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ABSTRACT
Understanding tropical climatology is essential to comprehending the atmospheric connections
between the tropics and extratropical latitudes weather and climate events. In this review
paper, we emphasize the advances in key areas of tropical climatology knowledge since the
end of the 20th century and offer a summary, assessment, and discussion of previously
published literature. Among the key areas analyzed here, we explore the advances in tropical
oceanic and atmospheric variability, such as El Nifio — Southern Oscillation and the Madden-
Julian Oscillation, and how those teleconnection events have helped us to better understand
variabilities in tropical monsoons, tropical cyclones, and drought events. We also discuss new
concepts incorporated into the study of tropical cyclones, such as rapid intensification, and how
those studies are evolving and helping scientists to better prepare and predict hurricanes.
Regarding tropical aerosols, we discuss how satellite-based dust detection has improved the
comprehension of Saharan dust as a driver of drought in locations far from the dust source
region while simultaneously altering tropical cyclone variability. Finally, our review shows that
there have been significant advances in tropical hydroclimatic studies in order to better
investigate monsoons, flooding, and drought, helping scholars of tropical climatology to better

understand its extreme events.

Keywords: Tropical Climate; Tropical Cyclones; Saharan Air Layer; Teleconnections; Tropical
Hydroclimatology

1. Introduction

The global tropics (i.e., those locations with a tropical climate) have proven a focal point
of research over the most recent 30 years, with even defining the tropics being an active area of
scholarship in itself. Historically, climate scientists have designated the tropics as regions located
between the Tropic of Cancer (23.5° N) and the Tropic of Capricorn (23.5° S), an identification
based on the annual maximum zenith angle of incoming solar radiation. However, recent studies
have discussed a potential expansion of the region by 1° to 3° of latitude in each hemisphere
(Lucas et al. 2014), while several others have proposed additional criteria to define the tropics
based on the location, temperature, or precipitation variability (Feeley and Stroud, 2018; Gamero-
Salinas et al., 2020; Vale and Vale, 2017; Val et al., 2005). For the purposes of this review, we
refer to “the tropics” as the traditional zonal band between 23.5°N/S (Figure 1). Though more

sophisticated definitions could be employed, this simple latitude-based framework acts as a
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pragmatic 'lowest common denominator' as we aggregate a large diversity of scholarly work

spanning multiple decades for this review.

The Global Tropics
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Figure 1. The global tropics as defined for the purposes of this review.

With over 75% of the tropics being covered by marine environments, placing in-situ
instrumentation in these environments proved unfeasible (Eyre et al. 2020). For the early half of
the 20" century, the discipline of climatology made few advances in the tropics. While rapid growth
in knowledge was ongoing in the mid-latitudes, the lack of in-situ data coming from tropical
locations made studies difficult. In the early 1920’s, Walker (1924) understood the interannual
seesaw between eastern and western tropical Pacific sea-level pressure, but it was during the
second half of the 20™ century that our knowledge of tropical climatology began to rapidly improve
with the advancement in satellite technology. In 1960, TIROS-1 launched, giving scientists the
first satellite imagery of Earth (Hubert 1961). The subsequent launches of the first meteorological
research satellite (Nimbus-1), operational weather satellites (ESSA-1), geostationary weather
satellites (ATS-1), and temperature sounders (Nimbus-3) in the 1960s presented the first
opportunity to investigate the global tropics on climate timescales (Hubert and Whitney 1971).

Over the subsequent decades, the diversity and amount of satellite and remotely sensed
data have exponentially grown. In addition to improved data fidelity, the 1970s included some of
the first studies to assimilate satellite data into numerical weather prediction (NWP) and climate
models (Ohring 1979). Assimilating these data led to improved predictions, most notably in the

tropics where little data was available at the time. This decade also marked the beginning of the
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routine production of atmospheric motion vectors (AMVs) from geostationary satellites (Hubert
and Whitney 1971). AMVs allowed for observing winds in the global tropics, in some cases,
measuring winds where no observations had ever been recorded. This enabled research to be
conducted on the kinematic fields of the global tropics for the first time.

The 1980s and 1990s experienced rapid growth in the complexity, resolution, and
assimilation experimentation of satellite data. In the 1980s, several experiments showed marked
improvements in NWP forecasts leading to longer-range predictability typically with the largest
improvements over the Southern Hemisphere and global oceans (Boer 1985). During the 1990s,
modeling groups around the world began introducing increasingly sophisticated data assimilation
schemes as 3- and 4-dimensional variational assimilation became possible with the rapidly
improving computational hardware (Eyre et al. 2020). Simultaneously, improvements in AMVs
continued as the data intervals on retrievals shortened and new channels became routinely
available (Schmetz et al. 1993). One area of the tropics where these improvements were most
impactful was for monitoring winds around tropical cyclones (Schmetz et al. 2000). The 1990s
also marked the beginning of modern atmospheric reanalysis, leveraging the rapidly improving
modeling capabilities with the exponentially increasing in-situ and satellite data availability. These
reanalysis datasets represent the discipline's efforts to harness the modern advantages of NWP,
data assimilation, and in-situ data (Kalnay et al. 1996), which is reflected in the increase in

scholarly works focused on the formerly data-sparse tropical regions (Figure 2).
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Figure 2. Google Scholar key term search results for (A) “El Nino-Southern Oscillation,” (B)
“Madden-Julian Oscillation,” (C) “tropical cyclone,” (D) “Saharan dust,” and (E) “monsoon” binned

by 5-yr increments between 1981 and 2020.

The research and development of modern data assimilation and remotely sensed data
have culminated in the 215t century with a vast array of spatially and temporally consistent
datasets with information as early as 1950. These developments have been greatly aided by the
continued improvement in computational hardware and have led to multiple global reanalysis
datasets from the global atmospheric modeling enterprise. Modern reanalysis datasets, such as
ERAS5 from ECMWEF, are now available at spatial resolutions as high as 0.25°x0.25° and hourly
temporal resolutions (Hersbach et al. 2020). ERA5 has greatly improved the ability to resolve
tropical circulations, including the better representation of tropical cyclones and even tropical
convective updrafts (Hoffmann et al. 2019). Additionally, multi-sensor gridded observation
datasets have become available globally, such as the Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS) available for the last 35+ years (Funk et al. 2015).

Therefore, the tropical atmosphere can now be studied with numerous datasets for a wide
continuum of temporal and spatial resolutions. These advancements in data assimilation and data
fidelity have unlocked unlimited possibilities for the tropical climate research community. In this
review paper, we focus on reviewing the main advancements that have occurred and new
concepts that emerged in selected key areas of tropical climatology since the end of the 20th
century. Starting from the larger scale events to more regional and then local events we discuss
the advancements in ocean-atmosphere variability, tropical cyclones, tropical aerosols, as well

as tropical hydroclimate, and how they have helped us better understand the region’s climate.

