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Abstract

Seasonal rainfall over Middle America is crucial for human and wildlife welfare, agri-
culture, industry, and hydroelectric infrastructure. The biophysical and social conditions
in Middle America make this region particularly vulnerable to rainfall variability. Extreme
events, such as tropical cyclones (TCs), can exacerbate seasonal variability of regional
rainfall. This thesis aims to understand the causes of interannual variability of seasonal
rainfall in Middle America, the TC contribution to the regional hydrological cycle, and

the causes of interannual variability of seasonal TC-related rainfall.

Regions of coherent interannual variability of seasonal rainfall are identified using
the objective Empirical Orthogonal Teleconnections (EOT) technique. El Nifio-Southern
Oscillation (ENSO) is responsible for the largest fraction of interannual variability of sea-
sonal rainfall, with canonical ENSO events driving more variability than ENSO Modoki.
The Atlantic Meridional Mode (AMM) and local land-atmosphere processes are secondary

drivers of interannual rainfall variability.

TCs are important rainfall sources in Middle America during boreal summer, partic-
ularly on the Gulf coastal plain, the Mexican western coast and the southernmost states
of Mexico. TCs contribute ~ 10-30% of monthly accumulated rainfall (June-October)
in those regions, with the most substantial contribution in Baja California Peninsula of
up to 90% in September. TCs contribute 40-60% of extreme daily rainfall over Middle
American coasts. TCs are a significant moisture source for the regional water budget; TC
vertically integrated moisture flux (VIMF) convergence can turn regions of weak VIMF

divergence by the mean circulation into regions of weak VIMF convergence.

Interannual variability of TC-related rainfall is mainly driven by ENSO, through
variations in East Pacific and North Atlantic TC activity. The AMM is the secondary
driver, through changes in North Atlantic TC activity. Changes in location and strength
of the North Atlantic Subtropical High and the Caribbean Low-Level Jet are important

circulation features that influence TC rainfall variability.
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Chapter 1 - Introduction

Chapter 1:

Introduction

1.1 Climatology and interannual variability of rainfall in

Middle America

Middle America is a region that comprises Mexico, northern Central America, and
the southern United States (U.S.) (Fig. 1.1). This region encloses vast natural areas with
varied physical landscapes and unique biodiversity, densely populated urban complexes,
villages, hydroelectric infrastructure, and large agricultural areas that rely on water from
seasonal rainfall for their subsistence. Rainfall is a crucial variable for Middle American

climate, territory, society, and economy.

Middle America is located in a complex meteorological area that is characterised
by hydrometeorological systems at different spatiotemporal scales, strongly linked with
the Pacific and the Atlantic Oceans. This region is affected by tropical systems during
summer and extratropical systems in winter. The transition seasons, spring and autumn,

are characterised by the interplay of both tropical and extratropical rainfall regimes.

On the large-scale, Middle America’s summer rainfall is strongly influenced by the
northward migration of the Intertropical Convergence Zone (ITCZ; see sec. 2.1.1), the lo-
cation of the Western Hemisphere Warm Pool (WHWP; see sec. 2.1.3), and trade winds.
Synoptic to mesoscale meteorological systems that affect summer rainfall include tropical
cyclones (TCs; see sec. 2.5.1) from both the eastern North Pacific and the North Atlantic
basins, mesoscale convective systems (MCSs), and the North American Monsoon System
(NAMS; see sec. 2.1.4). Regional summer rainfall also presents a pronounced diurnal

cycle, characterised by complex land-sea-breeze effects (Yang and Slingo, 2001).
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Figure 1.1: Elevation of Middle America domain, with areas of particular interest labeled.
Data from TerrainBase, Global 5 Arc-minute Ocean Depth and Land Elevation from the
US National Geophysical Data Center (NGDC, 1995).

Summer accounts for most of the annual rainfall in central-southern (= 15 — 22° N,
106-86°W) and northwestern Middle America (~ 22 — 34° N, 110-105°W): the Isthmus
of Tehuantepec has the highest rates of summer mean accumulated rainfall with around
1300 mm (JJA, Fig. 1.2b), followed by the core of the NAMS (20 — 32° N, 110 — 105° W),
which receives between 400 mm to 1000 mm of accumulated rainfall. The Baja California
Peninsula presents the lowest mean accumulated rainfall in summer, with no more than

50 mm.

During boreal winter, Middle America is subject to extratropical meteorological sys-
tems, such as cold fronts (Henry, 1979), mid-latitude air outbreaks (known as 'nortes’;
Hastenrath, 1988), which mainly affect the southeastern states of Mexico located on the
Gulf Coastal Plain, such as Tamaulipas, Veracruz and Tabasco (=~ 17 — 25° N, 97-90°W).
Winter storms affect northernmost Middle America (=~ 24 — 35° N, 118-86°W), which is

an area that comprises the NAMS region, the northern states of Mexico (such as Baja
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California, Sonora, Chihuahua, Coahuila and Nuevo Leén) and their adjacent USA terri-
tory. Upper-tropospheric circulations are dominated by the Pacific subtropical jet, with
westerlies that extend through central-north Middle America (~ 24 — 35° N, 118 — 86°
W). Seasonal accumulated rainfall in winter is considerably lower than that in summer.
The highest mean accumulated rainfall in winter occurs on the northern side (which is
also the windward side) of the Sierra Madre of Chiapas (see Fig. 1.1) with up to 600 mm,
followed by northeastern Middle America (= 28 — 34° N, 97-90°W) with up to 350 mm,
and the NAMS region with up to 200 mm (DJF, Fig. 1.2d).

Spring is the transition between extratropical to tropical regimes of regional rainfall.
This season is characterised by no or very little accumulated rainfall in most of western
Middle America (=~ 16 —34° N, 119-100°W), while the eastern side (~ 15 —34° N, 100-
86°W) receives rainfall along the Gulf Coastal Plain and over the Sierra Madre of Chiapas
(MAM, Fig. 1.2a).

Autumn is the transition between tropical to extratropical regimes of regional rainfall.
It presents mean accumulated rainfall above 100 mm in most of Middle America. The
highest rainfall is found in the southwest and southeast coast of Middle America, the

Isthmus of Tehuantepec, and the Sierra Madre of Chiapas (SON, Fig. 1.2¢c).

The biophysical and social conditions in Middle America make this region particu-
larly vulnerable to the effects of climate variability (e.g., Liverman, 1999; Ortega-Gaucin
et al., 2018). Population and industrial growth in Middle America have increased the
demand for food and water, which is associated with expanding urban areas and irri-
gated agriculture. The availability of water is particularly challenging in the drylands of
Middle America, including the Mexico-U.S. border, where water use is governed by the
1944 Treaty for the ”Utilization of Waters of the Colorado and Tijuana Rivers and the
Rio Grande!”. In recent decades, dry spells and shortages of water have raised conflicts
over water allocations along that border (Endfield and Tejedo-Fernandez, 2006; Mayorga,
2020). Water shortages are likely to be exacerbated by climate change, since most Mid-
dle America is projected to be warmer and drier under climate change scenarios (IPCC,

2013).

! Available in the International Boundary and Water Commission (USIBWC) website: https://www.
ibwc.gov/Files/1944Treaty.pdf
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Figure 1.2: Climatology (1979-2011) of seasonal accumulated rainfall in Middle America
(mm) for (a) March-April-May (MAM), (b) June-July-August (JJA), (c) September-
October-November (SON), and (d) December-January-February (DJF), from daily pre-
cipitation data at 10 kmx10 km horizontal resolution, fully described in Lépez-Bravo
(2015) and Lépez-Bravo et al. (2018).

Much of the agriculture in northwestern Middle America is sensitive to the onset of
the monsoon rainfall. The NAMS is a fundamental source of water for several managed
river systems in northwestern Mexico and southern U.S., including the Rio Bravo/Rio
Grande del Norte, which runs along the eastern part of the Mexico-U.S. border (see Fig.
1.1). The NAMS is the main source of the Colorado River?, which supplies water to the
border’s population in fourteen city pairs and to the agricultural areas of the Imperial-
Mexicali and the Colorado River valleys (together centred at &~ 33° N, 115°W). Agriculture
consumes about 81% of total water resources in the Mexicali Valley (CONAGUA, 2018).

2With a length of 2230 m, the Colorado River starts in the Rocky Mountains of Colorado, flows across
the Colorado Plateau and the Grand Canyon. In the Arizona-Nevada border, the Colorado River turns
southwards the international border, delimiting te the border between Baja California and Sonora states
in México to finally reach the Gulf of California.
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The region influenced by the NAMS also encounters protected national parks, wildlife
refuges and biosphere reserves, alongside one of the most productive agriculture districts
in northern Middle America. The three major irrigated agricultural areas that depend
on the Colorado river are the Rio Grande Valley (the Rio Grande region that crosses
New Mexico/Texas/Chihuahua/Coahuila/Nuevo Leén/Tamaulipas, centred at ~ 29° N,
103.2°W), Yuma—San Luis Rio Colorado-Mexicali (Arizona—Sonora—Baja California; cen-
tred at &~ 32.5° N, 115°W), and Imperial Valley Coachella (California; centred at ~ 32.7°
N, 114.9°W) (Wilder et al., 2013).

Climate variability is an important factor for human migration in Middle America.
Hunter et al. (2013) found associations between rainfall variability patterns and U.S.
migration from rural Mexican households. The authors linked seasonal severe rainfall
deficits in rural areas of Mexico with a considerable rise of emigration, roughly two years
after a bad harvest. On the other hand, conditions of above-average rainfall seem to
decrease emigration of rural Mexican households, when greater agricultural production

potential requires less livelihood migration.

Middle America’s rainfall experiences considerable interannual variance (e.g., Liv-
erman, 1999), which is controlled primarily, but far from exclusively, by the El Nino-
Southern Oscillation (ENSO; see sec. 2.3.1) phenomenon (Ropelewski and Halpert, 1987).
Many meteorological phenomena that dominate the eastern Pacific, the Caribbean Sea
and the Gulf of Mexico also influence Middle America’s climate. On the interannual
timescale, ENSO affects rainfall, atmospheric moisture, and surface temperature anoma-
lies in these regions (e.g., Bell et al., 1999; Kim and Alexander, 2015; Serra et al., 2016).
Most El Nino events (warm equatorial Pacific ocean surface temperatures; see section
2.3.1) bring wetter-than-normal conditions in northern Middle America during winter,
and drier-than-normal conditions in southern Middle America in summer (e.g., CPC,
2005). Opposite-signed patterns are observed during La Nina (cold equatorial Pacific

ocean surface temperatures) in winter.

Although the effects of ENSO on the regional interannual climate variability are
widely documented (e.g., Hastenrath, 1978; Ropelewski and Halpert, 1987; Taylor et al.,
2002), there are gaps in the understanding of how variations in intensity, position, and
lifecycle phase (growing/decaying) affect teleconnections to Middle America. Even more,
there is a lack of understanding about the role of secondary large-scale modes of interan-
nual variability, and how these influence seasonal rainfall variability for Middle America’s

complex and contrasting hydroclimate. The drivers of Middle America’s rainfall variabil-
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ity have only been partially explained. It is necessary to expand the current knowledge
on the causes of seasonal rainfall variability to understand better their impacts on society,

ecosystems, and regional economy.

1.2 Synoptic-scale variability and extremes in Middle Amer-
ica

TCs are synoptic-scale contributors to rainfall in Middle America. Larson et al.
(2005) suggested that up to 15-20% of the mean accumulated rainfall in southwest and
northeast Middle America is associated with TCs during September. Usually, TCs making
landfall or tracking close to the continent bring strong wind gusts, heavy rainfall, and
storm surges that bring flash floods and deadly landslides (e.g., Antinao and Farfan,
2016). Flooding is the cause of most of the socioeconomic losses in Mexico during TC
events (e.g., CENAPRED, 2001, 2015). In 2013 Category 1 Hurricane Manuel (13-20
September) and Category 1 Hurricane Ingrid (12-17 September) made landfall within
24 hours on the east coast and west coast of Mexico, respectively. On 14 September,
Tropical Storm (TS) Manuel tracked north-northestward, slowing down in response to
the proximity of land and Hurricane Ingrid in the Gulf of Mexico, before making landfall
in Michoacdn on 15 September. Even as the circulation weakened in both TCs, the TC-
related rainfall persisted for several hours resulting in deadly flash floods and landslides.
Hurricane Manuel produced a maximum accumulated rainfall of 1107 mm in San Isidro,
Guerrero, and Hurricane Ingrid a maximum of 367 mm in La Pesca, Tamaulipas (Pasch
et al., 2014; Beven II, 2014). At least 192 people were killed or listed missing; extensive
damage was reported across more than two-thirds of Mexico estimated at MXNT75 billion

(USD5.7 billion) (Jakubowski et al., 2014).

TCs contribute to the regional rainfall (e.g., Larson et al., 2005; Prat and Nelson,
2013a), extreme rainfall (e.g., Prat and Nelson, 2016), and moisture transport (e.g., Xu
et al., 2017). A deeper understanding is required of their role and significance in the

seasonal hydroclimate variability of Middle America under current and future climates.

TCs are subject to interannual variability. The influence of ENSO on Atlantic TCs
variability has been studied (e.g., Gray, 1984; Camargo et al., 2007; Patricola et al., 2014;
Lim et al., 2016), in which El Nifio and La Nina phases are associated with decreased
and increased TC frequency, respectively. ENSO also influences the eastern Pacific by

reducing vertical wind shear over the eastern North Pacific, which favours TC activity in
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this basin (Laing and Evans, 2016). In contrast, relatively few studies have examined the
mechanisms of interannual variability TC-related in the context of regional hydroclimates

(e.g., Larson et al., 2005; Bregy et al., 2020).

Interannual TC-rainfall variability might have a substantial effect on Middle Amer-
ica’s hydroclimate since rainfall associated with TCs is not confined to the coasts only
(e.g., Xu et al., 2017). In some cases, TC remnants bring heavy rainfall and transport
moisture further inland, resulting in a reversed sign of negative anomalies of seasonal
rainfall, which influence water availability in the region and serve an essential ecological
role (Prat and Nelson, 2013b; Knapp et al., 2016). For example, in 1997, six East Pa-
cific TCs tracked close and/or making landfall in Mexico, reversing the existing signal of
below-normal rainfall associated with the strong El Nino 1997-1998 episode (Bell et al.,
1999).

Overall, the variability of rainfall in Middle America has far-reaching social, eco-
nomic, and ecological impacts that affect millions of people in one of the most biodiverse
regions in the world, in which the economy strongly depends on water availability. Cli-
matic information and studies on rainfall variability in Middle America are essential to
understand, anticipate, and cope with the year-to-year water availability. This informa-
tion could be useful for improved forecasting to support decision making, which could
help to improve the human and wildlife welfare, environment, and socioeconomic activi-
ties (e.g., WMO, 2007; Emanuel et al., 2012). Advanced knowledge of the impacts of the
large-scale drivers of interannual variability of rainfall could aid seasonal rainfall predic-
tions since, at these lead times, numerical models have good skill for predicting variability
associated with large-scale atmospheric systems but poor skill for local or regional rainfall

(e.g., Webster, 1995; Kim et al., 2012).

Population growth and economic development will increase pressure on water re-
sources; climate studies and improved seasonal forecasts will be crucial to mitigate the
impacts of rainfall variability to protect human wellbeing and safeguard ecosystems and
socioeconomic activities. Advances in this understanding may create opportunities to

improve climate risk management and adaptation to climate change.

1.3 The objectives of this thesis

Interannual variability of seasonal rainfall influences Middle America’s society, natu-

ral areas, and economic activities. Previous studies have documented the effects of ENSO
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on regional anomalies of seasonal rainfall, mainly during summer and winter (e.g., Ro-
pelewski and Halpert, 1987; Magana et al., 2003). In contrast, the effect of ENSO on the
transition seasons (autumn and spring) has not been studied as extensively neither fully
understood. Even more, no study has addressed the causes of variability across Middle
America in all seasons using a consistent method. Recent studies have addressed the
effects of the Modoki ENSO in the global context (e.g., Ashok et al., 2007; Weng et al.,
2007, 2009, see sec. 2.3.1). The effect of these events on the interannual variability of
rainfall in Middle America is still a matter of study. Further, it is unclear what role
secondary modes of interannual variability play in rainfall variability in Middle America.
To address this gap in understanding the causes of seasonal rainfall variability, chapter 3
of this thesis aims to (a) objectively identify regions in Middle America that show coher-
ent interannual variability of rainfall for all seasons, (b) to associate these regions with
their main and secondary mechanisms of variability, and (c) to describe physical local

mechanisms that create conditions for anomalous seasonal rainfall over the region.

Secondly, the study of the contribution of the multiple meteorological systems that
impact Middle America’s seasonal rainfall is key to understanding the regional hydrolog-
ical cycle and its interannual variability. TCs making landfall or tracking close to Middle
America are of particular interest, since they bring heavy rainfall and transport mois-
ture into the region. TCs are also associated with extreme rainfall, floods and damage
that deeply affect the society, ecosystems and economy. Some studies have evaluated the
contribution of TCs to rainfall (e.g., Larson et al., 2005; Prat and Nelson, 2013b) and
moisture transport (e.g., Xu et al., 2017) over particular portions of Middle America.
This thesis aims to complement these studies by using a novel approach to quantify TCs
contribution to rainfall through the use of trajectories identified from observations and
two stat-of-the-art reanalyses, which allows to make a robust analysis of this contribution
when including the pre- and post-stages of the TC. Chapter 4 aims to presents the contri-
bution of TCs to (a) monthly rainfall, (b) monthly extreme rainfall and (c) atmospheric

moisture transport over Middle America.

Lastly, several studies have linked East Pacific and North Atlantic TC activity with
interannual modes of variability (e.g., Gray, 1984; Camargo et al., 2007; Patricola et al.,
2014; Lim et al., 2016). However, only a few studies have linked TCs rainfall activity
in certain regions of Middle America to large-scale modes of variability (e.g., Larson
et al., 2005; Bregy et al., 2020). The causes of the interannual variability of TC-related

rainfall over the region is still a matter of study. Chapter 5 of this dissertation aims
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(a) to identify regions in Middle America that show coherent interannual variability of
seasonal TC-related rainfall; and (b) to identify large-scale climate phenomena that drive
the interannual variability of TC-related rainfall over Middle America. These objectives
and those of chapter 3 are connected by the hypothesis that interannual variability of

seasonal TC-related rainfall and total rainfall are driven by different mechanisms.

1.4 Outline of this thesis

Chapter 2 provides an overview of the foundations of Middle America’s climate,
particularly the large-scale, synoptic, and mesoscale contributors to rainfall and moisture,
such as the ITCZ, the NAMS, and TCs. An overview of the regional climate will provide
the reader with the background to understand the large-scale and local systems that
influence the regional climate. This chapter also summarises past research concerning the
decadal (sec. 2.2), interannual (sec. 2.3), and intraseasonal (sec. 2.4) modes of climate
variability that affect Middle America’s climate. Section 2.5 reviews tropical weather
systems that contribute to the regional rainfall, in which TCs are examined thoroughly

(sec. 2.5.1).

Chapter 3 is dedicated to the study of the interannual variability of seasonal rainfall
in Middle America. Through the implementation of the Empirical Orthogonal Telecon-
nection (EOT) method (described in sec. 3.2.2), coherent spatial patterns that represent
most of the interannual variance of Middle America’s rainfall are identified and analysed.
Regression analysis is used to identify large-scale modes of variability and the plausible
physical mechanisms linked to anomalous seasonal rainfall over the region. This chap-
ter also provides insights into the contribution of TCs to the interannual variability of

seasonal rainfall in Middle America.

Chapter 4 is dedicated to the study of TC contributions to the atmospheric branch
of the hydrological cycle over Middle America. Contributions of TCs to monthly rainfall,
extreme rainfall, and atmospheric moisture are presented. TC contributions to rainfall
are quantified using TC tracks derived from three sources: the International Best Track
Archive for Climate Stewardship (IBTrACS), and tracks from an objective feature tracking
method applied to the Japanese 55-year and ERA-Interim reanalyses. The strengths and
weaknesses of each source of TC tracks are described. Chapter 4 has been published as

Franco-Diaz et al. (2019).

Chapter 5 is dedicated to the study of the interannual variability of seasonal rainfall
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associated with TCs in Middle America. The EOT method is implemented to identify co-
herent spatial patterns representing most of the interannual variance of Middle America’s
TC-related rainfall. Regression and composite analyses are used to identify phenomena
and mechanisms associated with the interannual variability of regional TC-related rain-
fall, connected to variability of TC genesis and tracks in the East Pacific and the North

Atlantic basins.

Chapter 6 contains a summary of the key conclusions of this thesis (sec. 6.1), de-
scribes known limitations (sec. 6.2), and details several potential lines of future inquiry

(sec. 6.3).
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Chapter 2:

Scientific background

This chapter provides an overview of the mean state and sources of rainfall variability
of Middle America. Section 2.1 sets out the mechanisms for rainfall and moisture in
the Intra Americas Sea region (IAS; Fig. 2.1), a region that includes both the Gulf of
Mexico and the Caribbean Sea extending from the tropical East Pacific to the western
tropical North Atlantic, entirely north of the equator (Amador, 2009; Serra et al., 2016).
The importance of the IAS in the context of mean state, and in decadal, interannual,
and intraseasonal variability of Middle America’s climate is emphasised. Sections 2.2,
2.3 and 2.4 describe previous research into mechanisms of multidecadal, interannual,
and intraseasonal variability of Middle America’s rainfall, respectively. Since this thesis
investigates the contribution of T'Cs to the regional rainfall and its interannual variability,
section 2.5 explains the current understanding of TC physics and sources of variability of

TC activity in the TAS.

2.1 The basic state of Middle America’s climate: rainfall

and moisture contributors

Middle America is a complex region affected by the interaction of diverse meteoro-
logical systems at different temporal scales. Its climate has a strong dynamic and thermo-
dynamic connection with the western tropical Pacific, interacting with the TAS. On the
large-scale, the East Pacific ITCZ, the Atlantic ITCZ, and the westernmost branch of the
North Atlantic Subtropical High (NASH) are the three main circulations associated with
the location of the main core of rainfall and the distribution of moisture for precipitation
in the IAS (e.g., Martinez et al., 2019). The spatial extent of this moisture is modified
by the Atlantic Warm Pool and the Caribbean Low-Level Jet (CLLJ).

11
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Figure 2.1: Elevation of Middle America, northern South America, the southern U.S.
and the Caribbean islands, with areas of particular interest labeled. The oceanic portion
represents the Intra Americas Sea region. Data from TerrainBase, Global 5 Arc-minute
Ocean Depth and Land Elevation from the US National Geophysical Data Center (NGDC,
1995).

2.1.1 Relevant large-scale circulations

The Intertropical Convergence Zone

The annual cycle of Middle America’s climate is largely influenced by large-scale
circulations in the Pacific and Atlantic Oceans, such as the Hadley circulation and the
Walker circulation. The main core of rainfall over Middle America in the tropics is
collocated with the ITCZ (Duran-Quesada et al., 2012), which migrates with the seasonal
cycle of insolation (Fig. 2.3). The ITCZ is a permanent low pressure zone that constitutes
the ascending branch of the Hadley circulation, which on average lies 6° north of the

equator (Waliser and Gautier, 1993).

The ITCZ is characterised by low-level northeast and southeast trade winds, coupled
with surface evaporation, which converge into a band of strong atmospheric convection
(Xie et al., 2005). The seasonal cycle of the two branches of the ITCZ in the East
Pacific and Atlantic are characterised by a meridional seasonal migration of convection

and rainfall, lagging the solar peak by one to two months over the ocean (Mitchell and

12
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Wallace, 1992; Toma and Webster, 2010a). The seasonal migration of the ITCZ over the
continent, the eastern Pacific and the Atlantic ocean is an important modulator of Middle

America’s rainfall.

Throughout the year, the East Pacific and Atlantic ITCZ remain in the Northern
Hemisphere (Fig. 2.2), where its southernmost location occurs in boreal spring (March-
April) and the northernmost in boreal autumn (September) (Waliser and Gautier, 1993).
Figure 2.3 shows the climatological satellite-based estimations of accumulated rainfall
per season, over both the ocean and continent. These estimations show that in the
Northern Hemisphere summer rainfall (JJA; Fig. 2.3b), the deepest East Pacific ITCZ
convection is found over = 5° — 20° N with the eastern edge trimmed by the Mexican and
Central American coasts (Toma and Webster, 2010a). Similar to Figure 1.2 in Chapter
1 (which is based on in situ observations over continent), Figure 2.3b shows the Middle
American maximum accumulated rainfall during JJA. This maximum of precipitation
in the Middle American Plateau is highly dependent on the northward migration of the

ITCZ over continent.

