most likely there is a propagation of the monsoon trough northward as the rainy 

season progresses. This would account for a change in wind direction and a change in sign of 

moisture fluxes through the West and South faces. In order to test our hypothesis, we examine 
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the temporal progression of the monsoon trough and how it relates to the onset of the heavy rains 

during the Late Spring Rainfall (LSR) season.  

Figure 4.10 shows the composite evolution of zonal winds at 900mb relative to the 8 May 

climatological onset date of the heavy rains. Prior to onset, there are weak eastward winds 

directly south of Costa Rica and Panama, in the tropical northeastern Pacific Ocean. As time 

progresses towards the onset date, the eastward winds start to strengthen. At the climatological 

onset date, the monsoon trough has fully formed and eastward winds stronger than 4 m/s 

dominate the tropical northeastern Pacific. Post onset, the monsoon trough extends further 

westward and moves northward up to 10 °N, and the area of strong westward winds extends 

further west, past 100 °W as time progresses post-onset.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Composite evolution of monsoon trough relative to the climatological heavy rain 
onset date of 8 May. Shading is zonal winds (m/s) at the pressure level 900mb using MERRA-2 
Reanalysis data. Climatology is for the years 1999-2012. The black line represents the 0 m/s 
contour. Purple represents eastward winds and red represents westward winds.  
 
 

This progression of the monsoon trough is closely linked to the annual cycle of the sun’s 

angle. As the sun moves north as the boreal summer progresses, the monsoon trough follows. 

When the sun is directly overhead at 23 °N, the Tropic of Cancer, at the summer solstice, that 

latitude receives the most sunlight all year, usually on June 21. This is also related to the 

northward progression of the Intertropical Convergence Zone (ITCZ). The LSR onset occurs on 
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average around 8 May, which is a month and half before the summer solstice. But the 

progression of the monsoon trough northward matches well with the progression of the 

maximum sun angle towards the Tropic of Cancer.  

Though not pictured here, we found that this monsoon trough feature goes up to the 

825mb pressure level in the atmosphere, using the MERRA-2 data. The evolution of the 

monsoon trough at 900mb matches well with the latent energy anomalies shown in Figures 4.8 

and 4.9, which show the monsoon trough extending further westward four days post the onset, 

especially at the 10 °N cross-section. The timing of the largest area of strongest eastward winds 

in Figure 4.11 coincides with large areas of positive latent energy anomalies in Figures 4.8 and 

4.9.  

 

 Panama Jet Weakening 

In this section, we examine if variations in the moisture flux convergence around the time 

of the Late Spring Rainfall onset (heavy rain) is related to variability in the Panama Jet. The 

basics of the Panama Jet (PJ) were discussed in Chapter 3, Section 3.2.3. We define the Panama 

Jet as the area-averaged meridional winds (v-winds) at the 925mb pressure level in the Gulf of 

Panama. Typically, the Panama Jet is a north-south oriented jet that flows down the Gulf of 

Panama. This jet connects the Caribbean Sea with the Pacific Ocean, as the jet begins over the 

warm Caribbean Sea, flows across the isthmus of Panama, and then flows over the colder Pacific 

Ocean waters.  

The reversal of the Panama Jet is defined here as the timing when the jet changes 

direction from its southward direction to its northward direction. However, in some years it is not 

a reversal of the winds but rather a weakening of the Panama Jet. We define a weakening of the 

Panama Jet when the associated meridional component is between the values of -2.5 m/s and 0 

m/s.  

This can be seen clearly in a timeseries of the daily, smoothed Panama Jet, shown in 

Figure 4.11. For the first part of the year, the Panama Jet is southward only, with winds flowing 

from north to south across the isthmus of Panama. At some point in late spring, the jet strength 

decreases and changes direction in most years. There is a clear link between the timing of the 

weakening of the Panama Jet and the Late Spring Rainfall onset. The buildup of moisture in the 

CA region follows a sharp reduction in the Panama Jet. In this example, the time between the 
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start of the weakening of the Panama Jet and when the Panama Jet is equal to zero is presumably 

similar to the time delay between increased moisture flux convergence and increased rainfall. It 

is also likely that the convection associated with the increased rainfall modifies the regional 

temperatures and pressures in a manner that reduces the strength of the Southward Panama Jet. 

In the year 2001, the Late Spring Rainfall onset occurs on Julian Day 139 (19 May 2001). The 

Panama Jet reversal occurs on Julian Day 142 (22 May 2001), only three days after the onset of 

the rainfall.  

 
Figure 4.11: A timeseries of the CLLJ winds (in blue) and Panama Jet (PJ) winds (in green) for 
the year 2001. The yellow circle represents the timing of interest around the LSR onset in the CA 
domain. All data is smoothed using a 21-day running mean.  

 

 

Table 4.4 show the statistics between the heavy rain onset dates (MINCA_CA_Onset) 

and the date when the Panama Jet is equal to zero (weakened completely). The Pearson 

correlation coefficient between these dates is 0.57, with a two-tailed p-value of 0.05. The years 

2009 and 2012 are outliers and therefore are removed from this calculation because the Panama 

Jet goes to zero at a date greater than Julian Day 200. The statistics show that the mean and 

median values of the heavy rain onset and the Panama Jet weakening are only eight days apart. 

They both have relatively small year-to-year variability and a similar range as each other.  

Out of the 14 years of this dataset, there are 4 years in which the Late Spring Rainfall 

onset and the date of the Panama Jet weakening are the exact same date. These years are 2005, 
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2006, 2008, and 2010. Therefore, 28% of the time, the Late Spring Rainfall onset in Central 

America and the strong reduction in the southward transport occur simultaneously. Two years 

are excluded from this calculation (and Figure 4.12) because the date of the Panama Jet 

weakening is so late in the season: years 2009 and 2012 (the dates of the weakening are greater 

than Julian Day 200). These years are treated as outliers and are removed. In 9 out of the 14 

years, the Panama Jet weakening to 0 m/s is within 10 days of the Late Spring Rainfall onset in 

Central America (approximately 64%). 

 

Table 4.4: Statistics associated with the onset dates (in Julian days) of the Late Spring Rainfall 
(using the MINCA method) and the reversal of the Panama Jet (in Julian days) for years 1999-
2012. However, data for the years 2009 and 2012 are excluded from the statistics here due to 
outliers in the Panama Jet Reversal dates (greater than Julian Day 200). Pearson correlation 
coefficient is 0.57, with a 2-tailed p-value of 0.05.  

Event Mean  Median  Standard 
Deviation 

Range  

MINCA_CA
Onset Dates 

128 
(8 May) 

130 
(10 May) 

8.99 114 - 139 
(24 April - 19 May) 

 
Panama Jet 
Weakening 

Dates 

136 
(16 May) 

138 
(18 May) 

9.18 115 - 145  
(25 April - 25 May) 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Box and whisker plot of the Late Spring Rainfall (LSR) onset using the MINCA 
method for the Central American (CA) domain, labeled MINCA_CA_Onset and the dates of the 
weakening of the Panama Jet (PJ), labeled PJ_Weaken, for the years 1999-2012. The years 2009 
and 2012 are excluded from this figure because the PJ weakening dates were outliers (greater 
than Julian Day 200). 
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The median of the Panama Jet weakening is only 8 days after the median of the Late 

Spring Rainfall onset in Central America, and the correlation is 0.57 between the two dates. 