2. Oceanic and Atmospheric Variability

The tropics are mostly covered by oceans, which makes the understanding of ocean
patterns and variability fundamental to understanding the tropical climate. In this section, we will
review the advancements made in the recent decades to better comprehend two important modes
of oceanic and atmospheric variability that affect the tropics: El Nifio-Southern Oscillation and

Madden-Julian Oscillation.

2.1. El Nifio-Southern Oscillation
The EI Nifio-Southern Oscillation (ENSO) is one of the most highly publicized and currently

well-known teleconnections that occur in the equatorial Pacific. However, it was just recently that
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a more in-depth discussion on ENSO diversity and variability started (Figure 2a). ENSO is a
coupled atmosphere-ocean pattern identified by anomalies in sea-surface temperature (SST) in
the equatorial Pacific Ocean and in sea-level pressure between west and east Pacific Ocean,
which starts around December (Trenberth 1997). In the 1980’s, studies investigating the event
found that most often SST anomalies were the strongest in the Eastern Pacific (EP) Ocean close
to the South American coast (Cane 1983), and in time this region (the Nifio 3 region as it came to
be known) became the one used by many scientists when discussing ENSO (Giannini et al.
2001b). As more research regarding ENSO emerged in the 21t century, and new combined
satellite and in-situ analysis improved the SST reconstruction (Smith and Reynolds 2004), studies
found that at times the SST anomalies occurred closer to the Central Pacific (CP) (Ashok et al.
2007; Larkin and Harrison 2005). This led to the use of the Nifio 3.4 region to represent ENSO,
which encompasses regions closer to the Central Pacific (Jury et al. 2007).

Following that, a consensus on two different types of ENSO has emerged, known as EP
and CP ENSO, and further research has provided more details about this “ENSO diversity”
(Capotondi et al. 2020, 2015; Kao and Yu 2009; Timmermann et al. 2018; Mo 2010). An Eastern
Pacific (EP) type has its main SST anomaly development in the eastern Pacific, and mainly covers
the Nifio 1+2 and Nifio 3 regions (Kao and Yu 2009). The positive phase of EP ENSO, known
commonly as El Nifio or warm phase, is the “canonical’ type, or the pattern that many authors
associate with the term “El Nifio” (Cane 1983; Giannini et al. 2000). The Central Pacific (CP) type
has an SST anomaly centered over the central Pacific Ocean, near the date line, and covers the
Nifio 3.4 and Nifio 4 regions (Kao and Yu 2009). Meteorologists are beginning to recognize the
difference between the atmospheric circulations and features associated with each type of ENSO.
In addition to the different location of SST anomalies, some studies suggested that the seasonal
evolution also differs. During EP events, SST anomalies usually appear in the eastern Pacific
during boreal spring and expand to the west during the summer and fall. With CP events, the
anomalies expand west during boreal spring and summer (Capotondi et al. 2015).

Comprehending different ENSO types and effects allowed tropical climate studies to
investigate the rainfall variability within the tropics. Overall, there is tendency for the Caribbean to
be drier than normal during EP El Nifio years during the late rainfall season (LRS, August-
November). However, different effects during their early rainy season (ERS, April-July) varied
from either registering a positive SST anomalies that could result in more convection and rainfall
or indicating that ENSO has a weak connection with ERS variability (Giannini et al. 2001b; Jury
et al. 2007; Martinez et al. 2020). CP EIl Nifo years related stronger with drought in the Lesser
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Antilles Caribbean from December—July, while the relationship between the two types of ENSO
and the Greater Antilles was not found (Moraes et al. 2022).

Advancements in understanding ENSO improved the knowledge about hydroclimatic
variability of tropical mountains and forests. The interannual variability in precipitation and
temperature, caused by ENSO, was discovered to have a greater influence on the carbon cycle
over tropical rainforests than incoming surface solar radiation (Nagai et al. 2007). Years of El Nifio
(La Nifia) connected to negative (positive) anomalies in rainfall, river discharges, and soil moisture
in the Colombian Andes, considered one of the hotspot regions for biodiversity in the world
(Poveda et al. 2011). In the Amazon forest, CP La Nifia events presented connections that
explained changes in flood magnitude and duration, while EP ENSO has not presented significant
changes (Towner et al. 2021).

Another fundamental understanding allowed by the recent advances in ENSO diversity
knowledge was its effect on worldwide tropical cyclone (TC) activity. ENSO’s modulation of the
atmosphere and the ocean directly affects large-scale conditions that are linked to TC
development: vertical wind shear, humidity, atmospheric pressure, SST, upper-ocean heat
content, etc. Several studies discussing how El Nifio years make TC frequency and intensity
above normal in Western, Central and Eastern North Pacific, while reducing TC development in
the North Atlantic and the North Indian Ocean (Patricola et al., 2022; Lin et al. 2020; Girishkumar
et al., 2021; Camargo and Sobel, 2005).

2.2. Madden-Julian Oscillation

The Madden-Julian oscillation (MJO) was first documented in 1971 (Madden and Julian
1971, 1972). Since then, it has been largely determined to be a dominant intraseasonal forcing of
variability in the tropical atmosphere (Zhang 2005) and has emerged as an increasing focus of
tropical research (Figure 2b). This subseasonal atmospheric circulation typically propagates
easterly (~5 ms™') and induces strong, deep convection in the ascending branch (“active phase”)
of the circulation whilst producing subsidence in the descending branch (Madden and Julian 1971;
Zhang 2005). More recent advances in our understanding of the MJO were driven by advances
in satellite, in-situ, and reanalysis data (Jiang et al. 2020). The MJO exhibits significant variability
in forward propagation speeds, leading to irregular periodicity between active phases. These
irregularities lead to a range in its period from 30-60 days and create difficulties in resolving this
overturning circulation in modern long-range weather and climate models (Jiang et al. 2020).
Advancing our modeling capabilities of the MJO will be of critical importance for long-range hazard

prediction in the coming decades (Vitart et al. 2017).
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Perhaps one of the most important frontiers of recent tropical climate research is the
understanding of how the MJO influences weather and climate patterns both in the tropics and
extratropics. Research was quick to acknowledge the co-located impacts of the active phase of
the MJO with convective and stratiform rainfall in the tropics (e.g. (Morita et al. 2006; Cho et al.
2004; Masunaga et al. 2006; Benedict and Randall 2007) with the advances made in satellite
detection of tropical rainfall. Additionally, the discipline has made significant strides in
understanding the relationships between the MJO and global tropical cyclone activity, tracks, and
intensity (Barrett and Leslie 2009; Singh et al. 2021; Balaguru et al. 2021; Chand and Walsh 2010;
Aberson and Kaplan 2020; Lee et al. 2018). The active phase of the MJO drives anomalous
upper-level divergence where precipitation is enhanced and tropical cyclogenesis preferentially
occurs. As the active phase propagates eastward, with a 30-60 day periodicity, so does the

envelope of enhanced cyclogenesis potential (e.g. Maloney and Hartmann 2000). Meanwhile, the

suppressed phase of the MJO is punctuated by subsidence driven by convergent upper-level
winds.