In autumn, the Atlantic ITCZ is at its most intense (Fig. 2.3c), concurrent with

the strongest Hadley circulation, and the peak of the regional sea surface temperatures

(SSTs) (Fig. 2.2).
The Pacific Subtropical Jet

The Pacific subtropical jet is an important feature of Middle America’s climate,
particularly for its northern region during winter, since it is a means of transport for
extratropical weather systems. In winter, the jet is located at the poleward edge of
the Hadley cell at =~ 30° N in the tropical-subtropical upper troposphere at ~ 200 hPa
(Krishnamurti, 1961). The Pacific subtropical jet is the result of the ascending air flowing
poleward in the Hadley cell. In this process, the air increases its speed as it moves to
higher latitudes to conserve angular momentum. The jet has a westerly component with

wind speeds of 75-100 m-s~".

The Northern Hemispheric mean latitudinal position of the Pacific Subtropical jet
is more equatorwards in April and more polewards in August (~ 27° N and =~ 42° N,
respectively; see Fig. 7 in Maher et al. (2020) for reference). The Pacific subtropical jet
stream also varies its meridional location with the seasons and in accordance with the
horizontal temperature fields across the globe, which depends on the annual march of the
sun. The subtropical jet follows the contours of low and high atmospheric pressure areas,

corresponding with atmospheric Rossby waves troughs and ridges, respectively.

13
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Figure 2.2: Schematic that shows the features associated with the seasonal cycle of rainfall
over Middle America and the IAS. Areas shaded in white are the convergence bands. Areas
shaded in brown denote transient divergence. Black arrows denote convergence bands
movement during a given season. Shaded blue and brown arrows denote convergent and
divergent wind vectors, respectively. The "NAMS” convergence denotes the location of
the North American Monsoon System. The ”CLLJ” and "GPLLJ” arrows indicate the
location of the peak winds of the Caribbean Low-Level Jet and the Great Plain Low-Level
Jet, respectively. The large “H” denotes the North Atlantic Subtropical High. The small
“H” denotes the U.S. continental High. The warm pool denotes SSTs greater than 28.5
°C, highlighted in pink. Adapted from Martinez et al. (2019).

2.1.2 Relevant regional-scale circulations

The North Atlantic Subtropical High

Another relevant circulation for Middle America’s climate is the NASH, which is a
prominent low-level atmospheric circulation feature of the North Atlantic formed as a
consequence of the Northern Hemisphere Hadley Cell, the land-ocean distribution and
land-ocean contrast (Fig. 2.4). The NASH is dominated by two spatial modes: a summer
pattern that presents high pressure dominating over the Atlantic, and the winter pattern
that consists of anticyclones over North America and northwestern Africa (Davis et al.,

1997).

The NASH is stronger when located farther west, generally during May and the end of
July (Fig. 2.4). In May, the western flank of the NASH expands west while strengthening
and interacting with the northward migrating eastern Pacific ITCZ (Martinez et al., 2019).

14
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Figure 2.3: Climatology (1998-2016) of seasonal accumulated rainfall (mm) for (a) MAM,
(b) JJA, (c) SON, and (d) DJF. Data from the Tropical Rainfall Measuring Mission
(TRMM) Multi-satellite Precipitation Analysis (TMPA 3B42) (Huffman and Bolvin,
2015).

Under this configuration, the NASH transports moisture from southeast to northwest and
advects warm air from the tropical Atlantic and the Gulf of Mexico towards the eastern
half of North America (Fig. 2.2). By July, the anticyclone shifts northwards and occupies
most of the Atlantic basin, with a single maximum centred around 30° N, 40° W. The trade
winds along the southern flank of the NASH inhibit moisture transport in the Caribbean

and Middle America; moisture divergence prevails in the Caribbean.

In early August, the NASH moves eastwards and weakens, which continues through
autumn (Fig. 2.4c). In September, the NASH western flank migrates southeast and mid-
latitude systems shift southward. This weakens the convergence on the western flank of
the NASH and inhibits interactions with the eastern Pacific ITCZ. The NASH continues
to contract until the wintertime North American high emerges, resulting in the dissipation
of its western flank. In early January, the oceanic centre of the NASH reaches its farthest
point in the East, presenting two anticyclonic centres over the southeastern U.S. and
west of Morocco (Davis et al., 1997). The NASH connects with the continental North
American high, providing subsidence and divergent trade winds to the Caribbean, the

Gulf of Mexico and Central America.
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Figure 2.4: Climatology (1979-2016) of surface pressure for (a) MAM, (b) JJA, (c) SON,
and (d) DJF. Data from the Japanese 55-year reanalysis (Kobayashi et al., 2015).

Low-level jets

The low-level jets influence the distribution of moisture in continental tropical Amer-
ica (Amador, 2009). They result from spatial temperature gradients across the topography
or the ocean at lower altitudes, which lead to pressure gradients and, as a result of the

Coriolis force, flow of air perpendicular to the thermal gradient.

The Caribbean Sea presents a low-level jet (CLJJ) in the trade wind regime, char-
acterised by strong easterly wind, with a peak at 925 hPa over the Caribbean Sea at
approximately 12.5° N-17.5° N, 80° W-70° W (Wang, 2007), with an extension into the
east Pacific known as the Papagayo jet (Fig. 2.5). Its annual cycle presents two peaks of

intensity throughout the year in July and February.

The source of momentum for intensification of the CLLJ is still a matter of scientific
debate (Maldonado et al., 2017). Some studies have linked the genesis of the CLLJ with
variations of sea level pressure in the Atlantic, suggesting that the CLLJ is an extension of
the NASH (Wang, 2007; Cook and Vizy, 2010) and that its northeasterly Atlantic trades
are amplified by thermal and orographic influences in the Caribbean region (Munoz et al.,
2008). Conversely, Herrera et al. (2015) suggest that the meridional amplification of the
NASH over the Caribbean might respond via geostrophic adjustment to the intensification

of the CLLJ.

16



Chapter 2 — Scientific background

120°W 105°W 90°W 75°W 60°W 45°W 30°W 120°W 105°W 90°W 75°W 60°W 45°W 30°W

120°W 105°W

2e+01 m-s” 2e+01 m-s”

Figure 2.5: Climatology (1979-2016) of the wind magnitude (shaded) and vector (arrows)
at 925 hPa for MAM, JJA, SON, and DJF. The ”CLLJ”, ”GPLLJ”, and Chocé-arrows
indicate the location of the peak winds of the Caribbean Low-Level Jet, the Great Plain
Low-Level Jet, and the Choco Jet, respectively. Data from the Japanese 55-year reanalysis
(Kobayashi et al., 2015).
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The CLLJ strength is anticorrelated with seasonal rainfall in the Caribbean, southern
Mexico and Central America, while it is positively correlated with rainfall in the Great
Plains of the U.S. (Cook and Vizy, 2010). For Central America, the Caribbean Sea is a
primary source of moisture and the CLLJ is the principal moisture transport mechanism
(Durdn-Quesada et al., 2010; Vigaud and Robertson, 2017). During May—September the
CLLJ distributes moisture mainly in two directions or branches: one crossing Central
America to the eastern Pacific, and the other to the Gulf of Mexico and northeastern
Middle America (Wang, 2007; Duran-Quesada et al., 2010). In the first branch, the CLLJ
flows westwards and crosses central America with an orographically induced southward
component (at ~ 10° N, 85° W), to finally reach the Pacific basin (as a single branch) and
to become the Papagayo Jet. The second branch flows into the Gulf of Mexico to connect

with the Great Plains low-level jet (GPLLJ; Cook and Vizy, 2010).

The southerly GPLLJ is present from April to September (Fig. 2.5), confined to
the boundary layer with maximum wind speeds typically at 500-1000 m above north-
western Mexico and the Great Plains of the U.S. (Jiang et al., 2007). The GPLLJ plays
an important role in supplying warm, moist air to developing of mesoscale convective
complexes over the region (Cotton et al., 1989). The GPLLJ develops in response to
a pressure gradient associated with increasing elevation from east to west, towards the
Rocky Mountains. This jet exhibits a strong diurnal oscillation, characterised by strong
nocturnal wind speeds. It has been suggested that this jet modulates the diurnal cycle
of summertime rainfall in northeastern Middle America and the Great Plains, where the
deep convection exhibits a midnight/early morning maximum (Jiang et al., 2007). Byerle
and Paegle (2003) suggested that the GPLLJ is generated by the interaction between the
ambient flow and the Rockies, where strong (weak) upper level winds upstream of the

Rockies create strong (weak) GPLLJs and more (less) rainfall over the Great Plains.

During spring, lower tropospheric to mid-tropospheric air frequently originates over
the warm, dry northern Middle America and is advected eastwards, following a developing
cyclonic circulation to the lee of the Rocky Mountains. This dry air encounters warm moist
air from the Gulf of Mexico advected by the GPLLJ, creating horizontal moisture contrast

that triggers severe weather in northeastern Middle America (Cotton et al., 2010).

Another low-level jet formed in the region is the Chocé Low-Level Jet (Chocd-jet)
characterised by westerly flow over the eastern Pacific (Fig. 2.5), which is an extension of
the southwesterly cross-equatorial flow with a peak at 925 hPa over the eastern Pacific,

at approximately 0°—5° N, 80° W (Yepes et al., 2019). This jet is an important source of
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moisture for Central America, particularly from September to November, when the winds

in the core of the jet are stronger.

The convection associated with the Chocd-Jet over northern South America and
Central America is very sensitive to the combined effects of the topography of the Andes
and the Coriolis force, which allows moisture from the eastern Pacific to be transported

towards the continent (Durdn-Quesada et al., 2010).

2.1.3 The Western Hemisphere Warm Pool

The WHWP is a region of SST's greater than 28.5°C encompassed by the IAS (Wang
and Enfield, 2003). Middle America’s landmass divides the WHWP into two ocean re-
gions: the Atlantic warm pool (AWP) in the East, and the eastern North Pacific warm
pool (EPWP) in the West.

The EPWP is found north of 8 N off Middle America’s coasts, and east of 120°
W in May-June (Fig. 2.2). This is a region of deep convection, which corresponds to
a northward extension of the Eastern Pacific ITCZ (Mitchell and Wallace, 1992; Wang
et al., 2008). The region of deep atmospheric convection, rainfall and tropical cyclone

activity is generally confined to the north of the equator.

The AWP contributes to the large-scale Hadley-type overturning circulation centred
over the tropical western Atlantic Ocean (Wang et al., 2010); it is also a region of strong

tropical cyclone activity.

The annual cycle of the WHWP is associated with changes in tropospheric moisture,
heat and stability (Wang and Enfield, 2001). The EPWP develops first through surface

1. By April and May, strong northerly winds from the Gulf of Mexico over

heat fluxes
the Gulf of Tehuantepec (located at ~ 15° N, 94°W; see Fig. 2.5) create wind stress
accompanied by Ekman pumping and downwelling in the Gulf of Tehuantepec (Santiago-
Garcia et al., 2019). There is a local minimum of latent and sensible flux in May due
to reduced wind speeds associated with the meridional migration of the ITCZ (Wang
and Enfield, 2001). These conditions warm the East Pacific SSTs to 28.5°C by May (Fig.
2.2). Simultaneously, the basin experiences a reduction in sea level pressure, warming and
moistening of the troposphere, and the weakening of both easterly trade winds and vertical

wind shear (e.g., Knaff, 1997). The expansion of the WHWP and the increased convective

activity of the Fast Pacific ITCZ trigger the onset of the rainy season in Middle America.

!The surface net heat flux is composed of shortwave and longwave radiation, and sensible and latent
heat flux
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Southern Middle America presents a maximum of convective activity at the beginning of

the rainy season (mid-May), when EPWP SSTs reach ~ 29°C.

By June, the SST warming expands to the Gulf of Mexico (the AWP), enhancing
the moisture convergence provided by both the eastern Pacific ITCZ and the western
flank of NASH, while the EPWP decays (Misra et al., 2016). In July, the Gulf of Mexico
reaches the 28.5°C while the EPWP continues cooling (Fig. 2.2) due to a greater cloud
cover (Wang and Enfield, 2001). The consequent deep convection decreases regional
incoming solar radiation (simultaneously with the enhancement of the easterly wind flow),
which cools SSTs by ~ 1°C during July-August. This negative air-sea feedback process is
accompanied by reduction of rainfall over southern Middle America, which corresponds
to the period of the midsummer drought, a relative minimum of rainfall during July and
August (Magana et al., 1999). By August, the Gulf of Mexico SSTs reach 29.5°C and
extend towards the Caribbean Sea by September, when the AWP reaches its maximum
size. By October the AWP only persists in the Caribbean and the western tropical
Atlantic (Wang and Enfield, 2003).

2.1.4 The North American Monsoon System

The NAMS is a significant climatic feature of Middle America during boreal summer
(Figs. 2.2 and 2.3). Nearly 60-80% of the annual rainfall in northwestern Middle America
is linked to the NAMS (Stensrud et al., 1995).

The NAMS circulation has a characteristic upper-level anticyclone/low-level heat low
over the Sierra Madre Occidental of northwestern Middle America. The strengthening and
northward movement of the anticyclone during the summer is a sign of the development
of the NAMS. The NAMS onset is characterised by the northward extension of rainfall
from central to the northwestern Middle America in early June, which persists through
September. As the NAMS extends northward during the monsoon season, the diurnal
rainfall cycle becomes more intense over high topography, where the surface heating over

the region plays an important role for the development and maintenance of the monsoon.

The NAMS circulation is characterised by ascent over the ocean and subsidence on the
continent, which corresponds to a Sverdrup-type balance between advection of planetary
vorticity and the vorticity source associated with diabatically-forced vertical motion (e.g.,
Chen, 2003). This balance creates a positive feedback with low-level poleward motion
advecting warm moist air into the convective regions (Mechoso et al., 2004). Baroclinic

Rossby waves set up the planetary vorticity of the NAMS, through induced subsidence
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to the west of the monsoon heating that interacts with the ITCZ (Mechoso et al., 2004).

The NAMS interacts with northwesterly winds over Baja California from the sub-
tropical Pacific high, with the Gulf of California low-level jet (GCLLJ) (Mechoso et al.,
2004; Anderson et al., 2000b,a), and with the Rockies and the GPLLJ in the East (e.g.,
Rodwell and Hoskins, 2001; Mo and Berbery, 2004). There is controversy surrounding the
relative importance of moisture sources for NAMS precipitation, such as the mean flow
(Schmitz and Mullen, 1996) and synoptic transients. Rodwell and Hoskins (2001) suggest
that the NAMS precipitation is mostly dominated by the Gulf of Mexico moisture source

with secondary contributors from a Pacific source.

2.2 Sources of Decadal and Multi-decadal Variability of

Middle America’s climate

2.2.1 The Pacific Decadal Oscillation

The Pacific Decadal Oscillation (PDO) is a dominant pattern of North Pacific SST
anomalies, which exhibits variability on interannual as well as decadal scales. The PDO
is likely the sum of several different mechanisms. At the interannual scales, the ENSO-
induced fluctuations in the strength of the Aleutian low (via surface heat flux forcing) are
important in determining PDO variability. At decadal scales, contributions to determine
PDO variability are the tropical Pacific atmospheric bridge to the North Pacific, changes
in the North Pacific oceanic gyre circulation, and stochastic heat flux forcing (Alexander,

2010).

The positive phase of the PDO is characterised by negative SST anomalies in the
central Pacific and positive anomalies along the coast of North America, which are ac-
companied by a deeper Aleutian Low. During this phase, negative sea level pressure
anomalies prevail over the North Pacific and warm surface air temperature prevails over
western North America. The positive phase is associated with enhanced precipitation
over Alaska and northern Middle America, and reduced precipitation across the northern

U.S./southern Canada (Deser et al., 2004; Alexander, 2010).

During the negative phase of the PDO, the CLLJ weakens and easterly wave activity
increases, leading to more convection over southern Middle America and less moisture

flux into northern Middle America (Méndez and Magana, 2010).
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2.2.2 The Atlantic Multidecadal Oscillation

The Atlantic Multidecadal Oscillation (AMO) is a mode of natural decadal variabil-
ity of the North Atlantic Ocean, with a period of 60-80 years (Trenberth et al., 2019).
The traditional AMO index is based on a 10-year running mean of the average SST in
the entire North Atlantic basin and linearly detrended to isolate the natural variability
(Enfield et al., 2001). However, since the aforementioned detrending does not separate
the multidecadal variability from the nonlinear global-scale signal, other methods have
been proposed to remove the nonlinear global-scale signal (e.g., Trenberth and Shea, 2006;

Ting et al., 2009; Sutton et al., 2018).

Different physical mechanisms for the generation of the AMO have been explored.
Many studies have initially attributed the Atlantic Meridional Overturning Circulation
(AMOC) as the main driver of the AMO (e.g., Delworth et al., 1993; Knight et al., 2005;
Trenberth and Shea, 2006; Zhang et al., 2019). More recently, Clement et al. (2015,
2016) suggested that the mid-latitude atmospheric circulation is the main driver of the
AMO and the thermal coupling playing a role in tropical regions. Murphy et al. (2017)
highlighted the role of external radiative forcing for the definition of the magnitude, the
multidecadal frequency and timing of the AMO variability. However, these new views

have been questioned (O’Reilly et al., 2016; Zhang et al., 2016, 2019).

The AMO is associated with cross-equatorial SST anomaly gradients in the Atlantic
basin, and with the meridional shift of the ITCZ. The AMO is also strongly linked to
decadal variability in Atlantic tropical cyclone activity (Goldenberg et al., 2001; Molinari
and Mestas-Nunez, 2003; Trenberth and Shea, 2006). The warm phase of the AMO,
characterised by a warmer North Atlantic Ocean, is related with a doubling of the tropical
storms that evolve into severe hurricanes, relative to the cold phase. Since the AMO
switched to its warm phase in 1995, more severe hurricanes have formed in the Atlantic
basin (Trenberth and Shea, 2006). The AWP links the AMO and Atlantic TC activity,
where SST warming in the low latitudes of the AWP region can decrease the tropospheric
vertical wind shear in the Atlantic main development region (MDR; Landsea et al., 1999;

Enfield et al., 2001; Nigam and Guan, 2011), constrained to 6°-18°N and 20°-60°W.

The occurrence of major droughts in North America, such as the 1930s Dust Bowl,
have occurred during the positive phase of the AMO (Nigam et al., 2011). During these
episodes northern Middle America experiences prolonged periods of below-normal rainfall
and moisture flux (Méndez and Magana, 2010; Ting et al., 2014). The AMO also influences

the extra tropics by shifting the subtropical ridges and jet streams.
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The role of anthropogenic aerosol cooling in the decadal variability of the North At-
lantic SSTs and the AMO has been widely discussed. Mann and Emanuel (2006) argued
that long-term trends for August—October MDR SST are mainly driven by a combina-
tion of regionally enhanced anthropogenic aerosol cooling over the North Atlantic and
large-scale SST increase. Trenberth and Shea (2006) found the large-scale anthropogenic

warming drives the tropical Atlantic SST trends.

2.3 Sources of the Interannual Variability of Middle Amer-

ica’s rainfall

2.3.1 El Nino-Southern Oscillation

The ENSO is a natural mode of interannual variability in the Pacific basin. As
first recognised by Bjerknes (1969), ENSO is a recurrent atmosphere-ocean coupled phe-
nomenon linked with the redistribution of atmospheric momentum and heat in the equa-
torial Pacific. ENSO period roughly is three to seven years, with ENSO events lasting

between nine months to three years (McPhaden et al., 2006).

Each ENSO event is characterised by a particular developing and decaying stage,
magnitude, duration, and location of the maximum SST anomaly. For example, some
events develop mainly in the Eastern Pacific ”attached” to the coast of South America,
known as canonical ENSO events (e.g., Deser et al., 2010), while others are constrained
to the central equatorial Pacific, known as 'Modoki’? events (e.g., Ashok et al., 2007).
Modoki mode timescales are longer than the canonical modes, having an interannual

periodicity of four to twelve years.

The extreme oceanic components of ENSO are termed El Nino and La Nina. El Nino
is characterised by anomalously warm SSTs in the central-eastern Pacific and simulta-
neous anomalously cold SSTs in the Western Pacific; La Nina can be considered as the
opposite of El Nino. In general, El Nifio events last for nine to fifteen months, while La

Nina events last between one to three years; there may be neutral years in between events.

El Nino is usually followed by La Nina but rarely follows La Nina; the period of tran-
sition between an episode El Nino and La Nina takes about a year (Larkin and Harrison,
2002). This transition occurs around March-April, in periods when the atmosphere-ocean

coupling is weak, characterised by weak near-surface winds and a less pronounced east-

2Ashok et al. (2007) defines the meaning of the classical Japanese word 'Modoki’ as ”similar but
different thing”.
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west equatorial Pacific SST gradient (e.g., Webster and Yang, 1992; Lee et al., 1998).

There are different indices used to define El Nino and La Nina events, based on
tropical Pacific SST anomalies averaged across a given region. In this thesis the following

indices are employed, which are based on Trenberth (2020):

Nino 142 (0°-10°S, 90°W-80°W), which corresponds with the region of coastal South

America;
e Nifo 3 (5°N-5°S, 150°W-90°W);

e Nino 3.4 (5°N-5°S, 170°W-120°W), which is used to define El Nifio or La Nina events

when SST anomalies exceed + 0.4°C for six months or more;

e Nino 4 (5°N-5°S, 160°E-150°W), which captures SST anomalies in the central equa-

torial Pacific;

e Trans-Nino index (TNI), which defines the difference in normalised SST anomalies
between the Nino 142 and Nifo 4 regions (Trenberth and Stepaniak, 2001). Large
TNI values indicate ENSO ”Modoki” events.

When the SST gradient is particularly large (say, due to positive anomalies in the
Nino 4 region and negative anomalies in the Ninio 142 region), some researchers classify

the event as a ”central Pacific El Nifio ” or ”El Nino Modoki”.

The Southern Oscillation (SO) is the atmospheric component of ENSO, which is
characterised by a see-saw atmospheric pressure pattern in the Pacific Ocean, often re-
ferred to the difference between Darwin, Australia and Tahiti. El Nifio and La Nina are
dynamically linked with the SO, meaning that changes in the SSTs influence changes in

the atmospheric pressure, although pressure does not directly influence SSTs.
The ENSO Dynamics

ENSO perturbs the Walker Circulation through induced wind changes in the equa-
torial Pacific (Fig. 2.6b). The Walker circulation is a thermally driven zonal circulation
located in the tropical Pacific Ocean, which occurs simultaneously with the distribution of
tropical surface heating. The Pacific Walker circulation influences the cloud cover, short-
wave and long-wave radiation, latent heat flux, precipitation and atmospheric moisture
(Bayr et al., 2018). The Walker circulation plays a fundamental role in the distribution
of convection in the Pacific Ocean. Under normal conditions, the Walker circulation is

easterly in the surface and westerly in the upper-troposphere, while cold water is pushed
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west by the surface wind, forming an SST gradient along the Pacific (Fig. 2.6a) and the
cold upwelling ocean water in the east. This circulation is possible because the surface
winds drive ocean currents; the ocean currents distribute surface thermal gradients. The
wind-SST feedback is also caused by a zonal shift in atmospheric deep convection which
is linked to the rising branch of the Walker circulation (Bayr et al., 2018). The positive
feedback described above is known as the Bjerknes feedback mechanism, which is the

dominant positive feedback that leads to the development of an ENSO event.

The ENSO development is caused by an initial westerly stress anomaly in the central
Pacific, triggering downwelling equatorial oceanic Kelvin waves that propagate eastwards
with a wave speed of 2-3 m-s~! taking about three months to cross the Pacific. As a
consequence of the Kelvin wave propagation, the upwelling is reduced and the thermocline
deepens in the East Pacific and shoaled in the West Pacific (Fig. 2.7b). During canonical
El Nino, the easterly near-surface winds weaken, which allows Pacific warm subsurface
water to migrate eastwards through downwelling equatorial oceanic Kelvin waves (Fig.
2.7b). An east-propagating oceanic Kelvin wave reaching the eastern South American
coast is reflected as an upwelling Rossby wave. This Rossby wave spreads along the coast
both sides of the equator within 10° latitude and returns to the Western Pacific in about 8
months following a westward propagation (Laing and Evans, 2016). This delayed negative
feedback shoals the thermocline and inverts the sign of the SST anomalies in the Eastern

Pacific (Wang, 2018), starting La Nina events.