Because the Panama Jet winds were smoothed over a 21-day running average, the winds have a 

range of days in which that value could be present.  

The hovmöller diagram in Figure 4.13 shows the time evolution of meridional winds at 

925mb zonally averaged between 77.5° and 82.5 °W. It shows the meridional winds 20 days 

prior to the climatological onset date, and 20 days post. Prior to onset, the Panama Jet region 

from 5° to 9 °N is dominated by southward winds, winds flowing southward across the Panama 

isthmus. The strongest winds at between 8 and 9 °N and occurs 20 and 15 days prior to onset, 

and then again at less than 5 days prior to onset. There are relatively weak winds between 5 and 

6 °N.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Hovmöller diagram of composite meridional winds (m/s) at 925mb relative to 
climatological onset date for Late Spring Rainfall (LSR). Winds are zonally averaged over 
Panama Jet region of 77.5 to 82.5 °W.  

 

 

Around the LSR onset, the wind speeds go to zero, and then reverse direction to become 

northward winds. Between 5- and 10-days post-onset, there is an area of strong northward winds 

(greater than 2 m/s) between 5 and 6 °N. This phenomenon can be seen more clearly in the 

spatial maps in Figure 4.14.  
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Prior to onset in Figure 4.14, we see an area of strong southward winds (greater than 6 

m/s) centered over the Panama isthmus and flowing down into the Gulf of Panama. At the LSR 

onset, the winds weaken, and one- and two-days post onset there are wind speeds of 0 and 2 m/s 

over Panama and the Gulf of Panama. In the southwest part of the figure, we see strong 

northward winds penetrate further north at the onset and post onset.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: The climatological evolution of the meridional (v-winds) in m/s at 925mb 4 days 
before through 4 days after the climatological MINCA CA onset, years 1999-2012 using 
MERRA-2 Reanalysis Data. 0 days represents the climatological mean MINCA CA onset date of 
8 May. Positive values represent northward winds and negative values represent southward 
winds.  
 
 

This weakening of the Panama Jet shown in Figure 4.14 represents a strong reduction in 

the southward transport of moisture flux convergence. The winds weaken such that it allows the 

moisture flux convergence to accumulate. This will be explored in more detail in the next 

section. 

 

 Jet Influence on the Moisture Flux Components  

Because we find that the Panama Jet weakens close to 0 m/s at the time of the heavy rain 

onset, we now look at the jet’s influence on the moisture flux inward through the North- and 

Southfaces of the Central American domain. Similar to this section in Chapter 3, we define the 
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JET component as any wind speeds greater than 9 m/s, and the NO JET component as any wind 

speeds less than 9 m/s. By our definition, JET could refer to the CLLJ or the PJ. The CLLJ most 

likely would be related to the Northface moisture flux component and the PJ most likely would 

be related to the Southface moisture flux component.  

Figure 4.15 shows the Northface and Southface moisture flux components separated into 

the JET and NO JET components. For year 2003, the LSR onset date is Julian Day 117 (27 April 

2003) for the CA domain. In Figure 4.15a, we see the Northface moisture flux component 

decreases as time gets closer to the onset date. The JET component goes completely to zero 

around the time of the LSR onset. Figure 4.15b shows that the Southface moisture flux 

component has an increasing trend around the time of onset date, but it has not fully switched 

from negative to positive at Julian Day 117. However, the JET component of the Southface does 

go to zero at the time of the LSR onset.  

In both the North- and Southface moisture flux components, the JET component goes to 

zero around the time of the LSR onset and stays zero for an extended period of time, throughout 

the boreal summer season. Only after Julian Day 271 does the Northface JET component become 

non-zero again, and only after Julian Day 301 does the Southface JET component become non-

zero again. This implies that the JET component plays no role in the heavy rain onsets, but rather 

the NO JET component is related to the heavy rain onset. 

The meaning behind the NO JET component dominating both the North- and Southface 

moisture flux component means that the weak winds are related to the heavy rain onset. Figure 

4.15 provides evidence that the jets play a passive role in the heavy rain onset. In other words, 

the jets have weakened to close to zero and do not influence the changes in the North- and 

Southface moisture flux components. When the LSR onset occurs in the year 2003, the 

Northface moisture flux decreases and crosses the zero line from positive to negative. At that 

same time, the JET component ceases and the NO JET component takes over and dominates the 

changes in the Northface moisture flux. Similarly, the Southface moisture flux component 

increases but doesn’t cross the zero line from negative to positive around the LSR onset. The 

JET component does go to zero at the LSR onset, and the NO JET component takes over the 

Southface moisture flux, and the Southface moisture flux component crosses the zero line from 

negative to positive a few weeks later.  
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(a.)  

 

 

 

 

 

 

 

 

 

 

(b.) 

 

 

 

 

 

 

 

 

 

Figure 4.15: Moisture flux components for the year 2003. The black line is area-averaged daily 
rain rates (mm/day) over the CA domain and red line is Total Moisture Flux Convergence 
(TMFC; kg/kg/s) (a.) Northface moisture flux component with JET (dashed green line) and NO 
JET (dotted green line) components and (b.) Southface moisture flux component with JET 
(dashed purple line) and NO JET (dotted purple line) components. JET is defined as winds 
greater than 9 m/s and NO JET is defined as winds less than 9 m/s. All lines are smoothed using 
a 21-day temporal smoothing window. LSR onset date is Julian Day 117 (27 April 2003).  
 
 
 

 MJO Phases of the Late Spring Rainfall (LSR) Onset 

As explained in previous chapters, the MJO may have an effect on the onset of the 

rainfall in Central America. Specifically, we examine the MJO phases at the time of the Late 
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Spring Rainfall (LSR) onset. Figure 4.16 shows a histogram of the MJO phases on the day of the 

LSR onset.  

The mode of the MJO phases is 7, with 6 out of the 15 years (40%) having that phase at 

the time of onset, and 73% occur within ±1 of phase 7. MJO phase 7 is associated with active 

convection over the Western Pacific Ocean. During the LSR onset in Central America, there is 

widespread heavy rain rates greater than 6 mm/day. Most likely the monsoon trough is acting as 

the trigger for the convection during the LSR onset. Perhaps there are some MJO 

teleconnections, but further analysis is needed to make any solid conclusions.  

 
Figure 4.16: A histogram of MJO phases associated with the Late Spring Rainfall (LSR) onset 
dates using the MINCA method for the Central American domain (for years 1998-2012). The 
median of the MJO phases associated with the Late Spring Rainfall onset is phase 7. The mode 
of the MJO phases is 7.  

 

 

4.4 Summary and Discussion  

On average, the Late Spring Rainfall (LSR) onset occurs on 9 May for the Central 

American domain and on 18 May for the Mesoamerican domain. These sets of onset dates both 

have small standard deviations, of approximately 9-10 days. While this means there still is some 

year-to-year variability, this standard deviation value is smaller compared to the standard 

deviations of variability of other dates in this study. This indicates that the Late Spring Rainfall 
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(LSR) onset is fairly consistent from year-to-year and can be expected to occur sometime in mid-

May.  

