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ABSTRACT 

Two 16-year dynamically downscaled simulations for their tropical easterly waves 

(TEWs) were analyzed from global reanalysis of the atmosphere and ocean over the intra-

Americas Seas region, centered over Central America. TEWs were also examined across 5 

different reanalysis datasets to identify possible relationships with the Central American 

monsoon (CAM) and West African monsoon (WAM) and variations in seasonally African 

Easterly Jet (AEJ) latitude and strength. In terms of modeling, two versions of a coupled ocean-

atmosphere Regional Climate Model (RCM) are interpreted at a 15-km grid resolution, differing 

solely in their cumulus parameterization schemes. Our analysis reveals that the RCMs were able 

to generate TEWs in the domain even though the global atmospheric reanalysis forcing the 

regional models displayed very little TEW activity. There were also important differences 

between the two versions of the RCMs, suggesting that the cumulus parameterization scheme has 

an important bearing on the generation of TEW in the simulation over this region. For example, 

in one RCM simulation, the response of the TEW was much stronger in terms of the enhanced 

convective activity with both convective and stratiform precipitation associated with TEWs 

being higher than the other cumulus scheme used in the other RCM simulation. However, the 

limitations and advantages of the impacts of the two cumulus parameterization schemes on the 

overall TEW simulation refrain us from claiming one scheme is superior to the other. Looking at 

the observational analysis, correlations between the CAM onset and seasonally averaged AEJ 

latitude yielded the most robust relationships with TEW frequency and structure such as 

amplitude and relative vorticity. Environmental parameters such as low-level geopotential 

heights, mid-level moisture, and deep-layer bulk shear were also correlated with these variations 

in monsoons and the AEJ, showing statistically significant connections between the 

environments in and around Africa, the Atlantic, and East Pacific. In all, this study highlights the 

improvements made to TEW simulation through dynamical downscaling and cumulus 

parameterizations and establishes connections with the CAM, WAM, and AEJ to the 

environmental conditions TEWs propagate through along with their frequency and structure.
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Tropical easterly waves (TEWs) are westward propagating, inverted Rossby-like waves, 

which are ubiquitous throughout the tropics and occur year-round. A large fraction of TEWs 

develop over northern Africa (also referred to as African Easterly Waves) and result in 

downstream tropical cyclogenesis in the Atlantic with approximately 50-60% of all tropical 

storms and Category 1 and 2 hurricanes and 80% of major hurricanes (i.e., Category 3+) 

originating from TEWs (Burpee 1972; Landsea 1993; Agudelo et al. 2011). Similarly, the East 

Pacific has been designated as the most active tropical cyclogenesis region in terms of genesis 

occurrence per unit area per time, most of which are triggered by a TEW (Gray 1968; Avila and 

Pasch 1992; Molinari et al. 2000). TEWs also play a huge role in regional precipitation across 

the Atlantic and East Pacific with some regions such as the Pacific coast of Central America 

receiving over 50% of their May-November rainfall from TEWs (Dominguez et al. 2020). 

Therefore, TEWs are of immense importance to study their genesis, evolution, and variability. 

Generally, TEWs over western Africa and the Atlantic have a phase speed of 5-10 m/s, a period 

of 3-5 days, and a wavelength of approximately 2000 km (Avila and Pasch 1992). There are 

numerous theories on the development of TEWs: the barotropic-baroclinic instability of the 

African Easterly Jet (AEJ; Burpee 1972, 1974; Diaz and Aiyyer 2015), diabatic heating from 

convective instability leading to downshear TEW growth (Mekonnen et al. 2006; Thorncroft et 

al. 2008), mountain lee waves from eastern Africa evolving into TEWs (Lin et al. 2005), inertial 

instability from cross-equatorial pressure gradients (Toma and Webster 2010), and Intertropical 

Convergence Zone (ITCZ) breakdowns (Ferreira and Schubert 1997). TEWs can also locally 

generate in the Caribbean Sea and East Pacific through diabatic heating interacting with 

barotropic instability associated with unstable jets such as the Caribbean low-level jet (CLLJ) 

and the Papagayo jet (PJ; Rydbeck et al. 2017; Whitaker and Maloney 2020; Torres et al. 2021). 

Numerous studies have used regional climate models (RCMs) to understand TEWs (e.g., 

Lin et al. 2005; Hsieh and Cook 2007; Seo et al. 2008; Rydbeck et al. 2017; Dominguez et al. 

2020). These studies use RCMs with coarser resolutions than this study and for shorter periods of 
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time ranging from a case study (Lin et al. 2005; Whitaker and Maloney 2020) to several years (5-

10 years) of seasonal simulations (Rydbeck et al. 2017). More recent studies have focused on the 

generation of TEWs in the East Pacific. For instance, Rydbeck et al. (2017) showed in an RCM 

that a large fraction of TEWs in the East Pacific form locally through mesoscale convective 

systems (MCSs) forming in the Panama Bight region west of Colombia and propagating 

westward over the East Pacific Warm Pool. By removing terrain over northern South America, 

Panama, and Costa Rica, the number of TEWs simulated in the East Pacific was reduced but not 

completely eliminated, suggesting that TEWs do propagate across the Atlantic into the East 

Pacific (Rydbeck et al. 2017).  Whitaker and Maloney (2020) examined a Panama Bight MCS 

from June 2012 that spawned a TEW, verifying the findings of Rydbeck et al. (2017) and 

showing the influence of the PJ and Choco Jet on the upscale growth of these MCSs. The 

resolution of these RCMs is also important in simulating TEW activity as shown in Seo et al. 

(2008) where two coupled atmosphere-ocean RCMs with differing resolutions were analyzed 

over West Africa and the tropical Atlantic. They indicated that the higher atmospheric model 

resolution produced a more accurate precipitation climatology and seasonality through improved 

TEW-induced moisture convergence and convection than a coarser atmospheric model coupled 

with a finer ocean model. Physical parameterizations in the RCMs play a huge role in TEW 

generation and precipitation. Dominguez et al. (2020) ran a 24-member ensemble with varying 

model parameterizations to test which combination would yield the most accurate TEW 

climatology and seasonal rainfall percentages attributed to TEWs over the Atlantic, northern 

South America, Central America, and the East Pacific. They found that cloud microphysics and 

convective schemes had the greatest impact on TEW activity and rainfall. 

In terms of identifying TEWs, many methods have been utilized to track throughout the 

years ranging from Hovmöller diagrams of meridional winds (Fuller and Stensrud 2000; Fink et 

al. 2004; Ladwig and Stensrud 2009; Agudelo et al. 2011), relative vorticity maxima (Hodges 

1995; Thorncroft and Hodges 2001), total precipitable water thresholds, advection of curvature 

vorticity (Berry et al. 2007), and advection of curvature vorticity anomalies (Belanger et al 

2017). Similar to modeling, identifying TEWs in reanalysis datasets depends heavily on the 

dataset selected and its resolution along with the choice of tracking technique (Belanger et al. 

2017; Lawton et al. 2025). Each technique has its strengths and weaknesses from resolving 
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terrain-induced disturbances and computational efficiency. For example, the use of Hovmöller 

diagrams introduced subjectivity to the tracking method while the advection of curvature 

vorticity anomalies is computationally inefficient as a climatology of curvature vorticity must be 

established. The region of analysis is also a significant part of identifying TEWs as local climatic 

and geographical features can play a huge role in convection and wind shear patterns. Therefore, 

for this study, TEWs will be analyzed over Africa, the Atlantic, and East Pacific. These regions 

were selected as TEWs are influenced by the AEJ and propagate through two distinct monsoonal 

regions: West Africa and Central America. 

1.2 Purpose of the Study 

 This study can be broken down into two parts: a model analysis of TEW activity over the 

Central American region and observational analysis of TEW activity across Africa, the Atlantic, 

and East Pacific in reanalysis datasets through correlation with variations in the AEJ and the 

onset of the Central American Monsoon (CAM) and West African Monsoon (WAM). 