During El Nino events, the zonal sea-level pressure (SLP) gradient and the Walker
circulation weaken (McPhaden, 2003). Convection associated with rising branches of the
anomalous Walker Circulation shift east along with the warmer central Pacific SSTs.
Convection is also enhanced over tropical Africa and suppressed over the Caribbean (Fig.

2.6b).

Canonical La Nina enhances the Walker circulation and its associated near-surface
easterly trade winds that blow from the colder Southeastern Pacific (where the atmo-
spheric pressure is higher) towards a region of lower pressure in the warmer West Pacific
(Fig. 2.6¢). The combined effects of the enhanced easterly winds and the Coriolis force
strengthen the climatological equatorial Ekman upwelling into the East Pacific. As a
result, the sea level rises in the West Pacific and drops in the East Pacific (Chu, 2004)
(Fig. 2.7a). Convection is enhanced in the Maritime continent and the Caribbean, and

suppressed in tropical Africa (Fig. 2.6¢).
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Figure 2.6: Generalized Walker Circulation during DJF (a) ENSO-neutral, (b) El Nifo,
and (c) La Nifia conditions. During (a) ENSO neutral, convection associated with rising
branches of the Walker Circulation is found over the Maritime continent, northern South
America, and eastern Africa. Schematics adapted from NOAA Climate.gov. SST anoma-
lies calculated from the NOAA Optimum Interpolation Monthly SST (OISST; Reynolds
et al., 2002).
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Figure 2.7: Schematics showing the near-equatorial atmosphere and ocean circulations in
the Pacific and western Atlantic associated with (a) La Nina and (b) El Nifo conditions.
Adapted from Chu (2004).
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Two major components of negative feedback that lead to an ENSO event to decay
come from the surface net heat flux feedback (Guilyardi et al., 2009): (1) the cloud-SST
feedback, which influences the incoming shortwave radiation at the surface due to changes
in cloudiness. This feedback is more relevant over the western equatorial Pacific since the
largest changes in deep convection occur there. (2) The evaporation-SST feedback, which
is more relevant in the eastern equatorial Pacific where the change of SSTs are largest
(Bayr et al., 2018). A third negative feedback that is related to the adjustment of the
equatorial Pacific thermocline to the wind field is also important. This last one is related

with the time delay that conducts to the decay of an event (Deser et al., 2010).

Two paradigms have been postulated to explain ENSO dynamics. One paradigm
proposes ENSO as a system of self-sustained regular oscillations, which is represented in
conceptual models such as as the Delayed Oscillator or Recharge Oscillator Theory (Suarez
and Schopf, 1988; Battisti and Hirst, 1989), the Recharge/discharge Theory (Jin, 1997),
the Advective-Reflective Oscillator (Picaut et al., 1997), the Western-Pacific Oscillator
(Weisberg and Wang, 1997), and the Unified Oscillator Theory, which tries to combine

the previous oscillation mechanisms (Wang and Enfield, 2001).

A second paradigm suggests the stochastic forcing theory where ENSO is considered
a damped stable mode interacting with high-frequency forcing that provides the energy
required to mantain the oscillation. This hypothesis considers the Madden-Julian Oscil-
lation (MJO, see sec. 2.4.2) and westerly wind bursts as energetic weather systems that
act as the stochastic forcing in the atmosphere (e.g., Penland and Sardeshmukh, 1995;
Moore and Kleeman, 1999) while high frequency variability associated to tropical oceanic

waves acts as oceanic stochastic forcing (An, 2008).

Ashok et al. (2007) suggests that the two aforementioned paradigms for canonical
ENSO might also apply to Modoki ENSO modes as well since the equatorial easterly
(westerly) wind anomalies are always located to the east (west) of the anomalously warm
SSTs (Wang, 2018). Jadhav et al. (2015) identified strength of the aforementioned zonal
winds and oceanic condition as the ones that determine the canonical and Modoki events

of ENSO.

ENSO teleconnections

ENSO is accompanied by changes in deep tropical convection through changes in
the global atmospheric circulation. The location of the anomalously warm SSTs during

a particular El Nifio determines the global climate impacts. During a canonical El Nino

boreal winter (DJF), the Walker circulation shifts its rising branch to the east side of
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180°longitude. This shift substitutes the usual rising branches in the southern Mexico,
Central America, Caribbean Sea and the Maritime continent for strong sinking branches,
which are accompanied by anomalous strong divergence in the low-levels of the atmosphere

(Fig. 2.6b) and to below-average rainfall in those regions.

The East Pacific ITCZ normally remains in the Northern Hemisphere throughout the
year, except during El Nino episodes, where the ITCZ anomalously shifts equatorwards
(Toma and Webster, 2010a) as surface waters warms (McPhaden, 2003). In boreal spring
the eastern Pacific ITCZ splits due to the weakening of the southeast trade winds, which
weaken the equatorial coastal upwelling. This leads to the anomalous warming of the
SSTs south to the equator (Waliser and Gautier, 1993). On the contrary, the eastern

Pacific ITCZ anomalously shifts northwards during La Nina.

The interannual variability of the Chocé-jet is driven by gradients of SSTs from
region Nino 142 and the Colombian Pacific (Poveda and Mesa, 1999), with La Nina
(El Nino) strengthening (weakening) the jet. Arias et al. (2015) found that anomalies
of rainfall in northern South America depend on the combined effects of the CLLJ and
the Chocé-jet variability associated with the ENSO. For example, El Nino Modoki leads
to above-average rainfall in southern Mexico and some parts of Central America during
summer, and below-average temperatures in Colombia, Venezuela, and some regions of

Mexico (Ashok et al., 2007).

Changes in the location of deep tropical convection in the equatorial Pacific during
ENSO are also accompanied by anomalous low-level convergence, upper-level divergence
and anomalous tropospheric heating that generates teleconnections. The ENSO telecon-
nections refer to the effect of ENSO outside the tropical Pacific, which are stronger for the
extratropics in winter. For example, the anomalous tropospheric heating during El Nino
is accompanied by anomalous upper-level atmospheric vorticity, in which its horizontal
component forces large-scale atmospheric Rossby waves that propagate into the extrat-
ropics to excite the Pacific North American Pattern (PNA) (Hoskins and Karoly, 1981).
Canonical El Nino teleconnections also involve anomalous surface heat fluxes and Ek-
man transport that create positive SST anomalies along the west coast of North America
(Alexander and Scott, 2002).

An ”atmospheric bridge” (Alexander and Scott, 2002) between the tropical and North
Pacific, during both canonical and Modoki El Nifo, is linked to an enhanced Aleutian
low (Kim and Alexander, 2015) and anomalous low pressure over the northeastern Middle

America. This configuration of anomalous pressure enhances moisture transport from the
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subtropical Pacific into the western U.S. and northern Middle America. El Nino Modoki
is associated with an equatorward shift of the enhanced Aleutian low over the North
Pacific relative to the canonical El Nifio, which increases moisture transport towards
central and northern Middle America. Canonical El Nino is related with anomalous
southerly advecting warm moist air along the west coast of North America (Deser et al.,
2010). Moisture transport increases from the northward shifted ITCZ to northern Middle
America during El Nino Modoki (Weng et al., 2007).

ENSO influences the strength and location of the subtropical highs and subtropical
jet streams. El Niflo promotes the eastward extension of the North Pacific subtropical
jet to the extreme eastern Pacific, as well as a southward shift and strengthening. This
southward shift in the storm track brings above-normal precipitation in the north of
Middle America during boreal winter. In contrast, La Nina reduces convective activity
in the East Pacific and deep tropospheric heating in the West Pacific. This anomalous
tropospheric heating contracts the Pacific subtropical ridge to West of the date line and
reduces the meridional gradient of temperature in the subtropical eastern Pacific (CPC,

2005). Similar anomalies are observed in the subtropical jet in the southern hemisphere.

The North Atlantic responds to the ENSO-related heating sources through an at-
mospheric bridge; this bridge occurs through anomalies in the Hadley and Walker cells,
Rossby waves, and interactions between the quasi-stationary flow and storm tracks. Fig-
ure 2.8 illustrates the tropical Atlantic response to canonical El Nifio, which is a result
of the weakening of the Pacific Walker circulation, the Western Pacific Hadley circulation
and the Atlantic Hadley circulation, as well as the concurrent strengthening of the eastern
Pacific Hadley circulation (Wang, 2004). Simultaneously, the NASH weakens and surface
pressure reduces over the equatorial Atlantic. These anomalies lead to anomalously warm
SSTs to the North of the equator, approximately three to six months following the peak of
the ENSO-related SST anomalies in boreal spring (Covey and Hastenrath, 1978; Enfield
and Mayer, 1997). Through this mechanism ENSO influences the interannual variability
of the WHWP, inducing and anomalously warming of the Atlantic warm pool during
decaying El Nino.

The global ENSO-TC connections make it possible to forecast seasonal TC activity.
Through changes in large-scale environmental conditions and its teleconnections, ENSO
modulates global TC activity, such as genesis, tracks, landfall location, and intensity
(Camargo et al., 2007; Aiyyer and Thorncroft, 2011; Zheng et al., 2015; Fu et al., 2017).

For example, during developing El Ninio years, western North Pacific (WNP) TCs tend
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to track closer to the international date line (Bell et al., 2014). Additionally, the WNP
TCs are long-lived and larger in size during these episodes (Chan and Yip, 2003). On the

other hand, TCs drop in frequency in this basin during decaying El Nifio years (Chan,
1985).

Developing El Nino also influences the central and eastern North Pacific TC activity
by shifting it towards the dateline (Fu et al., 2017) and increasing their life-time (Chu,
2004; Bell et al., 2014; Toma and Webster, 2010a).

The influence of ENSO on the North Atlantic TC activity has been widely discussed
in the literature. Firstly addressed by Gray (1984), during developing El Nino (La Nifa)
years there is a reduction (increase) in the number of North Atlantic TCs. Many stud-
ies have confirmed the suppressive effect of El Nifio on the North Atlantic TC activity
(Patricola et al., 2014). Section 2.5.1.5 of this thesis offers an extended literature review
on the ENSO effect over TC activity in both the North eastern Pacific and the Atlantic

Ocean.
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Figure 2.8: Schematic diagram showing linkage of the Pacific El Nifio with the tropical
North Atlantic and the Western Hemisphere warm pool by the Walker and Hadley circu-
lations. Adapted from Wang (2004).
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2.3.2 The Atlantic Nino and the Atlantic Meridional Mode

The tropical Atlantic variability is characterised by a period of two to three years
with two principal oceanic modes of interannual variability: the Atlantic 'Nifno’ (Zebiak,
1993), which is the Atlantic equatorial mode similar to the Pacific El Nino (Deser et al.,
2010), and the Atlantic Meridional Mode (AMM; Chiang and Vimont, 2004).

The Atlantic Nino is characterised by SST anomalies in the central and eastern equa-
torial Atlantic, peaking in May-July, with an amplitude usually smaller than +1°C. This
mode of variability is associated with significant shifts in the Atlantic Walker and Hadley
Circulations (Wang, 2004). The Atlantic Nifio ocean-atmospheric interactions follow the
Bjerknes positive feedback. During the warm phase, anomalously warm SSTs are found in
the central equatorial Atlantic, accompanied by anomalous westerlies in the western At-
lantic, which oppose the climatological easterlies. The Atlantic Nifio significantly affects
rainfall over South America and Africa, resulting from low-level anomalous convergence

of the Atlantic ITCZ moving towards the warmer side of the SSTs.

The AMM is a coupled ocean-atmosphere mode of interannual variability charac-
terised by cross-equatorial SST anomaly gradients in the Atlantic, with subtropical SST
anomalies =~ 0.5°C, peaking in boreal spring (MAM). The AMM is also characterised by
boundary layer winds flowing towards the anomalously warmer SST, which, influenced by
the Coriolis force, turn right in the northern hemisphere, and left in the southern hemi-
sphere (Vimont and Kossin, 2007). The wind-evaporation-SST (WES; Xie and Philander,
1994) feedback is the primary driver of the evolution of the AMM (e.g., Amaya et al.,
2017). The WES is characterised by weaker winds over the warmer hemisphere, whereas
the colder hemisphere experiences stronger winds by the Coriolis effect. This mechanisms
reinforces the cross equatorial SST gradient through opposite-signed changes in surface

evaporation between the two hemispheres.

Positive AMM is linked to a negative SLP anomaly over the western tropical Atlantic,
positive SST anomalies over the subtropical North Atlantic and reduced vertical wind
shear (Smirnov and Vimont, 2011). The AMM affects North Atlantic hurricanes through
its influence on SST in the MDR (Kossin and Vimont, 2007; Vimont and Kossin, 2007).

2.3.3 The North Atlantic Oscillation

The North Atlantic Oscillation (NAO) is an Atlantic mode of intraseasonal to inter-

annual variability expressed as redistribution of atmospheric mass in the North Atlantic:
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anomalous mean sea-level pressure (MSLP) in the subtropical Atlantic and the northern
Atlantic, linked to the NASH and the Icelandic low, respectively. The NAO influences
boreal winter rainfall over North America and Europe through changes in the location

and intensity of the North Atlantic jet stream.

The NAO positive phase is characterised by strong low-level westerly winds between
an enhanced Icelandic low and an enhanced NASH, particularly in winter. The prevailing
conditions during the positive phases are above-normal geopotential height and surface
pressure over the central North Atlantic, western Europe and the eastern U.S.. Fewer
winter storms and cold-air outbreaks over eastern North America occur during these

episodes. Opposite-signed patterns occur during the negative NAO.

During boreal summer, the NAO influences the North Atlantic TC tracks through
changes in the strength and location of the NASH. More TCs make landfall over the east-
ern U.S. coast during positive NAO, whereas the Gulf Coastal Plain is more susceptible
to TCs making landfall during negative NAO (Elsner, 2003). Wang (2007) suggested that
the NAO varies in phase with the CLLJ: the positive (negative) NAO is related with a
stronger (weaker) NASH and CLLJ.

2.4 Sources of Intraseasonal Variability of Middle Amer-

ica’s climate

2.4.1 The 10-30-day modes

During the boreal summer, vigorous convection appears over the eastern Pacific and
Middle America, which exhibits variability on 10-30-day scales. A first dominant mode of
rainfall (east-west mode) is characterised by trans-Pacific Rossby wave train, extending
from the western North Pacific to the East Pacific/North America along a large-scale
circular path (Jiang and Lau, 2008). This is the primary mode of intraseasonal variability
that affects the NAMS, with the MJO being a secondary mode of variability (Mo, 2000).
The rainfall associated with this mode first emerges near the eastern Pacific at about
20°N and the Gulf of Mexico. Afterwards, the rainfall moves to the southwestern U.S.
along the slope of the Sierra Madre Occidental (Jiang and Waliser, 2008).

The intraseasonal variability of the NAM and the rainfall events over the Great Plains
are also dominated by a second 10-30-day mode (west-east mode). This mode is linked
with heavy rainfall events in the western Atlantic, Caribbean, Gulf of Mexico, and East

Pacific. This mode is characterised by a westward propagation of convection from Africa
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along 15°N (Wen et al., 2011).

A third mode, known as the north-south mode, propagates eastward from the western
Pacific and then northward into North America (Wen et al., 2011). This mode has a
periodicity of about 18 days and it is detected in the rainfall field over the eastern Pacific
ITCZ. This mode is not associated with a trans-Pacific Rossby wave train (Jiang and

Waliser, 2008, 2009).

2.4.2 The 30-90-day modes

The MJO (Madden and Julian, 1971, 1972) is the dominant mode of intraseasonal
variability in tropical convection. This oscillation is characterised by eastward moving
organised convection, rainfall, pressure, and winds near the equator with a period of
approximately 30 to 90 days, mostly starting in the western or central Indian Ocean.
The MJO tends to propagate at ~ 5 — 7 m-s~! (Roundy and Kiladis, 2006). The MJO
signal is not always present but it has been observed in all seasons, with stronger events
occurring in boreal winter and spring; it is more frequent in the Pacific during El Nifo,

and in the Indian Ocean during La Nina.

The atmospheric structure associated with the MJO is baroclinic, characterised by
enhanced and suppressed equatorial convection and upper-level divergence, formed by
super cloud clusters (SCCs). As the convection approaches, easterly (westerly) trade
winds are enhanced at the Equator at low levels (aloft). This flow creates counter-rotating
vortices north and south of the Equator. Convergence and ascent are located with MJO
convection, and westerly winds follow convection. The convective signal of the MJO is
strongest over the Indian and Pacific Oceans. For scientific purposes, the location of the
MJO enhanced convection is grouped into 8 (broad) regions, also known as MJO phases

(Wheeler and Hendon, 2004).

The MJO affects subtropical and extratropical flow patterns at intraseasonal time-
scales through waves that communicate the MJO forcing to the remote circulation (e.g.,
Moore et al., 2010). The MJO can influence changes in jet streams and adjustments in
the precipitation patterns in the eastern tropical Pacific, with increased precipitation over
the warm pool to the west of Middle America in boreal summer (Higgins and Shi, 2001):
during the convectively active phase of the MJO in the East Pacific (e.g., phases 1 and
8), the trade winds weaken in the eastern tropical Pacific, and favour the formation of
an anomalous cyclonic circulation over western Middle America. Moisture is transported

from the eastern tropical Pacific to Middle America, where it converges into the ITCZ.
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Conversely, the convectively inactive phases of the MJO (e.g., phases 2 and 3) are char-
acterised by enhanced trade winds over the eastern tropical Pacific, accompanied by an
anomalous anticyclonic circulation to the west of Middle America. During these phases
anomalous moisture is transported from Middle America to the eastern tropical Pacific,
accompanied by decreased rainfall over southwestern and western Middle America. This
directly influences the intraseasonal variability of the North American Monsoon (Higgins
and Shi, 2001; Lorenz and Hartmann, 2006). Higgins and Shi (2001) suggest that the
propagation of an MJO active event from the eastern tropical Pacific to the Atlantic, in-

creases rainfall over the Gulf of Mexico and portions of the southeastern Middle America.

The MJO also influences TC activity globally (Klotzbach, 2014; Camargo et al.,
2009). Its impact in the IAS TC activity has been widely documented (Maloney and
Hartmann, 2000a,b; Aiyyer and Molinari, 2008). The convective phase of the MJO pro-
motes significant barotropic energy conversions from the mean state to the eddies, which
modulates tropical cyclogenesis (Hartmann and Maloney, 2001). Maloney and Hartmann
(2000a) showed the influence of the MJO in the East Pacific and the Gulf of Mexico,
defining active and inactive MJO phases over the East Pacific. These phases correspond
to an anomalous westerly jet at around 10° N in the East Pacific and cyclonic circulation
at 850 hPa to the North over the eastern Pacific and the Gulf of Mexico. Particularly,
the active (inactive) phase of the MJO has been linked with more (fewer) frequency of
tropical cyclones in the eastern North Pacific and the Gulf of Mexico (e.g., Maloney and
Hartmann, 2000a; Aiyyer and Molinari, 2008). Yu et al. (2011) found evidence of MJO
signals propagating to the Atlantic across Central America and the Caribbean Sea during
boreal winter and spring, suggesting that MJO influences intraseasonal variability in the

tropical and subtropical Atlantic.

The tropical eastern North Pacific also experiences intraseasonal variability on 30—-90-
day timescales that is linked with the variability of ITCZ rainfall (Jiang and Waliser,
2009). This mode has a maximum amplitude during boreal summer and a structure
similar to the MJO, but it has been suggested to be a mode independent from the MJO
(Rydbeck et al., 2013): since the MJO emits eastward-propagating dry Kelvin waves,
they can link with the east Pacific, which provides a possible phase locking mechanism

between the two hemispheres.
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2.5 Synoptic contributors to Middle America’s rainfall and

associated moisture transport

2.5.1 Tropical cyclones

Variability in Middle America’s hydrological cycle is linked to the occurrence of ex-
treme hydrometeorological events, such as TCs from the East Pacific and the North
Atlantic basin. In the East Pacific, the TC season usually starts in June over an area
close to the west coast of Mexico at about 10-20° N. Atlantic TCs are most likely to de-
velop during August-October. The MDR for TCs in the tropical North Atlantic extends
from the west coast of Africa to the tropical Atlantic between 6°N and 18°N, and 20°W
and 60°W (Mann and Emanuel, 2006).

TCs are non-frontal atmospheric disturbances that develop over the tropical ocean
(25°S to 25°N); they are characterised by a structure that consists of a warm-core with
low atmospheric pressure, with persistent, organised convection, and a well-organised,
cyclonic, near-surface wind circulation (Frank, 1977). According to the World Meteoro-
logical Organization (WMO; Neumann, 2017), TCs are classified by intensity using the
10-metre wind speeds, with peaks sustained for 1, 3, or 10 minute, depending on the TC-
basin. In the Eastern Pacific and North Atlantic basins, tropical cyclones are classified

based on l-minute average winds, as follows:

e Tropical depressions, which have maximum sustained surface winds (10 minute

averaged wind speed) less than 17.5 m-s~! (34 kt).

e Tropical storms, which have maximum sustained surface wind speeds 17.5-33 m-s—!

(34-64 kt).
e Hurricanes (in the Atlantic or East Pacific Oceans) have maximum sustained surface
winds in excess of 33 m-s~! (64 kt). They are also known as typhoons in the northern West

Pacific, or severe cyclonic storms in the North Indian Ocean and southern hemisphere.

2.5.1.1 Large-Scale Conditions Necessary for Tropical Cyclone Forma-

tion
According to the original definition of Gray (1968), TCs develop over the tropical

oceans under at least six necessary but not sufficient conditions for tropical cyclogenesis:

(1) Low vertical wind shear between the surface and the upper troposphere (less than

10 m-s~! ): large vertical wind shear can prevent TC genesis or weaken or destroy a TC
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by interrupting the organisation of deep convection around the TC centre.

(2) A minimum distance from the equator (of at least 5° in latitude): this condition
provides the necessary planetary vorticity for TC development. TCs typically form in the
tropics, between 5°—20° latitude. At higher latitudes TCs usually dissipate or undergo

extratropical transition.

(3) A pre-existing disturbance with sufficient vorticity and near-surface convergence:

some tropical disturbances (e.g., easterly tropical waves) develop into TCs.

(4) Warm ocean waters of at least 26.5°C, over a relatively large depth (=~ 50 m): the
necessary heat energy and moisture for TC development comes from ocean-atmosphere

latent heat flux.

(5) Conditional instability near the mid-troposphere: This promotes the development

of deep, moist convection in the vicinity of a tropical disturbance.

(6) Moist lower to middle troposphere: Deep layers with large relative humidity
decrease the likelihood of potentially destructive convective downdrafts on the lower-

tropospheric circulation of the initial disturbance.

Nowadays, and in particular under climate change, threshold SSTs Gray (1968) are
no longer considered a criteria for the occurrence of TCs (Tory and Dare, 2015). Besides,
there also exists much regional variability (Defforge and Merlis, 2017). More recent dis-
cussions focus on other variables that are not based on thresholds, for instance potential
intensity (Emanuel, 1995) and relative SST (Dare and McBride, 2011; Tory and Dare,
2015).

2.5.1.2 Structure of a tropical cyclone

TCs extend through the troposphere to the lower stratosphere, reaching heights of
about 15-18 km. On the horizontal plane, TCs size are about 5 degrees radius although
they can vary considerably (e.g., Xu et al., 2017). The TC circulation is in gradient wind
balance, which means the pressure gradient force opposes the Coriolis and centripetal
forces. This balance exists above 2 km of the surface. In the first 2 km the surface
friction is an important source of TC kinetic energy as it breaks the gradient balance.
The TC air spirals due to the existent vorticity, and accelerates toward the TC centre.
This air spirals upward to the eye wall or into the spiral rain bands, to finally spiral

outward aloft below the tropopause (Laing and Evans, 2016).