Although the Caribbean Low-Level Jet (CLLJ) does not seem to have an obvious direct 

effect on the Late Spring Rainfall onset at first, it may have an indirect effect. The CLLJ is 

weakening prior to the rainfall onset. At that same time, the Panama Jet (PJ) is also weakening, 

getting closer to 0 m/s in value. Although we cannot quantify this phenomenon right now, we 

hypothesize that the weakening of the CLLJ and PJ are linked somehow to the Late Spring 

Rainfall onset date.  

Even though each year is different, an overall pattern emerges from looking at the 

individual timeseries of these different phenomena. Prior to the Late Spring Rainfall (LSR) 

onset, the CLLJ and the Panama Jet both start to weaken. As the winds weaken, the Total 

Moisture Flux in the Central American domain starts to increase. Around the time of the rainfall 

onset, the Panama Jet either goes to a minimum (0 m/s) or reverses direction and becomes 

southerly (flowing from South to North across the isthmus of Panama). This weakening or 

reversal of winds decreases the moisture flux from the North because the winds are weaker 

across the North and no longer pushing moisture flux into the domain. Simultaneously, the winds 

in the South increase and push the moisture flux into Central America from the South. Most 

likely the winds are advecting the moisture from the Gulf of Panama into Panama and Costa 

Rica. This is most likely the reason we see the heavy rainfall in Panama and Costa Rica at the 

Late Spring Rainfall (LSR) onset.  
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CHAPTER 5 

DEMISE CHARACTERISTICS 

The demise of the Rainy Season is the time when the rainfall significantly decreases or 

ends, and the dry season begins. This chapter finds the demise of the rainfall using the two 

methods described in Chapters 3 and 4, the SLOPE and MINCA methods, respectively. Section 

5.1 describes the methodology to calculate the demise using the two methods, Section 5.2 

describes the phenomenology associated with the demise dates, and Section 5.3 is a summary 

and discussion of both the demise dates and associated phenomena.  

 

5.1 Demise Methodology 

 SLOPE Demise 

The SLOPE demise is similar to the SLOPE onset method, but opposite in sign for the 

slope value criterion. The demise date is conceptually defined as the last day of a steady decrease 

in rainfall. First, we identify the days in which the magnitude of the slope is less than or equal to 

-0.01. We then identify the set of consecutive days greater than 10 days in which the magnitude 

of the slope is less than or equal to -0.01. The SLOPE demise date is the last Julian Day of this 

set of consecutive days. The rainfall was smoothed using a 20-day running average, similar to 

Chapter 3, Section 3.1.  

In order to avoid misidentifying the Mid-Summer Drought (MSD) as the demise, we 

differentiate the demise as occurring after Julian Day 244 (1 September). Therefore, the SLOPE 

demise is the first day of consecutive time the slope is less than or equal to -0.01 for 10 days or 

more after 1 September.  

The mean of the SLOPE demise is Julian Day 284 (11 October) and the median is Julian 

Day 283 (10 October). However, the standard deviation of the mean values is approximately 16 

days, which is almost three weeks. Clearly there is a range in which the demise dates occur, but 

the SLOPE method puts the demise occurring sometime near the middle of October, on average. 

 The interannual variability of the SLOPE CA demise dates is shown in Figure 5.1. The 

year 2006 has the earliest demise date of Julian Day 254 (11 September 2006), and the year 2002 

has the latest demise date of Julian Day 319 (15 November 2002). The median demise date is 
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Julian Day 283 (10 October). Demise dates less than Julian Day 277 are in the 25th percentile, 

and demise dates greater than Julian Day 292 are in the 75th percentile.  

 
 
Table 5.1: Statistics associated with the SLOPE CA method demise for the years 1998-2012.  

 Mean Median Standard 
Deviation 

Range 

Demise (Julian 
days) 

284 
(11 October) 

 

283 
(10 October) 

16.88 254 - 319 
(11 Sep – 15 Nov) 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Interannual variability of the SLOPE CA demise dates, for years 1998-2012.  
 
 
 

We define the early demise years as years in which the demise dates are in the 25th 

percentile, and late demise years as years in which the demise dates are in the 75th percentile of 

the 1998-2012 dataset. By this definition, the years 1999, 2003, 2006, and 2010 are early demise 

years for the SLOPE CA demise. The years 2000, 2001, 2002, and 2009 are late demise years for 

the SLOPE CA demise.  
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 MINCA Demise 

The demise is defined by the MINCA method as the opposite of the onset. The demise is 

defined as the day after the daily cumulative anomalies are at a maximum, for a specific year. 

 

 
Figure 5.2: The MINCA method of calculating the demise date of the Central American region, 
for the year 2004. The MINCA demise date of 2004 is Julian Day 314 (10 November 2004). The 
black line represents the daily, area-averaged rainfall and the red line is the daily cumulative 
anomalies.  
 
 
 
Table 5.2: Statistics associated with the MINCA method demise for the years 1998-2012.  

 Mean Median Standard 
Deviation 

Range 

Demise (Julian 
days) 

324 
(20 November) 

 

322 
(18 November) 

15.5 299 - 357 
(26 Oct - 23 Dec) 

 
 
 

The interannual variability of the MINCA CA demise dates is shown in Figure 5.3. The 

earliest demise date is in the year 2012 at Julian Day 299 (26 October 2012). The latest demise 

date is in the year 1998 at Julian Day 357 (23 December 1998). The median demise date is Julian 

Day 322 (18 November).  

 

MINCA Demise 
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Figure 5.3: Interannual variability of the MINCA CA demise dates, for years 1998-2012. 
 
 
 
 

 Demise Rainfall Climatologies 

We look at the spatial progression of the rainfall leading up to, on the climatological 

demise, and after the demise. We focus on the rainfall climatologies only on the MINCA CA 

demise dates, since this represents the end of the heavy rainfall. A spatial map of the evolution of 

the MINCA CA demise is shown in Figure 5.4. At the time of climatological demise, the heavy 

rainfall (> 12 mm/day) ceases across most of the Central American domain, but the rainfall does 

not stop completely. There are areas that still experience 8-10 mm/day after the demise, in 

specific hot spots, such as in Panama and northeastern Costa Rica.  

Four days prior to the MINCA CA demise, the majority of the domain is experiencing 

greater than 12 mm/day of rainfall, especially Costa Rica, Panama, and the Caribbean coast of 

Nicaragua and Honduras. At the time of climatological demise, the heavy rainfall ceases, and 

there is less than 6 mm/day across the Central American domain. Some hotspots of rain still 

persist in Costa Rica and Panama, especially 3-4 days post demise, but overall the heavy rainfall 

ends at the time of climatological demise. 
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Figure 5.4: The composite evolution of climatological TRMM rain rate (mm/day) 4 days prior 
through 4 days post the MINCA CA demise dates, for years 1998-2012. 0 days represents the 
climatological demise of Julian Day 324 (20 November) of the Central American domain.  
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5.2 Demise Phenomenology  

The Panama Jet winds control the moisture flux convergence into and out of the Central 

American domain. There aren’t enough years in which to examine the role of ENSO on the 

demise dates. The following section analyzes the phenomenology associated with the demise of 

the heavy rain rates.  