1.2.1 Modeling Perspective 

In terms of modeling TEWs, we examine the impact of dynamical downscaling of a 

coarse atmospheric reanalysis using a high resolution coupled atmosphere-ocean RCM over 

Central America on the simulations of TEWs. Additionally, we also analyze the impact of 

cumulus parameterization in the RCM, like Dominguez et al. (2020), by running two separate 

16-year simulations with differing cumulus parameterization schemes. The regional domain of 

the model includes portions of the Intra-Americas Seas and the Western Hemisphere Warm Pool 

(Wang and Enfield 2001). This region contains two mid-level jets at 600 mb: one around 2°N off 

the northwest coast of South America and another around 12-15°N in the Caribbean Sea. The 

CLLJ is also present in the region at 925 mb and resides around 13°N between 73°W to 95°W 

with peak wind speeds of 12 m/s (Amador 1998; Cook and Vizy 2010). Studies have shown that 

TEWs can intensify through the barotropic instability that these jets provide (Molinari et al. 

2000; Serra et al. 2010; Torres et al. 2021). Recently, Torres et al. (2021) showed that easterly 

waves in the East Pacific can be triggered by finite-amplitude transient heating in the vicinity of 

the mid-level jet over the Caribbean Sea with stratiform and shallow convective latent heating 

profiles producing the best downstream TEW growth. Therefore, this study’s use of two 
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convective parameterizations will show how differing latent heating profiles can generate 

different levels of TEW growth. 

1.2.2 Observational Perspective 

 TEW frequency and structure are examined to identify consistency across 5 different 

reanalyses. The position and strength of the AEJ and the onset dates of the CAM and WAM are 

also correlated with the track density and structure (i.e., wavelength, amplitude, trough-averaged 

relative vorticity, etc.) of TEWs across these reanalysis datasets. In addition, studies such as 

Emanuel (2022) and Bercos-Hickey and Patricola (2025) have linked the environments which 

TEWs propagate through to their cyclogenesis potential rather than the strength of the TEWs, so 

correlations with different environmental parameters such as low-level geopotential height, mid-

level moisture, and deep layer wind shear are investigated. These connections can be 

incorporated into seasonal forecasts of tropical cyclones (TCs) in the Atlantic and East Pacific to 

better prepare communities for hurricane seasons as the CAM and WAM onset dates can be 

determined by April and May of each hurricane season. 

The RCM used in this study will be described along with the experiments conducted and 

the algorithm used to track the TEWs in the model outputs and reanalysis datasets in Chapter 2. 

The methodology behind the composites and correlations will also be discussed. In Chapter 3, 

the results of the model analysis and observational correlations will be examined, followed by 

conclusions in Chapter 4. 
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CHAPTER 2 

DATA AND METHODOLOGY 

2.1 RSM-ROMS 

2.1.1 Model Setup 

The RCM utilized in this study is the Regional Spectral Model-Regional Ocean Modeling 

System (RSM-ROMS), which has been widely used for regional climate downscaling and 

modeling around the world (Li et al. 2012; Ham et al. 2016; Misra et al. 2022). For this study, the 

RSM and ROMS components of the model are configurated to have a spatial resolution of 15 

km. Since the surface discretization is identical, fluxes from the atmosphere and ocean can be 

exchanged at 1-hour intervals directly without the need for flux couplers or interpolations. 

The RSM component is originally from Juang and Kanamitsu (1994) and has gradually 

undergone development over the years with the latest version used for this study detailed in 

Misra et al. (2022). There are 28 terrain-following sigma pressure levels reaching approximately 

2 hPa, and the physics of the RSM include the following parameterizations: a non-local 

boundary layer scheme (Hong and Pan 1996), the four-layer community Noah land surface 

model (Ek et al. 2003), longwave radiation (Chou et al. 1996), shortwave radiation (Chou and 

Suarez 1994), shallow convection (Tiedtke 1983), prognostic clouds (Zhao and Carr 1997), 

gravity wave drag (Alpert et al. 1988), and deep convection schemes of Relaxed Arakawa 

Schubert (RAS; Moorthi and Suarez 1992) and Kain-Fritsch version 2 (KF2; Kain and Fritsch 

1993). 

The ROMS component is a free-surface, terrain following a primitive equation model 

with 30 vertically stretched terrain (S) levels with higher resolution provided in the upper 500 m 

of the ocean and uses the Arakawa-C grid for horizontal discretization (Haidvogel et al. 2000; 

Shchepetkin and McWilliams 2005). The ROMS utilizes the following physical 

parameterizations: a local closure scheme of 2.5 level turbulent kinetic energy (Mellor and 

Yamada 1982), generic length scale parameterization (Umlauf and Burchard 2003), second order 

biharmonic diffusion (Ezer et al. 2002), and boundary layer formulation from Large et al. (1994). 
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RSM-ROMS was initialized using NCEP-R2 for the atmospheric component and Simple 

Ocean Data Assimilation v 2.2.4 (SODA; Carton and Giese 2008) for the ocean component. The 

lateral boundary conditions of the model were also forced by these two datasets. 

2.1.2 Model Experiments 

RSM-ROMS was integrated twice over a period of 16 years (1986-2001). In one version 

of RSM-ROMS, we use the RAS convection scheme, referred to as RR-RAS, and in the other, 

we use the KF2 convection scheme, hereafter referred to as RR-KF2. Given earlier discussion of 

the importance of diabatic heating in the simulations of TEWs, we selected these 2 deep 

convection schemes as they are extensively used in climate modeling studies (e.g., Ham and 

Hong 2013, He et al. 2015, Peishu et al. 2017). These schemes differ in concept with RAS based 

on quasi-equilibrium theory of convection acting to maintain equilibrium with the generation of 

available energy from large-scale processes while KF2 triggers convection when a certain 

criterion of instability and moisture availability is met. The implementation of the schemes was 

quite different as well. Clouds in RAS are represented by a spectrum of cloud types with 

detrainment level at varying pressure levels while a single-column convective cloud model is 

utilized in the KF2 scheme. This will greatly impact the dynamical structures of TEWs tracked 

along with the amount of precipitation they produce. 

2.2 DATA 

2.2.1 Wind and Tropical Easterly Waves 

 We decided to utilize the Belanger et al. (2017) objective algorithm due to the use of 

curvature vorticity anomalies which allow for TEWs to be tracked based on variations in the 

background curvature vorticity fields rather than a single vorticity threshold. 

The algorithm obtained from Belanger et al. (2017) tracks TEWs based on curvature 

vorticity advection; therefore, the only data required for the algorithm is U and V wind 

components at a desired pressure level, which for our study is 600, 700, and 850 mb. The 

algorithm was applied to RR-RAS and RR-KF2, the European Centre for Medium-Range 

Weather Forecasts (ECMWF) Reanalysis v5 (ERA5; Hersbach et al. 2020), and National Center 

for Environmental Prediction-Department of Energy Reanalysis II (NCEP R2; Kanamitsu et al. 
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2002). Other TEWs were identified using the Climate Forecast System-Reanalysis (CFS-R; Saha 

et al. 2010), NCEP/National Center for Atmospheric Research Reanalysis I (NCEP-NCAR; 

Kalnay et al. 1996), ECMWF Reanalysis-Interim (ERA-Interim; Dee et al. 2011), and ECMWF 

Reanalysis-40 (ERA-40; Uppala et al. 2005) using the algorithm from Belanger et al. (2017) and 

are available via the National Center for Environmental Information (NCEI) African Easterly 

Wave Climatology, Version 1. The years analyzed along with the resolution of the datasets are 

provided in Table 1. 

Table 1: Spatial and temporal resolution and period of analysis for each dataset 

Dataset Spatial 

Resolution 

Temporal 

Resolution 

Period of 

Analysis 

Reference 

RR-RAS 15km x 15km 6 hourly 1986-2001 Misra et al. 

(2022) 

RR-KF2 15km x 15km 6 hourly 1986-2001 Misra et al. 

(2022) 

ERA5 0.25° x 0.25° 6 hourly 1986-2022 Hersbach et al. 

(2020) 

NCEP R2 2.5° x 2.5° 6 hourly 1986-2001 Kanamitsu et al. 