The low-level convergence forces convection, for example, under the eyewall, where
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a frontal mechanism prevails. Also, thermal instability can drive strong upward motion
near the centre of the storm, producing convection in the eyewall. This results in cirrus

shields that may extend 2 horizontal degrees from the centre of the TC.

Due to the thermal wind relationship of a rotating fluid, the temperature of the TC
decreases outward proportionally to the rate at which the vertical wind decreases upward
(Emanuel, 2005). The relative humidity increases with the air flowing towards the TC
centre. Usually, a mature TC has its strongest winds around the eyewall, decreasing
outwards from the centre of the TC, where the gale winds may extend horizontally 5°.
In the vertical, the strongest winds are found in the lower troposphere, weakening with
height. The more intense winds and rainfall are found in the eyewall (within 100 km of

the TC centre).

2.5.1.3 Processes of development of a tropical cyclone

The TC development requires the aforementioned prevailing conditions (sec. 2.5.1.1).
Besides these, a sequence of different thermodynamic and dynamic processes might lead

a TC to weaken or strengthen:

Genesis of a tropical cyclone. For an initial perturbation to become a TC
depends primarly on the environmental conditions to trigger deep, moist convection, and
on the Rossby radius of deformation of the lower-tropospheric convergence associated to
the perturbation. The first stage of TC genesis occurs over a period of 12 to 24 hours,
characterised by convection growing upscale to form a mesoscale convective system (MCS;
Zehr, 1992). Stratiform rainfall associated with the MCS results in diabatic warming in
the mid-troposphere and diabatic cooling in the low-troposphere. This process amplifies
cyclonic vorticity generation and stretching (developing a mid-tropospheric mesoscale

convective vortex), as a result of the concentration of ascent in the lower troposphere.

A common mechanism for the TC genesis is the interaction of a tropical wave (equato-
rial wave or an easterly wave; see sec. 2.5.2) with the tropical upper-tropospheric trough
that will locally enhance low-level convergence and thus moist convection, providing a

favourable environment for TC genesis.

Dunkerton et al. (2009) introduced the marsupial paradigm, which is a conceptual
framework to describe the transition sequence from synoptic-scale easterly wave to tropi-
cal depression. This framework describes how a hybrid diabatic Rossby wave or a vortex
(that exists in a wave critical layer), could become a tropical depression and, therefore,

evolve into a TC (e.g. Montgomery et al., 2010). Such paradigm introduced a sequence
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of three hypothetic physical mechanisms that involve the following: (a) a vortical or-
ganisation of the critical layer at scale meso-c, (b) moisture supply to the proto-vortex
and protection from dry or dusty air outside (”pouch” mechanism), and (c¢) a mutually

beneficial interaction of wave and vortex.

The tropical cyclone vortex and warm core development. The presence of
the mid-tropospheric mesoscale convective vortex and the deep, moist convection, plays
a key role in the development of a lower tropospheric vortex. Later, the latent and
sensible heat fluxes from the ocean to the atmosphere increase boundary-layer equivalent
potential temperature via warming and moistening. Eventually, the weak vertical wind
shear of the lower- and middle-tropospheric vortices align vertically. The intensification of
mesoscale convective vortex decreases dry air infiltration into the centre of the disturbance.
During TC development, the latent heat flux and convection must sufficiently warm and
moisten the boundary layer to support deep, moist convection to subsequently renew
thunderstorm development. At this stage, the mid-troposphere shows significantly higher
moisture compared to the first stage of TC genesis; as a consequence, the downdraft

activity driven by evaporation is largely suppressed, enhancing convection.

Strengthening and weakening of a tropical cyclone. The main sources of en-
ergy (latent heat flux from evaporation and sensible heat flux) and moisture of a TC come
from the warm, tropical oceans. The continuous release of latent heat by condensation
in the warm core maintains the TC baroclinic structure and generates available potential
energy, which is converted into kinetic energy (Anthes, 1974). High water vapour in the
Ekman boundary layer is necessary for moisture convergence and strong condensational
heating in a TC. The influx of vapour water into a TC across its lateral boundaries and

from surface evaporation must be at least equal to the precipitation (Anthes, 1974).

A TC weakens when there are not enough sources of energy and moisture to feed the
clouds that drive it: when a TC makes landfall, it weakens due to the lack of the moisture
source from the ocean, which eventually weakens the convection. TCs passing overland

will also weaken due to greater surface friction.

2.5.1.4 Climatology of tropical cyclones activity in the eastern North
Pacific and the North Atlantic

The eastern North Pacific TC season usually starts in June and extends to November
(e.g., Prat and Nelson, 2013a). In this basin TC genesis mainly occurs over the EPWP

and can be triggered by tropical easterly waves initiated by local instabilities (e.g Serra
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et al., 2008; Toma and Webster, 2010a) or by cross-isthmus propagation (Raymond et al.,
2006). During boreal summer, South Pacific southeast trades crossing the equator prevail
and turn northwestwards in the eastern North Pacific; TCs generally track to the NE and
gradually weaken over cooler SSTs; however, some TCs track northeastwards and make
landfall over Middle America. Seasonally, JJA is the peak TC activity in the eastern
Pacific basin (Fig. 2.9).

In the Atlantic basin, which includes Atlantic Ocean, Caribbean Sea, and the Gulf
of Mexico, TC activity peaks mostly between June and November (Fig. 2.9); more than
80% of TCs form in August, September and October (Chu, 2004). On the synoptic time
scale, African easterly waves (Thorncroft et al., 2008; Patricola et al., 2018) are some of

the disturbances that originate Atlantic TCs.
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Figure 2.9: Seasonal climatology of TC track densities for JJA and SON calculated with
1979-2015 TC tracks from the The International Best Track Archive for Climate Stew-
ardship (IBTrACS; Knapp et al., 2010).

2.5.1.5 Variability of tropical cyclone activity of eastern North Pacific
and North Atlantic

Modes of variability at different temporal scales can influence key climate factors
for TC activity (genesis, intensity, frequency), as well as their individual trajectories.
The dependence of the interannual variability of TC activity on large-scale modes of
variability has been extensively studied. TC variability has been related to large-scale
modes of subseasonal, interannual, and decadal variability, such as the MJO (Molinari
et al., 1997; Maloney and Hartmann, 2000a,b; Aiyyer and Molinari, 2008; Camargo et al.,
2009; Kossin et al., 2010), the ENSO (Gray, 1984; Camargo et al., 2007; Kossin et al.,
2010; Patricola et al., 2014; Lim et al., 2016), the AMM (Vimont and Kossin, 2007; Kossin
and Vimont, 2007; Kossin et al., 2010; Colbert and Soden, 2012), the NAO (Kossin et al.,
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2010), the AMO (Goldenberg et al., 2001; Kossin and Vimont, 2007) and the PDO (e.g.,
Méndez and Magana, 2010).

Decadal SST variability in the Pacific and the Atlantic (e.g., Shapiro and Golden-
berg, 1998; Wang et al., 2011) influence TC activity. For example, Méndez and Magana
(2010) found that the negative PDO is anticorrelated with the CLLJ. They suggest that
a weakened CLLJ enhances tropical easterly wave (EW) activity in the Caribbean Sea,
which promotes convection over southern Middle America and Central America and re-
duces moisture flux into Middle America. In consequence, this also promotes TC activity
in the Caribbean (e.g., Wang, 2007). The AMO is strongly linked with multidecadal
Atlantic TC variability (Goldenberg et al., 2001): the positive AMO (warmer Atlantic

SSTs) favours more intense Atlantic TCs.

ENSO has been suggested as one the most predictable factors that influences inter-
annual variability of TC genesis in different oceanic basins (Camargo et al., 2007). ENSO
influences Atlantic TC activity through induced positive (negative) anomalies of tropo-
spheric vertical wind shear, reduction (enhancement) of relative humidity, and subsidence
(convergence) (Gray, 1984; Goldenberg and Shapiro, 1996; Chu, 2004) during El Nino (La
Nina).

The interannual variability of Caribbean TC genesis and the CLLJ are linked through
changes in the vertical wind shear during ENSO events (Wang, 2007): the CLLJ strength-
ens during El Nino as a consequence of a weakened Walker circulation, increasing the ver-
tical wind shear and inhibiting the Caribbean TC genesis. Oppositely, La Nina weakens

the CLLJ and reduces of wind shear, which favours the TC genesis in the Caribbean Sea.

ENSO impacts on Caribbean T'C activity are not symmetric: El Nino has a stronger
influence on the north, and a weaker influence on the east and the west; whereas La Nina
is linked to a basin-wide increase in TC activity (Laing and Evans, 2016). In the eastern
North Pacific, El Nifio increases TC frequency on the western side of the eastern North
Pacific and reduces TC frequency on the eastern side nearshore Middle America, whereas

La Nina typically brings opposite conditions (Fu et al., 2017).

In the Atlantic basin, the NAO influences TC genesis and trajectories (Rodwell and
Hoskins, 2001). During the negative phase of the May-June NAO, the NASH weakens,
allowing Atlantic TCs with genesis in the MDR to follow a more northeastern track
(Kossin et al., 2010). Atlantic TC trajectories are steered by the surrounding large-scale
flow through the depth of the troposphere (850 — 200 hPa, approx.). The location and

strength of the NASH influences Atlantic TC trajectories: easterly flow prevails on the
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equatorward side of the NASH, and westerlies on the poleward side of the NASH. When
the NASH is strong, the associated steering flow of its anticyclonic circulation results in
TCs remaining close to the equator and displacing westwards. The opposite occurs when
the NASH is weak, allowing TCs to turn northward and, later, eastward by following the

poleward steering flow.

The AMM modulates Atlantic TC activity through its influence on tropical Atlantic
SSTs (Kossin et al., 2010; Patricola et al., 2014; Lim et al., 2016), particularly in the
Atlantic MDR (Vimont and Kossin, 2007). The positive phase of the AMM is related
with equatorial Atlantic warm SSTs and reduced vertical wind shear in the subtropical

North Atlantic, which enhance TC activity (Smirnov and Vimont, 2011).

The MJO is the dominant control on variability in the intraseasonal TC activity.
Klotzbach and Oliver (2014) showed a positive correlation between the MJO enhanced
convection over the western Indian Ocean and Africa (e.g., MJO phases 1 and 2) and TC
activity in the North Atlantic. When combined with favourable phases of the MJO, La
Nina or positive AMO could lead to enhanced North Atlantic TC activity. El Nino or
negative phases of the AMO combined with favourable phases of the MJO do not further

enhance North Atlantic TC activity.

Maloney and Hartmann (2000a) linked the westerly phases of the MJO with favourable
conditions for TC genesis in the eastern Pacific near the Mexican west coast through de-
creased vertical wind shear, and the enhancement of low-level convergence and cyclonic
vorticity. Maloney and Hartmann (2000b) also found that during the westerly phases of
the MJO, TC genesis in the Gulf of Mexico and the western Caribbean is up to four times

greater than during the easterly phases.

On intraseasonal scales, the influence of convectively-coupled atmospheric Kelvin
waves on TC genesis has been analysed in recent studies (e.g., Ventrice et al., 2012). These
synoptic-scale waves have wavelengths of 3000-7000 km, with eastward phase speeds of
10-20 m-s~!. The strongest Kelvin waves are often embedded within the MJO, which
allows them to persist longer and they may enhance the 850 hPa cyclonic vorticity for

the storm (Fang and Zhang, 2016).
2.5.1.6 Rainfall and moisture transport associated with tropical cyclone
activity

Rainfall associated with individual TCs is conditioned to the maintenance of the

deep convection surrounding its core, which is related to atmospheric and land surface
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forcings. Cerveny and Newman (2000) suggest that rainfall associated with the TC inner
core represents most TC-related rainfall, being = 35% of the total rainfall for the weakest

TCs and strong Hurricanes, compared with less than 25% of the weakest hurricanes.

In general terms, TCs and their related rainfall weaken when making landfall since
the TC inner core is isolated from oceanic moisture, latent heat flux from evaporation.
However, TCs may continue creating rainfall further inland in post-landfall while inter-
acting with local topography (e.g., Matyas, 2007; Brun and Barros, 2014) and/or other
synoptic systems (e.g., Dare et al., 2012). Matyas (2007) suggests that TC-associated
rainfall and moisture depends on the intensity of the storm, the distance inland over
which the storm moves and the orientation of elevated topography encountered by the
TC. In that study, strong hurricanes (associated to faster winds) are shown to advect
moisture almost completely around their centers (an arc-lenght ~ 349°), whereas weaker

TCs have a more limited rain shield (an arc-lenght ~ 171°).

TC-related rainfall and moisture is influenced by TC size (Xu et al., 2017), that
might be influenced by their location basin (e.g., Jiang and Zipser, 2010). For example,
Atlantic TCs are typically smaller than those in the Indian Ocean, the South Pacific or
the northwest Pacific. TC rainfall for individual storms is also conditioned to dynamical
mechanisms, such as vertical wind shear, TC translation and proximity to the continent.
Thermodynamic effects such as differential temperature and radiation effects over land
and ocean, and microphysical processes also might determine the amount of TC-associated

rainfall (Yu and Wang, 2018). Hence, this topic is still a matter of research.

Many studies have quantified the rainfall associated with TC activity at a regional
(e.g., Larson et al., 2005; Kunkel et al., 2010; Ritchie et al., 2011; Barlow, 2011; Lau and
Zhou, 2012; Gutzler et al., 2013; Prat and Nelson, 2013b; Wood and Ritchie, 2013; Prat
and Nelson, 2016; Guo et al., 2017; Touma et al., 2019) or global scale (Jiang and Zipser,
2010; Prat and Nelson, 2013a).

Some other studies have also quantified the TC contribution to moisture transport
at a regional scale (e.g., Xu et al., 2017). Different approaches and techniques have been
applied to quantify TC influence in rainfall and moisture, such as reanalysis, observations
or satellite estimations of rainfall, the TC’s radius of influence, and the source of the TC
tracks (e.g., inclusion/exclusion of pre- and post-stage of a TC). Each technique has its

advantages and weaknesses.

For example, to attribute an area influenced by a particular TC and to give an

objective definition of the TC size is a challenging task. A fixed 500 km (~ 5 longitudinal
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degree) radius is a common choice in TC-related studies (e.g., Larson et al., 2005; Jiang
and Zipser, 2010; Guo et al., 2017) since this criteria captures the primary wind circulation
domain of the T'C, which is usually found between 80-400 km from the TC centre and the
TC cloud shield, commonly found at 550-600 km (Prat and Nelson, 2013a). However, it
has been suggested that fixed radius might not capture the full extent of the TC influence
or to include the influence from other weather systems, leading to uncertainties in the TC

attributions of rainfall and moisture flux (Ren et al., 2007; Xu et al., 2017).

The amount of TC-related rainfall varies considerably from storm to storm (Cor-
bosiero et al., 2009) and depends on their location (e.g., Khouakhi et al., 2017), and time
of the year (Larson et al., 2005; Guo et al., 2017). For example, Corbosiero et al. (2009)
showed that TC contribution to rainfall in northwestern Middle America. depends on
the genesis location and the time of the year, as September tends to favour TC landfall
over the region. In the same study it is shown that East Pacific TCs cause considerable
rainfall over north western Middle America even without making landfall or during TC
post-stages. Ritchie et al. (2011) quantified that up to 30% of the annual precipitation in
the southwestern U.S. is associated with remnants of eastern North Pacific TCs. Kunkel

et al. (2010) found that North Atlantic TCs account for 6% of the annual total rainfall.

In terms of extreme rainfall, Khouakhi et al. (2017) found that in North America
the highest TC contribution to annual rainfall maxima (= 10-30%) can be found at rain
gauges located within ~ 400 km of the shore. In some regions with different climatic areas
with arid or tropical characteristics, TCs contribute to more than 25% and up to 61% of
the annual precipitation budget (Prat and Nelson, 2013a). Barlow (2011) quantified that
50% and more than two-thirds of all extreme events in stations at the Mexican west coast
and northeast U.S. are linked to hurricane-related activity, respectively. Kunkel et al.
(2010) quantified that North Atlantic TCs are associated with 30% of extreme events in

some stations located in the south and southeast U.S..

North Atlantic and northeast Pacific trends and relationships between TC-intensity
of TC-related rainfall have been analysed. Lau and Zhou (2012) suggested that there is
an approximate linear relationship between Saffir-Simpson storm intensity classification,
and the TC-related rainfall (calculated with the accumulated total rainfall along storm
tracks). Touma et al. (2019) found larger contributions of TC-related rainfall from TCs
after they have weakened to tropical storms. The authors also found that there is a trend
of heavier rainfall associated with major hurricanes in the recent six decades, compared

with the earlier six decades of their study.
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2.5.2 Tropical easterly waves

Tropical EWs are important synoptic features of the ITCZ in the eastern Pacific and
the Atlantic ocean. They appear during boreal summer and autumn, following a similar

timeframe as the TCs.

The EWs are important modulators of convection in the TAS and Middle America.
During boreal summer, there are about 6-8 EWs per month (Toma and Webster, 2010a)
and their origin varies in accordance with the basin. For example, African EWs (AEWs)
are synoptic-scale disturbances induced by the mid-tropospheric sub-Saharan jet, also
known as the African easterly jet, during the West African Monsoon season (e.g., Burpee,
1972), which normally occurs from June to October. Thorncroft and Hoskins (1994)
found that AEWs are formed from a joint barotropic-baroclinic instability of the African
easterly jet. AEWs modulate daily rainfall over West Africa (Reed et al., 1977) while
propagating westwards between 600-850 hPa (e.g., Thorncroft and Hodges, 2001). Some
of these waves propagate through the equatorial North Atlantic and reach the Caribbean

Sea and Middle America, inducing instability and producing heavy rainfall.

Different interpretations exist to explain the origin of eastern Pacific EWs: some
studies consider that these EWs are originally formed in the Atlantic and propagated
towards the eastern Pacific across Central America (Frank, 1970; Raymond et al., 2006).
Other studies suggest that disturbances from the Atlantic Ocean interacting with the
Sierra Madre (e.g., Sierra Madre Occidental, Trans-Mexican Volcanic Belt, and Sierra
Madre del Sur) lead to barotropic instablility and EW genesis (Zehnder and Reeder,
1997; Zehnder et al., 1999).

The early study by Ferreira and Schubert (1997) proposed the origin of eastern Pacific
EWs as barotropic instability of the eastern Pacific ITCZ, leading to the generation of
a series of eddies. More recently Serra et al. (2008) suggested that the genesis and the
character of the Pacific EWs are quite different from Atlantic EWs, where only 4-8%
of the latter reach the eastern Pacific basin. Toma and Webster (2010a) suggest that
the development of EWs in situ are directly linked to ITCZ instabilities, particularly in
regions of strong cross-equatorial pressure gradient. Thus, local instabilities are a major
source of EWs in the eastern Pacific Ocean.

EWs are important precursors of TCs (Serra et al., 2008; Thorncroft et al., 2008;
Toma and Webster, 2010a,b; Belanger et al., 2016): more than a half of all the Atlantic

TCs and approximately 85% of the major hurricanes in the basin originate from AEWs

(Agudelo et al., 2011).
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CLLJ activity influences eastern Pacific low-level winds, low-level vorticity, moisture
and convection, which are important factors for EW growth and tropical cyclogenesis
in the TAS. Strong easterly flow is associated with more frequent and stronger eastern
Pacific EWs (e.g., Molinari et al., 1997; Serra et al., 2008). According to Méndez and
Magaiia (2010), a relatively weak CLLJ (=~ 10 m-s~!) favours more AEWs activity in the
TAS and, consequently, more rainfall in the Caribbean, Central America and southern
Mexico. Many studies suggest that the AEWs and TCs strongly influence seasonal cycle
of Caribbean and Middle America rainfall (e.g., Taylor et al., 2002; Larson et al., 2005;
Méndez and Magana, 2010; Herrera et al., 2015); in contrast Martinez et al. (2019) found

marginal influences on the Caribbean rainfall cycle.
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Chapter 3:

Interannual Variability of Middle

America’s Rainfall

3.1 The purpose of the present study

This study addresses the first set of objectives of the thesis, stated in 1.3: (a) to
objectively identify regions in Middle America that show coherent interannual variability
of rainfall at all season; (b) to identify the large-scale climate phenomena responsible for
rainfall interannual variability over Middle America, and (c¢) to describe physical mech-
anisms by which these large-scale climate phenomena create conditions for anomalous

rainfall over the region.

Rainfall is a crucial factor for Middle American society, natural areas, infrastructure,
and economic activities such as agriculture and hydroelectric power generation. As an
example, crop cultivation is the main activity in the primary production sector in most
of Mexico; more than 79% of this activity is rainfed (INEGI, 2019). Cattle ranching,
which also belongs to the Mexican economy primary sector, depends on the climatic
conditions and the availability of local water, which is directly linked with variability in
seasonal rainfall. Agriculture represented =~ 3.3% of the Mexican gross domestic product
(GDP) in the first quarter of 2020 (INEGI, 2020). Mexico has 182 protected natural
areas, which comprise 21,886,691 ha and represent 11.14% of the land area of continental
Mexico (CONANP, 2019); these areas are particularly vulnerable to climate variability,

in variables such as precipitation rates and moisture availability.
ENSO plays the leading role in driving interannual variability of Middle America’s
climate in winter and summer (Giannini et al., 2001); its direct influence on regional

rainfall anomalies has been widely documented (e.g., Hastenrath, 1978; Ropelewski and
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Halpert, 1987; Taylor et al., 2002). Middle America’s rainfall varies with the ENSO phases
(see sec. 2.3.1), in which La Nina shows the opposite of all El Nifio patterns of rainfall.
Canonical El Nino is often associated with drought over Middle America in summer. El
Nifno is accompanied by the anomalous eastward shift of the Walker Circulation, whose
descending branch is then closer to Middle America and the Caribbean Sea. El Nino
winters are characterised by colder and wetter conditions over northern Middle America,
linked to an equatorward shift of the eastern Pacific subtropical jet. This leads to stronger
winds at &~ 200 hPa crossing the region and to an amplified storm track over northern

Middle America (CPC, 2005).

Higgins et al. (1999) and Higgins and Shi (2001) found that SSTs in the eastern Pa-
cific are linked with interannual variability of the NAMS (see sec. 2.1.4), via an anomalous
Hadley circulation. During El Nino, the ITCZ shifts equatorwards and the eastern Pa-
cific Hadley circulation intensifies, which reduces rainfall over Middle America. NAMS
variability has been linked with rainfall anomalies in the previous boreal winter: wet
(dry) conditions over the monsoon region are often followed by an enhanced (weaker)
NAMS, which suggests an influence of ENSO on the interannual variability of the NAMS
(Mechoso et al., 2004).

The CLLJ strengthens during El Nino summers, inhibiting both the Caribbean’s
cyclogenesis and the propagation of AEWSs into the Caribbean Sea (Amador, 2008). In-
creased rainfall in the western Caribbean and Central America and reduced rainfall in

the central IAS are observed during EI Nino.

El Nino events enhance central and eastern North Pacific TC frequency, except in
the area close to the Middle American western coast; opposite TC frequency patterns in
this basin occur during La Nina (Chu, 2004; Fu et al., 2017). Also, there is a shift of the
location of TC activity to the central North Pacific (i.e. westwards) during developing El
Nino (Camargo et al., 2008; Bell et al., 2014; Wood and Ritchie, 2013; Fu et al., 2017).
However, the impact of the SSTs do not have a major influence on TC activity at central
and eastern North Pacific TC activity during El Nino, since the warming signal is mostly
confined along the equator (Jin et al., 2014; Murakami et al., 2017). The increase in
TC activity is mainly attributed to changes in vertical wind shear, and an increase in
vorticity (Chu, 2004), which promotes the westward shift of both TC tracks and genesis
region (Wu and Chu, 2007; Camargo et al., 2008).

ENSO influences Atlantic TC activity through induced changes in tropospheric ver-
tical wind shear (Gray, 1984; Goldenberg and Shapiro, 1996; Patricola et al., 2014), and
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the upper-tropospheric temperature (Tang and Neelin, 2004), where an enhancement of

Atlantic TC activity occurs during La Nina and suppression during El Nifo.

The strength of the teleconnection between ENSO and Middle America’s rainfall has
varied with time. Méndez and Magana (2010) found that prolonged dry conditions in
central-south Mexico occur during El Nino events in the positive phase of the PDO, while

prolonged wet conditions prevail during La Nifia events in the negative phase of the PDO.