 

 Moisture Flux 

During the demise of the heavy rainfall, the positive total moisture flux convergence of 

the total Central American domain starts to decrease. More specifically, the contributions to 

moisture flux convergence through the South and Westfaces of the Central American domain 

decrease in a similar manner. Around the time of the demise, both of these faces experience a 

dramatic change from positive to negative contributions to moisture flux convergence. The West 

contribution to the moisture flux convergence has a sharper decrease than the South contribution 

to the moisture flux convergence, as highlighted in Figure 5.5.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Timeseries of moisture flux convergence for the year 2007. The yellow box 
highlights the South and Westface moisture flux convergence during the demise of the heavy 
rainfall. As the total moisture flux convergence decreases, both the Southface and Westface 
moisture flux decrease. However, the Westface has the largest decrease, going from an extreme 
positive to an extreme negative.  Both rain rates and moisture flux components are smoothed 
using a 21-day smoothing window.  
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 Strengthening of the Panama Jet Winds 

When comparing each year’s demise dates with the phenomenology discussed in 

Chapters 3 and 4, a noteworthy link appears between the MINCA demise and the Panama Jet 

winds. The MINCA demise dates have the largest Pearson correlation coefficient with the dates 

in which the Panama Jet weakens a second time (annually), changing from northward to 

southward. The Pearson correlation coefficient for this set of dates is 0.59 with a 2-tailed p-value 

of 0.026 (statistically significant to 95%). The Panama Jet weakening for the second time occurs 

when the v-winds at 925mb associated with the Panama Jet switch from positive to negative. In 

other words, the jet switches directions from northward, back to southward across the isthmus of 

Panama. This is the opposite of what happens during the MINCA onset. 

For example, in the year 2004, shown in Figure 5.6, we see the timing of the MINCA 

demise date and the sign change in the meridional wind associated with the Panama Jet are 

closely linked. In 2004, the Panama Jet reaches a peak sometime around Julian Day 280. After 

this, it starts to weaken and the winds approach 0 m/s in strength. It then changes direction at 

Julian Day 309 (5 November 2004). This is followed closely by the MINCA demise of Julian 

Day 314 (10 November 2004).  

 

 
Figure 5.6: Timeseries for the area-averaged TRMM daily rainfall (black), area-averaged CLLJ 
winds at 925mb (blue) over the Caribbean Sea, and the area-averaged Panama Jet winds at 
925mb in the Gulf of Panama (green) for the year 2004. All data has been smoothed using a 21-
day running mean.  
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Also, looking at the pattern in the timeseries for both the CLLJ winds and the Panama Jet 

winds, we see a strengthening of both winds after the time of demise. Therefore, we can 

conclude that the winds are weak around the time of demise, and then strengthen post-demise. 

As the winds strengthen post-demise, the TMFC starts to decrease, as well as the moisture flux 

across the South- and Westfaces (outlined in yellow box in Figure 5.5). The weaker winds of the 

Panama Jet allow the moisture to accumulate. However, when the winds start to strengthen 

again, the positive total moisture flux convergence starts to decrease. In this example, the rains 

weaken before the moisture flux inward through the south face changes from positive to 

negative, suggesting that the thermodynamics related to the precipitation is influencing the 

pressure gradient and the wind vector.  

 
Figure 5.7: Box and whisker plots of the MINCA_CA demise dates and the 2nd time the Panama 
Jet winds weaken/reverse (PJ_Reversal_2ndTime), for years 1999-2012 in the Central American 
domain.  

 
 

The median value for the MINCA demise is Julian Day 322 (18 November), and the 

median value for the Panama Jet reversal is Julian Day 319 (15 November). These median dates 

are only 3 days apart from each other. There is some variability in each of the dates, with the 

standard deviation of the MINCA demise dates at 15 days, and the standard deviation of the PJ 

reversal dates at 10 days. However, the mean values and the median values are so close to each 

other, there must be a link. This result implies that on average, the meridional winds first change 

direction in the Gulf of Panama, followed by the MINCA demise.  
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The spatial evolution of the Panama Jet is shown in Figure 5.8, associated with the 

climatological MINCA demise dates. Prior to the demise, there are weak southward winds in the 

Gulf of Panama and across much of the Costa Rica and Panama landmass. Post-demise, the 

stronger meridional winds penetrate across the isthmus until four days post-demise, where 

Panama and eastern Nicaragua are covered with wind speeds greater than 6 m/s.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: The climatological evolution of the meridional (v-winds) in m/s at 925mb 4 days 
before through 4 days after the climatological MINCA CA demise, years 1999-2012 using 
MERRA-2 Reanalysis Data. 0 days represents the climatological mean MINCA CA demise date 
of 20 November. Positive values represent northward winds and negative values represent 
southward winds.  

 

 

Post demise, the stronger southward winds penetrate further south. After the demise, an 

area of strong southward winds grows on the Eastern coast of Nicaragua. These strong 

southward winds act to push the moisture out of the region, and specifically through the South 

and Westfaces of the domain. The white block in the map represents the mountainous region of 

Costa Rica. These mountains act as a barrier to the winds, and we can see the strong meridional 

winds split into two different directions by the mountains: winds move south further into the 

Gulf of Panama and the other area of winds move west off the Western coast of Nicaragua. This 

figure shows the importance of the South and Westfaces as being critical areas for transporting 

moisture in and out of this region, as well as the strengthening of the Panama Jet.  
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 Monsoon Trough at the Time of Demise 

Since the monsoon trough progresses northward with the onset of the heavy rains, we 

would expect the monsoon trough to retreat back southward with the demise of the heavy rains.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Composite evolution of monsoon trough relative to the climatological heavy rain 
demise date of 20 November. Shading is zonal winds (m/s) at the pressure level 900mb using 
MERRA-2 Reanalysis data. Climatology is for the years 1999-2012. The black line represents 
the 0 m/s contour. Purple represents eastward winds and red represents westward winds. 
 
 

Figure 5.9 shows the composite evolution of the monsoon trough relative to the heavy 

rain demise. Four days prior to the demise, there are strong eastward winds south of 10 °N, 

greater than 4 m/s, between 80° and 100 °W. As time progresses towards the demise, the 

monsoon trough area retreats to the East, towards the coast of South America. Post-demise, the 

strong eastward winds break up and dissipate, with a small concentration of strong eastward 

winds off the coast of South America. Post-demise, the westward winds to the north are weak, 

especially relative to pre-demise. Four days pre-demise, there is still a large area of strong 

westward winds in the Caribbean Sea, but four days post-demise, those strong westwards winds 

are no longer there. In general, both eastward and westward winds are much weaker in strength 

after the demise of the heavy rains. 
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 MJO Phases of the Demise Dates 

In the previous chapters, we saw that the onset of the rainy season in Central America is 

most related to Phases 5 and 8 of the MJO for the Early Spring and Late Spring onset dates, 

respectively. Next, we want to know if there are any patterns of the MJO phases related to the 

demise dates. Because the demise dates represent the end of a steady decrease of rainfall, or the 

end of the heavy rainfall, we might expect the MJO phases to be significantly different for the 

demise dates than for the onset dates. The MJO phases for the Late Spring Rainfall (LSR) 

demise dates are shown in Figure 5.10, for the Central American domain.  

 
Figure 5.10: A histogram of MJO Phases associated with the Late Spring Rainfall (LSR) demise 
dates as calculated by the MINCA method, for the Central American (CA) domain, years 1998-
2012.  
 