However, the most recent advances in MJO research have extended our knowledge of
how the MJO influences weather and climate distant from the tropics. As the active branch of the
MJO initiates deep convection, it drives large diabatic latent heat and advects planetary vorticity
poleward which can excite responses in the Rossby wave train and mid-latitude westerly jet
streams (e.g., Seo and Lee 2017; Bladé and Hartmann 1995; Jin and Hoskins 1995; Tseng et al.
2019; Knutson and Weickmann 1987; Hoskins and Karoly 1981). Thus, these impacts on Rossby
waves lead to important downstream impacts on circulations in the mid- and high-latitudes. MJO-
influenced rainfall has also been studied outside of the tropics (Zheng et al. 2018; Guan et al.
2012; Donald et al. 2006; Liang et al. 2022; Schreck 11l 2021; Rondanelli et al. 2019). Generally
speaking, these studies indicate that the active phase of the MJO can release significant latent
heat and can cause anomalous geopotential height anomalies and/or generate Rossby waves in
the mid-latitudes, thereby altering mid-latitude westerly jets (Knutson and Weickmann 1987).
These alterations can drive hydroclimatic variability including flooding and drought (e.g. Liang et
al. 2022).

The MJO has also been shown to influence the frequency and timing of severe
thunderstorms and tornadoes in North America (e.g., Gensini and Guenni 2019; Gensini and
Marinaro 2016; Gensini et al. 2019, 2020; Miller et al. 2022; Barrett and Gensini 2013; Thompson
and Roundy 2013; Moore and McGuire 2020; Tippett 2018; Barrett and Henley 2015). MJO-
induced Rossby wave trains are generated in response to the advection of potential vorticity

poleward from the tropics to the mid-latitudes which results in alterations to atmospheric
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circulation and changes to the probability and frequency of severe convective systems (Stan et
al. 2017). Further, the MJO has been documented to alter atmospheric river activity in the mid-
latitudes which subsequently influences extreme precipitation events (e.g., DeFlorio et al. 2019;
Mundhenk et al. 2018; Zhou et al. 2021; Toride and Hakim 2021; Huang et al. 2021; Baggett et
al. 2017). The physical mechanisms responsible for these alterations are primarily related to the
MJO-induced Rossby wave trains generated by the active phase of MJO (Stan et al. 2017). The
downstream effects of the MJO are not limited to the mid-latitudes as polar regions can also be
influenced by the MJO through feedback on sea ice variability (Henderson et al. 2014; Lee and
Seo 2019).

While many of these studies have analyzed the MJO in isolation, recent studies have
examined the interactions between other climate oscillations and the MJO. In particular, the
interactions between MJO and the background ENSO climate state are becoming more well
understood (Riddle et al. 2013; Johnson et al. 2014; Arcodia et al. 2020; Hoell et al. 2014). Similar
research is being conducted investigating the interactions between the MJO and the Pacific-
Decadal Oscillation (Dasgupta et al. 2020), North Atlantic Oscillation (Lin et al. 2021; Skinner et
al. 2022; Shao et al. 2019; Barnes et al. 2019), Indian Ocean Dipole (Wilson et al. 2013; Benedict
et al. 2015), and the Arctic Oscillation (Song and Wu 2019). In general, these studies have found
that the MJO can accentuate or dampen climate oscillations depending on the phasing and
magnitude of MJO. For example, strong MJO activity dampens the atmospheric branch of ENSO.
During weak MJO conditions (compared to strong MJO conditions), ENSO-associated tropical
precipitation anomalies increase by 63% and the strength of hemispheric teleconnections
increases by 58% (Hoell et al. 2014). This provides evidence of MJO’s ability to modify midlatitude

teleconnections as well as tropical precipitation.

3. Tropical Cyclones

Tropical cyclones (TCs) occur within the tropical and subtropical environments. While
these events have long led lead to catastrophic damages when interacting with land, studies
engaging these features have increased significantly during the last several decades (Figure 2c).
In this section, we explore the latest advancements in understanding TC intensity and frequency,

track and intensity forecasting, observed trends, and future expectations.

3.1 Tropical Cyclone Occurrence and Intensity

TCs are low-pressure, warm-core weather systems typically born over tropical waters.
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We know there are approximately 80 TC events across the globe annually, but there is not a
theory to explain why (Sobel et al. 2021). The community relies on NWP, but vast improvements
must be made to be solely reliant on these models. Idealized simulations help to better understand
genesis processes, or those processes that turn a TC “seed” into a full-blown TC (Sobel et al.
2021). However, resolving “seed” frequency does not resolve the issue of whether TC frequency
is controlled by the environment or the statistical background weather, and regional climate
responses influence TC activity far more than global responses (Emanuel 2022). The global
number of TC days and the accumulated cyclone energy (ACE) are closely linked with ENSO and
the Atlantic Meridional Mode (AMM). La Nifia and positive AMM are associated with the bottom
percentile of TC metrics and the opposite is true for El Niflo and negative AMM (Patricola et al.
2022).

Recent advancements focus on understanding why intensity changes within a TC, as well
as the mechanisms leading to rapid intensification (i.e., 30-knot increase over 24 hours), and the
major controls on global/regional TC frequency. Intensity changes within TCs occur from both
internal and external processes (Hendricks et al. 2019). Internal changes come from eyewall
instability and eyewall replacement cycles, where it is common for mature TCs to develop
secondary eyewalls and induce weakening as the inner eyewall weakens and dissipates (Lai et
al. 2019). Spiral rainband dynamics also force internal intensity changes due to diabatic heating
related to convective processes (Moon and Nolan 2010). Inner-core mixing processes leading to
asymmetries within the core (Yang et al. 2007) and interactions between the TC and the ocean
influencing energy fluxes (Shen and Ginis 2003) also force internal intensity changes.