(2002) 

CFS-R 0.5° x 0.5° 6 hourly 1979-2010 Saha et al. 

(2010) 

NCEP-NCAR 210km x 210km 6 hourly 1974-2010 Kalnay et al. 

(1996) 

ERA-Interim 1° x1° 6 hourly 1979-2010 Dee et al. (2011) 

ERA-40 120km x 120km 6 hourly 1965-2001 Uppala et al. 

(2005) 

 

925 mb winds were also utilized in RR-RAS, RR-KF2, ERA5, and NCEP R2 to calculate 

wind anomalies from 1986-2001 to examine the different low-level jets in the Central American 

region. 

2.2.2 Precipitation 

The Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS; Funk et 

al. 2015) v2.0 was analyzed from 1981-2023 to determine the onset dates of the WAM and CAM 

(specifically over Panama, Costa Rica, and Nicaragua) using the cumulative rainfall anomaly 

technique (Liebmann and Marengo 2001; Misra and DiNapoli 2014). CHIRPS uses in-situ rain 

gauge interpolated with the CHPclim 0.05° resolution satellite imagery to create a rainfall dataset 



8 
 

between 50°S-50°N (Funk et al. 2015). This dataset was chosen over others due to its 

incorporation of in-situ measurements and greatest temporal overlap with the reanalysis looked 

at in this study. 

For comparisons with RR-RAS and RR-KF2, the National Aeronautics and Space 

Administration’s (NASA) Integrated Multi-Satellite Retrievals for Global Precipitation Mission 

version 7 (IMERGv7) rainfall data was utilized. This dataset uses an algorithm to combine 

NASA’s Tropical Rainfall Measurement Mission (TRMM) satellite measurements from 2000-

2015 with the new NASA’s Global Precipitation Mission (GPM) measurements from 2014-

present. The rainfall data is available at a spatial resolution of 0.1° with a temporal resolution of 

30 minutes. Due to computational limitations, the IMERGv7 resolution was lowered to 0.25° and 

averaged to 6-hourly means to match the temporal resolution of the TEW datasets. 

Unlike IMERGv7 though, RR-RAS and RR-KF2 separates convective precipitation from 

total precipitation, and using the difference between total and convective rainfall, stratiform 

precipitation can be extrapolated from the model data as well. Therefore, the TEWs can be 

analyzed in terms of convective versus stratiform precipitation which can have implications on 

the heat profiles observed in the model simulations. Precipitation rates in the models were also 

linearly interpolated to 0.25° to match the spatial resolution of IMERGv7. 

2.2.3 Other Climate Variables 

 Additional variables from ERA5 such as 850 mb geopotential height, 700 mb relative 

humidity, and 200-850 mb bulk wind shear were correlated with the onset dates of the CAM and 

WAM along with the latitude and strength of the AEJ. This allows for environmental 

teleconnections to be established that could impact TEW tracks and structures along with 

cyclogenesis from TEWs (Emanuel 2022; Bercos-Hickey and Patricola 2025). 

2.3 METHODOLOGY 

2.3.1 Tropical Easterly Wave Tracking and Analysis 

 As stated earlier, an objective “trough” tracking algorithm from Belanger et al. (2017) 

was used to identify TEWs in RR-RAS, RR-KF2, ERA5, and NCEP R2 at 600 mb, 700 mb, and 

850 mb and is shown in Fig. 1. The algorithm uses the advection of curvature vorticity on a 2-D 
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wind field to track TEWs through a 4-step process. The first step is shown in Fig. 1a where a 2-D 

wind field is inputted. Shear, curvature, and relative vorticity are calculated for all years of 

analysis, and a climatology of curvature vorticity is created. In step 2, the curvature vorticity 

anomalies are calculated and smoothed through a 9-point Gaussian filter. TEWs are then 

identified in regions where the curvature vorticity anomalies exceeded the 70th percentile of the 

curvature vorticity climatology, the zonal wind is less than 2.5 m/s, and the advection of 

curvature vorticity anomalies is 0 s-2.  

 

Figure 1: A schematic of the objective algorithm used to track tropical easterly waves from 

Belanger et al. (2017). (a) 700 hPa wind field for 15 August 2008 at 00z with 700 hPa relative 

vorticity contoured for regions greater than 0 s-1. (b) 700 hPa curvature vorticity anomalies are 

contoured in color with the green contour showing regions where the advection of curvature 

vorticity anomalies is equal to 0-2. 

After all TEWs are identified, in part 3, trough axes are merged together depending on 

the overlap in curvature vorticity anomalies near TEW endpoints as seen transitioning from Fig. 

1c to Fig. 1d. The final step consists of removing any TEWs that did not last at least 2 days and 

had median propagation speeds outside -25 m/s to -2 m/s. For this study, TEWs were identified 

from 1986-2022 in ERA5 between 0°-30°N and 110°W-30°E and only for 1986-2001 in RR-

RAS, RR-KF2, and NCEP-R2 between 5°S-25°N and 100°W-70°W. It is also important to note 

that the 70th percentile of curvature vorticity climatology differs from Belanger et al. (2017) 

where the 66th percentile of curvature vorticity anomalies were utilized. This was due to 

computational issues loading in all the curvature vorticity anomalies across the 37 years analyzed 

in ERA5, and the 70th percentile ensured no negative threshold were utilized. A comparison of 

the two thresholds over shorter time periods yielded similar track densities. In addition, since this 

method was applied to RR-RAS, RR-KF2, ERA5, and NCEP-R2, the comparisons in TEW 

activity are still valid. 
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Figure 1 (cont.): (c) Curvature vorticity anomalies that exceed the threshold (5e-06 s-1 in this 

case) are shaded with tropical easterly wave troughs denoted by blue lines. (d) Tropical easterly 

wave trough progression after 12 hours from (c), valid for 15 August 2008 at 12z. 

 Track densities for each dataset and pressure level were analyzed using the 6-hourly 

centroid point of each TEW axis and calculated using the frequency of points in a 2° box. TEW 

wavelengths were calculated using a function from Belanger et al. (2017) which used a factor 

four scale to measure the TEW zonal extent based on the direction of the TEW propagation, and 

TEW amplitudes were computed using the distance between the wave centroid location and the 

northern most point. 925 hPa wind anomalies were also analyzed by extracting all the anomalies 

when TEWs were present in the Central American model domain (i.e., between 1°N-21°N and 

96°W-72°W) and compositing them together. To analyze TEW vorticity, a 5° box was utilized 

around the wave centroid point to calculate the areal relative vorticity before being averaged 

across the entire TEW lifespan. A 5° box was selected to ensure that just the wave trough was 

being incorporated into the calculations. Since the TEW datasets from the NCEI included mean 

trough-averaged relative vorticity, those were averaged across the TEW lifespan. To make this 

study more robust, only the TEWs that exceeded an average areal vorticity of 0 s-1 were analyzed 

in Chapter 4.1 when comparing the TEW performance in RR-RAS and RR-KF2 due to the areal 

vorticities being lower in the model than the reanalysis. In Chapter 4.2, unfiltered TEWs were 

examined along with filtered TEW track densities that removed TEWs with average areal 

vorticities of 1e-5 s-1. For the TEW precipitation analysis, a 10° box around each centroid point 
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was utilized to attribute precipitation to TEWs. Similar studies vary between what distance to 

attribute precipitation around a TEW axis with Dominguez et al. (2020) utilizing a 15° box based 

on the findings of Agudelo et al. (2011) and Hollis et al. (2024) using a 500 km radius around the 

wave center, so a consensus was applied in this study. 

2.3.2 Correlations 

 Correlation coefficients were calculated for TEW track densities, wavelengths, 

amplitudes, and areal averaged relative vorticities using the CAM and WAM onset dates 

calculated via CHIRPS and the seasonally averaged AEJ latitude and maximum zonal wind 

speed averaged over each May-November season from 1981-2023. To better visualize the 

differences in TEW structures between datasets, these correlations were made with probability 

density functions of the TEW wavelengths, amplitudes, and areal averaged relative vorticities 

normalized for each reanalysis based on their maximum probability of occurrence. This ensures 

comparisons are consistent as wavelengths, amplitudes, and vorticities vary across datasets and 

differing spatial resolutions. 