 

Perhaps more important is the mode value of the MJO phases associated with the demise 

dates. The mode of the demise dates is MJO phase 7 (corresponding to enhanced convection over 

the Western Pacific) and occurs in 5 out of the 15 years for the dataset (~33%). The remaining 

phases are evenly split between 1-2 occurrences each for the 15-year dataset. There is a lot of 

variability of the MJO phases for these demise dates, and further analysis is needed to gain more 

information about the relationship between the MJO and the demise dates. At this time the 

connection appears to be weak but not negligible.  
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5.3 Summary and Discussion 

This section analyzes the demise/end of the heavy rain rates in the Central American 

domain using the MINCA algorithm. We find the mean date of the MINCA demise is Julian Day 

324 (20 November). At the demise of the heavy rain, the heavy rain rates cease over much of the 

domain, but there are still some regions with heavy rain rates, especially in Costa Rica and 

Panama. The mean demise date of 20 November matches well with the traditional definition of 

the end of the rainy season as the month of November (Hastenrath 1967).   

The key finding of this study related to the demise of the rainfall is the weakening of the 

magnitude of the meridional winds at 925mb over the Gulf of Panama. Approximately 3-4 days 

prior to the demise, the Panama Jet winds weaken and approach 0 m/s in strength. At this time 

the winds switch direction from southerly (flowing from south to north) to southward (flowing 

from north to south) across the isthmus of Panama. Post demise, the southward winds increase in 

strength and the rainfall continues to decrease. In fact, both the Caribbean Low-Level Jet and 

Panama Jet strengthen again post-demise. This rainfall decrease is especially seen in Costa Rica 

and Panama, as the Panama Jet controls moisture in and out of that region. The MINCA 

identification of the late rain season implies that rains are decreasing prior to the demise date. 

This suggest that the decrease in rain rate precedes the more southward motion of the Panama 

Jet, and the thermodynamics associated with the precipitation is influencing the pressure gradient 

in the Gulf of Panama. Perhaps the lack of the CLLJ winds is causing the decrease in the rain 

rates, which would reduce the vertical motion and moisture flux associated orographic lift. We 

see in Figure 5.9 that there are strong westward winds associated with the CLLJ four days prior 

to the demise. At the time of climatological demise and post-demise, the CLLJ becomes weaker. 

After the demise, the moisture flux convergence for the domain decreases. In some years 

the moisture flux convergence changes sign sometime after the demise, and other years the 

moisture flux convergence decreases but still remains positive until the end of the year. Post-

demise, the South and Westface moisture flux convergence changes from positive to negative. 

Therefore, we can say that there is a decreasing trend in the moisture flux convergence for the 

South and Westfaces after the demise.  It is likely that this convergence occurs offshore in the 

Pacific Ocean, as identified by Figure 2.3 (Herrera et al. 2015). 
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CHAPTER 6 

SEASONAL STATISTICS 

 

6.1 Early Spring Rainfall (ESR) Season 

The Early Spring Rainfall (ESR) season is characterized by light rainfall in the Central 

American domain. Typically, this season lasts one and a half months long. After this season, the 

heavy rains begin, which is discussed in Section 6.2.  

 

 Early Spring Rainfall (ESR) Seasonal Statistics 

The Early Spring Rainfall (ESR) onset date is defined by the SLOPE method. This is the 

approximate date in which the light rain begins in the Central American domain. There is a time 

period in the early spring when the light rains persist in March/April, until the heavy rains begin 

in May/June. The end of the Early Spring Rainfall (ESR) time period is the same as the Late 

Spring Rainfall (LSR) onset, as defined by the MINCA method. The LSR onset date is when the 

heavier rainfall begins to dominate the Central American domain.  

 
Figure 6.1: Interannual timeseries associated with the Early Spring Rainfall (ESR) season using 
TRMM rainfall data for years 1998-2012. Timeseries of (a.) onset dates of the ESR (green 
circles; in Julian days), (b.) demise dates of the ESR (green triangles; in Julian days), which is   
the same date as the onset of the Late Spring Rainfall (LSR) defined by the MINCA method, and 
(c.) the length of the Early Spring Rainfall (ESR) season (green squares; in number of days).  
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A season is defined by the length of the rainfall event. The Early Spring Rainfall (ESR) 

season is defined as the time between the SLOPE method onset and the MINCA method onset. It 

is the length, in number of days, in which the light rains persist across the Central American 

domain. When the light rain stops, the heavy rain begins. The Early Spring Rainfall (ESR) 

season can be viewed as a “ramp-up” to the heavy rainfall time period. The interannual 

variability of the ESR season onset/demise dates and length is shown in Figure 6.1.  

For the years 1998-2012, the mean length of the Early Spring Rainfall (ESR) season is 47 

days, and the median length is 54 days. Therefore, we conclude the Early Spring Rainfall (ESR) 

season of light rainfall is approximately one and a half months long. After this time period of 

light rainfall, the heavy rains begin, as defined as the Late Spring Rainfall (LSR). However, there 

is a lot of variability with the length of the ESR season, as it has a standard deviation of 

approximately 17 days for this dataset. The years 2010 and 2009 have the shortest ESR season 

length of 20 days and 22 days, respectively. The year 2001 has the longest ESR season length of 

69 days. 

The seasonal mean rainfall (mm/day) is calculated by taking the mean of the daily rainfall 

during the Early Spring Rainfall (ESR) season. The median value of the seasonal mean rainfall is 

2.45 mm/day for the Early Spring Rainfall (ESR) season. This rainfall amount is considered 

“light rain” as it is below the traditional 3 mm/day used in defining monsoon rainfall.  

 

  
 Seasonal Rainfall Accumulation (SRA) and Correlations During the Early Spring 

Rainfall (ESR) Season  

The Seasonal Rainfall Accumulation (SRA) is the sum of the daily, area-averaged rainfall 

from the beginning until the end of the season across the Central American domain. The mean 

SRA for the Early Spring Rainfall (ESR) season is 119 millimeters (mm). The interannual 

timeseries of the SRA for ESR is shown in Figure 6.2. 

As seen in Figure 6.2, the year 2009 has the smallest Seasonal Rainfall Accumulation 

(SRA) of approximately 48 mm, followed by the year 1999, and then the year 2010. These years 

have the shortest season lengths (20-24 days), and therefore it follows that these years have the 

smallest accumulated rainfall amounts. The largest SRA is during the 2006 Early Spring Rainfall 

season. The year 2006 has a season length of 66 days. To understand the variability of specific 
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elements of the Early Spring Rainfall season, we look at the Pearson correlation coefficients, 

shown in Table 6.1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Interannual timeseries of the Seasonal Rainfall Accumulation (SRA) for the Early 
Spring Rainfall (ESR) season. Rainfall accumulated is in millimeters. The mean SRA for the 
Early Spring Rainfall (ESR) season is 119 millimeters (mm). 
 
 

 

Table 6.1: Pearson correlation coefficients between the different dates and variables associated 
with the Early Spring Rainfall (ESR) season in Central America, using TRMM daily rainfall. 
Boldface values are statistically significant at the 95% confidence interval according to the 
students’ t-test. 