The effects of ENSO in the transition seasons and the differentiation of canonical El
Nifio climate impacts from those of El Nifio Modoki over Middle America have received
little attention. Even more, the regional climate effects of secondary oceanic and atmo-
spheric modes of interannual variability, such as the AMM (Chiang and Vimont, 2004;
Kossin and Vimont, 2007) and the NAO have been less thoroughly explored.

Some studies have addressed the responses in rainfall and moisture transport over
North America in canonical El Nifo and El Nifio Modoki years: Mo (2010) found that
during El Nino Modoki winters the storm track shifts more south relative to canonical
El Nino events. El Nino Modoki response to the extratropical wave train resembles a
Pacific-North American pattern (PNA; Barnston and Livezey, 1987), while canonical
El Nifio response is more similar to a tropical Northern Hemisphere pattern (Barnston
et al., 1991). Kim and Alexander (2015) suggests that during peak El Nifio Modoki, the
southwards shift of the Aleutian low may transport more moisture into Middle America
compared with peak canonical El Nino. This is possible due to higher atmospheric mois-
ture in the lower latitudes, even though the winter Aleutian low strengths less in El Nino

Modoki than in canonical El Nino.

There are studies that have examined point correlations between Middle America’s
rainfall and its individual drivers (e.g., Magana et al., 2003). However, only a few have
linked coherent spatial patterns of seasonal rainfall variability across some portions of Mid-
dle America with their particular driving mechanisms (e.g., Higgins et al., 1998; Cavazos,

1999).

In this study, coherent patterns of rainfall that represent most of the interannual
variance of seasonal rainfall over Middle America are obtained by implementing a con-
sistent and objective method, the Empirical Orthogonal Teleconnection (EOT; van den
Dool et al., 2000) analysis. The EOT analysis is applied to the 1982-2016 rainfall over
Middle America. This technique has been applied successfully in previous studies on
interannual and decadal variability of rainfall: Smith (2004) examines long-term trends

and interannual variability in Australian rainfall, identifying that interannual rainfall to-
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tals can be attributed to the first two EOT patterns that cover much of central-western
Australia and central-eastern Australia. The author found that 60% of the variability
of annual rainfall is strongly linked with the SOI. Klingaman et al. (2013) proved that
the EOT technique was useful in separating Queensland rainfall into regional patterns
of variability, identifying ENSO as the phenomenon responsible for the most significant
rainfall variance in Queensland in spring, summer and winter. In contrast, autumn rain-
fall variations are controlled by the late-season strength of the Australian monsoon. The
authors also identified TCs approaching the Queensland coast as secondary drivers of the
interannual rainfall variability in summer. Stephan et al. (2018a) identified that ENSO
mainly drives interannual variability of rainfall in large areas of eastern China during
winter, spring, and summer. The authors also found that the interannual variability
of rainfall in China’s southeast coast is linked to anomalous convection in the tropical

eastern Atlantic, interacting through a zonal wavenumber-three Rossby wave.

In this chapter, the influence of the leading and secondary modes of climate variabil-
ity in the amount and location of rainfall in Middle America are explored. This study
finds the relationship between interannual rainfall variability over Middle America and
particular climate forcings for specific seasons by linearly regressing the EOT time-series
onto observations and reanalysis data. The corresponding large-scale phenomena and
mechanisms, meteorological systems, and climatic conditions associated with interannual
variability of rainfall in Middle America are explained. This new knowledge is potentially
valuable for future studies regarding predictions of seasonal rainfall, as often numeri-
cal models have good skill at predicting large-scale atmospheric circulations at seasonal

scales.

This study examines some of the most relevant atmospheric and oceanic variables,
which are linked to modes of interannual variability that influence Middle America’s cli-
mate. Modes of variability such as ENSO, the AMM, and the AMO (among others studied
in chapter 2 of this thesis) modulate large-scale environmental conditions, including SSTs,
rainfall, wind fields, vertically integrated moisture flux and its divergence, outgoing long
wave radiation, and atmospheric surface pressure. The analysis of these conditions in
relationship with the modes of variability help to explain the mechanisms through which

Middle America’s climate variability occurs.
As studied in Section 2.5.1.4, Middle America’s rainfall is influenced by the North
East Pacific and the North Atlantic TC activity. TC attributes (e.g. genesis, track

and landfall locations) are widely controlled by large-scale environmental conditions that
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can be modulated by ENSO, the AMM and other modes of variability. Modulations in
the atmosphere include vertical wind shear, moisture, and the strength and location of

subtropical highs. In addition, the ocean influences TC activity through SST changes.

3.2 Dataset and methods

3.2.1 Data

For the period 1982-2016, seasonal means of accumulated rainfall are computed us-
ing the University of East Anglia Climatic Research Unit (UEA-CRU) global monthly
precipitation dataset for global land areas, at 0.5°x0.5° spatial resolution (Mitchell and

Jones, 2005).

Seasonal winds on pressure levels, atmospheric surface pressure, and vertically inte-
grated moisture fluxes (VIMF) from the Japanese 55-year reanalysis (JRA-55; Kobayashi
et al., 2015, all at the original resolution of TL319, ~ 55 km) are used in this study.
Harada et al. (2016) assessed the representation of the global atmospheric circulation and
climate variability in the JRA-55 reanalysis. The authors found consistency in the zonal
mean field when compared with different reanalyses. Compared with its predecesor, the
Japanese 25-year reanalysis (Onogi et al., 2007, JRA-25;) the authors found improve-
ments in the representation of the atmospheric flow and phenomena, such as equatorial
waves, and transient eddies in the storm track regions. Among other reanalysis datasets,
JRA-55 has one of the best estimates of seasonal and annual variabilities of surface wind
speeds over the Northern Hemisphere (e.g., Miao et al., 2020). However, compared with
other reanalyses, JRA-55 present a weaker amplitude of equatorial waves and the MJO
and shows an unrealistic strong cooling in South America and Australia (Harada et al.,

2016).

The divergence of JRA-55 vertically integrated moisture fluxes fields is computed us-
ing spherical harmonics with truncation T64, employing the windspharm Python package
(Dawson, 2016). Wind shear is defined as the magnitude of the difference between the
horizontal wind fields at 850 hPa and 200 hPa, which has been widely used for empirical
studies of TC activity (e.g., Camargo et al., 2007; Wang et al., 2011).

JRA-55 reanalysis represents around 95% of the 6-hourly global TC frequencies ob-
served for the period from the 1950s to the 1980s and gradually decreases to 85-90 % in
the 2000s (Kobayashi et al., 2015). This reflects an artificial weakening trend of JRA-55

to detect TCs that goes against the effect of increasing observations. Despite this, JRA-55
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helps representing TCs in the correct location (e.g., Hodges et al., 2017).

In this chapter seasonal statistics of TC track densities and TC genesis densities are
used, which are computed with the objective TC tracking method based on Hodges (1994,
1995, 1999), and applied to the JRA-55 reanalysis dataset, for the period 1979-2016. The
methodology employed for the calculation of the TC tracks and their statistics is fully
described in Hodges et al. (2017). The objective TC tracking method identifies tropical
disturbances through relative vorticity fields, vertically averaged from 850 to 600 hPa
pressure levels. Tropical systems with wavenumbers between 6 to 63 are retained after
applying the spectral filter of Sardeshmukh and Hoskins (1984). The TC is identified using
a threshold criterion of vertically decreasing vorticity is applied to the filtered vorticity
fields (across 850-250 hPa) to detect the typical warm core vertical structure of a TC.
A vorticity maximum at the different levels is found applying the B-spline interpolation,

with the maximum at the previous pressure level as a starting point.

The NOAA Optimum Interpolation Monthly SST (OISST; Reynolds et al., 2002)
Analysis dataset at a horizontal resolution of 1° x 1° is used to compute SST means. Sea-
sonal values of outgoing long-wave radiation (OLR) are calculated from NOAA Climate
Diagnostics Center (CDC) OLR dataset at 2.5° x 2.5° horizontal resolution (Liebmann
and Smith, 1996).

Monthly mean indices corresponding to the regions Nino 1+2, 3, 3.4, 4 and Trans-
Nino index are retrieved from https://climatedataguide.ucar.edu/climate-data/
(Trenberth, 2020). The monthly mean AMM index dataset is provided by http://www.
aos.wisc.edu/~dvimont/MModes/Data.html. The monthly mean NAO index dataset is
retrieved from https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.
shtml. The monthly mean CLLJ index dataset is provided by https://iridl.1ldeo.

columbia.edu/maproom/ACToday/Colombia/CLLJI.html.

3.2.2 Empirical Orthogonal Teleconnections Analysis for interannual

variability of rainfall

A modified version of the original EOT method (van den Dool et al., 2000), following
Smith (2004), is implemented to identify the large-scale climate phenomena associated
with interannual rainfall variability over Middle America. Both the original EOT and
the modified EOT version allow objectively identifying regions that show strong coherent
interannual variability in seasonal rainfall, with the difference that in the EOT modified

version the regions are identified by the explained variance of the domain area-averaged
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rainfall, rather than by the sum of the explained space-time variance over all points.

In the original EOT method proposed by van den Dool et al. (2000), the use of
global variance biases the results to areas of the domain of higher rainfall totals. Smith
(2004) argues that the temporal variance of the spatially averaged rainfall is a less-biased
descriptor than the space—time variance, particularly over domains where rainfall variance
is concentrated in particular areas (e.g., coastal Australia, southern and eastern China).
Smith (2004) methodology implies that all-grid points contribute to the temporal variance
calculation on an equal basis, thereby removing the bias towards regions of high rainfall.
Therefore, this version of the EOT methodology is suitable for studies of rainfall in Middle
America, since this region presents a considerable concentration of rainfall in a small part

of the domain.

The EOT analysis offers a novel approach to the analysis of interannual rainfall
variability in Middle America. This technique emphasises regions of strong coherent tem-
poral variability, maximising variance only in one dimension (time in this study), different
from classical algorithms that seek eigenvectors that maximise space-time variance. The

modified EOT method is explained in detail in the following paragraphs.

In this thesis, the modified EOT method is implemented for seasonal accumulated
rainfall, denoted f(e,t), which varies in space (1 < e < ne) and time (1 < t < nt),
where ne represents all the grid points in the domain of study, and nt represents all the
time steps within the period of analysis. f(e,t) is analysed for each of the following sea-
sons: March-April-May (MAM), June-July-August (JJA), September-October-November
(SON), and December-January-February (DJF; where January and February correspond

to the following year).

The modified EOT method consists of searching for the base point (denoted eb)
among all e in f(e,t) that explains the most temporal variance of the area-average rainfall
in the domain. In other words, the first EOT or eb; is the point with the highest correlation
with the area-average of seasonal rainfall in Middle America. This first base point eb;
has an associated time series §; (also called EOT1 time-series), corresponding to the time

series of the original data, f(e,t), at point eb;.

The next most important point in space (the one that explains most of the variance of
the original area-average rainfall) is searched using the procedure explained before, except
that the reduction starts with the f(e,t) after the effect of the previous EOT removed
(eq. 3.2). The effect of the base point f(eby,t) is removed from the original seasonal

accumulated rainfall, f(e,t), by linear regression. This process requires the calculation of
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the regressed coefficients (denoted R) between f(eby,t) and f at all other points e. Each

regressed coefficient R(e) is later multiplied by its corresponding time series [31:
feffect(e,t) = B1Ri(e) for all e and ¢t (3.1)

The feffect coefficient is removed from the original dataset, yielding in a new seasonal

rainfall dataset with the effect of the first EOT removed:

fnew(ea t) = f(€7 t) - feffect(€7 t) for all € and t. (32)

Ultimately, a set of functions orthogonal in time (EOTs, result from a ‘covariance-
based’ calculation) that emphasise regions of strong coherent variability is obtained. The
EOTs explain successive non-overlapping fragments of the variance. The orthogonality
of the EOTs in the time domain (in which the correlation and standard deviation are

calculated) implies that

Z/Bm(t)ﬁn(t) =0 for n# m, (33)

where B (t) = frew(€bm,t), eby, is the m!* base point, fey is f after m—1 reductions.

To obtain patterns of coherent variability within the domain of study (referred as
EOT patterns), the corresponding leading EOT, f(eby,,t), is correlated with all the points

of the domain for the variable f(e,t) of the corresponding m iteration.

In a following step, the EOT is linearly regressed onto relevant atmospheric and
oceanic variables associated with modes of variability (as discussed in Sec. 3.1). Through
these linear regressions, the EOT analysis aids in the identification and understanding of
the associated local and large-scale atmospheric and coupled air-sea processes that drive
the variability (e.g., Smith, 2004; Rotstayn et al., 2010; Klingaman et al., 2013; Stephan
et al., 2018a).

This study analyses the three leading EOTs of rainfall for each season that also
represent a threshold of more than 88% of accumulated explained variance. Individually,
each EOT is connected with local and large-scale phenomena by linear regression applied
to oceanic and atmospheric fields (such as SST's, atmospheric pressure, wind fields, OLR,
VIMF, VIMF divergence, among others) onto time-series corresponding to each EOT

rainfall pattern.
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3.3 Drivers of interannual variability of seasonal rainfall in

Middle America

In this section, the three leading seasonal rainfall EOTs for each season MAM, JJA,

SON, and DJF are analysed. Table 3.1 summarises the three leading EOTS for JJA

and SON and their Pearson correlation coefficient with the most significant interannual

climate indices, related with candidate modes of variability of the interannual variability

of seasonal rainfall in Middle America. For these correlations, monthly mean indices were

used to calculate the seasonal Niio SST, AMM, NAO, and CLLJ indices.

EOT  Expl. variance (%) oy, (mm) Nino 3.4 3-mo lag Nino 3.4 TNI Nino 4 Nino 142 AMM NAO CLLJ
MAM

EOT1 58.18 31.44 0.45%** 0.30%* -0.25% 0.44*** (.16 0.05 0.17 0.06
EOT2 20.67 39.84 -0.29%* -0.40%** -0.14 -0.10 -0.29%* -0.06 0.12 0.57***
EOT3 11.17 118.25 0.05 -0.07 0.20 0.05 0.18 -0.36** (.16 0.14
JJA

EOT1 71.29 210.04 -0.70%** -0.30%* 0.10 -0.65%**  _0.35%* 0.31%* 0.02 -0.58%**
EOT2 15.72 71.80 -0.03 0.03 -0.10 0.00 -0.03 0.00 0.05 -0.02
EOT3 5.28 110.42 -0.11 -0.41%** -0.10 -0.10 -0.15 -0.18 -0.10  0.10
SON

EOT1 71.05 58.97 0.05 0.03 -0.07 0.16 0.10 0.13 0.06 0.50%%*
EOT2 11.85 107.69 0.19 0.14 0.10 0.10 0.25% -0.23 0.02 0.27*
EOT3 5.47 18.62 -0.13 -0.20 0.37*%* _0.27* -0.00 0.26* 0.11 -0.34**
DJF

EOT1 70.94 114.42 0.52%%* 0.43*** -0.06 0.40%%*  Q.47*** -0.23 -0.00  0.16
EOT2 16.36 30.11 0.26* 0.15 -0.27*%*  0.26* 0.05 -0.20 0.00 -0.05
EOT3 5.60 82.81 0.19 0.18 -0.10 0.18 0.12 -0.11 0.26%  0.06

Table 3.1: For the three leading EOTs of seasonal Middle America’s rainfall: the
percentage of variance of the area-averaged rainfall explained; the seasonal standard
deviation of rainfall of the base point of the EOT (oy,; the correlation between the EOT
time series and Nifo 3.4, the 3-month lagged Nino 3.4, the Trans-Nino Index (TNI),
Nifo 4, Nino 142, the SST Atlantic Meridional Mode, the North Atlantic Oscillation
index, and the Caribbean Low Level Jet index. A *, **  and *** indicate correlations

that are statistically significant at the 12%, 6%, and 1% level, respectively.

Even though the relationship between the leading EOTs with other climate indices,

such as the ones mentioned in Chapter 2 ( e.g. Atlantic Nino, AMO, PDO, MJO), was

considered, these relationships were not statistically significant and are not shown in table

3.1.
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To understand the drivers of the interannual variability of seasonal rainfall in Middle
America, regressions analyses of climate variables are calculated for each EOT. Table 3.2

summarises the results of this EOT analysis, for the reader’s reference throughout this

section.
EOT Expl. variance (%) Region affected Likely driving mechanism
MAM
EOT1 58.18 Northeastern Middle America Developing canonical El Nifio
EOT2 20.67 Southern Middle America Decaying canonical La Nina
EOT3 11.17 Northeastern Middle America Negative phase of the AMM
JIJA
EOT1 71.29 Southern and eastern Middle America Developing canonical La Nina, positive phase of the AMM
EOT2 15.72 Northeastern Middle America Regional land-atmosphere interactions
EOT3 5.28 Northwestern Middle America Lagged peak and decaying canonical La Nifia
SON
EOT1 71.05 Central and eastern Middle America CLLJ variability
EOT2 11.85 Northern and central-eastern Middle America  Developing canonical El Nifio and TC activity
EOT3 5.47 Southern/southwestern Middle America Developing La Nina 'Modoki’” and TC activity
DJF
EOT1 70.94 Northern Middle America Peaking canonical El Nifio
EOT2 16.36 Western/north-central Middle America Peaking El Nino 'Modoki’
EOT3 5.60 Southern/central Middle America Unclear, but association with the positive phase of the NAO

Table 3.2: Summary of the EOT analysis, showing each EOT percentage of variance
explained in area-average seasonal rainfall, the region of Middle America encompassed
by the pattern, and the likely driving mechanism.
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3.3.1 Summer

JJA EOT1

EOT1 for JJA presents a base point that explains 71% of the temporal variance of
the area-average rainfall. The base point is located in the state of Chiapas, Mexico (Fig.
3.1a); this EOT is highly correlated with a large area of southern and eastern Middle

America.

Corr: -0.70
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Figure 3.1: (a) Correlation of JJA EOT1 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of JJA
EOT1 rainfall (blue line) and the JJA Nifo 3.4 (red line), with a correlation coefficient
of -0.70 for the period 1982-2015.

JJA EOT1 is anticorrelated with the concurrent Nino 3.4 (r = —0.70, Fig. 3.1b).
Figure 3.2a shows a strong relationship between anomalous Pacific SSTs and JJA EOT1:
the corresponding pattern of linear SST regressions onto JJA EOT1 resembles La Nina,
when equatorial western Pacific SSTs show anomalous warming, and central/eastern Pa-
cific SSTs show anomalous cooling. It is important to mention that the linear regressions
between the EOT and the atmospheric and oceanic variables are calculated for the pe-
riod 1982-2015. Therefore, the linear regression coefficient patterns shown in Figure 3.2a
are multiplied by the standard deviation of the corresponding EOT. This pattern can be
interpreted as an anomalous condition of the independent variable in respect to the mean

seasonal rainfall of the corresponding EOT (for the period 1982-2015).
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Figure 3.2: Linear regression coefficient of JJA (a) SSTs and (b) OLR, onto the normalised
JJA EOT1. Shading shows the regression slopes in (a) °C' and (b) W-m~2 per standard
deviation of seasonal rainfall (mm). Stippling indicates correlations that are significant
at the 10% level. Period 1982-2015.

The relationship between La Ninia and JJA EOT1 also appears in regressed OLR,
where the OLR is used as a proxy for convection: Figure 3.2b shows negative anomalies
(enhanced convection) over the western equatorial Pacific, southern Middle America, the
Caribbean and the tropical Atlantic Ocean. It also shows significant positive anomalies

(suppressed convection) over the central Pacific.

Anomalous positive atmospheric surface pressure over the equatorial central Pacific
is associated with positive JJA EOT1 (Fig. 3.3a), consistent with La Nifia. The linear re-
gression coefficient of winds at 850 hPa show an anomalous Walker circulation (Fig. 3.3a):
strengthened easterly winds in the equatorial western Pacific and anomalous westerlies
in the eastern Pacific are associated with increased rainfall in southern Middle America.
The anomalous low-level westerly winds extend from the eastern Pacific to the Atlantic

Ocean, opposing the climatological winds in the Caribbean and weakening the CLLJ.

During positive JJA EOT1, positive anomalies of VIMF convergence occur in the
eastern Pacific and southern Middle America, consistent with La Nifia’s anomalous north-
ward shift of the eastern Pacific ITCZ. The low-level winds of the anomalous Walker
circulation promote anomalous eastward moisture transport from the central/eastern Pa-
cific to Middle America and the Caribbean (Fig. 3.3b). This anomalous circulation also
favours convection and rainfall over southern Middle America and the TAS during JJA

EOT1.
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Figure 3.3: (a) Linear regression coefficient of JJA surface pressure (shaded, hPa) and
wind fields at 850 hPa (arrows, m-s~!) onto the normalised JJA EOT1, per standard unit
of seasonal rainfall (mm); wind vectors are drawn in blue when at least one component of
the vector is significant at the 10% level. (b) Linear regression coefficient of JJA VIMF
(arrows, kg -m~'-s7!) and VIMF divergence (shaded, kg - m~2-s~!) onto the normalised
JJA EOT1, per standard unit of seasonal rainfall (mm); VIMF vectors are drawn in
black when at least one component of the vector is significant at the 10% level. (c)
Linear regression coefficient of JJA TC track density scaled to number density per unit
area (~ 10°km?) per season onto the normalised JJA EOT1, per standard unit of seasonal
rainfall (mm). (d) Linear regression coefficient of JJA TC genesis density per unit area (~
10km?) per season onto the normalised JJA EOT1, per standard unit of seasonal rainfall
(mm). Stippling indicates correlations of (a) surface pressure, (b) VIMF divergence, (c)
TC track density, and (d) TC track genesis that are significant at the 10% level.
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Regression analyses show a significant anticorrelation between JJA EOT1 and surface
pressure in the tropical Atlantic (Fig. 3.3a), as well as a positive correlation between JJA
EOT1 and previous MAM (not shown) and simultaneous JJA tropical Atlantic SSTs
(Fig. 3.2a). This regression pattern resembles the AMM warm phase (e.g., Kossin and
Vimont, 2007), where SSTs are anomalously warm in the tropical eastern Atlantic and
trade winds in the equatorial western Atlantic are weaker than normal (Fig. 3.3a). An
additional correlation analysis confirms that JJA EOT1 is positively correlated with the
AMM SST index (r = 0.31) for the period 1982-2015.

Reduced atmospheric surface pressure and warm SST's over the Caribbean and Gulf of
Mexico are associated with high JJA EOT1 rainfall. Anomalously warm Atlantic SST's in
late spring and early summer can be explained by changes in the surface winds associated
with meridional shifts in the ITCZ. Regression analysis of previous MAM OLR and SSTs
onto JJA EOT1 suggest a northward shift of the North Atlantic ITCZ, characteristic of
the AMM development by the WES process (Xie and Philander, 1994), fully described in
sec. 2.3.2. This analysis suggests that the Atlantic warming associated with JJA EOT1
is linked to AMM variability.

Linear regression coefficient of JJA TC track densities onto JJA EOT1 indicate sig-
nificant positive anomalies of the Eastern Pacific TC activity, particularly in Middle
America’s eastern nearshore area, and a decrease of TC activity in the western portion
of the East Pacific. Negative anomalies of OLR (Fig. 3.2b) and VIMF divergence (Fig.
3.3b) suggest an increased convective activity in the EPWP, which might be linked with
positive anomalous TC activity near Middle America’s east coast. During JJA EOT1,
TC genesis density increases over the Tehuantepec Gulf and decreases in the western
portion of the eastern Pacific and the Papagayo Gulf. Positive anomalies of TC genesis
close to the Gulf of Tehuantepec might be favoured by the decrease in the Central Amer-
ican Gap Winds, which produce low-level cyclonic relative vorticity anomalies and favour

cyclogenesis (Fu et al., 2017).
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JJA EOT2

The second EOT for JJA has a base point that explains 15% of the temporal variance
of the area-average rainfall, located in south Texas (Fig. 3.4a). Regressed SSTs and
surface pressure fields onto JJA EOT2 show no significant correlations with any large-
scale driver, such as ENSO (Fig. 3.4b) or the AMM (not shown). This may be explained
by the prior removal of the influence of JJA EOT1, which is highly correlated with
developing canonical ENSO and the AMM.
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Figure 3.4: (a) Correlation of JJA EOT2 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of JJA
EOT?2 rainfall (blue line) and the JJA Nino 3.4 (red line), with a correlation coefficient
of -0.03 for the period 1982-2015.