External changes come from interacting with the underlying ocean (DeMaria and Kaplan
1994), vertical wind shear (Ting et al. 2019), trough interactions (Molinari et al. 1995), and dry air
intrusion from the Saharan Air Layer (Luo and Han 2021). Storms are modulated through the
Pacific Decadal Oscillation, ENSO, and MJO (Hendricks et al. 2019). Recent improvements in
reconstructed SST and reanalysis datasets revealed the connection between observed increases
in ocean temperatures and increases in expected maximum wind speeds throughout the Atlantic
basin (Trepanier 2020), and the expectation of rapid intensification in pre-monsoon season in the
Arabian Sea and Bay of Bengal (i.e., North Indian Ocean) (Wang et al. 2022).

TC rapid intensification (RI) and the processes leading to it are still poorly understood.
Recent advancements in understanding are due, in large part, to the improvement and availability
of satellite data and closer monitoring of each individual event throughout its lifecycle. It is known
that RI events are influenced by upper tropospheric troughs. In general, Rl is associated with

upper troughs with short zonal wavelengths, environments with less ventilation of the TC core,

10
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and anomalously high convective activity within the inner core (Fisher et al. 2019). In the North
Atlantic, annual Rl events are increasing and their peak occurs in September followed by August,
with the onset typically beginning west of 85°W (Benedetto and Trepanier 2020). Globally,
intensification rates are increasing, and storm environments are becoming more favorable for
intensification (Bhatia et al. 2022). RI occurrence in the eastern Pacific is impacted by ENSO
phase, and both EI Nifio and La Nifa (not neutral) lead to a westward shift in RI occurrence late
in the TC season, increasing the threat of extreme weather to East Asia (Guo and Tan 2021).
Forecasting RI continues to prove the most challenging (DeMaria et al. 2021). Research
continues in the hopes of identifying the mechanisms leading to RI through spatiotemporal data
mining (Li et al. 2022), linking western North Pacific Rl modulation to the Antarctic Oscillation,

and identifying higher ice water content in Rl events versus non-RI events (Wu et al. 2020).

3.2 Forecasting Tropical Cyclones

Forecasting TCs is important for continued coastal protection. Different techniques used
include statistical (Gray 1984a, b), dynamical (Vitart and Stockdale 2001), or a hybrid of both
(Vecchi et al. 2011). Forecasts are provided globally (Maclachlan et al. 2015, Williams et al. 2015)
or regionally (Camp et al. 2015), for the full or subseason (Kuleshov et al. 2009), or for individual
event track (Roy and Kovordanyi 2012) and intensity (Cangialosi et al. 2020). Recent advances
in modeling focus on incorporating oscillation patterns and extratropical influences to forecast
TCs. Subseasonal TC prediction focuses on the MJO, equatorial waves, and
extratropical/baroclinic influences (Camargo et al. 2019). Real-time Atlantic seasonal forecasts
increase in skill as the season progresses (Klotzbach et al. 2019). By August, models are able to
predict North Atlantic basin-wide TC activity. In the western North Pacific, skill is best in July for
predicting intense typhoons, as well as the ACE index (Klotzbach et al. 2019). Modeling the MJO
is important and is typically done through multi-model ensemble experiments, however skill
depends greatly on choice and whether or not the model allows for extratropical influence.
Extratropical-tropical interactions are a source of predictability, but modeling these relationships
is still in its infancy (Camargo et al. 2019). Dynamic models need to improve at modeling ENSO
because boreal spring is a predictability barrier for anticipated changes in the upcoming TC
season as a product of ENSO phase (Klotzbach et al. 2019).

Regional warning and operational forecast centers have made significant improvements
to forecasting TC tracks using NWP models. Predictions are offered using global or regional
models and ensemble prediction models. Track forecast error has been minimized, but

communication concerns still remain as many in the public do not understand uncertainty (Heming

11
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et al. 2019). Intensity forecasting saw little improvement from the 1970s to 2000s (Cangialosi et
al. 2020), but since 2010, there has been a reduction in intensity forecast error and an increase
in intensity forecast skill as a product of the Hurricane Forecast Improvement Project in 2008, the
creation of consensus aids (e.g., intensity variable consensus model), and Rl guidance. The
Statistical Hurricane Intensity Prediction Scheme model incorporated a Rl index in 2001 and
treated it as a classification problem (i.e., non-Rl vs. Rl). While it helps intensity forecasting, there
have not been any recent advances in false alarm rates, suggesting that Rl forecasting needs to
improve (Cangialosi et al. 2020). Slocum et al. (2023) provides added skill to the 12—48-hour TC
forecasts by incorporating geostationary lightning mapper data, which, until recently, did not have
enough years of data to incorporate into modeling processes.

Machine learning use is growing in all forecast types — genesis (Kim et al. 2019), track
(Giffard-Roisin et al. 2020), intensity (Xu et al. 2021), and TC rainfall (Liu et al. 2021) . While
promising, TCs are difficult to predict as they are complex, dynamic, and are easily influenced by
environmental variables. Machine learning fails to predict TCs in a stable manner as it is detached
from physical rules, and instead relies on rules hidden in the data (Chen et al. 2020). Training
data for machine learning requires ample observations, but TC data are still sparse, making it
difficult to rely on machine learning for forecasting (Wang and Li 2023). Machine learning has not
been fully exploited nor incorporated all multi-source data, so there is room for forecast
improvements (Chen et al. 2020). Those in the private sector call for 3-4 weeks lead time for
seasonal changes or individual events, which is difficult for current modeling groups (Camargo et

al. 2019), so forecasts often do not fit industry timelines.

3.3 Tropical Cyclone Trends

TC behavior is expected to change in a warming climate. Major advancements in the
recent decades are focused on understanding regional frequency and intensity changes, as well
as how to best represent TCs in global climate models. Frequency changes are anticipated, but
results are inconclusive. Using two methods, a probabilistic model and a statistical-deterministic
method to downscale TCs, Jing et al. (2021) find expected increases in frequency with one

(hybrid) but not the other (probabilistic). Both produce more intense TCs, but not necessarily more
of them. TC frequency is shown to decrease at both global and regional scales when using 20"

century reanalysis data (Chand et al. 2022). In particular, TC numbers are expected to decrease
in the Southern Hemisphere, especially in the South Indian Ocean (Roberts et al. 2020). The
tropics are expanding on the planet, and with that expansion, TC intensity rate has increased by

0.5° latitude per decade (i.e., poleward shift) (Studholme et al. 2022). This is due to changes in
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the favorability of baroclinic non-traditional TC genesis, along with polar amplified ocean warming
(Studholme et al. 2022). This migration is most notable in the North Atlantic and western and
eastern North Pacific (Tennille and Ellis 2017; Lee et al. 2020). Wang and Toumi (2021) also
show the distance of maximum intensity to coastal locations is decreasing by about 30 km per
decade. This, paired with a westward shift in maximum intensity, might be driven by global zonal
changes in environmental steering (Wang and Toumi 2021).