The statistical significance of these correlations was determined using a p-value test 

where p-values less than 0.05 represent 95% significance. Other correlations between ERA5 850 

mb geopotential height, 700 mb relative humidity, and 200-850 bulk shear with the monsoon 

onsets and AEJ variations were also calculated and used the same significance testing.   
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CHAPTER 3 

RESULTS 

The results of this study will be divided into 2 sections covering the analysis of the model 

simulations and the observations. 

3.1 Impact of Dynamical Downscaling on Tropical Easterly Waves 

 In this section, TEW track densities, wavelengths, amplitudes, and average areal relative 

vorticities in RR-RAS, RR-KF2, ERA5, and NCEP R2 will be discussed along with 925 mb 

wind anomalies when TEWs are present in the Central America model domain and May-

November precipitation percentages attributed to TEWs. 

3.1.1 Climatological Track Densities 

 We show in Fig. 2 the climatological frequency of TEWs at 600 hPa for May-November 

which incorporates the North Atlantic and East Pacific tropical cyclone seasons. ERA5 which is 

used as a validation dataset in Fig. 2a shows the highest frequency of TEWs at 10+ per year in 

the Panama Bight region and a broader region of more moderate activity (2-8 per year) across the 

domain on either side of the Central American isthmus. The NCEP R2 reanalysis in Fig. 2b 

conversely shows marginal TEW activity with a frequency of less than 2 per year across most of 

the domain. NCEP R2 also lacks TEWs around the ITCZ in the East Pacific where the maxima in 

ERA5 were located, indicating that the low resolution of NCEP R2 may have prevented the local 

generation of TEWs discussed in Rydbeck et al. (2017) and Whitaker and Maloney (2020). The 

downscaling of NCEP R2 in RR-RAS and RR-KF2 substantially increases the TEW activity 

(Fig. 2c,d), especially along the Pacific slope of Central America. In RR-RAS, the TEW 

frequency is 4-6 per year, while along the Caribbean coast it is ≤ 4 per year. In the RR-KF2 

simulation, the count of TEWs is well over 10 per year along the Pacific coast of Central 

America, while along the Caribbean coast it is ≥ 6 per year. Even though the more convective-

allowing RR-KF2 produced more TEWs, neither model runs were able to reproduce the TEW 

activity along the East Pacific ITCZ seen in ERA5. However, RR-RAS has a cold SST bias along 

the coastal oceans (not shown) which can produce weaker convection along the Pacific coast of 

Central America and less TEWs. This cold bias is improved in RR-KF2, allowing for more 
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generation of TEWs, but does not explain the lack of high TEWs over the open oceans. Another 

critical bias in both model simulations is terrestrial rain with higher rainfall amounts being 

generated over the Pacific slope of Central America than what is seen in IMERGv7 (not shown). 

This pulls the average ITCZ location in RR-RAS and RR-KF2 further north than what is 

observed in ERA5. 

Regardless, dynamical downscaling in RR-RAS and RR-KF2 did allow for in situ TEWs 

to form in the East Pacific compared to NCEP R2. By increasing the resolution, terrain-induced 

convection and gradients such as wind speed and temperature can be improved in the model 

simulations, allowing for more accurate representations of regional jets and instability. For 

example, not shown, NCEP R2 struggled in producing the negative potential vorticity gradient 

(i.e., barotropic instability) in the East Pacific between 2-4°N seen Torres et al. (2021) while it is 

present in ERA5, RR-RAS, and RR-KF2. This suggested that the present of barotropic instability 

near the Panama Bight is needed for downshear TEW growth from MCSs in the region. 

 

Figure 2: May-November average TEW track density at 600 hPa for (a) ERA5, (b) NCEP R2, (c) 

RR-RAS, and (d) RR-KF2 for 1986-2001. 
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 Fig. 3a shows the climatological frequency of TEWs at 700 hPa with maximum TEW 

frequency along Colombia’s Pacific coast and in the mid-ocean over northeastern Pacific along 

6°N latitude in ERA5. This TEW activity in ERA5 close to the equator appears to be associated 

with the secondary mid-level jet around 2°N mentioned in Torres et al. (2021), providing a 

source of barotropic instability, and the seasonally averaged location of the ITCZ. Like at 600 

hPa, RR-RAS enhances TEW activity around Central America (Fig. 3c) and is further enhanced 

in RR-KF2 (Fig. 3d). However, the activity at 700 hPa in the model runs is slightly lower than 

what was observed at 600 hPa while activity in ERA5 increased slightly. The spatial pattern of 

the frequency of TEWs in both RR-RAS and RR-KF2 are aligned with the Central American 

isthmus, with RR-KF2 showing greater activity over the isthmus and along the Pacific coast of 

Nicaragua and El Salvador, near the exit region of the PJ. Again, this reinforces the northern 

ITCZ bias present in the model simulations.  

 

Figure 3: May-November average TEW track density at 700 hPa for (a) ERA5, (b) NCEP R2, (c) 

RR-RAS, and (d) RR-KF2 for 1986-2001. 

 At 850 hPa, the Atlantic coast of Panama and Colombia show high TEW activity around 

11°N (in the vicinity of the CLLJ) extending to the southwest where a maximum of 26-30 TEWs 
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per year occur in Panama Bight region. Interestingly, ERA5 has another local maximum in TEW 

activity further north of 18°N in (Fig. 4a).  On the other hand, NCEP R2 continues to show 

insignificant TEW activity (Fig. 4b). However, only RR-KF2 (Fig. 4d) shows higher activity 

than NCEP R2, especially in the proximity of PJ across the Costa Rica-Nicaragua region, while 

RR-RAS (Fig. 4c) produced a similar number of TEWs to NCEP R2.  

 

Figure 4: May-November average TEW track density at 850 hPa for (a) ERA5, (b) NCEP R2, (c) 

RR-RAS, and (d) RR-KF2 for 1986-2001. 

Overall, from these figures, it is noticeable that the regional models can develop TEWs in 

the domain when the large-scale forcing from NCEP R2 had barely any such activity, suggesting 

the potential for local generation of these waves (Rydbeck et al. 2017; Whitaker and Maloney 

2020; Torres et al. 2021). It is important to note that neither RR-RAS nor RR-KF2 replicated the 

Caribbean TEW activity around 18°N found in NCEP R2. Furthermore, the regional models are 

unable to reproduce the comparatively high density of these TEWs in the Panama Bight region 

found in ERA5. This was an unrealistic outcome though as NCEP R2, used to initialize the 

model, lacked TEW activity in the East Pacific, so RR-RAS and RR-KF2 had to generate its own 
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TEWs through the barotropic instability enhanced by the higher resolution gradient in zonal 

wind speeds in the low-to-mid-levels. 

3.1.2 Wavelengths 

 The average probability distribution of wavelength of the TEWs at 600 hPa, 700 hPa, and 

850 hPa are shown in Fig. 5. Notably, ERA5 displays TEWs with wavelengths of approximately 

1700 km having the most probability at all three pressure levels while the wavelengths in NCEP 

R2 with the highest probability are between 2500-3000 km. However, NCEP R2 shows a wider 

distribution of TEW wavelengths compared to ERA5 at all pressure levels. In comparison, RR-

RAS and RR-KF2 show a shorter wavelength of TEWs of ~ 1300 km and ~1400 km with the 

highest likelihood, respectively. At 850 hPa, RR-RAS and RR-KF2 perform similarly. However, 

with decreasing pressure levels, RR-KF2 produces slightly wider wavelengths, closer to what is 

observed in ERA5. Both model simulations have narrower distributions compared to the 

reanalysis datasets though, indicating that RR-RAS and RR-KF2 struggle to capture the variance 

in TEW structure seen in reanalyses. 

 

Figure 5: Probability density function of May-November TEW average wavelengths at a) 850 

hPa, b) 700 hPa, and c) 600 hPa for 1986-2001. The ordinate represents the probability of the 

waves of a specific wavelength across the spectrum of wavelengths of the TEWs in the dataset. 