 Onset Demise Length SRA 

Onset 1 -0.14 -0.85 -0.58 

Demise -0.14 1 0.63 0.65 

Length -0.85 0.63 1 0.79 

SRA -0.58 0.65 0.79 1 

 

 Based on the correlation coefficients in Table 6.1, there is no link between the onset and 

demise of the Early Spring Rainfall (ESR) season. The highest correlation is between the onset 

date and the length of the Early Spring Rainfall. This negative correlation indicates that as the 
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onset occurs later in the year, the length of the season becomes shorter. The length and the 

Seasonal Rainfall Accumulation (SRA) have a high positive correlation. Intuitively, this means 

the longer the rainy season, the more rainfall that will accumulate.   

 

6.2 Late Spring Rainfall (LSR) Season 

The Late Spring Rainfall (LSR) season is characterized by heavy rainfall in the Central 

American domain. Typically, this season lasts six and a half months long. After this season ends, 

the rainfall significantly decreases or stops completely, and the dry season begins.  

 

 

 Late Spring Rainfall (LSR) Seasonal Statistics 

The Late Spring Rainfall (LSR) onset is defined by the MINCA onset, and the Late 

Spring Rainfall demise is defined by the MINCA demise. The season is defined as the demise 

date minus the onset date, and the length is the number of days between the onset and demise. 

The Late Spring Rainfall (LSR) season captures the heavy rainfall in Central America, most 

similar to the typical monsoon-like rains. The onset of the Late Spring Rainfall (LSR) represents 

the time when the light rain switches to heavy rain. The demise of the LSR represents when the 

rains end and the dry season begins.  

The mean of the MINCA demise is Julian Day 324 (20 November) and the median is 

Julian Day 322 (18 November). However, the standard deviation of the mean values is 

approximately 15 days, which is two weeks or half a month. Clearly there is a range in which the 

demise dates occur, but the MINCA method puts the demise occurring sometime in mid-

November. Because the MINCA rainfall is not smoothed over time, but rather is a cumulative 

anomaly relative to the climatological rainfall, the variations in the MINCA demise are most 

likely due to natural variability. Past literature typically defines the heavy rainfall demise at the 

end of the month of November. This study matches the past literature, but instead defines a 

specific day of demise, typically around 18-20 November.  

For the years 1998-2012, the mean length of the Late Spring Rainfall (LSR) season is 195 

days, and the median length is 194 days. This is roughly six and a half months. Therefore, we 

conclude the Late Spring Rainfall (LSR) season of light rainfall is approximately six and a half 
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months long. However, there is a lot of variability with the length of the LSR season, as it has a 

standard deviation of approximately 17 days for this dataset. The years 2012 and 2001 have the 

shortest LSR season length of 166 days and 167 days, respectively. The year 2010 has the 

longest ESR season length of 222 days (over seven months long), and the year 2003 has the 

second longest season at 220 days. 

 

 
Figure 6.3: Interannual timeseries associated with the Late Spring Rainfall (LSR) season using 
TRMM rainfall data for years 1998-2012. Timeseries of (a.) onset dates of the LSR (blue circles; 
in Julian days), (b.) demise dates of the LSR (blue triangles; in Julian days) and (c.) the length of 
the Late Spring Rainfall (LSR) season (blue squares; in number of days). 
 
 

The seasonal mean rainfall (mm/day) is calculated by taking the mean of the daily rainfall 

during the Late Spring Rainfall (LSR) season, for all years 1998-2012. The median value of the 

seasonal mean rainfall is 9.35 mm/day for the Late Spring Rainfall (LSR) season. This rainfall 

amount is considered “heavy rain” as it is well above the traditional 3 mm/day used in defining 

monsoon rainfall.  

 

 Seasonal Rainfall Accumulation (SRA) and Correlations During the Late Spring 
Rainfall (LSR) Season  

The Seasonal Rainfall Accumulation (SRA) value for the Late Spring Rainfall (LSR) is 

defined as the cumulative sum of rainfall (in millimeters) between the MINCA onset date and the 

MINCA demise date. The mean SRA is 1844 mm and the median SRA is 1820 mm. The year 
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that had the smallest Seasonal Rainfall Accumulation (SRA) is 2012 with 1454 mm, and the year 

that had the largest SRA is 2008 with 2171 mm. The standard deviation of this value is 235 mm, 

which indicates a large year-to-year variability in the total cumulative rainfall during the MINCA 

Rainy Season. The interannual variability of the LSR SRA is shown in Figure 6.4.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: Interannual timeseries of the Seasonal Rainfall Accumulation (SRA) for the Late 
Spring Rainfall (LSR) season. Rainfall accumulated is in millimeters. 
 
 

To understand the variability of specific elements of the Late Spring Rainfall season, we 

look at the Pearson correlation coefficients, shown in Table 6.2. The highest Pearson correlation 

coefficients are between the LSR demise date and the length of the rainy season, as well as the 

Seasonal Rainfall Accumulation and the length. Intuitively this makes sense; the later the demise 

date, the longer the Rainy Season. Also, the longer the Rainy Season is, the more rainfall that 

will accumulate. The onset and demise dates have the smallest Pearson correlation coefficient 

between them, meaning that there is little to no linear relationship between the MINCA onset and 

demise. 
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Table 6.2: Pearson correlation coefficients between the different dates and variables associated 
with the Late Spring Rainfall (LSR) Season in Central America, using TRMM daily rainfall. 
Boldface values are statistically significant at the 95% confidence interval according to the 
students’ t-test.  

 Onset Demise Length SRA 

Onset 1 0.05 -0.47 -0.31 

Demise 0.05 1 0.85 0.77 

Length -0.47 0.85 1 0.83 

SRA -0.31 0.77 0.83 1 

 

 

6.3 Summary and Discussion 

This study finds that the rainy season in Central America can be separated into two 

distinct parts: the time period of the light rain in the Early Spring (20 March - 11 May) and the 

time period of the heavy rain (11 May - 18 November). This finding of exact onset and demise 

dates for each year, is different than past studies which only used the monthly climatological 

rainy season defined as May through November. Another unique finding of this study is that we 

find there is a period of light rainfall approximately lasting one and a half months before the 

heavier rainfall begins. The timing of the light rain is important for crops such as coffee, which is 

sensitive to rainfall amount, temperature, and sunshine (Avelino et al. 2015, Groenen 2018).  

To be more statistically robust, we summarize the median values of the relevant seasons 

discussed in Sections 6.1 and 6.2. The Early Spring Rainfall (ESR) season begins on Julian Day 

79 (20 March) and ends on Julian Day 131 (11 May), for the dataset and years used in this study 

(TRMM rainfall, 1998-2012). This season lasts approximately 54 days in length (one and a half 

months). The median value of the Seasonal Rainfall Accumulation (SRA) for the Early Spring 

Rainfall (ESR) season is 128 mm. The median value of the average seasonal rainfall is 2.45 

mm/day. Because of the low rainfall accumulation and average rainfall amount, we define this 

time period as the “light rain” season. The Early Spring Rainfall (ESR) season of 20 March 

through 11 May is distinguished by light rainfall across the Central American domain. 

The Late Spring Rainfall (LSR) season begins on the same day the Early Spring Rainfall 

(ESR) ends. This represents the transition from light rain to heavy rain. The LSR begins on 
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Julian Day 131 (11 May) and ends on Julian Day 322 (18 November), for the dataset and years 

used in this study. This season lasts approximately 194 days in length (six and a half months). 

The median value of the Seasonal Rainfall Accumulation (SRA) for the Late Spring Rainfall 

(LSR) season is 1820 mm. The median value of the average seasonal rainfall is 9.35 mm/day. 