Positive JJA EOT?2 is related to anomalous, continental high surface pressure over
the eastern U.S. (Fig. 3.5c¢). Linear regression of winds at 850 hPa onto JJA EOT2
show anomalous southeasterly winds converging over northeastern Middle America (Fig.
3.5a). This significant anomalous wind convergence at 850 hPa over the northeastern High
Plains of Middle America (Fig. 3.5a) is consistent with a region of significant anomalous

VIMF convergence in the region of JJA EOT2 (Fig. 3.5b).

Regression coefficient of OLR onto JJA EOT?2 shows a significant positive correlation,
indicating enhanced convective activity over northeastern Middle America (Fig. 3.5d).
Simultaneously, regressed VIMF shows some anomalous moisture transported from the
northern High Plains of Middle America to the region of JJA EOT2 (Fig. 3.5b); however,

the significance of this transport is little.
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Figure 3.5: (a, ¢) Linear regression coefficient of JJA surface pressure (shaded, hPa) and
wind fields at 850 hPa (arrows, m-s~1) onto the normalised JJA EOT2, per standard unit

of seasonal rainfall (mm); wind vectors are drawn in blue when at least one component of

the vector is significant at the 10% level. (b) Linear regression coefficient of JJA VIMF
(arrows, kg-m~1-s71) and VIMF divergence (shaded, kg-m~2-s71) onto the normalised
JJA EOT?2, per standard unit of seasonal rainfall (mm); VIMF vectors are drawn in black
when at least one component of the vector is significant at the 10% level. (d) Regressed
JJA OLR (W-m~2) onto the normalised JJA EOT2, per standard unit of seasonal rainfall
(mm). Stippling indicates correlations of (a, ¢) surface pressure, (b) VIMF divergence,
and (d) OLR that are significant at the 10% level.
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JJA EOT3

JJA EOT 3 describes areas in northwestern Middle America influenced by the oc-
currence of the NAMS and explains 5% of the total variance of the area-average rainfall
(Fig. 3.6a). This EOT is anticorrelated with previous MAM Nino 3.4 index (r = —0.41,
Fig. 3.6b).
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Figure 3.6: (a) Correlation of JJA EOT3 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of JJA
EOTS3 rainfall (blue line) and the Nino 3.4 index for previous MAM (red line), with a
correlation coefficient of -0.41 for the period 1982-2015.

JJA EOTS3 is anticorrelated with previous DJF (not shown) and MAM SSTs (Fig.
3.7a), as well as with JJA SSTs (Fig. 3.7b) in the equatorial eastern Pacific, corresponding
with peak and decaying stages of La Nina, respectively. Higgins et al. (1998) also found
that strong monsoons in southwest Middle America tend to follow La Nina events. La
Nina winters and their following springs are associated with a dry and warm northern
Middle America; these conditions exacerbate the land-sea temperature contrast during
the following summer when the continent is warm (NOAA, 2004). A reinforced NAM
circulation is, in part, enhanced by the impact of local negative SST anomalies on the land-
sea thermal contrast (Higgins et al., 1999). This circulation enhances moisture transport
from the Gulf of California and the subtropical eastern Pacific towards northwestern
Middle America. JJA EOT3 is highly correlated with VIMF convergence over the region
(Fig. 3.8a) and with negative anomalies of OLR (Fig. 3.8b), which indicate enhanced

convective activity.
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Figure 3.7: Linear regression coefficient of (a) previous MAM and (b) simultaneous JJA
SSTs onto the normalised JJA EOT3. Units: °C per standard deviation of seasonal
rainfall in mm. Stippling indicates correlations that are significant at the 10% level.
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Figure 3.8: (a) Linear regression coefficient of JJA VIMF (arrows, kg-m~1-s71) and VIMF
divergence (shaded, kg-m~2-s71) onto the normalised JJA EOT3, per standard unit of
seasonal rainfall (mm); VIMF vectors are drawn in black when at least one component
of the vector is significant at the 10% level. (b) Regressed JJA OLR (W-m~?2) onto the
normalised JJA EOT3, per standard unit of seasonal rainfall (mm). Stippling indicates
correlations of (a) VIMF divergence and (b) OLR that are significant at the 10% level.
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An additional regression analysis of winds at 200 hPa helps to identify an anomalous
weakening of the upper-tropospheric winds (Fig. 3.9a). Figure 3.9b shows regressions of
850 hPa wind fields with a significant wind advected from the Rocky Mountains towards

western Middle America.
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Figure 3.9: Linear regression coefficient of JJA winds at (a) 200 hPa and (b) 850 hPa
(arrows, m-s—!), and surface pressure (shaded, hPa) onto the normalised JJA EOTS3,
per standard deviation of seasonal rainfall (mm). Wind vectors are drawn in blue when
at least one component of the vector is significant at the 10% level. Yellow stippling
indicates surface pressure significant at the 10% level.
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3.3.2 Winter

DJF EOT1

EOT1 for DJF seasonal means shows a base point that explains 70% of the temporal
variance of the area-average rainfall. The base point is located in a region of high mean
winter rainfall in Texas and is correlated with much of northern and northwestern Middle

America’s rainfall (Fig. 3.10a).
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Figure 3.10: (a) Correlation of DJF EOT1 base point with the DJF rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of DJF
EOTT1 rainfall (blue line) and the DJF Nino 3.4 (red line), with a correlation coefficient
of 0.52 for the period 1983-2016.

DJF EOT1 has a correlation coefficient of 0.52 with DJF Nino 3.4 (Fig. 3.10b).
Regression patterns for DJF SSTs resemble canonical El Nino (Fig. 3.11a). The mature
phase of El Nino occurs during DJF, showing maximum anomalous warming in the equa-
torial eastern Pacific and cold SST anomalies over the off-equatorial western Pacific and
the central North Pacific (e.g., Deser et al., 2010). These results are consistent with wet
conditions over the northern Middle America observed in winter during strong El Nino

episodes (e.g., Ropelewski and Halpert, 1987; Magana et al., 2003)

OLR regressions mostly agree with the corresponding SST patterns over the central
Pacific Ocean, with the opposite sign (Figs. 3.11b and 3.11a, respectively). Simultane-
ously, regression maps show negative OLR anomalies over most Middle America and the

Gulf of Mexico, directly related to positive DJF EOT1.
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Figure 3.11: Linear regression coefficient of DJF (a) SSTs (°C) and (b) OLR (W-m™2),
onto the normalised DJF EOT1, per standard deviation of seasonal rainfall (mm). Stip-
pling indicates correlations that are significant at the 10% level.

Positive DJF EOT1 is associated with reduced surface pressure in the tropical eastern
Pacific and enhanced surface pressure in the tropical western Pacific (Fig. 3.12a). DJF
EQOT1 is also correlated with 850 h Pa westerly wind anomalies, associated with the mature
stage of canonical Pacific El Nino, extending from the equatorial western Pacific to the
equatorial central Pacific (Fig. 3.12a). The patterns mentioned above are characteristic

of a typical weakened Walker circulation during El Nino.

During DJF EOT1, the Aleutian Low and its associated low-level winds are rein-
forced (Fig. 3.12a). Regressed wind fields at 200 hPa onto DJF EOT1 show the canonical
upper-tropospheric response to equatorial convective diabatic heating as in shallow-water
models (Matsuno, 1966; Gill, 1980). Figure 3.12a represents the lower-tropospheric con-
vergence and Figure 3.12b shows upper-tropospheric divergence linked to two anticyclonic
circulations in the equatorial Pacific. This response reinforces the subtropical Pacific jet
westerly winds and shifts the storm track towards northern Middle America, increasing

the rainfall over these regions.

Under these conditions, significant anomalous VIMF convergence occurs over north-
ern Middle America (Fig. 3.12¢). Also, additional moisture is transported to DJF EOT1

from a region of anomalous VIMF divergence along the eastern Pacific.
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Figure 3.12: (a, b) Linear regression coefficient of DJF surface pressure (shaded, hPa)
and wind fields (arrows, m-s~!) at (a) 925 hPa and (b) 200 hPa onto the normalised
DJF EOT1, per standard unit of seasonal rainfall (mm); wind vectors are drawn in blue
when at least one component of the vector is significant at the 10% level. (c) Linear
regression coefficient of DJF VIMF (arrows, kg-m~'-s~!) and VIMF divergence (shaded,
kg-m~2.s71) onto the normalised DJF EOT1, per standard unit of seasonal rainfall (mm);
VIMF vectors are drawn in black when at least one component of the vector is significant
at the 10% level. Stippling indicates correlations of (a, b) surface pressure and (¢) VIMF
divergence that are significant at the 10% level.

Figure 3.12a shows a weakened subtropical anticyclone in the North Atlantic Ocean,
which might be related to a dynamic mechanism in the troposphere that transfers the
effects of the Pacific ENSO to the Atlantic, where ENSO directly influences the zonal
pressure gradient between the Pacific and the Atlantic (Enfield and Mayer, 1997; Wang
et al., 2010). During El Nifio, an anomalous Walker Cell weakens the Atlantic Hadley Cell
(Wang, 2004), accompanied by anomalous ascent over the subtropical high, weakening the
anticyclonic circulation. Consequently, the tropospheric northeast trade winds slacken,
surface fluxes reduce, and, eventually, the upward latent heat flux also reduces. This
mechanism leads to ocean surface warming delayed about a season relative to a mature

ENSO episode (Alexander and Scott, 2002; Giannini et al., 2001).
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DJF EOT2

DJF EOT?2 describes a large area in western-to-northern Mexico and explains 16%
of the total space-time variance (Fig. 3.13a). This EOT is anticorrelated with the TNI
(r = —0.27, Fig. 3.13b), and correlated with Nino 4 (r = 0.26).
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Figure 3.13: (a) Correlation of DJF EOT2 base point with the DJF rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
DJF EOT2 rainfall (blue line) and the DJF TNI (red line), with a correlation coefficient
of -0.27 for the period 1983-2016.

Figure 3.14a shows that DJF EOT2 anomalies are associated with anomalous warm
SSTs over the equatorial west-central Pacific, which resemble El Nifio Modoki (e.g., Ashok
et al., 2007; Taschetto et al., 2010). During peak Modoki, SSTs anomalies in the west-
central tropical Pacific are warmer than those in the eastern tropical Pacific. El Nino
Modoki events drive an anomalous Walker circulation in which the eastern subsiding
branch lies over the eastern tropical Pacific, creating VIMF divergence over the eastern
tropical Pacific (Fig. 3.15c). This anomalous circulation shifts the eastern Pacific ITCZ
northwards (Fig. 3.14b). Additional moisture is transported from the eastern tropical
Pacific (where the subsiding branch of the Walker circulation lies) to continental Middle
America(Fig. 3.15¢). Our results are consistent with Weng et al. (2009), which found that
the northward shift of the ITCZ during the El Nino Modoki brings additional moisture
from the tropical Pacific to northwestern Middle America. This additional moisture might

be accomplished through higher specific humidity rather than stronger wind.
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Figure 3.14: Linear regression coefficient of DJF (a) SSTs (°C) and (b) OLR (W-m™2),
onto the normalised DJF EOT2, per standard deviation of seasonal rainfall (mm). Stip-
pling indicates correlations that are significant at the 10% level.

During DJF EOT2, the Aleutian Low is stronger and shifted southwards, and its
associated low-level and upper-tropospheric cyclonic circulations are both reinforced (Fig.
3.15a). Our results are consistent with Kim and Alexander (2015), who found that during
central Pacific El Nino (Modoki) events, an anomalous southward shift of the cyclonic
flow around a deeper Aleutian low allows VIMF anomalies from the subtropical Pacific
into southwestern Middle America. Figure 3.15¢ shows additional moisture transported
from the tropical eastern Pacific into Middle America, and VIMF convergence over most

northern Middle America, which is highly associated with DJF EOT2.
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Figure 3.15: (a, b) Linear regression coefficient of DJF surface pressure (shaded, hPa)
and wind fields (arrows, m-s~!) at (a) 925 hPa and (b) 200 hPa onto the normalised
DJF EOT?2, per standard unit of seasonal rainfall (mm); wind vectors are drawn in blue
when at least one component of the vector is significant at the 10% level. (c) Linear
regression coefficient of DJF VIMF (arrows, kg-m~'-s~!) and VIMF divergence (shaded,
kg-m~2-s71) onto the normalised DJF EOT2, per standard unit of seasonal rainfall (mm);
VIMF vectors are drawn in black when at least one component of the vector is significant
at the 10% level. Stippling indicates correlations of (a, b) surface pressure and (¢) VIMF
divergence that are significant at the 10% level.
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DJF EOT3

DJF EOT3 presents a base point that explains 5% of the temporal variance of the
area-average rainfall, which is highly correlated with Central America and the Yucatan

Peninsula (Fig. 3.16a).

DJF EOT3 is linked to surface pressure anomalies over the North Atlantic basin:
regressed surface pressure shows a reinforcement of the the Icelandic low and regressed
winds at 925 hPa show an anomalous anticyclonic circulation associated with an enhanced
NASH (Fig. 3.17a). These anomalies drive moisture flux from an area of strong VIMF di-
vergence over the tropical North Atlantic, which is transported to the Caribbean through
the westernmost flank of the NASH. However, there is no a clear significance between this

DJF EOT3 and this moisture transport.
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Figure 3.16: (a) Correlation of DJF EOT3 base point with the DJF rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of DJF
EOTS3 rainfall (blue line) and the DJF NAO index (red line), with a correlation coefficient
of 0.26 for the period 1983-2016.
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Figure 3.17: (a) Linear regression coefficient of DJF surface pressure (shaded, hPa) and
wind fields (arrows, m-s~!) at 925 hPa onto the normalised DJF EOT3, per standard unit
of seasonal rainfall (mm); wind vectors are drawn in blue when at least one component of
the vector is significant at the 10% level. (b) Linear regression coefficient of DJF VIMF
(arrows, kg-m~1-s71) and VIMF divergence (shaded, kg-m~2-s7!) onto the normalised
DJF EOT3, per standard unit of seasonal rainfall (mm); VIMF vectors are drawn in
black when at least one component of the vector is significant at the 10% level. Stippling
indicates correlations of (a) surface pressure and (b) VIMF divergence that are significant
at the 10% level.
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3.3.3 Spring

MAM EOT1

The EOT analysis for MAM shows a base point that explains 58% of the temporal
variance of the area-average rainfall. The base point in northeast Mexico is highly cor-
related with a wide area of the Gulf coastal plain and northern Middle America (Fig.

3.18a). MAM EOTT1 is correlated with Nino 3.4 (r = 0.45, Fig. 3.18b).

MAM Corr: 0.450

30°N

MAM Nino 3.4 index

20°N

1985 1990 1995 2000 2005 2010 2015
years

(a) (b)

Figure 3.18: (a) Correlation of MAM EOT1 base point with MAM rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
MAM EOT1 rainfall (blue line) and the MAM Nino 3.4 (red line), with a correlation
coefficient of 0.45 for the period 1982-2015.

Regression analysis shows that strong MAM EQT1 is associated with warmer MAM
SSTs in the central Pacific (Fig. 3.19), and with anomalous low-level westerlies over the
western Pacific (Fig. 3.20b). Regressed SSTs (simultaneous and time-lagged) onto MAM
EOT1 (Fig. 3.19) show patterns linked to the seasonal evolution of canonical El Nino
events (e.g., Deser et al., 2010) over four seasons, starting with MAM, and followed by
JJA, SON, and DJF.

Additional regression analysis onto MAM EOT1 reveals anticorrelations with OLR
over the western Pacific (Fig. 3.20a) and positive correlations with anomalous westerly
moisture flux (not shown), similar to the ones observed during developing El Nifio (e.g.,
Deser et al., 2010), which may be enhanced by westerly wind anomalies over the equato-

rial western-central Pacific (Fig. 3.20b).
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Figure 3.19: Linear regression coefficient of simultaneous MAM and following JJA, SON
and DJF SSTs onto the normalised MAM EOT1 for 1982-2015. Units: °C per standard
deviation of seasonal rainfall in mm. Stippling indicates correlations that are significant
at the 10% level.
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Figure 3.20: (a) Linear regression coefficient of MAM OLR (W-m~2), onto the normalised
MAM EOT1I, per standard deviation of seasonal rainfall (mm). (b) Linear regression
coefficient of MAM surface pressure (shaded, hPa) and wind fields at 850 hPa (arrows,
m-s~!) onto the normalised MAM EOT1, per standard unit of seasonal rainfall (mm);
wind vectors are drawn in blue when at least one component of the vector is significant at
the 10% level. Stippling indicates correlations of (a) OLR and (b) surface pressure that
are significant at the 10% level.

Regression analysis also suggests a strong teleconnection between developing El Nino
and negative OLR anomalies over Middle America. (Fig. 3.20a ). Concurrently, signifi-

cant enhanced VIMF convergence over eastern Middle America and the Gulf of Mexico
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favours high MAM EOT1 (Fig. 3.21c).

Significant additional moisture from the subtropical eastern Pacific is transported to
MAM EOT1 along with an enhanced westerly circulation in the eastern Pacific (around
20°N, see Fig. 3.21c). The ENSO teleconnection also suggests a weakening of the North
Pacific High during canonical El Nifio in MAM (Fig. 3.20b). During these episodes,
anomalous northeasterly low-level winds are advected towards eastern Middle America,
(Fig. 3.21a), following the circulation of an enhanced semipermanent continental high in

eastern Middle America and the Gulf coastal plain.
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Figure 3.21: (a,b) Linear regression coefficient of MAM surface pressure (shaded, hPa)
and wind fields (arrows, m-s~!) at (a) 850 hPa and (b) 200 hPa onto the normalised
MAM EOT1, per standard unit of seasonal rainfall (mm); wind vectors are drawn in
blue when at least one component of the vector is significant at the 10% level. (c)
Linear regression coefficient of MAM VIMF (arrows, kg-m~'-s~!) and VIMF divergence
(shaded, kg-m~2-s71) onto the normalised MAM EOT1, per standard unit of seasonal
rainfall (mm); VIMF vectors are drawn in black when at least one component of the
vector is significant at the 10% level. Stippling indicates correlations of (a,b) surface
pressure and (c) VIMF divergence that are significant at the 10% level.
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MAM EOT2

MAM EOT?2 is located over the Mexican state of Guerrero and explains 20% of the
temporal variance of the area-average rainfall (Fig. 3.22a). This EOT is highly correlated

with a substantial area of central Middle America.

MAM EOT?2 is anticorrelated with previous DJF Nino 3.4 (r = —0.40, Fig. 3.22b),
and positively correlated with both simultaneous MAM Nino 3.4 and Nifio 142 (both
with » = 0.29, see Table 3.1). Regressed SSTs suggest that decaying La Nina strongly
influences MAM EOT2 (Fig. 3.23d). This regression analysis also show an anomalous
warm Gulf of Mexico linked with positive MAM EOT2 (Fig. 3.23d).
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Figure 3.22: (a) Correlation of MAM EOT2 base point with the MAM rainfall at each
point of the domain; the EOT base point is marked with a black inverted triangle (stip-
pling indicates correlations that are significant at the 5% level). (b) Seasonal time-series
of MAM EOT? rainfall (blue line) and the previous DJF Nino 3.4 (red line), with a cor-
relation coefficient of -0.40 for the period 1982-2015.

Regression analysis of surface pressure and 925 hPa wind fields shows a typical La
Nina associated weakening of the Aleutian Low (Fig. 3.23c). Anomalously high pressure
in the eastern Middle America., the Gulf of Mexico, and the Caribbean Sea is linked
with the enhanced CLLJ. MAM EOT?2 is positively correlated with the CLLJ index (r =
0.57). The anomalous low-level circulations in the Atlantic may facilitate the variability
of moisture transport and convergence in the Caribbean and southern/central Middle
America (Fig. 3.23a).

Regressed OLR onto MAM EOT2 suggests that positive anomalies of OLR in the
subtropical North Atlantic, the Caribbean and the Gulf of Mexico are associated with
regional VIMF divergence (Fig. 3.23b). Anomalous positive OLR over the equatorial

central /eastern Pacific suggests an anomalous northward shift of the location of the Pacific
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ITCZ, which may enhance local convective activity over the eastern Pacific warm pool
and the Mexican southwest coast (Fig. 3.23b). In this sense, regression analysis shows
a strong correlation between VIMF convergence (associated with the variability of the

Pacific ITCZ) and MAM EOT2 (Fig. 3.23a).
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Figure 3.23: (a) Linear regression coefficient of MAM VIMF (arrows, kg-m~*-s~!) and
VIMF divergence (shaded, kg-m~2-s71) onto the normalised MAM EOT2, per standard
unit of seasonal rainfall (mm); VIMF vectors are drawn in black when at least one com-
ponent of the vector is significant at the 10% level. (b) MAM OLR (W-m~2), onto the
normalised MAM EOT?2, per standard deviation of seasonal rainfall (mm). (c) Linear
regression coefficient of MAM surface pressure (shaded, hPa) and wind fields at 925 hPa
(arrows, m-s~!) onto the normalised MAM EOT2, per standard unit of seasonal rainfall
(mm); wind vectors are drawn in blue when at least one component of the vector is sig-
nificant at the 10% level. (d) Linear regression coefficient of MAM SSTs (°C') onto the
normalised MAM EOT2, per standard unit of seasonal rainfall (mm). Stippling indicates
correlations of (a) VIMF divergence, (b) OLR, (c) surface pressure, and (d) SSTs that
are significant at the 10% level.
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MAM EOT3

MAM EOTS3 is centred in northeastern Middle America and explains 11% of the
variance of area-averaged rainfall (Fig. 3.24a). This EOT is significantly correlated with
eastern Middle America and the Baja California Peninsula, and significantly anticor-
related with central-eastern Middle America. MAM EQOT3 is anticorrelated with the
simultaneous AMM index (r = —0.36).
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Figure 3.24: (a) Correlation of MAM EOTS3 base point with MAM rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
MAM EOTS3 rainfall (blue line) and the SST AMM index for MAM (red line), with a
correlation coefficient of -0.36 for the period 1982-2015.

MAM EOTS3 is anticorrelated with SSTs in the North Atlantic. Regressed SSTs
onto MAM EOT3 show the characteristic pattern the negative phase of the AMM (Fig.
3.25a). Regressed OLR shows negative anomalies over the southeastern U.S. and positive
anomalies over the tropical North Atlantic and the Caribbean Sea, at approximately 20°N
(Fig. 3.25D).

During positive MAM EOT3, a strong NASH prevails over the tropical North Atlantic
and the Caribbean Sea (Fig. 3.26a). A reinforced low-level anticyclonic circulation over
the subtropical Atlantic favour VIMF divergence in the Caribbean (Fig. 3.26b). An
enhanced NASH promotes the transport of additional moisture towards northeastern

Middle America but inhibits the moisture convergence in east-central Middle America.

The negative AMM, favours the southward migration of the ITCZ, which is linked
with anomalous subsidence in Central America and south-eastern Middle America. These

conditions strongly inhibit convection and rainfall in MAM EOTS3.
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Figure 3.25: Linear regression coefficient of MAM (a) SSTs (°C) and (b) OLR (W-m™2),
onto the normalised MAM EOTS3, per standard deviation of seasonal rainfall (mm). Stip-
pling indicates correlations that are significant at the 10% level.
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Figure 3.26: (a) Linear regression coefficient of MAM surface pressure (shaded, hPa) and
wind fields (arrows, m-s~1) at 925 hPa onto the normalised MAM EOT3, per standard
unit of seasonal rainfall (mm); wind vectors are drawn in blue when at least one com-
ponent of the vector is significant at the 10% level. (b) Linear regression coefficient of
MAM VIMF (arrows, kg-m~!'-s71) and VIMF divergence (shaded, kg-m~2-s71) onto the
normalised MAM EOT3, per standard unit of seasonal rainfall (mm); VIMF vectors are
drawn in black when at least one component of the vector is significant at the 10% level.
Stippling indicates correlations of (a) surface pressure and (b) VIMF divergence that are
significant at the 10% level.
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3.3.4 Autumn

SON EOT1

The first EOT for SON shows a base point over central Middle America that explains
71% of the temporal variance of area-averaged rainfall. This EOT has a strong across

central and eastern Middle America (Fig. 3.27a).
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Figure 3.27: (a) SON EOT1 base point correlated with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
SON EOT1 rainfall (blue line) and the SON CLLJ index (red line), with a correlation
coefficient of 0.50 for the period 1982-2015.