It is difficult to represent TCs in global climate models due to the relatively short historical
record of observations (Roberts et al. 2020), and varying climate scenarios or model choices lead
to changes in expectations. Generally, all studies suggest an increase in global intense TCs.
Lifetime maximum surface winds are expected to increase by 5%, and the global proportion of
storms that reach the highest categories will increase by 13% (Knutson et al. 2020). All basins
but one (Eastern Australia) suggest increased severe landfalling TCs since the late 1800s
(Knutson et al. 2019). The fraction of major TCs and Rl rates are highly dependent upon modeled
frequency, making it difficult to ascertain expected changes (Lee et al. 2020). However, the
expectation is mean lifetime maximum intensities, the fraction of storms undergoing RI, and the
fraction of major TCs will increase. The average lifetime maximum intensity distribution is
expected to increase in all basins, but for some, it is a product of decreasing frequency of weak
events, and in some it is related to an increasing frequency of the most intense TCs (Lee et al.
2020). Translation speed, or the forward speed, of TCs is expected to reduce, though the reasons
for this are still unknown (Lee et al. 2020, Knutson et al. 2020) and results are still being debated.
TCs are threatening due to high winds, but also from storm surge and heavy rainfall. Levels of
inundation from storm surge are expected to increase as a product of rising sea levels (Knutson
et al. 2019; Knutson et al. 2020). Land use changes and increases in population across the
coastline will exacerbate this increase. Median TC precipitation across the globe is expected to
increase by 14%, close to the rate of tropical water vapor increase (Knutson et al. 2020), with

even higher increases expected in the Texas (U.S.) region (Knutson et al. 2019).

4. Tropical Aerosol Emissions, Transport, and Climate Interactions

Catalyzed by the launch of new earth-observing satellites in the early 2000s, both the
knowledge of, and interest in, aerosol emissions and transport in the global tropics has advanced
considerably since the 1990s (Figure 2d). While atmospheric aerosols is a broad term (e.g.,
Tegen 2003) that encompasses everything from volcanic ash to urban pollution to biogenic
particulates (e.g., pollen), this section primarily engages the largest annual single source of

natural aerosols on the planet: the Sahara. Spanning from the south face of the Atlas Mountains
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to 16°N (Tucker et al. 1991), the Sahara emits 800 Tg yr' of mineral dust aerosols (Huneeus et
al. 2011). While some of its dust is advected poleward into southern Europe (Israelevich et al.
2012; Papayannis et al. 2008; Sajani et al. 2011), a much larger fraction is blown westward
through tropical latitudes (Kok et al. 2023), where it interacts with the Atlantic Ocean’s main
development region (MDR) (Xian et al. 2020) as a well-known influence on tropical cyclogenesis
and intensification (Dunion and Velden 2004; Luo and Han 2021). Saharan dust transport
continues towards the Americas until it dissipates in common destination regions such as the
Caribbean basin (Miller et al. 2021) and Amazon rainforest (Barkley et al. 2022), though it
regularly reaches locations as distant as the Southeast U.S. (Aldhaif et al. 2020; Li and Wang
2022). Given its dominant role in terrestrial aerosol emissions (Kok et al. 2021), and its far-ranging
climatic effects in distant tropical locales (McKendry et al. 2007), this review of tropical aerosols

will focus on advances in Saharan dust research.

4.1 The Saharan air layer

Rather than referring to the Sahara’s dust aerosols in isolation, climate scientists typically
describe their transport in conjunction with its enveloping hot, dry air mass: the Saharan air layer
(SAL). The SAL’s origin in Saharan Africa is fundamental to its thermodynamic evolution. Not only
is the SAL imbued with the hot, dry character of the Sahara, but it mobilizes a large amount of
mineral dust into the air mass as it is advected westward over the desert. Once embedded within
the SAL, the terrestrial dust further modifies the thermodynamic profile through radiative
interactions, termed the aerosol direct effect (e.g., Tegen and Lacis 1996). Via direct radiative
effects, Saharan mineral dust absorbs solar radiation, increasing the air temperature where it
resides and creating a strong stabilizing layer which impedes the transition to deep, moist
convection and heavy precipitation (Dunion and Velden 2004; Rosenfeld et al. 2001). When the
warming is pronounced, secondary atmospheric circulations can develop, altering cloud patterns
and further perturbing the radiation budget, a process termed the “semi-direct effect” (Hansen et
al. 1997; Miller and Tegen 1999).

Occupying the altitude between ~1.5-6 km (Weinzierl et al. 2017), the SAL transports
westward 25-37 million tons of dust annually with the journey toward Barbados normally lasting
5-7 days (Prospero and Carlson 1972) and as long as 10 (Jung et al. 2013). Soundings during
SAL events are 50-60% drier than a typical moist tropical sounding between 700-500 hPa
(Dunion 2011) with mixing ratios as low as 2—7 g kg™ (Prospero et al. 2021). Additionally, the dry
SAL air, when entrained into nascent updrafts, further stabilizes rising parcels by evaporatively

cooling cloud water (Powell 1990). SAL dust aerosols can also inhibit rainfall via microphysical
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processes (Dagan and Chemke 2016; Dagan et al. 2015a; Dagan et al. 2015b). In some settings,
the abundance of nuclei can be detrimental to precipitation processes by preventing cloud
droplets from growing to precipitation-efficient radii (Rosenfeld and Gutman 1994) and enhancing
hydrometeor evaporation rates.

Though Saharan dust plumes were observed as early as 1833 by Charles Darwin (1846),
a full appreciation for their large-scale transport into neotropical biomes did not occur until the late
1960s (Delany et al. 1967; Parkin et al. 1967). However, even while knowledge of Saharan dust
transport advanced following its initial discovery in Barbados (Prospero 1968), its Saharan origin
was mostly inferred by its mineral composition (Prospero et al. 2021). Primitive satellite imagery
in the early and mid-1970s permitted limited back trajectory analysis that revealed the dust
outbreaks were indeed originating over the Sahara (Carlson and Prospero 1972).