Overall, Fig. 5 suggests that the regional models tend to produce TEWs with shorter 

wavelengths more regularly than the global reanalysis of ERA5 and NCEP R2, which displays a 

broader distribution of wavelengths. It is important to note though that the measurement of TEW 
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wavelength is dependent upon the spatial resolution of the dataset analysis as the curvature 

vorticity anomalies are utilized in the calculations. 

3.1.3 Amplitudes 

 The average probability distribution of the amplitudes of the TEWs are shown in Fig. 6a-

c for the three pressure levels. ERA5 displays higher amplitude TEWs with a higher probability 

than RR-RAS, RR-KF2, and NCEP R2 at all three pressure levels. Again, the model simulations 

have a narrower distribution than the reanalysis, not capturing the variations in TEW structures. 

Interestingly, at 850 hPa and 700 hPa, RR-RAS and RR-KF2 have the same amplitude of 

maximum probability as NCEP R2, around 850 km. At 600 hPa though, the regional models 

produced distributions with higher average amplitudes than at 850 hPa and 700 hPa but still tend 

to underestimate higher amplitude and overestimate lower amplitude TEWs when compared to 

ERA5. Regardless, this is an improvement in TEW amplitudes produced through dynamical 

downscaling. 

 

Figure 6: Probability density function of May-November TEW average amplitudes at a) 850 hPa, 

b) 700 hPa, and c) 600 hPa for 1986-2001. The ordinate represents the probability of the waves 

of specific amplitude across the spectrum of amplitudes of the TEWs in the dataset. 

3.1.4 Low-level Wind Anomalies 

 In Fig. 7, the composite of the climatological 925 hPa wind anomalies when TEWs are 

present within the model domain at 600 hPa are shown. It is apparent from this figure that the 
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Central American monsoon gyre is reinforced by mid-level TEWs in the reanalysis datasets and 

regional models. However, the magnitude of the wind anomalies and the center of the gyre 

differs as sample sizes between datasets vary. For instance, in ERA5, the center of the gyre is 

located around 16°N and 93°W (Fig. 7a) while in NCEP R2 the location is slightly to the east 

around 89°W (Fig. 7b). Furthermore, in NCEP R2, the southern flank of the gyre shows more 

extensive and stronger wind anomalies than ERA5. Like the wavelength calculations, the 

difference in spatial resolution between ERA5 and NCEP R2 can influence the expanse and 

strength of the Central American gyre. Pivoting to the models, the wind anomalies are more 

intense on the eastward flank of the gyre in RR-RAS (Fig. 7c) compared to RR-KF2 (Fig. 7d). 

Spatially though, RR-KF2 places the gyre location closer to what is observed in the reanalysis. 

 

Figure 7: Average 925hPa wind anomalies (m/s) when TEWs are present in the regional model 

domain at 600hPa in a) ERA-5, b) NCEP-R2, c) RR-RAS, and d) RR-KF2 during May-

November from 1986-2001. 

Qualitatively, similar figures are obtained for wind anomaly composites at 925 hPa based 

on TEWs at 850 hPa and 700 hPa (not shown). Interestingly, when TEWs are present at 850 hPa 

in RR-RAS and RR-KF2, the PJ is 1.5-2.5 m/s stronger across Central America and into the East 
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Pacific. This is not seen in the reanalysis datasets. The ERA5 925 hPa anomalies were roughly 0 

m/s in the PJ while NCEP R2 has a weaker PJ of 1-1.5 m/s, completely opposite of the regional 

models. One of the reasons for this could be the northward location of the higher track density of 

TEWs in model simulations compared to ERA5 (cf. Fig. 4) which could lead to stronger height 

gradients across the Central American isthmus near the surface. It should be noted that several 

studies have suggested that interactions of the TEWs with monsoon troughs can lead to 

cyclogenesis, so modeling this gyre is of great importance (McBride and Zehr 1981; Molinari et 

al. 2000). Another reason could just be high resolution of the model simulations. The PJ has a 

meridional extent of approximately 2.5° which would permit only one point in NCEP R2 to 

capture the PJ while RSM-ROMS could simulate 18-19 points meridionally along the PJ. This 

can allow for an accurate depiction of wind speed gradients in the region, impacting the local 

vorticity budget and convection.  

3.1.5 Areal Relative Vorticity 

 In Fig. 8, we show the distribution of the relative vorticity in the trough axis of the TEW 

detected at 600 hPa, 700 hPa, and 850 hPa.  

 

Figure 8: Probability density function of May-November TEW trough-averaged relative vorticity 

at a) 850 hPa, b) 700 hPa, and c) 600 hPa for 1986-2001. The ordinate represents the probability 

of the vorticity across the spectrum of vorticity in all the troughs of the TEWs in the dataset. 

The distribution of vorticity is wider in ERA5 than what is found in NCEP R2 and the 

model simulations, especially at 600 hPa and 700 hPa. The NCEP R2 shows a comparable 
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distribution to ERA5 at 850 hPa, although the distribution is narrower in the mid-levels. Both 

RR-RAS and RR-KF2 display a far narrower distribution, favoring weaker vorticity values, than 

what is seen in ERA5 or NCEP R2. Furthermore, between the models, RR-RAS shows a slightly 

larger spread at 600 hPa while RR-KF2 displays a wider distribution of vorticity at 700 hPa and 

850 hPa. Overall, the regional models severely underestimate the average areal vorticity of 

TEWs when compared to the reanalyses. These distributions are consistent with the shorter 

wavelengths and amplitudes of the simulated TEWs compared to ERA5 shown earlier and 

weaker precipitation response discussed in the following sub-section. Physically, these findings 

make sense due to the methods used to calculate the areal relative vorticity favoring TEWs that 

are more amplified and extend further zonally (i.e., longer wavelengths). 

3.1.6 Precipitation Attributed to Tropical Easterly Waves 

 Fig. 9 shows the percentage of total precipitation (P) from TEWs at 600 hPa (computed 

by summing all precipitation observed within a 10° box around a TEW centroid point and 

dividing by the total precipitation across all May-November seasons) for ERA5, RR-RAS, and 

RR-KF2, respectively. In Fig. 9a, ERA5 displays the largest precipitation contribution from 

TEWs followed by that in RR-KF2 (Fig. 9b) and the least in RR-RAS (Fig. 9c). Even though 

RR-KF2 produces the same seasonal percentage as ERA5 across Nicaragua at 10-15%, the 

regional model severely underperforms observations, especially in the Caribbean Sea and in the 

East Pacific around 3-7°N. 

 

Figure 9: Percentage of May-November total precipitation attributed to TEWs present at 600hPa 

in a) ERA-5, b) RR-RAS, and c) RR-KF2. ERA5 uses IMERGv7 data from 2001-2022, and RR-

RAS and RR-KF2 use model output rain rates from 1986-2001. 
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A possible reason for this discrepancy between model simulations is the difference in 

convective precipitation rates. In further analyzing these contributions to total precipitation from 

the simulated TEWs, Fig. 10 shows the corresponding contribution of the convective (CP) and 

stratiform (SP) precipitation between the two models. Surprisingly, the contributions from both 

convective and stratiform precipitation in RR-KF2 are higher than in RR-RAS, indicating that 

RR-KF2 produces more rainfall overall attributed to TEWs, not just convective precipitation. 

 

Figure 10: Percentage of May-November (a, b) convective and (c, d) stratiform precipitation 

attributed to TEWs present at 600 hPa in (a, c) RR-RAS, and (b, d) RR-KF2. RR-RAS and RR-

KF2 use model output rain rates from 1986-2001. 

 These results further explain the stronger response of in situ generation of TEWs in RR-

KF2 compared to RR-RAS. Several earlier studies have indicated a coherent relationship 

between TEW activity and convection, which leads to some regions being preferred for TEW 

generation and cyclogenesis (Carlson 1969; Reed et al. 1977, Fink and Reiner 2003; Kiladis et 

al. 2006; Mekonnen et al. 2006; Thorncroft et al. 2008; Torres et al. 2021). Additionally, Torres 

et al. (2021) show that the in-situ generation of TEWs is very sensitive to the vertical profile of 

latent heating, with the heating associated with stratiform precipitation generating the strongest 
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response of TEW activity in the intra-Americas region followed by shallow convection then deep 

convection. Fig. 10 appears to be consistent with these findings, with RR-KF2 showing higher 

TEW activity and percentages of seasonal stratiform rainfall attributed to TEWs than RR-RAS. 