Linear regression coefficient of SSTs onto SON EOT1 do not show a significant con-
nection with simultaneous SON equatorial Pacific SSTs, but show positive correlations
with previous DJF, MAM, and JJA, similar to those observed during peak and decaying
canonical El Nino events(Fig. 3.28).

Regression analysis also shows positive correlations with simultaneous SST anomalies
in the North Atlantic Ocean and the Gulf of Mexico (SON, Fig. 3.28). SON EOT1 is
also associated with strong VIMF and VIMF divergence in the Caribbean Sea, near the
CLLJ core (15°N, 75°W, Fig. 3.29¢). The SON CLLJ index is positively correlated with
SON EOT1 (r = 0.50, Fig. 3.27b), which suggests that CLLJ variability is a potential

modulator of the regional moisture convergence and transport for SON EOT1.

Figure 3.29c shows easterly moisture flux from the Caribbean turns north-easterly
near Central America and toward the Gulf of Mexico and the Gulf Coast Plain, which
reinforces the mean seasonal pattern of moisture transport over the region. This mois-
ture transport is strongly linked with low-tropospheric winds and with surface pressure

anomalies that prevail in the IAS (Fig. 3.29d) during positive SON EOT1.
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Figure 3.28: Linear regression coefficient of previous DJF(0), MAM(0), and JJA(0) and
simultaneous SON(0) SSTs onto the normalised SON EOT1 for 1982-2015. Units: °C' per
standard deviation of seasonal rainfall in mm. Stippling indicates correlations that are
significant at the 10% level.

VIMF convergence anomalies in both continental Middle America and the TAS pro-
mote high SON EOT1 (Fig. 3.29¢). Anomalies of OLR are anticorrelated with SON
EOT1; regressed OLR indicates significantly increased convective activity over central
Middle America during enhanced SON EOT1. Regression analysis of TC track densities
suggests that this anomalous convection is linked to enhanced TCs activity in both the
Gulf of Mexico and the eastern Pacific (Fig. 3.29b). Figure 3.29d shows westerly equa-
torial 850hPa wind anomalies accompanied by enhanced convection (Fig. 3.29a) and by
positive anomalies of TC activity over the eastern Pacific (Fig. 3.29b), which may favour

positive SON EOT1.
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Figure 3.29: (a) Linear regression coefficient of SON OLR (W-m~2) onto the normalised
SON EOT1, per standard deviation of seasonal rainfall (mm). (b) Linear regression
coefficient of SON TC track density scaled to number density per unit area (~ 10%km?)
per season onto the normalised SON EOT1, per standard unit of seasonal rainfall (mm).
(c) Linear regression coefficient of SON VIMF (arrows, kg-m~!-s~1) and VIMF divergence
(shaded, kg-m~2-s7!) onto the normalised SON EOT1, per standard unit of seasonal
rainfall (mm); VIMF vectors are drawn in black when at least one component of the
vector is significant at the 10% level. (d) Linear regression coefficient of SON surface
pressure (shaded, hPa) and wind fields at 850 hPa (arrows, m-s—') onto the normalised
SON EOT1, per standard unit of seasonal rainfall (mm); wind vectors are drawn in blue
when at least one component of the vector is significant at the 10% level. Stippling
indicates correlations of (a) OLR, (b) TC track density, (¢) VIMF divergence, and (d)
surface pressure that are significant at the 10% level.
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Figure 3.30: Linear regression coefficient of SON vertical wind shear (m-s~!) onto the
normalised SON EOT1, per standard unit of seasonal rainfall (mm). Stippling indicates
significance at the 10% level.
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SON EOT2

Located over northeastern Middle America, SON EOT2 explains 11% of the variance
of the area-averaged rainfall in the season (Fig. 3.31a). This EOT is significantly corre-
lated with a region of central-western Middle America and anticorrelated with a region

of the central-eastern Middle America.

Corr: 0.272
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Figure 3.31: (a) Correlation of SON EOT2 base point with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
SON EOT?2 rainfall (blue line) and the SON CLJJ index (red line), with a correlation
coefficient of 0.27 for the period 1982-2015.

SON EOT?2 is positively correlated with central Pacific SSTs, which resemble a de-
veloping canonical El Nino (Fig. 3.32c). Canonical El Nino promotes subsidence and
inhibits convection over the Caribbean Sea, as part of an anomalous Walker circulation
(e.g., Alexander and Scott, 2002; Wang, 2004). Consequently, this mechanism weakens
the Atlantic Hadley circulation and favours higher surface pressures in the tropical North
Atlantic and lower pressures in the subtropical Atlantic, similar to those in regressions of
atmospheric pressure and winds on SON EOT2 (Figure 3.32). Enhanced low-tropospheric
easterly winds strengthen the CLLJ (Fig. 3.32b) and favour moisture transport from the
Caribbean to northeast Middle America (Fig. 3.33a).

Regression analysis shows enhanced OLR and VIMF divergence over the Caribbean
(Figs. 3.33c and 3.33a, respectively) during positive SON EOT2. Additional moisture
from the Caribbean Sea is transported to the Gulf of Mexico (Fig. 3.33c) following
an eastward shifted low-level flow (Fig. 3.33b), mechanically forced by the subsidence

prevailing in the tropical North Atlantic.
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Figure 3.32: (a, b) Linear regression coefficient of SON surface pressure (shaded, hPa)
and wind fields (arrows, m-s~!) at (a) 200 hPa and (b) 925 hPa onto the normalised
SON EOT?2, per standard unit of seasonal rainfall (mm); wind vectors are drawn in blue
when at least one component of the vector is significant at the 10% level. (c) Linear
regression coefficient of SON SSTs (°C') onto the normalised SON EOT?2, per standard
unit of seasonal rainfall (mm). Stippling indicates correlations of (a, b) surface pressure
and (c) SSTs that are significant at the 10% level.

Reduced OLR (Fig. 3.33¢c) and increased VIMF convergence (Fig. 3.33a) over north-
eastern Middle America occur during enhanced SON EOT2. These anomalies are linked
with a higher TC activity in the region (Fig. 3.34a). Regression analysis reveals a signif-
icant relation between high SON EOT2 and reduced wind shear over the Gulf of Mexico
(Fig. 3.34b), which favours TC activity in the region (Fig. 3.34a). An enhanced NASH
promotes more TCs from the Gulf of Mexico to track towards northeastern Middle Amer-

ica, decreasing the number of TCs making landfall in central-eastern Middle America.

During canonical El Nifio events, TC activity is enhanced by warmer SST's, decreased
wind shear, and enhanced VIMF convergence in the eastern Pacific. These conditions
favour TCs making landfall in northeastern Middle America, bringing positive anomalies

of rainfall in the area.
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Figure 3.33: (a) Linear regression coefficient of SON VIMF (arrows, kg-m~!-s71) and
VIMF divergence (shaded, kg-m~2-s7!) onto the normalised SON EOT2, per standard
unit of seasonal rainfall (mm); VIMF vectors are drawn in black when at least one com-
ponent of the vector is significant at the 10% level. (b) Linear regression coefficient of
SON surface pressure (shaded, hPa) and wind fields at 850 hPa (arrows, m-s~!) onto
the normalised SON EOT2, per standard unit of seasonal rainfall (mm); wind vectors
are drawn in blue when at least one component of the vector is significant at the 10%
level. (c) Linear regression coefficient of OLR (W-m~2), onto the normalised SON EOT2,
per standard deviation of seasonal rainfall (mm). Stippling indicates correlations of (a)
VIMF divergence, (b) surface pressure, and (c¢) OLR that are significant at the 10% level.
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Figure 3.34: Linear regression coefficient of SON (a) TC track density scaled to number
density per unit area (~ 10%m?) per season and (b) vertical wind shear (m-s~!), onto
the normalised SON EOT2, per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level.
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SON EOT3

Located in southern Middle America, SON EOT3 explains 5% of the temporal vari-
ance of the area-averaged rainfall (Fig. 3.35a). This EOT is positively correlated with
simultaneous TNI (r = 0.37, Fig. 3.35b).
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Figure 3.35: (a) Correlation of SON EOT3 base point with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
SON EOTS3 rainfall (blue line) and the SON TNI (red line), with a correlation coefficient
of 0.37 for the period 1982-2015.

SON EQOT3 is negatively correlated with central Pacific SSTs, which resemble a
developing La Nina Modoki (Fig. 3.36a). Positive surface pressure anomalies in the
tropical North Atlantic are correlated with SON EQOTS3, indicating a weakening of the
NASH that extends to the Caribbean and the Gulf of Mexico (Fig. 3.36c¢).

Linear regression coefficient of winds onto SON EOT3 at 925 hPa show a significant
weakening of the mean flow over the tropical eastern Pacific and the Caribbean, where
the latter is related with a weaker CLLJ (Fig. 3.36¢). An additional analysis shows that
SON EOTS3 is significantly anticorrelated with the CLLJ (r = —0.34).

Enhanced VIMF convergence (Fig. 3.37b) and OLR (Fig. 3.37c) prevail over most
southern Middle America, the Gulf of Mexico, and the Caribbean, which indicate anoma-
lous enhanced convective activity over the region that is related with anomalous TC
activity. Regressed analysis of TC track densities shows significant positive anomalies in
the Caribbean and the Gulf of Mexico and negative anomalies over the eastern Pacific
(Fig. 3.38a).

Significant anomalous westerly winds at 850 hPa extend over the eastern Pacific to

the Caribbean, following a cyclonic circulation over the Gulf of Mexico (Fig. 3.37), which
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favours high SON EOT3 and higher TC activity in the Gulf of Mexico. These anomalous
circulations are associated with reduced wind shear in the Caribbean Sea (Fig. 3.38b),
which, under conditions of significant warmer SSTs in the basin (Fig. 3.6a), and positive

anomalies of atmospheric moisture (Fig. 3.37b), favours TC activity in the Caribbean

and the Gulf of Mexico.

On the other hand, significant colder SSTs (Fig. 3.36a) and higher wind shear (Fig.
3.38) in the eastern Pacific reduce TC activity in the EPWP.
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Figure 3.36: (a) Linear regression coefficient of SON SSTs (°C) onto the normalised
SON EOTS3, per standard unit of seasonal rainfall (mm). (b) OLR (W-m~2), onto the
normalised SON EOTS3, per standard deviation of seasonal rainfall (mm). (c, d) Linear
regression coefficient of SON surface pressure (shaded, hPa) and wind fields (arrows,
m-s~1) at (a) 925 hPa and (b) 200 h Pa onto the normalised SON EOT3, per standard unit
of seasonal rainfall (mm); wind vectors are drawn in blue when at least one component
of the vector is significant at the 10% level. Stippling indicates correlations of (a) SSTs,
(b) OLR and (c, d) surface pressure that are significant at the 10% level.
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Figure 3.37: (a) Linear regression coefficient of SON surface pressure (shaded, hPa) and
wind fields at 850 hPa (arrows, m-s~1) onto the normalised SON EOT3, per standard
unit of seasonal rainfall (mm); wind vectors are drawn in blue when at least one com-
ponent of the vector is significant at the 10% level. (b) Linear regression coefficient of
SON VIMF (arrows, kg-m~'-s71) and VIMF divergence (shaded, kg-m~=2-s7!) onto the
normalised SON EOTS3, per standard unit of seasonal rainfall (mm); VIMF vectors are
drawn in black when at least one component of the vector is significant at the 10% level.
(c) Linear regression coefficient of OLR (W-m~2), onto the normalised SON EOT3, per
standard deviation of seasonal rainfall (mm). Stippling indicates correlations of (a) sur-
face pressure, (b) VIMF divergence, and (c) OLR that are significant at the 10% level.

40°N o 40°N

30°N 30°N -
20°N o -.-- 20°N

10°N 10°N

0° =+ 0° -

135°W 120°W 105°W 90°W 75°W 60°W 45°W 135°W 120°W 105°W 90°W 75°W 60°W 45°W
o H X D> 2 No A 9P D X b 6 A QO %f‘g’f“}f““?),“?‘/&m NN N NN AN IR

(a) (b)

Figure 3.38: Linear regression coefficient of SON (a) TC track density scaled to number
density per unit area (~ 10%m?) per season and (b) vertical wind shear (m-s~!), onto
the normalised SON EOT3, per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level.
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3.4 Discussion and summary

The leading EOT (EOT1) explains the most interannual variance of the domain-
average rainfall. The locations of the EOT1 base points for each season and the corre-
sponding areas of highest correlations resemble the climatological seasonal cycle of pre-
cipitation over Middle America: JJA (boreal summer) rainfall is mostly affected by the
northward migration of the ITCZ, the NAMS (at northwestern Middle America), and
tropical weather system activity such as TCs (Fig. 3.1a). DJF (boreal winter) rainfall
is influenced by mid-latitude weather systems, mostly over the north of Middle America
(Fig. 3.10a). MAM represents the transition season from winter to summer (Fig. 3.18a),

and SON the transition season from summer to winter (Fig. 3.27a).

The regression analysis onto the individual EOTs has identified potential mechanisms
that drive regional interannual variability of rainfall. This analysis has reproduced the
documented effects of canonical El Nifo and La Nina on winter (DJF) and summer
(JJA) rainfall variability over Middle America (e.g., Ropelewski and Halpert, 1987), and
to identify El Nifio Modoki as a secondary mode of variability in Middle America’s winter
rainfall and La Nina Modoki in autumn. Even though there is a scientific debate over
whether there are two different El Nifo or just a continuum warm state of El Nifo events
(e.g., Ashok et al., 2007; Weng et al., 2007; Johnson, 2013), the EOT method identifies
that seasonal rainfall over Middle America responds to interannual shifts in the location

of the Pacific SST anomalies.

Canonical El Nino is the most important mode of variability of rainfall in Middle
America during winter (DJF EOT1) (Fig. 3.11a), followed by El Nifio Modoki in the
same season (DJF EOT2; Fig. 3.14a). In both canonical El Nino and El Nino Modoki,
significant additional moisture from the tropical eastern Pacific is transported to northern
Middle America, following a stronger cyclonic circulation from a stronger Aleutian low
(Figs. 3.12 and 3.15, respectively). During El Nifio Modoki the North Pacific subtropical
jet shifts even further southward, increasing moisture transport to northwestern Middle

America.

Hence, the strength and location of the Aleutian low and the anomalous subtropical
jet over Middle America are key to regional rainfall anomalies in winter. This study agrees
with others that explore rainfall and moisture transport differences between canonical El

Nifo and El Nifio Modoki in North America (e.g., Mo, 2010; Kim and Alexander, 2015).

The influence of the Atlantic Ocean and the Gulf of Mexico in the seasonal rainfall
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variability of Middle America is stronger during canonical El Nino than during the El
Nino Modoki: in the former, there is a more significant weakening of the NASH, which
suggests that the coupling (feedback) between the Pacific with the Atlantic Ocean is
stronger (e.g., Alexander and Scott, 2002; Wang, 2004).

This study identifies patterns of coherent rainfall variability during transitional sea-
sons that have not been analysed in previous studies. The EOT analysis shows that the
influence of ENSO in Middle America’s rainfall variability depends on the stage of the
development of the ENSO phenomena: 58% and 20% of the variance of the MAM area-
averaged rainfall is explained by developing canonical El Nino and by decaying canonical
La Nina, respectively. These results show that for cases in which the ENSO event was
strong and long-lasting, the effects of developing and decaying canonical ENSO are sig-

nificant in Middle America.

The interannual variability of rainfall in summer (JJA), which is the rainiest season in
Middle America, is mainly influenced by two flavours of ENSO. Developing canonical La
Nina and the positive AMM are associated with enhanced rainfall over most central and
south Middle America (Fig. 3.2a). Canonical La Nina favours strong regional convection
through the northward shift of the eastern Pacific ITCZ and the strength of the Walker
circulation. This mechanism reduces the easterly mean flow in the eastern Pacific and
the Central American gap winds, decreasing the wind shear. These anomalies lead to
favourable conditions for TC genesis in the nearshore eastern Pacific, particularly in the
Gulf of Tehuantepec. Even though canonical La Nifia also weakens the CLLJ, the tropical
eastern Pacific supplies a significant anomalous amount of moisture to southern Middle

America, where VIMF convergence prevails (Fig. 3.3b).

Positive anomalies of SST's, enhanced VIMF convergence, and reduced vertical wind
shear in the Caribbean Sea favour enhanced Caribbean TC activity. These conditions are
linked to positive anomalies of rainfall over southern Middle America and the Caribbean
during canonical La Nina. This study also shows that canonical La Nina is correlated

with enhanced TC activity in the north Atlantic basin eastward of 75°W (Fig. 3.3c).

This study shows that Middle America’s rainfall variability in summer also responds
to the North Atlantic warming due to the ENSO atmospheric bridge (Alexander and
Scott, 2002; Wang, 2004) when a canonical El Nifo precedes canonical La Nina. In late
spring and early summer, anomalously warm SSTs in the Caribbean Sea, accompanied by
a reduction of the atmospheric surface pressure and an enhanced Atlantic ITCZ, favour

moisture convergence in the Caribbean Sea and southern Middle America.
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Both the positive AMM and the North Atlantic warming due to the ENSO are
characterised by anomalously warm SSTs in the tropical North Atlantic. However, the
regression analysis presented here does not allow to determine the relative weight of each
driver for the seasonal anomalies of rainfall in EOT1, representing a limitation of the

technique.

This study suggests that decaying canonical La Nina (Fig. 3.7) enhances the NAMS:
La Nina winters and springs are characterised by drier and warmer conditions in north-
western Middle America, which exacerbate the sea-land contrast in the following summer
and strengthen the NAMS. These results agree with studies that have explored the re-
lationship between ENSO and the NAMS (e.g., Higgins et al., 1998, 1999). In a later
study, Higgins and Shi (2001) suggested that ENSO-related impacts on the NAMS are
also linked to meridional adjustments of the ITCZ. Conversely, the present study does
not show a significant correlation between JJA EOT3 and the simultaneous anomalies of

the ITCZ location due to ENSO.

Unlike JJA EOT1 and JJA EOT3, which are patterns of interannual variability
driven by large-scale modes of variability, JJA EOT2 strongly varies with locally driven
convective variations in northeastern Middle America. These results could be linked with
other studies that suggest that northeastern Middle America is a region of strong land-
atmosphere coupling during JJA (Koster et al., 2004; Cotton et al., 2010). Koster et al.
(2004) suggested that the atmosphere in northeastern Middle America can trigger moist
convection through boundary-layer moisture. The authors also suggested that evapora-
tion in the region is sensitive to soil moisture; hence, soil moisture influences rainfall in
that region. A further study on land-atmosphere coupled mechanisms in this region in
relation to interannual variability of rainfall would require the analysis of variables such
as soil moisture and evaporation; an approach of Global Circulation Model (GCM) exper-
iments would help the understanding of the land-atmosphere mechanisms that influence

interannual variability of rainfall in Middle America.

The effect of La Nifia Modoki in Middle America is strong during autumn, when
anomalous westerly flow from the eastern Pacific weakens the CLLJ and the local wind
shear, which favours TC activity in the Caribbean and the Gulf of Mexico and increased
rainfall in southernmost Middle America. The environmental conditions that favour TC
activity in La Nina Modoki during autumn (SON EOTS3; Fig. 3.38) resemble those
corresponding canonical La Nina during summer (JJA EOT1; Fig. 3.3). However, the
effect of La Nina Modoki on enhanced TC activity is higher in the Gulf of Mexico and
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lower in the eastern Pacific, compared with canonical La Nina.

The AMM is a secondary large-scale mode of interannual variability for Middle Amer-
ica’s rainfall in summer (JJA EOT1) and spring (MAM EOTS3). Increased rainfall in JJA
EOT1 occurs during the positive phase of the AMM, where the Atlantic ITCZ is anoma-
lously shifted northwards, enhancing VIMF convergence and rainfall in southern Middle
America. These conditions promote T'C activity, positive anomalous convection, and rain-
fall in the Caribbean and Middle America. The Atlantic warming response to ENSO is

also likely to be an important driver of the rainfall variability during JJA EOT1.

In MAM EOTS3, the negative AMM (Fig. 3.25a) favours a stronger NASH and forces
additional moisture transport in the U.S. Gulf Coastal Plain. The associated AMM
southward migration of the Atlantic ITCZ creates anomalous VIMF divergence in south-
eastern Middle America and strongly inhibits rainfall in these regions (Fig. 3.24a). This
study suggests that the effect of anomalous local VIMF divergence. and the location and
strength of the NASH at specific seasons strongly determines rainfall variability in Middle

America.

Autumn (SON) is the only season in this study that does not show ENSO as its
first mode of rainfall variability. Most of Autumn’s rainfall variability is linked to SST
anomalies in the North Atlantic and the Gulf of Mexico (SON in Fig. 3.28), the strength
of the CLLJ (Fig. 3.27b), and TC activity in the eastern Pacific, the Caribbean Sea,
and the Gulf of Mexico (Fig. 3.29b). Once the effect of the leading EOT is removed,
developing canonical El Nino drives the variability of rainfall for SON EOT2 (Fig. 3.32c).
La Nina Modoki is a mechanism of interannual variability of rainfall for SON EOT3 (Fig.
3.36a), which is related to positive anomalies of TC activity in the Gulf of Mexico (Fig.
3.38a).

As it commonly happens with decomposition techniques, it was not possible to link
all of the EOTs with a particular driver; the causes of DJF EOTS3 rainfall variability in
south-central Middle America remain unclear. However, this study shows that the NAO is
associated with an enhanced NASH extending eastwards during DJF EOT3 (Fig. 3.17a).
This mechanism allows additional moisture transport from the Caribbean, but it does not

seem clear what the connexion is between the NAO and DJF EOT3.

A major limitation of the EOT analysis presented here is the use of correlations
and regression to identify the drivers of interannual variability of seasonal rainfall. The
correlations may not necessarily show a causal relationship, and the identified ”drivers”

and plausible mechanisms might not be a cause of rainfall variability.
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The EOT analysis assumes that the relationship between drivers and interannual
variability of seasonal rainfall is stationary. This represents a limitation of the EOT
method since the climate is non-stationary, and future changes in the regional rainfall

response to their respective drivers might be expected.

The EOT analysis presented here can be used as the basis to assess the performance of
GCMs to simulate circulation features that are key for interannual variability of seasonal
rainfall in Middle America. Rotstayn et al. (2010) and Stephan et al. (2018¢c) showed
that EOT analysis is useful for assessing regional climate variability in GCMs by using
the study of the leading patterns of annual rainfall in Australia and seasonal rainfall in
China, respectively. Sensitivity experiments with GCMs is a proposed way to understand

the response of rainfall variability to changes in SST, under current and future climates.

Further studies could also refer this study to understand the influence of interannual
variability of the rainfall in Middle America on regional human migration (e.g., Hunter
et al., 2013), wildfires (e.g., Westerling et al., 2006), harvesting, dry spells, water short-
ages, floods, and diseases such as dengue (e.g., Lozano-Fuentes et al., 2012), malaria,
chikungunya, and Valley Fever (e.g., Weaver and Kolivras, 2018), considering the regions
of coherent variability identified with the EOT method and their drivers. Meteorological
variables such as atmospheric temperature, soil moisture, and evaporation could be added

to future EOT analysis.

3.5 Conclusions

The EOT method has been implemented to separate Middle American rainfall into
regional patterns of coherent variability and has helped to identify atmospheric and cou-
pled atmosphere-ocean drivers of that variability. This study shows that ENSO is the
leading driver of Middle America’s rainfall variability in winter, summer, and spring.
The ENSO — Middle America’s rainfall teleconnection is stronger in summer and winter,
and weaker in the transitional season of autumn. The interannual variability of Middle
America’s rainfall responds to the shift in the location of SST anomalies, identified in this
study as canonical and Modoki states of ENSO.

This study support previous studies that identified canonical ENSO as the lead driver
of interannual variability of seasonal rainfall in Middle America (e.g., Ropelewski and
Halpert, 1987; Curtis, 2002; Magana et al., 2003; Maloney et al., 2014), and identifies

ENSO Modoki as a secondary mode of interannual variability of seasonal rainfall in the
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region. This study contributes to the physical understanding of the response of Middle

America’s rainfall to distinct ”flavours” of ENSO.