Whereas tropical aerosol studies in the 1960s and 1970s largely required in-situ data
collection, the advancement of aerosol retrieval algorithms for new remote sensing instruments,
such as the Advanced Very High-Resolution Radiometer (AVHRR) in the 1980s (Nagaraja Rao
et al. 1989) and the launch of the Moderate Resolution Imaging Spectroradiometer (MODIS) in
the late 1990s (Kaufman et al. 1997), democratized its research in the late 20th century. However,
it was not until the 1990s and 2000s that enough daily observations had accumulated to permit
studies from a geographical climatological perspective. Additionally, the development of
atmospheric chemistry-enabled reanalysis (e.g., Gelaro et al. 2017), as well as thermodynamic
proxies for the Saharan air layer (e.g., Galvez and Davison 2016), have fueled an increase in the
number of retrospective climatological analyses of tropical aerosol trends, their effects on
hydroclimate, and their role in the earth’s radiation budget (e.g., Grogan and Thorncroft 2019;

Prospero er al. 2020; Ramirez-Romero et al. 2021; Sun et al. 2019).

4.2 Saharan dust transport trends

On a global scale, mineral dust mass loadings have increased by 55 + 30% since the pre-
industrial era, largely driven by increases in North Africa and Asia (Kok et al. 2023). While aerosol-
resolving reanalysis like NASA’s Modern-ERA Retrospective Analysis, version 2 (MERRA-2)
(Gelaro et al. 2017) only extend to the beginning of the satellite era, their period of record still
reveals multidecadal patterns in Saharan dust advection. Using the integrated column-total dust
mass flux [analogous to the integrated vapor transport used to define atmospheric rivers
(Chakraborty et al. 2022; Chakraborty et al. 2021)] entering the eastern Caribbean, Figure 3
shows a decline in the integrated flux from 1981-2000 followed by a rebound during the early 215t

century.
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Figure 3. Integrated column dust flux (g m™ s™) over the region shown in the bottom left
inset versus time. Zonal and meridional dust fluxes were accessed from the “tavg1_2d_aer Nx —
2D” product series within the MERRA-2 dataset and the mean areal vector magnitude was
computed as described in Chakraborty et al. (2021). Integrated dust fluxes over the eastern the
eastern Caribbean were averaged over 5-yr bins for consistency with Figure 1.

Within the SAL-dominated zone (Figure 3), Saharan dust intrusions toward the eastern
Caribbean are occurring increasingly earlier in the year (Zuidema et al. 2019), encroaching
deeper into the hydrologically critical ERS. In Puerto Rico, the early rainfall season (ERS, April-
July), accounts for the majority of the variance in annual rainfall, meaning that years with a dry
ERS typically finish as drought years, and years with a wet ERS generally end up being pluvials
(Miller et al. 2019a). Thus, earlier and more intense dust intrusions into the eastern Caribbean,

as occurred in 2015 and 2020, may have serious hydroclimatic consequences for the region.

4.3 Notable SAL events and their effects on tropical hydroclimate

A staple feature of its regional climate, the SAL is most active in the eastern Caribbean
during summer (Meng et al. 2017) and contributes to its mid-summer drought (Angeles et al.
2010). In 2015, a dust pulse arrived in the basin in early May, with a steady dust flux maintained
thereafter. During April-May 2015, which usually initiates the ERS, rainfall deficits quickly accrued
during the SAL outbreak, and by its end, the 2015 April-July period was the driest such 4-month
span on record at Luis Mufioz Airport in San Juan. Importantly, while Mote et al. (2017) showed
that periods of high April-July dust concentrations were significantly negatively correlated with
concurrent Puerto Rico precipitation between 1999-2015, neither the dust loadings (Mote et al.
2017), nor droughts were associated with ENSO phase (Torres-Valcarcel 2018). A similar

scenario unfolded in June 2020 when media outlets across North America and the Caribbean
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were captivated by the arrival of a large Saharan dust plume, popularized as “the Godzilla dust
cloud” (Francis et al. 2020; Yu et al. 2021). This SAL was plainly visible on satellite imagery and
resulted in physical irritation and respiratory distress for many residents of the Caribbean
(Morales-Medina et al. 2020). The intensity of this event was clearly evident as it blocked the view
of Puerto Rico’s popular tourist areas and reduced the air quality over the southern U.S. (Yu et
al. 2021). Meanwhile, press outlets in coastal regions noted that the large plume of dust would
temporarily suppress an active 2020 Atlantic hurricane season (e.g., Dunion and Velden 2004;
Reale et al. 2011) that had already witnessed three named storms and one U.S. landfall.
Advances in SAL-drought research in the Caribbean has been aided by the development
of proxy tools for the SAL’s presence (Miller and Ramseyer 2020; Mote et al. 2017). As described
above, aerosols exert radiative effects on the thermodynamic environment on the largest scales
and microphysical effects of cloud development on the smallest scales. Because the radiative
effects would be expected to intensify as dust loadings increases, Caribbean drought analyses
work has increasingly leaned on a recently developed operational convective forecasting index
that captures the static stability introduced by the SAL: Galvez-Davison Index (GDI) (Galvez and
Davison 2016). During the historic 2015 drought, Mote et al. (2017) detected a strong agreement
between the intensity of dust aerosol loadings over the tropical north Atlantic and depressed
values the GDI is an effective tool for establishing the sequence of dust to stability to drought

(e.g., Miller and Ramseyer 2020; Miller et al. 2019a; Ramseyer et al. 2019).

5. Tropical Hydroclimate

Seasonal and interannual precipitation variability is linked to extremely wet and dry periods
in the tropics. Understanding some of the atmospheric mechanisms linked to those events was
possible recently with the advances in datasets, modeling, and satellites. In this section, we will
explore how those improvements are solidifying our knowledge about tropical hydroclimate events

such as monsoons, flooding, and drought.

5.1. Monsoons

Monsoons were historically considered regional variations in precipitation, connected to
shifts in sea-breezes and their relationship with the landscape. At the beginning of the 215 century
several advancements in satellites, climate models, and paleoenvironmental proxies allowed a
better understanding of monsoons and a new theoretical framework emerged (Figure 2e),

discussing monsoons as a global event directed by global atmospheric overturning and variations
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in the Intertropical Convergence Zone (ITCZ), which affects seasonal precipitation patterns in the
tropics and subtropics (Geen et al. 2020; Seth et al. 2019). The early 2000’s advances in general
circulation models also shifted a long-held elementary belief regarding the role of landmass in the
origin of monsoonal events, affirming that it can be replaced by ocean of high SST (Chao and
Chen 2001). The development of a new monsoon index, called dynamical normalized seasonality
(DNS), has also emerged in the last few decades and it helped to explain seasonal and
interannual variability of different monsoon regions (Jianping and Qingcun 2003).