Because of the large rainfall accumulation and average seasonal rainfall amount, we define this 

time period as the “heavy rain” season. The Late Spring Rainfall (LSR) season of 11 May 

through 18 November is distinguished by heavy rainfall across the Central American domain. 

Therefore, we conclude the time period of light rainfall begins mid-March and lasts one a 

half month. During this light rainfall season, there is approximately an average rainfall of 2.45 

mm/day and an accumulation of 128 mm across the Central American domain. Around mid-

May, the rainfall transitions from the light rain to the heavy rain. This is a much longer time 

frame of heavy rain, that lasts six and a half months. During that time, the average rainfall is 9.35 

mm/day and the rainfall accumulation is 1820 mm, across the Central American domain.  

This study’s findings are unique in that we define specific dates in which the light rainfall 

begins, as well as when the light rainfall transitions to the heavy rainfall in Central America. We 

also define the specific day in which the rainfall ends and the dry season begins. These specific 

dates are useful in a variety of applications, including agriculture and climate change studies. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

  
 

7.1 Summary and Major Conclusions 

This study defines three main aspects of the Mesoamerican Rainy Season: the time when 

the light rainfall begins, when the light rainfall transitions to heavy rainfall, and when the heavy 

rainfall ends. We objectively define these time periods, and discuss the phenomena associated 

with each time period.  

The first part of this study objectively defines the rainy season using TRMM rainfall data 

area-averaged over land only for the Central American domain. The SLOPE method captures the 

timing when the rainfall first starts to increase after the winter dry season, and is associated with 

the light rain onset. We call this time period the Early Spring Rainfall (ESR). The MINCA 

method captures the timing when the rainfall accumulated is greater than the climatological 

value, and is associated with the heavy rain onset. We call this time period the Late Spring 

Rainfall (LSR).  

The light rains in Central America begin on 20 March on average, as defined by the 

SLOPE method. The light rain rates are coupled with the weakening in strength and reduction of 

the areal extent of the CLLJ. The timing of the peak of the PJ and the light rain onset dates 

coincide with each other. These changes in moisture transport are sufficient to cause the total 

moisture flux convergence of the domain to become positive around the time the light rain rates 

begin. At the time of the light rain onset there is a weak monsoon trough, where the change in 

winds is insufficient to change the sign of the moisture flux through the Westface of the CA 

region. The light rains continue for approximately one and a half months.  

Around 11 May, the light rainfall transitions to the heavy rainfall. This heavy rainfall is 

defined by the MINCA method. This heavy rain is associated with the weakening of the Panama 

Jet and the northward progression of the monsoon trough in the eastern Pacific. The heavy rains 

continue for approximately six and a half months. Around 18 November, the heavy rainfall ends 

and the dry season begins. A timeline of the rain events and associated phenomenology are 

shown in Figure 7.1.  
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Figure 7.1: Timeline of the median dates of the rain events and associated phenomenology. The 
rain events are on the bottom of the timeline, and the phenomena are on the top of the timeline.  
 
 
 

The onset of the light rain is most associated with the timing in the winter peak of the 

Caribbean Low-Level Jet and the Panama Jet, and their subsequent weakening. The Caribbean 

Low-Level Jet (CLLJ) peaks on 12 February, followed closely by the peak of the Panama Jet 

(PJ) on 18 February. The strong zonal winds of the CLLJ curve around South America and are 

funneled across the isthmus of Panama. After the winds cross the landmass, they become purely 

meridional. These purely meridional winds in the Gulf of Panama is the Panama Jet. These jets 

are so strong (between -9 and -13 m/s) that the moisture is advected out of the Central American 

domain.  

After these two jets peak in strength mid-February, they begin to weaken. The winds 

weaken over about a month time period, until they weaken significantly to allow moisture 

advection into the domain. As the winds of the CLLJ weaken and move over the warming waters 

of the Caribbean Sea, moisture is advected in and the light rains begin, especially in Panama and 

Costa Rica. After the light rain begins, the total moisture flux convergence of the Central 

American (CA) domain is positive.  

The weakening and strengthening of the Panama Jet are the main drivers of the onset and 

demise of the heavy rain period. This is a new scientific discovery presented in this study. 

Several days before the onset of the heavy rain (11 May), the Panama Jet starts to weaken. It 

weakens in strength from -2.5 m/s to 0 m/s. At the time of the heavy rain onset, the winds in the 

Gulf of Panama are close to 0 m/s in strength. The southward component gets weaker and does 

not penetrate as far south as it did prior to the onset of the heavy rains. The northward 
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component of the Panama Jet gets stronger and pushes north across the isthmus of Panama. The 

winds converge over the Central American landmass. This allows advection of moisture flux 

from the Eastern Pacific and Gulf of Panama into Panama and Costa Rica, coupled with the 

onset of the heavy rain around mid-May.  

Sometime between June and August, a mid-summer drought (MSD) event may or may 

not occur. This is most likely associated with the timing when the Caribbean Low-Level Jet 

(CLLJ) reaches a second peak in intensity. Associated with the summer peak of the CLLJ is a 

decrease in the South and Westface moisture flux components. The TMFC decreases but does 

not become negative. We find the median date of the summer peak of the Caribbean Low-Level 

Jet to occur on Julian Day 180 (29 June).  

At the time of demise of the heavy rainfall around 18 November, the Panama Jet 

strengthens again a few days after the rain ends. The southward component starts to strengthen 

again, and pushes moisture out of the Central American domain. The mountains of Costa Rica 

act as a barrier to the jet, and the winds move southward and westward. This causes the moisture 

advection to go out of Central America (across the West and Southfaces of the region) and hence 

the rains cease. A schematic diagram of the processes and annual cycle of the rainy seasons is 

shown in Figure 7.2.  

Figure 7.2 shows four schematic diagrams demonstrating the key phenomenology 

associated with the four major events related to the Central American rainy season: the 

wintertime peak jets, the light rain onset, the heavy rain onset, and the heavy rain demise. Figure 

7.2 demonstrates the role of the low-level jets in modulating the moisture flux convergence in 

Central America. In Figure 7.2a, which occurs around the 12-18 February, the CLLJ and PJ are 

at their peak (strongest) winter values. The CLLJ is approximately -13 m/s in magnitude and the 

PJ is approximately -9 m/s. The Papagayo Jet is approximately similar in magnitude to the CLLJ, 

around -12 m/s. The Papagayo Jet is caused by the strong winds of the CLLJ being funneled 

through the mountains in Nicaragua, and through to the Pacific side of Nicaragua. The total 

moisture flux convergence of the domain is negative because the jets are at their strongest and 

net moisture advection is out of the domain. The North Atlantic Subtropical High (NASH) is 

positioned over Florida and the northeastern Atlantic Ocean. This large area of high pressure 

causes a strong pressure gradient in the Caribbean Sea, which coincides with the jets at their 

peak strength.  
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Figure 7.2: Schematic diagrams of the major processes involved in triggering the onset and 
demise of the Central American rainy season. The red vector arrow represents the direction and 
magnitude the Caribbean Low-Level Jet (CLLJ), the green vector arrow represents the direction 
and magnitude of the Panama Jet (PJ), and the purple vector represents the direction and 
magnitude of the Papagayo Jet. The gold vector arrow represents a weak eastward wind. Positive 
signs indicate positive moisture flux convergence, and negative signs indicate negative moisture 
flux convergence. The circle in the middle of the CA region represents the total moisture flux 
convergence. The blue dashed line represents the monsoon trough, and the blue arrow associated 
with it represents the direction of propagation.  (a.) The peak of the winter Caribbean Low-Level 
Jet and the peak of the Panama Jet occur around the same time 12-18 February (b.) the onset of 
the light rains around 20 March (c.) the onset of the heavy rains around 11 May, and (d.) the 
demise of the heavy rains around 18 November.  