Similar seasonal precipitation percentage figures were produced for 700 hPa and 850 hPa along 

with the convective and stratiform percentages in the model simulations, and the results were 

similar across pressure levels with RR-KF2 outperforming RR-RAS. Overall, the regional 

models failed to come close to percentages seen in ERA5 and IMERGv7, expect over Nicaragua 

in RR-KF2. Again, this continues to show the difficulties that the regional models have with 

resolving marine precipitation and TEW activity. Precipitation analysis using NCEP R2 were not 

produced, but the lack of TEW in the East Pacific would have yielded similar results to what is 

seen in RR-RAS and RR-KF2, showing the limitations of dynamical downscaling on 

precipitation attributed to TEWs. 

3.2 Influence of the African Easterly Jet and Monsoons on Tropical Easterly Waves 

 This next section covers how TEWs in different reanalyses are impacted by the CAM and 

WAM onset dates and variations in the seasonal AEJ latitude and strength. Different 

environmental variables are also analyzed to determine teleconnections with these monsoonal 

and AEJ variations. 

3.2.1 Climatological Track Densities across Reanalyses 

 Fig. 11 shows the climatological frequency of TEWs at 700 hPa for May-November in 

ERA5 (Fig. 11a), CFS-R (Fig. 11b), ERA-Interim (Fig. 11c), ERA-40 (Fig. 11d), and NCEP-

NCAR. These frequencies are not filtered like the ones presented in Chapter 4.1. Across the 

reanalysis datasets, there is consensus of TEWs originating around 20°W and propagating across 

northern Africa and into the Atlantic where all datasets have a local maximum in activity near the 

west coast of Africa. ERA5 is an outliner in terms of this West Africa maximum and the northern 

track of TEWs over Africa when compared to the other reanalyses. Looking at the East Pacific, 

the ITCZ appears to be active in terms of TEWs across all datasets besides NCEP-NCAR which 

was also seen in NCEP R2 in Chapter 4.1.1. Interestingly, only the ECMWF reanalyses have 

another peak in frequency in the Panama Bight region. 
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Figure 11: Average May-November TEW track densities at 700 mb for (a) ERA5 from 1986-

2022, (b) CFS-R from 1979-2010, (c) ERA-Interim from 1979-2010, (d) ERA-40 from 1965-

2001, and (e) NCEP-NCAR from 1974-2010. 

 Using relative vorticity as a parameter of TEW intensity, the TEWs in Fig. 12 were 

filtered using an average trough-axis vorticity threshold of 1e-5 s-1. The results from this analysis 

are presented in Fig. 12. A considerable number of TEWs were removed across Africa and the 

Atlantic from ERA5 (Fig. 12a), ERA-Interim (Fig. 12c), and NCEP-NCAR (Fig. 12e) while 

CFS-R (Fig. 12b) and ERA-40 (Fig. 12d) retained a large fraction of their TEWs. Even though 

TEWs off the west coast of Africa were filtered from ERA-Interim, many East Pacific TEWs 

remained, showing only a slight decrease of approximately 3 TEWs per year. This was not seen 

in ERA5 where 6-9 TEWs per year were removed from the Panama Bight region. Overall, across 

the reanalyses, most of the TEW activity in the East Pacific ITCZ is stronger than the TEW 

propagating in the Main Development Region (MDR), and NCEP-NCAR dataset continues to be 

an outlier in terms of TEW frequency. 
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Figure 12: Average May-November TEW filtered track densities at 700 mb for (a) ERA5 from 

1986-2022, (b) CFS-R from 1979-2010, (c) ERA-Interim from 1979-2010, (d) ERA-40 from 

1965-2001, and (e) NCEP-NCAR from 1974-2010. TEWs are filtered by including only waves 

that exceed 1e-5 s-1. 

 Unfiltered and filtered climatological frequencies of TEWs for May-November were also 

analyzed at 600 hPa and 850 hPa (not shown). The results from those pressure levels did not vary 

from 700 hPa, except for ERA5 at 850 hPa producing excessive TEW activity over northern 

Africa around 20°N and in the Bay of Campeche. 

3.2.2 African Easterly Jet Latitude 

 Correlating the average May-November AEJ latitude with the unfiltered track densities of 

TEWs at 700 hPa yielded intriguing results seen in Fig. 13. Except in the NCEP-NCAR 

reanalysis (Fig. 13e), statistically significant correlations over northern Africa were nonexistent. 
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This hints towards TEW propagation and generation over Africa being independent of the AEJ 

position. This cannot be stated for other regions though. 

 

Figure 13: Correlation between average May-November AEJ latitude and the unfiltered May-

November TEW track densities at 700 mb for (a) ERA5 from 1986-2022, (b) CFS-R from 1981-

2010, (c) ERA-Interim from 1981-2010, (d) ERA-40 from 1981-2001, and (e) NCEP-NCAR 

from 1981-2010. The black dots represent regions with p-values less than 0.05. 

 In the western Caribbean Sea, there are regions of positive correlations (i.e., higher AEJ 

latitude = higher TEW frequency) in ERA5 (Fig. 13a), CFS-R (Fig. 13b), ERA-Interim (Fig. 

13c), and NCEP-NCAR. Though the significance of these correlations is not consistent across 

the reanalyses, it is interesting to see such a distant teleconnection. Looking to the East Pacific, 

though statistical significance is lacking, there is a band of negative correlations (i.e., lower AEJ 

latitude = higher TEW frequency) in all datasets except NCEP-NCAR. This dipole structure of 

TEW correlations between the Caribbean and Pacific sides of Central America is apparent in 
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ERA5, CFS-R, and ERA-Interim. To potentially explain these teleconnections, correlations 

between the AEJ latitude and 850 hPa geopotential height, 700 hPa relative humidity, and 200-

850 hPa bulk shear were produced. Fig. 14 yielded robust results showing 850 hPa geopotential 

height and 200-850 hPa bulk shear having statistically significant positive correlations over the 

East Pacific, indicating that a lower AEJ latitude leads to lower heights and less wind shear over 

that region. These conditions are favorable for convective organization and TEW generation 

along with TC intensification. In contrast, there are robust negative correlations for bulk shear 

over the Caribbean Sea which points to less wind shear with a higher AEJ latitude. This bulk 

shear teleconnection pattern is nearly identical to what is seen from the El Nino-Southern 

Oscillation (ENSO) over the Caribbean Sea and East Pacific, and correlating the seasonally 

averaged AEJ latitude and Oceanic Nino Index (ONI) yielded a statistically significant negative 

correlation (r = -0.4031). 

 

Figure 14: Correlation between average May-November AEJ latitude and (a) 850 hPa 

geopotential height, (b) 700 hPa relative humidity, and (c) 200-850 hPa bulk shear in ERA5 from 

1981-2023. Only regions with p-values less than 0.05 are contoured. 

 Even though the track and frequency of TEWs over Africa are unaffected, the structure of 

TEWs are impacted by the latitude of the AEJ. Correlating the probability density functions of 

TEW amplitudes over Africa and the Atlantic (i.e., 5°N-20°N and 75°W-30°E) with the average 
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AEJ latitude, Fig. 15 displays a strong signal across all datasets, despite the lack of significance 

in ERA5 at 850 hPa (Fig. 15a) and ERA-40 at 700 hPa (Fig. 15b) and 600 hPa (Fig. 15c). The 

AEJ being displaced to the south leads to weaker average TEW amplitudes across all datasets 

and pressure levels while a northern AEJ produces more amplified TEWs. This pattern cannot be 

seen when TEWs are analyzed over Central America (i.e., 2°N-20°N and 100°W-75°W), 

potentially due to the modification of TEWs as they propagate across the Atlantic or recurvature 

in track away from the region. 