Advances in climate models and projections also helped to better understand past and
current monsoons, as well as predict future events. A coupled ocean—atmosphere general
circulation model (FOAM) allowed the reconstruction of the response of the global monsoons to
mid-Holocene orbital forcing that is consistent with paleoenvironmental observations, indicating
changes in the North American monsoon, the northern Africa monsoon, the Asia monsoon, the
northern Australasian monsoon, the South America monsoon, and the southern Africa monsoon
(Liu et al. 2004). The Norwegian Earth System Model (NorESM1-F) allowed scientists to analyze
the northward migration of the tropical Asian monsoon from the early Eocene to the late Eocene
(Zhang et al. 2023), while the CMIP6 multi-model ensemble was used to understand extreme
rainfall changes in Bangladesh under climate change scenarios from now until 2100 (Das et al.
2022). Moreover, coupled climate models indicate that a redistribution of precipitation from spring
to summer is projected in northern and southern monsoon regions (Seth et al. 2011).

High-resolution global climate models and regional models also provided new perceptions
on North and South American monsoons and their relationship with climate change, showing an
expected reduction in precipitation in both Americas and a southward shift of the South American
Monsoon (Pascale et al. 2019). International programs, such as the Monsoon Experiment South
America (MESA), the North American Monsoon Experiment (NAME), and the Large Scale
Biosphere Atmosphere Experiment in the Amazon Basin (LBA), have supported the recent
progress in understanding the behavior and variability of the American monsoon systems in order
to comprehend their key components, variability, their role in the global water cycle, as well as
their relationship with climate change (e.g., Boers et al. 2013; Marengo et al. 2012; Vera et al.
2006).

Improvement in both ENSO and monsoons areas of study in the recent decades has
explored their relationship and, in the case of the American monsoons, dependence on ENSO,
reinforcing the connections between tropical oceanic-atmospheric events (Arias et al. 2015; Chen
et al. 2019; Fu et al. 2016; Hrudya et al. 2020; Paik et al. 2020). The new findings suggest that
different types of ENSO have different effects on the East Asian monsoon (Chen et al. 2019),
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while it modulates spatial and temporal variability of the Indian summer monsoon rainfall (Hrudya
et al. 2020). Global monsoon tends to be weaker and drier in the summer during El Nifio—like

equatorial eastern Pacific warming (Paik et al. 2020).

5.2. Flooding

While tropical cyclones and monsoonal circulations have been well-documented
producers of extreme precipitation events in the tropics and subtropics, there have been advances
in our understanding of the continuum of flood producing systems that exist in the low-latitude
regions. Much of this understanding has been acquired through studies utilizing satellite-derived
precipitation estimates from programs such as the Tropical Rainfall Measuring Mission (TRMM;
(Huffman et al. 2007)) and the Global Precipitation Mission (GPM; (Skofronick-Jackson et al.
2017)).

Mesoscale convective systems (MCS) are a leading driver of flood events throughout the
tropics (Roca and Fiolleau 2020). Tropical MCS have been shown to be more intense over land
than ocean surfaces, which produces higher rainfall rates than the shallower convection typical in
marine environments (Liu 2011). MCS over land exhibit more diurnal variability, leading to
potentially extreme precipitation in the afternoon with the threat decreasing overnight (Liu 2011).
Over 90% of tropical rainfall is produced by MCS over both land and marine surfaces, providing
motivation for further exploring the contributions of MCS to tropical flooding (Roca and Fiolleau
2020).

While MCS have been shown to contribute the bulk of tropical rainfall, they have also been
shown to produce some of the most intense rainfall leading to flooding. Long-lived MCS have
been shown to be the most hazardous with MCS with a lifespan of 24h being responsible for 40%
of all 250 mm/day rainfalls over land surfaces despite being <5% of the occurrences (Roca and
Fiolleau 2020). Precipitation events of that intensity lead to significant and devastating impacts
on tropical societies, agriculture, ecosystems, estuaries, soils, and freshwater supplies e.g (Zhao
et al. 2005; Gao and Yu 2017; Das et al. 2011; Marengo and Espinoza 2016; Parolin and
Wittmann 2010; Brokaw and Crowl 2012). Early evidence suggests that climate change has
already had an impact on increasing Sahelian MCS extreme precipitation events (Taylor et al.
2017).

The future climate change impacts on MCS driven flooding events is still an active area of
research as climate models have historically had difficulty in resolving the microphysics, intensity,
timing, and spatial coverage of MCS (Rossow et al. 2013; Prein et al. 2015; Roca and Fiolleau

2020). The two other primary sources of extreme tropical rainfall originate from monsoonal
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circulations and tropical cyclones. These flood producers tend to be better resolved in the
numerical modeling schemes and thus, there is higher confidence in the climate change impacts
on them. Exposure to tropical cyclone flooding has increased over the last 70 years and is
expected to increase into the future (e.g., Zhu and Quiring 2022; Gori et al. 2020). Similarly,
extreme rainfall from monsoons has been shown with high confidence to have increased over the
last few decades with human exposure to these floods being exacerbated by rapid urbanization
in regions under the influence of monsoonal circulations (Wang et al. 2021). Nearly all future
projections of monsoonal extreme rainfall indicate climate change will further intensify and

increase the frequency of flooding events (Wang et al. 2021)

5.3. Drought

Drought is considered a normal feature of climate and is linked to physical conditions of
negative anomalies of moisture levels, which could be deficits of precipitation, streamflow or
groundwater, or low soil moisture compared to their expected normal values (Gamble et al. 2017;
Pandey et al. 2010). Previous studies vary significantly regarding the methods they use to define
drought, with some focusing more on meteorological drought, while others mixed one or two types
of droughts (e.g., hydrologic, agricultural, and socioeconomic droughts) (Gamble et al. 2017;
Wilhite 2000). Flash drought has also been documented in tropics, highlighting the intense
drought forcing that can exist in these environments (Ramseyer and Miller 2023).

Much of the research conducted on tropical drought in the last three decades has been
driven by a need to understand drought variability and how it impacts tropical ecosystems. The
global tropics are home to the highest biodiversity on the planet, with many species of plants and
animals evolving to survive in a narrow climatic envelope (Raven et al. 2020; Aguirre-Gutiérrez et
al. 2020). A robust relationship between tropical drought and ENSO has been documented in
many tropical locations (Neelin et al. 2003; Lyon 2004; Moraes et al. 2022). More recently, MJO
has been identified as a driver of extreme droughts throughout the tropics, including East Asia (Qi
et al. 2021; He et al. 2021), India (Joseph et al. 2009; Saith and Slingo 2006), Central America
and the Caribbean (Perdigén-Morales et al. 2019; Zhao et al. 2019), South America (Rodrigues
et al. 2019; Shimizu et al. 2017), and Africa (Finney et al. 2020; Ochieng et al. 2022).