 

 

Over the course of the following month, the CLLJ and PJ weaken, about 2 to 4 m/s in 

strength each. Therefore, seen in Figure 7.2b, both the CLLJ and PJ have weakened from their 

peak values, thus allowing positive total moisture flux convergence over the Central American 

landmass. The Papagayo Jet has also decreased in strength. There is a small area of eastward 

winds southeast of the Papagayo Jet. This is caused by the mountains of Costa Rica blocking the 
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westward wind, which allows an area of weak eastward winds to form on the leeward side of the 

mountains, on the Pacific side. It appears that there is a weak monsoon trough off the western 

coast of Costa Rica and Nicaragua at this time. This is when the light rains begin, around 20 

March, approximately one month after the peak of the CLLJ and PJ.  

Between the timing of Figure 7.2b and Figure 7.2c, there is the transition from light rain 

to heavy rain. During this approximately six-week transition, the Panama Jet weakens 

significantly and goes close to a zero magnitude. As the PJ weakens, the CLLJ does the opposite, 

and strengthens. The Papagayo Jet is rarely present at this time. The onset of the heavy rains on 

11 May is preceded by this opposing weakening of the PJ and strengthening of the CLLJ. A 

strong monsoon trough appears off the western coast of Central America and propagates 

northward post-onset. The stronger CLLJ and weak to nonexistent PJ along with the monsoon 

trough allows a positive moisture flux convergence on the Southface and Westface of the 

domain. The overall total moisture flux convergence remains positive. 

For the demise of the rainy season, shown in Figure 7.2d, the CLLJ and PJ strengthen 

again and act as the main driver of moisture advection out of the Central American domain, as 

well as the monsoon trough retreating south and to the east. The South and Westfaces have 

negative moisture flux divergence due to this retreating monsoon trough. This strengthening of 

the winds and movement of moisture out of the domain is coupled with an overall negative total 

moisture flux convergence. The monsoon trough retreats south and eastward as it gets closer to 

the South American coast.  

The effect of the MJO on the Mesoamerican Rainy Season is not conclusive in this study. 

However, for the dataset timeframe of 1998-2012, the light rainfall onset is most associated with 

MJO Phase 5 (enhanced convection over the Maritime Continent) and the heavy rainfall onset is 

most associated with MJO Phase 7 (enhanced convection over the Western Pacific). The demise 

of the heavy rainfall season is also associated with the MJO Phase 7 in 40% of the years included 

in this study.  

We find, on average, there is 2.45 mm/day of rainfall across Central America during the 

Early Spring Rainy Season (mid-March to mid-May), and there is 9.35 mm/day of rainfall during 

the Late Spring Rainy Season (mid-May to mid-November). We define the Early Spring Rainy 

Season as the “light rain” time period and the Late Spring Rainy Season as the “heavy rain” time 

period. The light rainfall tends to last for one and a half months, whereas the heavy rains tend to 



 115 

last for six and a half months. The Seasonal Rainfall Accumulation (SRA) amount is 128 mm for 

the Early Spring Rainy Season, and is 1820 mm for the Late Spring Rainy Season.  

The results in this study are useful in many ways to the scientific community and beyond. 

We find exact dates for the peak of the winter Caribbean Low-Level Jet and the Panama Jet. We 

also discovered the concrete link in timing between how the winds change and when the rainy 

season starts. Another unique aspect of this research is that we find two distinct rainy periods. 

First, there is a time period of light rains from mid-March to mid-May, followed by the start of 

the heavy rainfall. These rainy seasons are directly related to the weakening and strengthening of 

the CLLJ and PJ that have not been previously discussed.  

 

 

7.2 Future Work 

An interesting extension of this work is to study the Mid-Summer Drought (MSD) in 

more detail. We did a cursory analysis of finding the date in which the Caribbean Low-Level Jet 

(CLLJ) is at its maximum during the summer. The link between the timing of the summer CLLJ 

peak and the MSD could be studied further. We also found some evidence of the Panama Jet 

involvement in the MSD, and this could be investigated in the future. Some years have a clearly 

defined MSD, and can be seen in the timeseries of the annual rainfall. However, some years do 

not have a clearly defined MSD, so further work would need to include a detailed analysis of the 

definition of the MSD.    

Another possible extension is to look at the rainy season algorithms and associated 

phenomena in terms of evaluation in Regional Climate Models (RCMs). RCMs are climate 

models that are nested within the larger domain of a Global Climate Model (GCM). The RCM is 

driven by a GCM at the boundary conditions. The California Institute of Technology’s NASA/Jet 

Propulsion Laboratory (JPL) has developed a Regional Climate Model Evaluation System 

(RCMES), jointly with the University of California Los Angeles, in order to facilitate 

observationally based RCM evaluation. This model evaluation toolkit takes several observational 

data sets and allows the user to compare RCM output to the observations, and computes and 

visualizes some key metrics (Whitehall et al. 2012; Kim et al. 2013). RCMES has also been used 

to study model-simulated precipitation (Lee et al. 2015). Using RCMES to analyze and quantify 
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the differences in how the rainy seasons are represented in the observations, reanalysis, and 

model data would add some robustness to this study.  

Specific to the geographic region in this study is the Coordinated Regional Downscaling 

Experiment (CORDEX; Giorgi et al. 2009, Jones et al. 2011). The goal of CORDEX is to 

provide a cohesive regional downscaling community with common standards, domains and 

output format. CORDEX has model runs available for the Central America domain (Region 2), 

and using these model runs to evaluate the rainy season phenomena would help get a better 

picture of the dynamics involved.  

For a more complete analysis of the rainy seasons, we could apply the two algorithms, 

SLOPE and MINCA, to different rainfall datasets, such as the Climate Hazards Group InfraRed 

Precipitation with Station database (CHIRPS; Funk et al. 2015). CHIRPS is a relatively new 

dataset, incorporating satellite and in-situ data, with a high spatial resolution of 0.05°. CHIRPS is 

currently being used in multiple studies investigating the rainfall and dynamics surrounding 

Latin America, and particularly the Caribbean Sea and Gulf of Mexico (Verdin et al. 2016; 

Paredes-Trejo et al. 2016; Perdigón-Morales et al. 2018; Rodriguez-Vera et al. 2019).  

Since we focus on only historical data in this study, another extension of this work could 

be to look at how the onset/demise/MSD timing will be affected by climate change. In order to 

do this, we could look at different Representative Concentration Pathway (RCP) emission 

scenarios for the RCMs and analyze how the specific features discussed in this study will change 

under different warming scenarios such as RCP4.5 and RCP8.5. We could also test how the 

related meteorological phenomena change under global warming projections. This would be of 

tremendous use to stakeholders, farmers, and resource managers in Central America, as it would 

give them some idea of how the rainy season will change in the next 50-100 years.  
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