 

Figure 15: Correlation between average May-November AEJ latitude and the probability density 

functions of unfiltered TEW average amplitudes over the Atlantic and West Africa for each May-

November season normalized using the amplitude at the maximum average probability for each 

dataset. The black asterisks represent normalized amplitudes with p-values less than 0.05. 

 Since the amplitude of waves are related to the curvature vorticity in the trough axis, the 

average areal vorticity of TEWs should match the amplitude correlations. Fig. 16 shows the 

correlations between the average areal vorticity of TEWs in each reanalysis dataset over Africa 

and the Atlantic and the average AEJ latitude. Though the correlations are weak at 850 hPa (Fig. 

16a) and did not match the amplitude findings, the same pattern can be seen at 700 hPa (Fig. 

16b) and 600 hPa (Fig. 16c) with 3-4 of the reanalyses having statistically significant negative 

correlations at weaker vorticities and positive correlations for stronger vorticities. Therefore, a 

northern AEJ can lead to TEWs with higher amplitudes and stronger relative vorticities across 
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Africa and the Atlantic. These TEWs can then strength once they propagate across the Atlantic 

into the Caribbean Sea where less bulk shear is present. 

 

Figure 16: Correlation between average May-November AEJ latitude and the probability density 

functions of unfiltered TEW average trough-axis relative vorticity over the Atlantic and West 

Africa for each May-November season normalized using the relative vorticity at the maximum 

average probability for each dataset. The black asterisks represent normalized relative vorticities 

with p-values less than 0.05. 

3.2.3 African Easterly Jet Strength 

 Correlating the seasonally averaged AEJ maximum zonal wind speed with the TEW track 

densities did not produce any robust patterns across the datasets. However, there were some 

interesting correlations to the environmental parameters. Fig. 17 shows that a stronger AEJ leads 

to less bulk wind shear over West Africa but drier conditions in the mid-levels. This is contrasted 

over the subtropical Atlantic with a weaker AEJ having the same environmental impact. 

However, these conditions counteract each other in terms of TEW intensification which could 

explain the lack of significant deviations from the average track densities observed over Africa 

and the Atlantic. The only other statistically significant region is the strong negative correlation 

seen over the ITCZ region of the East Pacific, translating to a stronger AEJ resulting in higher 

700 hPa relative humidity values. Not shown, CFS-R, ERA-40, and NCEP-NCAR did have 

negative track density correlations over the East Pacific, but consistency in statistical 

significance was not present. 
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Figure 17: Correlation between average May-November AEJ maximum zonal wind speed and (a) 

850 hPa geopotential height, (b) 700 hPa relative humidity, and (c) 200-850 hPa bulk shear in 

ERA5 from 1981-2023. Only regions with p-values less than 0.05 are contoured. 

 Similarly, analyzing TEW structures did not yield robust results. The only variable to 

have the same pattern of correlations is TEW amplitude. Fig. 18 displays the correlations 

between probability density functions of TEW amplitudes over Central America and the 

seasonally average of the AEJ maximum zonal wind speed. Though most of the correlations are 

not statistically significant, there is a consensus across the pressure levels that a weaker AEJ 

supports shorter TEW amplitudes while a stronger AEJ leads to more amplified TEWs over 

Central America. These correlations are not reflected in the areal relative vorticity correlations 

which were seen with the seasonally averaged AEJ latitude (not shown). In addition, this does 

not align with the findings in Fig. 17 with a weaker AEJ correlated with higher mid-level 

moisture over the East Pacific, supporting TEW intensification. Overall, May-November 

averaged AEJ strength does not have a strong impact on the track and structure of TEWs across 

Africa, the Atlantic, and East Pacific. AEJ strength does influence mid-level relative humidity 

and 200-850 hPa bulk shear inversely over Africa and the MDR, limiting the impacts of AEJ 

strength on TEW intensification and cyclogenesis from TEWs. 
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Figure 18: Correlation between average May-November AEJ maximum zonal wind speed and 

the probability density functions of unfiltered TEW average amplitudes over Central America for 

each May-November season normalized using the amplitude at the maximum average 

probability for each dataset. The black asterisks represent amplitudes with p-values less than 

0.05. 

3.2.4 Central American Monsoon Onset Date 

 Out of the two monsoonal variations analyzed, the CAM onset dates have the greatest 

regional correlations with TEW features. Fig. 19 shows the correlations of the CAM onset dates 

with the filtered climatological frequency of TEWs at 700 hPa. There are two distinct regions of 

correlations that stand out: northeast of the Leeward Islands and the western Caribbean Sea. Near 

the Leeward Islands, there are strong negative correlations in CFS-R (Fig. 19b), ERA-Interim 

(Fig. 19c), and ERA-40 (Fig. 19d) and weaker negative correlations in ERA5 (Fig. 19a) and 

NCEP-NCAR (Fig. 19e). Negative correlations relate that an earlier CAM onset leads to more 

frequent TEWs in that region. Stronger TEWs in the MDR region are usually more influenced by 

the steering of the North Atlantic subtropical high (NASH) as the extent and edge of the ridge 

determines the location and timing of TEW recurvature over the Atlantic. Therefore, the 

variations of the NASH could be correlated with the onset of the CAM, indicating a covariation. 

Moving onto the western Caribbean Sea and southern Gulf of Mexico, statistically significant 

negative correlations are present in ERA5, CFS-R, and ERA-Interim. These same correlations 

are seen in NCEP-NCAR but lack significance. A plausible reasoning for these relationships is 
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the CAM onset influences the intensity of the Central American gyre over the region, leading to 

local TEW generation on the north and east sides of the gyre. 

 

Figure 19: Correlation between CAM onset dates and the filtered May-November TEW track 

densities at 700 mb for (a) ERA5 from 1986-2022, (b) CFS-R from 1981-2010, (c) ERA-Interim 

from 1981-2010, (d) ERA-40 from 1981-2001, and (e) NCEP-NCAR from 1981-2010. The 

black dots represent regions with p-values less than 0.05. 

 Next, the environmental parameters were correlated with the CAM onset dates and are 

shown in Fig. 20. The seasonally averaged NASH is influenced by the onset of the CAM with 

statistically significant positive correlations over much of the Atlantic and Caribbean Sea north 

of 10°N, translating to an earlier onset with lower 850 hPa geopotential height. The theory about 

the Central American gyre also appears to be true with robust negative correlations between the 

CAM onset and 700 hPa relative humidity present over the western Caribbean Sea into the East 

Pacific. Negative correlations mean that earlier onsets produce higher levels of mid-level 
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moisture. Looking at 200-850 bulk shear, there are also statistically significant positive relations 

in the Caribbean Sea, indicating an earlier onset of the CAM is linked with lower wind shear 

over the region. Therefore, the environment in the western Caribbean is prime for TEW 

generation and intensification with lower background heights at 850 hPa, higher 700 hPa relative 

humidity, and lower 200-850 hPa bulk shear when the CAM season starts early. Shifting back to 

the region northeast of the Leeward Islands, there is also a region of strong negative correlations 

in terms of 700 hPa relative humidity which, along with the weaker NASH, would support the 

intensification of recurving TEWs in the MDR. 

 

Figure 20: Correlation between the CAM onset date and (a) 850 hPa geopotential height, (b) 700 

hPa relative humidity, and (c) 200-850 hPa bulk shear in ERA5 from 1981-2023. Only regions 

with p-values less than 0.05 are contoured. 

 Surprisingly though, when examining TEW structures in relation to the CAM onset, no 

significant pattern arose across the datasets. This means that the CAM does not impact TEW 

structures the way that the seasonally averaged AEJ latitude did. It’s important to note though 

that the correlations seen in Fig. 15 and Fig. 16 are likely linked to ENSO rather than the AEJ 

latitude as when correlating the seasonally averaged ONI index from May-November with the 

variations analyzed, only the AEJ latitude provided a statistically significant correlation. The 

WAM onset dates were also examined, but no robust correlations could be established in terms of 
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the seasonal frequency of TEWs or their structures. In addition, the WAM onset dates had little 

significant impact on the environmental parameters, even over Africa and the MDR.  
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CHAPTER 4 

CONCLUSIONS 

In this study, TEWs were simulated by dynamically downscaling a low-resolution reanalysis 

dataset, and TEW frequency and structure correlations were established with the seasonal AEJ 

variations and monsoonal onsets. 