Understanding the sources of inter- and intra-seasonal forcing is critical for improving
drought prediction in the tropics. Stakeholders in the tropics, including farmers and ranchers, have
expressed the importance of improved drought prediction, particularly droughts with rapid onset
(Mercado-Diaz et al. 2023). In addition to ENSO and MJO, local SST anomalies more broadly

have been diagnosed as an important drought driver in the tropical Americas (Giannini et al.
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2001a), Sahel (Lu and Delworth 2005), and Amazon Rainforest (Zeng et al. 2008). There are a
number of regional-specific drought forcing mechanisms. In the Caribbean, specific humidity
deficits (Ramseyer and Mote 2016), increased wind shear (Ramseyer and Mote 2018), increased
SAL intrusions (Mote et al. 2017; Miller et al. 2021; Miller and Ramseyer 2020), atmospheric-
landscape relationship (Miller et al. 2019b; Moraes et al. 2023a), and anomalous subsidence
(Ramseyer and Miller 2021) have all been documented as contributors to drought. In the Amazon
basin, drought is primarily forced by the SST-anomalies between the Pacific and Atlantic,
variability in the ITCZ, and aerosol pollution (Cox et al. 2008; Zeng et al. 2008; Marengo and
Espinoza 2016; Cook et al. 2012). Drought in the Sahel has been shown to have a continuum of
forcings including aerosol loading and greenhouse gasses (Held et al. 2005). Regional SST
anomalies, particularly over the Indian and Pacific Oceans have been shown to be a dominant
control over Sahelian rainfall variability (Lu and Delworth 2005). SST-anomalies have important
implications for the strength and position of both the ITCZ and the West African Monsoon
circulations, thus providing additional forcing for drought (Hoerling et al. 2006; Zeng 2003; Wolff
et al. 2011; Shanahan et al. 2009; Janicot et al. 2010). Saharan dust can be a drought forcing
and can produce important positive feedback loops responsible for re-enforcing dry conditions
(Mahowald and Kiehl 2003; Hui et al. 2008).

Climate change has been documented to already have caused changes to drought
frequency and strength in the tropics. Regional models predict that a warmer planet (~2 °C) will
increase freshwater stress by 25% by 2030 as a consequence of longer-lasting and more severe
drought events in the Caribbean (Cashman et al. 2010; Karnauskas et al. 2018). A gradual drying
trend has been already registered since 1950 (Moraes et al. 2022; Herrera et al. 2018). Due to
increased dry days, drought frequency in the Caribbean is expected to increase as early as the
2041-2060 time period (Ramseyer et al. 2019). Additionally, CMIP6 models suggest increasing
crop water stress due to rising temperatures and increased rainfall variability (Moraes et al.
2023b). Climate projections of drought in the Sahel have been in some disagreement about the
impacts of anthropogenic climate change on rainfall variability, with large intraregional and
intermodal variability. Biasutti (2019) provides a comprehensive discussion on the possible
outcomes. In the Amazon, drought is expected to double or triple by 2041 (Duffy et al. 2015).
Other studies have shown an increase in dry days, decrease in soil moisture and vegetation (Cook
et al. 2012; Malhi et al. 2009). However, even within the Amazon basin, there is large variability

in drought scenarios in climate models (Pokhrel et al. 2014; Cook et al. 2012).
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6. Conclusions

Understanding tropical climatology is fundamental to understanding the atmospheric
connections between the tropics and the non-tropical latitudes weather and climate events. In this
review paper, we highlighted the advances in key areas of tropical climatology knowledge since
the 1990’s and offer a summary, evaluation, and discussion of previously published literature.
Among the key areas analyzed here are tropical oceanic and atmospheric variability, tropical
cyclones, tropical aerosols, and tropical hydroclimate.

The advancements in understanding tropical oceans and their large-scale climatic
variability and atmospheric connections were fundamental to develop knowledge about ENSO
and MJO, which are responsible for inter- and intra-annual precipitation variability not only in the
tropics, but also in higher latitudes of the Earth. Therefore, better in-situ and satellite data in the
tropics have contributed to revealing the impacts of ENSO and the MJO all over the world in since
the end of the 20th century. By advancing our understanding of ENSO and MJO, our
understanding of precipitation variability including, but not limited to, tropical monsoons, tropical
cyclones, and drought events in the tropics has also improved. The warm phase of ENSO (i.e.,
El Nino) is connected to drought events in the tropics and throughout the world and makes global
monsoon weaker and drier, while both ENSO and the MJO influence global tropical cyclone
activity, tracks, and intensity.

Numerous studies have refined our understanding of tropical cyclones track, forecast, and
rapid intensification, which together are fundamental knowledge to help communities better
prepare for them. Although a significant improvement in satellite, modeling, and NWP has
occurred in the 21st century, there are still uncertainties in how to better predict tropical cyclone
rapid intensification. Meanwhile, the effects of climate change in the global tropics and future
trends in tropical climate require more study as the current scientific literature indicates that
considerable uncertainties still exist.

Saharan dust has been identified as a driver of drought in locations far removed from the
dust source region while simultaneously altering tropical cyclone thermodynamics. The advent
of satellite-based dust detection algorithms fueled a rapid increase in the number of scholarly
references to “Saharan dust” in academic literature and revealed that mineral dust aerosols were
being transported vast distances across the Atlantic. Simultaneously, the addition of dust loadings
into some atmospheric reanalysis permitted systematic studies of dust transport patterns and their
relationship to other weather and climate phenomena. As more NWP systems become equipped

with sophisticated dust parameterization schemes, climate scientists will be able to refine their
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understanding of how Saharan dust emissions will change in the future as well as how they will
affect downstream landscapes in the Caribbean and Amazon.

Finally, there have been significant advances in tropical hydroclimatic research. While
much recent research has elucidated the roles of MJO, ENSO, and other sources of climatic
variability play in driving tropical hydroclimate, the future of hydroclimatic research in the tropics
will focus on the meso-to-local scale dynamics that drive variability and change. Future advances
in the discipline, aided by accelerating computational potential and data fidelity, will disentangle
the relevant scales of motion for explaining and predicting future tropical hydroclimate extreme

events.
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