4.1 Dynamical Downscaling 

 The RSM-ROMS model was utilized to downscale NCEP R2, and improvements in the 

simulation of TEW frequency were seen in the RCM with 3-7 more TEWs being generated along 

the Pacific coast of Central America than what was observed in NCEP R2. Since TEW activity in 

the East Pacific was nonexistent in NCEP R2, most of these TEWs produced in RSM-ROMS had 

to form locally in the region. A key difference between RSM-ROMS and NCEP R2 is the 

presence of barotropic instability near the Panama Bight region. NCEP R2 does not resolve this 

gradient between 2-4°N near a mid-level jet off the coast of South America while RSM-ROMS 

can. This region of barotropic instability is crucial in the downshear growth of MCSs into TEWs 

seen in the region. The cumulus parameterization applied in RSM-ROMS was also influential on 

TEW generation as seen in RR-RAS and RR-KF2. Using a more convectively allowing 

parameterization like KF2 yielded more identifiable TEWs at all pressure levels and produced a 

more realistic Central American gyre when TEWs were present across the Central American 

model domain. Regardless of parameterization though, the RSM-ROMS model underestimated 

TEW activity near the equatorial latitudes in the East Pacific that were observed in ERA5 and 

struggled with accurately simulating terrestrial rainfall, the ITCZ position, and the typical TEW 

structures that are seen in reanalysis datasets. Overall, simulated TEWs had shorter average 

wavelengths and weaker average areal vorticity at all pressure levels than what was seen in 

ERA5 and NCEP R2. This could be partially explained by the highest density of TEWs in the 

regional model simulations being further north than the more equatorial locations in ERA5. At 

these higher latitudes, the Rossby radius of deformation is smaller, leading the regional models 

to possibly produce TEWs of shorter wavelengths, but this argument breaks down with NCEP 

R2. The probability density functions of wavelength, amplitude, and vorticity in RR-RAS and 

RR-KF2 were also narrower than what was seen in the reanalyses, showing that RSM-ROMS is 
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not capturing the variance of TEW structures seen in observations which is a limitation of 

dynamical downscaling. 

In terms of seasonal precipitation, both model simulations underestimated what was 

observed in ERA5 and IMERGv7, especially over the maritime regions. RR-KF2 was able to 

match the 10-15% of May-November rainfall attributed to TEWs over Nicaragua seen in ERA5 

and IMERGv7 at 600 hPa which was not replicated in RR-RAS. It is important to note though 

that the seasonal precipitation percentages attributed to TEW activity was highest at 600 mb in 

RR-RAS and RR-KF2 while at 850 mb in ERA5. This is related to the fact that the model 

simulations produced more mid-level TEWs than in the low levels which aligns with what was 

observed in NCEP R2. This shows another flaw of dynamic downscaling. Increasing the spatial 

resolution of a dataset can improve the simulation of gradients and fluxes but does not remove 

the inherent biases of the reanalysis used. Shifting to the convective and stratiform precipitation 

attributed to TEWs, RR-RAS struggled to have TEWs produce widespread convective and 

stratiform precipitation, limiting to what was observed to over the continent. In RR-KF2, TEWs 

produced higher seasonal convective and stratiform precipitation percentages than RR-RAS, 

extending further over the maritime region around Central America, showing a huge 

improvement between cumulus parameterizations. This could support more downstream TEW 

development as discussed in Torres et al. (2021) which showed that a stratiform heating profile 

favors TEW generation. Future work should investigate the profiles of latent heating in RSM-

ROMS versus ERA5 to determine why TEW development is favored at 600 hPa in RR-RAS and 

RR-KF2 rather than at 850 hPa. In addition, enhancements need to be made to RSM-ROMS to 

reduce the terrestrial rain bias observed to better simulate seasonal TEW rainfall. 

4.2 Observational Analysis 

 The climatology of TEW track densities relied heavily on the reanalysis dataset and its 

spatial resolution, especially when using an objective algorithm like the one utilized in this study 

(Belanger et al. 2017). Generally, across the 5 reanalyses analyzed, there are two identifiable 

local maxima in TEW activity: near the west coast of Africa and the ITCZ region of the East 

Pacific. Though not seen in NCEP-NCAR, the local generation of TEWs near the Panama Bight 

region appears in ERA5, ERA-Interim, ERA-40, and CFS-R which is consistent with Rydbeck et 

al. (2017), Whitaker and Maloney (2020), and Torres et al. (2021). Filtering the TEW track 
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densities by areal averaged relative vorticity yielded varying results between reanalyses with 

ERA5, ERA-Interim, and NCEP-NCAR losing a significant number of their TEWs. This issue, 

again, goes back to the reanalysis used as there are inconsistencies in the models used to produce 

and assimilate the data along with the lower resolution data being smoothed, removing 

mesoscale features. Therefore, filtering TEWs by a single threshold across datasets may not be 

an applicable technique to analyze TEWs, and percentiles may be a more accurate method. 

  Looking at the correlations between TEW track densities and environmental parameters, 

the average May-November AEJ latitude and the onset of the CAM produced the most robust 

results. Both the AEJ latitude and CAM influences the frequency of TEW in the Caribbean Sea 

through impacting 850 hPa height patterns, 700 hPa relative humidity, and bulk shear in the 200-

850 hPa level. A northerly AEJ supports more TEWs in the Caribbean Sea, especially near 

Central America, as wind shear over the region is lessened due to the higher heights in the East 

Pacific region, weakening the CLLJ. An early onset of the CAM also supports more TEW 

activity in the same region as the weaker NASH lessens the CLLJ and wind shear over the 

Caribbean Sea along with enhance mid-level moisture from the active Central American gyre. 

These conditions support TEW intensification as these correlations were strongest when using 

the filtered TEW track densities. Despite these statistically significant correlations, the CAM 

onset and the latitude of the AEJ are influenced by other climate modes. The seasonally averaged 

AEJ latitude is negatively correlated with ENSO which is beneficial for seasonal forecasts since 

ENSO has low variance on higher temporal scales when compared to the AEJ. Additional 

analysis is needed to determine the extent of the NASH’s influence on the CAM system. 

However, since the onset of the CAM can be determined by May, this parameter can be 

beneficial in determining where tropical cyclogenesis will be favored during May-November. 

Beyond TEW frequency, variations in the AEJ strength and latitude does influence TEW 

structure over the Atlantic and East Pacific. Even though no robust correlations between TEW 

frequency and AEJ latitude were established across the reanalyses over Africa and the Atlantic, 

TEW amplitudes in these regions are highly impacted by the latitude of the AEJ. A northward 

displacement of the seasonally averaged AEJ supported more amplified TEWs across Africa and 

the MDR while a southerly AEJ hampered meridional development of TEWs. This correlated to 

areal averaged relative vorticity as well with a northerly AEJ producing stronger vorticity values 
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in the trough axis while a southerly AEJ led to weaker TEWs. This was also partially seen with 

seasonally averaged AEJ maximum zonal wind speed as a stronger AEJ generated stronger 

TEWs in terms of areal vorticity and weaker TEWs with a weaker AEJ. Therefore, the ideal 

conditions for TEWs with greater areal vorticity would be a stronger, northerly AEJ which 

typically occurs when there is above average convection over the Sahel region in the presence of 

an enhanced Saharan air layer, enhancing the temperature gradient across northern Africa 

(Bercos-Hickey et al. 2020). The CAM and WAM onsets did not have any pronounced impact on 

TEW structures that were seen across the reanalyses.  

Future work in terms of observational analysis of TEWs should focus on testing these 

correlations found in this study with alternative tracking methods used to identify TEWs. If these 

TEW relationships, especially the CAM onset and AEJ latitude/ENSO, can be validated by other 

tracking techniques, seasonal forecasts of TCs and regional precipitation can be improved as 

these conditions are easily identifiable by the beginning of the Atlantic hurricane season.  
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