The AMM and the Atlantic warming response to ENSO have been identified as
secondary modes of interannual variability. Concurrent with La Nina, the anomalous
warm SSTs over the Atlantic are an essential source of variability of summer rainfall in

Middle America, though their influence is weaker than canonical La Nina.

Autumn rainfall variability is strongly linked with modes of variability in the Atlantic
Ocean, and with moisture transport from the eastern Pacific to continental Middle Amer-
ica and the Caribbean Sea. Unlike the other three seasons analysed, the ENSO influence
over autumn is found only for the second and third EOT. The variability of TC activity

is strongly linked with Middle America’s variability of rainfall in this season.

The NAO influences rainfall and moisture transport in the Caribbean during winter
by enhancing the NASH and regional anomalous VIMF convergence. This study shows
that the Pacific and Atlantic ITCZ, the NASH, and the CLLJ are key modulators of
VIMF and VIMF divergence and rainfall variability in Middle America and the IAS.

The use of the EOT method for the analysis of GCM simulations would be useful to
assess the skill to simulate Middle America’s rainfall variability and the mechanisms that

drive its variability.

96



Contribution of TCs to atmospheric branch of Middle America’s hydrological cycle

Chapter 4:

Contribution of TCs to atmo-
spheric branch of Middle Amer-

ica’s hydrological cycle

This chapter is dedicated to the study of the contributions of TCs to the atmospheric
branch of the hydrological cycle over Middle America. As stated in section 1.3, this
chapter aims to characterise the contribution of TCs to monthly (a) mean rainfall, (b)

extreme rainfall, and (c) atmospheric moisture transport in Middle America.

TC contributions to rainfall are quantified using TC tracks derived from three sources:
IBTrACS, and trajectories from an objective feature tracking method (Hodges, 1994, 1995,
1999) applied to the Japanese 55-year and ERA-Interim reanalyses. The use of trajectories
identified from two state-of-the-art reanalyses is a novel approach that allows for a robust
analysis of the T'C contribution to rainfall and atmospheric moisture, throughout the TC
lifecycle including the pre- and post-stages of the TCs. This study advances the work
of Larson et al. (2005), Prat and Nelson (2013a), and Prat and Nelson (2016) on the
characterisation of the mean rainfall and extreme rainfall associated with TCs over North

America.

The methodology used in this chapter to quantify rainfall associated with TCs is
also implemented in chapter 5 to study of the variability of rainfall related to TCs in
Middle America. Thus, this chapter’s results are used to guide the application of TC

track datasets to describe TC rainfall in the region.
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The text and figures that follow have been published in Climate Dynamics (Franco-

Diaz et al., 2019).

Franco-Diaz, A., N. P. Klingaman, P. L. Vidale, L. Guo, and M.-E. Demory, 2019:
The contribution of tropical cyclones to the atmospheric branch of Middle America’s
hydrological cycle using observed and reanalysis tracks. Clim. Dyn., 53, 61456158,
d0i:10.1007 /s00382-019-04920-z

The article is presented as published; its content has not been modified. A. Franco
Diaz’s contribution to this paper is 94%. A.Franco Diaz carried out the analysis based on
the methodology previously developed by L. Guo. A.Franco Diaz led the writing of the
paper, with input from N.P. Klingaman, P.L. Vidale., L. Guo, and M.-E. Demory, and

valuable contributions from reviewers.

4.1 Abstract

Middle America is affected by tropical cyclones (TCs) from the Eastern Pacific and
the North Atlantic Oceans. We characterize the regional climatology (1998-2016) of the
TC contributions to the atmospheric branch of the hydrological cycle, from May to De-
cember. TC contributions to rainfall are quantified using Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) product 3B42 and TC
tracks derived from three sources: the International Best Track Archive for Climate Stew-
ardship (IBTrACS), and an objective feature tracking method applied to the Japanese
55-year and ERA-Interim reanalyses. From July to October, TCs contribute 10-30%
of rainfall over the west and east coast of Mexico and central Mexico, with the largest
monthly contribution during September over the Baja California Peninsula (up to 90%).
TCs are associated with 40-60% of daily extreme rainfall (above the 95th percentile)
over the coasts of Mexico. IBTrACS and reanalyses agree on TC contributions over the
Atlantic Ocean but disagree over the Eastern Pacific Ocean and continent; differences
over the continent are mainly attributed to discrepancies in TC tracks in proximity to
the coast and TC lifetime. Reanalysis estimates of TC moisture transports show that
TCs are an important moisture source for the regional water budget. TC vertically inte-
grated moisture flux (VIMF) convergence can turn regions of weak VIMF divergence by
the mean circulation into regions of weak VIMF convergence. We discuss deficiencies in

the observed and reanalysis TC tracks, which limit our ability to quantify robustly the
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contribution of TCs to the regional hydrological cycle.

4.2 Introduction

Middle America, a continental region that includes Mexico and Central America, is
influenced by various precipitating weather systems that drive the regional hydrology.
During the warm season, this region is subject to landfalling tropical cyclones (TCs),
which include tropical depressions, tropical storms and hurricanes from the Eastern Pa-
cific and the North Atlantic basins. During September 2013, TCs Ingrid and Manuel
simultaneously made landfall in the western coast of Mexico and eastern Mexico, re-
spectively, bringing very heavy rains to a large portion of Mexico and causing deadly
mudslides and flash flooding (LeComte, 2014). During summer, other weather systems
also contribute to rainfall, including isolated thunderstorms, synoptic and mesoscale con-
vective systems associated with the activity of easterly waves (EWs) (Serra et al., 2016;
Vigaud and Robertson, 2017). Tropical EWs are synoptic-scale precursors of TCs in both
the Northeast Pacific and North Atlantic (Belanger et al., 2016). Eastern Pacific and
North Atlantic vertical wind shear and sea surface temperatures (SSTs) favour cyclogen-

esis during boreal summer and early autumn (Molinari et al., 2000).

The influence of TCs on the hydrological cycle has been examined by many studies
(e.g. Larson et al., 2005; Jiang and Zipser, 2010; Prat and Nelson, 2013b,a, 2016; Guo
et al., 2017; Xu et al., 2017). Prat and Nelson (2013b) found that 8-12% of rainfall
are attributable to TCs in the Southeastern United States (US) for inland areas located
between 150 and 300 km from the coast and 15-20% along the coast. TCs account for
50-70% of daily accumulations above 100 mm day™! (~ 4 in day!) along the U.S. Atlantic
coast from Florida to New England (Prat and Nelson, 2016). Over the coastal region of
Eastern Asia, TCs contribute 10-30% of the monthly total rainfall, and around 50% of
the occurrence of extreme daily rainfall [above the 95th percentile] (Guo et al., 2017).
TCs contribute approximately 10% of the total moisture transport to the East Asia coast
(Guo et al., 2017), and 14% to the North American coast (Xu et al., 2017). Positive
global trends in TC-associated rainfall are expected (Kossin, 2018). Only a few studies
have evaluated the contribution of TCs to the atmospheric branch of Middle America’s
hydrological cycle: Larson et al. (2005) found summer TC-related rainfall contributions
exceeding 20% along the southwest coast of Mexico, using rain gauge observations. Jiang
and Zipser (2010) found that TCs contribute about 55% of yearly rainfall over Baja

California, Mexico. Prat and Nelson (2013a) found that near 15% of yearly rainfall over
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Mexico’s Pacific Coast is related to TCs; later, Prat and Nelson (2016) quantified that
up to 32% of the precipitation is associated with TCs along the Gulf of Mexico and 50%
in southern Baja California; TCs accounted for almost all daily accumulations above 100
mm day! over Baja California. Over semiarid regions of Mexico TCs may contribute up
to 50% of the seasonal rainfall (Dominguez and Magana, 2018). To complement these
previous studies, we analyse the monthly climatology of the contribution of TCs over

Middle America, including the effect of TCs on extreme rainfall.

TC contributions to the atmospheric moisture transport and their role in the Middle
America’s moisture budget have received little attention. In view of such a gap, we develop
a climatology of the monthly contribution of TCs to the atmospheric moisture transport
over Middle America. Several methodologies for quantifying the contribution of TCs
to rainfall (Prat and Nelson, 2016; Guo et al., 2017) and moisture transport (Prat and
Nelson, 2013b, 2016; Guo et al., 2017; Xu et al., 2017) employing an Eulerian framework
have been developed, which require a set of TC tracks. A variety of TC track datasets are
available, including those based on observations, as well as those obtained from objective

feature tracking methods applied to reanalysis data.

All sources of TC track data involve uncertainties. For observed tracks, there are
uncertainties related to location and intensity, superimposed on operational differences
between agencies in TC identification. These uncertainties are greatest for the weakest
storms, as well as during the pre-TC and post-TC stages for all storms (Hodges and Emer-
ton, 2015). To fill this gap, TC tracks from reanalyses can complement the observations,
providing added value information on earlier and later stages of the TCs life cycle (Hodges
et al., 2017). Hodges et al. (2017) applied their objective tracking method to reanalysis
and found that the largest uncertainties in TC identification come from the representation
of TC intensities and structure. Differences between reanalyses are expected due to vari-
ations in dynamical core and physical parameterizations, the data assimilation methods,
as well as their model grid resolution (Hodges et al., 2017). Previous studies typically
have quantified the TC contribution to the hydrological cycle using either observed or
reanalysis tracks. To investigate the uncertainty due to the source of TC track data,
we quantify TC contributions to precipitation using observed tracks and tracks from two

state-of-the-art reanalyses.
In this paper, we characterize the regional climatology of the TCs contribution to
the atmospheric branch of the hydrological cycle over Middle America, from May to

December, also exploiting the advantages and considering the uncertainties associated
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with the representation of TCs identified in observations and reanalyses. To achieve this
purpose, we quantify the mean monthly rainfall (Section 4.4.1) and extreme daily rainfall
associated with TCs (Section 4.4.2), employing and comparing trajectories identified from
observations and two reanalyses. We also quantify monthly moisture flux and moisture

divergence associated with TCs for these two reanalyses (Section 4.4.3).

4.3 Data and methods

4.3.1 Observations

Monthly contributions of T'Cs at regional scale are computed using satellite rainfall
estimates from the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipi-
tation Analysis (TMPA 3B42) for 1998-2016. Version 7 TMPA 3B42 provides estimates of
rainfall for 50°5—50°N, at 0.25°x 0.25° spatial resolution and 3-hourly temporal resolution
(Huffman and Bolvin, 2015). Historical records of TCs from various official meteorologi-
cal agencies worldwide, obtained from the International Best Track Archive for Climate
Stewardship (IBTrACS) dataset (Knapp et al., 2010), are used to identify observed TCs.
The IBTrACS dataset is a global repository of TC best-track data from Regional Spe-
cialized Meteorological Centers (RSMCs) and other agencies around the world, which
provides 6-hourly information for each tropical storm such as its location intensity, cen-
tral pressure, among others. The primary data source in the North Atlantic and the
East Pacific basins is the Atlantic Hurricane Database (HURDAT; Landsea and Franklin,
2013) from RSMC Miami. The HURDAT dataset is already a best-track dataset for the
Atlantic basin. TC-related rainfall quantified by using IBTrACS are compared to that
quantified by using TC tracks from an objective tracking method (described in section
2.3) applied to two recent global atmospheric reanalysis datasets, (a) the European Centre
for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee
et al., 2011) and (b) the Japanese 55-year reanalysis (JRA-55; Kobayashi et al., 2015),

described below.

4.3.2 Reanalysis datasets

ERA-Interim and JRA-55 reanalyses datasets are used for TC trajectory identifica-
tion and moisture transport calculations. Six-hourly (0000, 0600, 1200, and 1800 UTC)
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ERA-Interim variables used in this study include temperature, winds, vorticity (native
resolution of T255, ~ 60 km), specific humidity on pressure levels, and vertically inte-
grated moisture fluxes and their divergence (regular grid with a resolution of 0.78°x0.78°).
Six-hourly JRA-55 reanalysis variables of vorticity and temperature, winds on pressure
levels, and vertically integrated moisture fluxes (all at the original resolution of TL319,
~ 55 km) are used in this study; the divergence of JRA-55 vertically integrated moisture
fluxes fields are computed using spherical harmonics with truncation T64, employing the
windspharm Python package (Dawson, 2016). An important feature of the JRA-55 is
the assimilation of tropical wind retrievals to improve the representation of TC intensity.
The wind profile surrounding and over each observed TC centre is retrieved from histor-
ical data during the processing and assimilation, in a way that observations are used to

simulate data from a dropsonde (Hatsushika et al., 2006; Hodges et al., 2017).

4.3.3 TC feature tracking methodology

The objective TC tracking method based on Hodges (1994, 1995, 1999) is applied sep-
arately to each reanalysis dataset. The method (fully described in Hodges et al. (2017))
consists on firstly identifying the tropical disturbances using relative vorticity fields, ver-
tically averaged from 850 to 600 hPa; through the use of a spectral filter (Sardeshmukh
and Hoskins, 1984), tropical systems with wavenumbers between 6 to 63 are retained. A
second step consists of applying a direct space- and time- matching criterion between the
identified tropical systems tracks from the reanalysis and the observed IBTrACS tracks.
This criterion allows matching both tracks when the distance between them is no more
than 4 geodesic degrees, at the same time that they overlap in time. Hodges et al. (2017)
found that, under this criterion, the probabilities of detection for the Northern Hemisphere
for TCs obtained from JRA-55 and ERA-Interim reanalyses that match with IBTrACS
and/or hurricanes category 1 to 5, are 0.95 and 0.81, respectively. Afterwards, for the
detection of a TC, a threshold criterion of vertically decreasing vorticity is applied to
the filtered vorticity fields (across 850-250 hPa) to detect the typical warm core vertical
structure of a TC. With this objective TC tracking method it is possible to detect the
precursor and post-extratropical transition stages of the TC, which results in an extended
description of the life cycle of the TC compared to observed tracks from IBTrACS (Hodges
et al., 2017).
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4.3.4 Quantifying the contribution of TCs to rainfall and moisture fluxes

A total of 19 TC seasons (from 1998 to 2016) of the Pacific and the Atlantic oceans
have been analysed to quantify the contribution of TCs to rainfall. To study the spatial
distribution of the rainfall attributed to TCs, the TC season is subdivided into eight
months, from May to December. To investigate the contribution of TCs to rainfall over
Middle America, 3-hourly TMPA 3B42 rainfall within 5 geodesic degrees radius centred
over the TC location is identified as TC associated rainfall (e.g. Larson et al., 2005; Jiang
and Zipser, 2010; Guo et al., 2017); the rest of the rainfall is masked as non-TC-related
rainfall. The 5 geodesic degrees radius criterion captures the primary wind circulation
domain of the TC, commonly located between 80-400 km from the TC centre, as well as
part of the TC cloud shield, commonly found at 550-600 km (Prat and Nelson, 2013b).
Although the aforementioned TC fixed radius is commonly chosen in TC-related rainfall
and moisture transport studies, in some cases this assumption does not capture the full
extent of the TC (e.g. Xu et al., 2017). Since the temporal interval of the TC position
for all the track datasets is 6 hr, two consecutive 3 hr steps of TMPA 3B42 rainfall
are applied to the same TC-associated mask. To investigate the contribution of TCs to
extreme rainfall, we first compute the extreme daily rainfall, defined as the frequency
of daily events that exceed the 95th percentile of the TMPA 3B42 daily accumulated
rainfall for each month and grid point during 1998-2016. A 5 geodesic degrees radius
mask centred over the TC location is then applied to the daily rainfall to further obtain
the fraction amount (intensity) and fraction count (frequency) of daily extreme events
related to TCs.

Following the methodology of Guo et al. (2017), we analyse the contribution of TCs to
the regional monthly moisture transport over Middle America for a total of 38 TC seasons
(from 1979 to 2016), employing the horizontal wind (v) and the specific humidity (¢) fields
of the 6-hourly ERA-Interim and JRA-55 reanalyses. Time means of v and ¢ refer to
monthly climatologies of horizontal wind (v) and specific humidity (g), respectively, over
1979-2016. Moisture flux fields (derived from v and ¢) are decomposed into time-mean

and eddy (deviation from the time-mean) terms, following the equation:

vg = (0+7)(q+d)

vqg = (rD + U’/TC + ,U;LonfTC) (q + Q’/TC + q’:’LO’I’LfTC) (41)

where vq represents the total moisture flux field. The deviations from the time-mean
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values (eddies) of the wind field and the specific humidity are represented by the terms
v =v—10and ¢ = q — q, respectively. The eddy component terms related to TCs of
eq. 4.1, v}, and ¢/, are obtained using the criterion of 5 geodesic degrees radius mask
centred over the TC location, applied to the 6-hourly eddy wind field (v") and to the eddy
specific humidity field (¢'), respectively. The total moisture flux (vg) at each pressure
level is subdivided into the transport of mean moisture by the mean horizontal wind (vg),
the moisture transport by non-TC eddies ((Uq);wnfTC)7 and the moisture transport by

TC eddies ((vq)7), the latter represented by the equation:

(vq)rc = Varc + vred + vredre (4.2)

where the first term of the right-hand side of eq. 4.2 represents the transport of
TC eddy moisture by the mean horizontal wind (v¢}), the second term represents the
transport of mean moisture by the TC eddy horizontal wind (v7q), and the third term
represents the transport of TC eddy moisture by the TC eddy horizontal wind (v}.-¢/).
A subsequent analysis of the contribution of TC on the water balance for the region
uses vertically integrated moisture flux (hereafter VIMF) divergence fields from ERA-
Interim and JRA-55 reanalyses, integrated throughout the atmospheric column. The
VIMF divergence field relates the mean balance of evaporation (E) and precipitation
(P): divergence means that, in the long term, evaporation exceeds precipitation (F —
P > 0), indicating a source of water vapour to the atmosphere from the region. The
sinks of atmospheric water vapour are identified as regions of VIMF convergence where

precipitation exceeds evaporation (E — P < 0).

4.4 Results

4.4.1 Contribution of Tropical Cyclones to the mean accumulated rain-

fall over Middle America

From the observed tracks (IBTrACS), the contribution of the TCs to the monthly
mean rainfall over the continent is more noticeable during June, and August to October
(Fig. 4.1), being larger over the southeast coast of the US, and the Mexican west and east
coasts during September, followed by the central /southern Mexico and Central America

during October. From mid-August to late October, the Eastern Pacific Ocean and the
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North Atlantic (Gulf of Mexico and the Caribbean) show a peak in TC activity (Gilford
et al., 2017; NHC, 2018) and with more frequent landfalls than in other stages of the
hurricane season (e.g. Prat and Nelson, 2013b). The simultaneous increase in TC activity
in both basins affects a wide portion of the south and centre of Mexico, mainly during
October, when North Atlantic and Eastern Pacific TCs together contribute about 10-20%

of the monthly-accumulated rainfall (Fig. 4.2).

The largest climatological contributions of TCs to the accumulated rainfall over the
Gulf of Mexico, the east coast of Mexico, and the US southeast coast are found during
September, with about 10-20% of the monthly rainfall (Fig. 4.2). The effect of TCs on
the regional rainfall extends along the Gulf Coastal Plain, which reaches from eastern
to northeastern Mexico through the Yucatan Peninsula, continues along Tabasco and
Veracruz to Tamaulipas, and extends around the Gulf of Mexico in the Southern US. Our
results suggest that the effect of the Atlantic TCs on precipitation is in part constrained
by the orographic features of the region, with the largest contribution over the Gulf
Coastal Plain. During the majority of the months analysed, the contributions of TCs to
the rainfall over the southern portion of Mexico’s coastline are between 10% and 20% of
the total precipitation, covering almost the entire Yucatan Peninsula. Throughout July,
August and September, rainfall associated with the Atlantic TCs extends further north
within the domain of Middle America, having a noticeable effect inland, contributing
10% of rainfall over the northeast of Mexico in the states of Tamaulipas and Nuevo Leon

(beyond 200 km inland), especially over portions of land below 1,500 m altitude.

In climatological terms, the eastern North Pacific is the most active ocean basin for
the genesis of TCs, per unit area and time (Molinari et al., 2000). East Pacific TCs have an
important effect on the summer rainfall of continental Middle America. The TC-related
rainfall over the west coast of Mexico is strongly influenced by the presence of the Sierra
Madre Occidental, Mexico’s longest mountain range, which stretches 1,100 km through
North-western and Western Mexico. The results show a pattern of TC-related rainfall
that extends along the coast next to the Gulf of California and the Gulf of Tehuantepec.
Over this large continental area, the largest contribution of TCs to climatological rainfall
occurs during the last three months of the TC season. TCs account for between 10%
and 50% of the rainfall along the Northwest coast of Mexico, and can contribute as much
as 10% to the seasonal rainfall in the western interior locations in the states of Sonora,
Chihuahua, Durango and Sinaloa, particularly during September and October, coincident

with the end retreat of the North American Monsoon. TC contributions to the monthly
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rainfall maximise during September, over the west coast of Mexico, the centre of Mexico
and the Baja California Peninsula, contributing to the latter to more than 60% of the
total monthly rainfall, the largest fractional contribution of TCs over the entire domain.
The high percentage contribution over Baja California is exaggerated by the low mean
rainfall in the region, which is generally less during boreal summer than winter, and very
low compared with other continental areas of the domain of study. In cases like Hurricane
Jimena in 2009, the contribution can be more than 90% of the monthly rainfall over a
large portion of the peninsula. The large-scale flow pattern necessary to turn the storms
northward toward Northwest Mexico is much more likely at the end of the TC season in

boreal autumn (Corbosiero et al., 2009). Another factor that favours development of TCs
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Figure 4.1: Contribution of TCs to the mean monthly-accumulated rainfall (mm) from
May to December, quantified with observed TCs trajectories from IBTrACS and TMPA
3B42 estimates of rainfall. Climatology for 1998-2016.
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Figure 4.2: Contribution of TCs to the mean monthly-accumulated rainfall (%) from May
to December, quantified with observed TCs trajectories from IBTrACS and TMPA 3B42
estimates of rainfall. Climatology for 1998-2016.

is the increase of the monthly mean SST to above 27°C over the Gulf of California from

July to October (e.g. Hall and Tippett, 2017).

Differences between TC associated monthly rainfall calculated with IBTrACS
and ERA-Interm/JRA-55 reanalyses. After estimating the contribution of TCs
to precipitation using IBTrACS tracks, we now consider the same quantity by using
TC tracks from the objective TC tracking method applied to ERA-Interim and JRA-55
data (described in section 4.3.3). Figure 3 shows the differences between the monthly
climatology for 1998-2016 of TC-accumulated rainfall (mm) calculated from TMPA 3B42
data, using (a) ERA-Interim and IBTrACS tracks, and (b) JRA-55 and IBTrACS tracks.
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Figure 4.3: Differences between the contributions of TCs to the mean monthly-

accumulated rainfall (mm) quantified with TMPA 3B42 estimates of rainfall and with
TC trajectories based on (a) ERA-Interim reanalysis and IBTrACS, and on (b) JRA-55
reanalysis and IBTrACS, from May to December (1998-2016) (continued on next page).
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Some agreement between the TC-associated rainfall calculated with ERA-Interim
and IBTrACS tracks is found over the North Atlantic at the beginning of the TC season.
The differences get larger as the season progresses, reaching monthly differences (£ 50
mm) over the Caribbean Sea and the Gulf of Mexico. Throughout the season, a dipole
of differences develops over the Eastern Pacific basin and Central America, with larger
values in ERA-Interim in the south of the domain (with up to 100 mm per month), and
larger values in IBTrACS further north in the basin (mainly up to 50 mm per month,
located northwards 10°N). Most of the negative differences are found over land, varying
in location and rate each month, being larger over the west and east Mexican coasts
by September. Slight reductions of TC-related rainfall (about 15 mm per month) using
JRA-55 tracks relative to IBTrACS are found over the Caribbean Sea throughout the
TC season. The largest positive differences (25-150 mm) are found over Central America
and the Eastern Pacific next to the southwest Mexican coast, collocated with the Eastern
Pacific warm pool. Important reductions in JRA-55 relative to IBTrACS are found each
month throughout the TC season over Middle America and the Southeast of the US., being
more noticeable during September in the west and east coast of Mexico. The reductions
are up to 50 mm and are widespread from the coast to inland, especially in Central Mexico,
along the Gulf of Tehuantepec and the Gulf of Mexico. However, the two estimates
largely agree over the North Atlantic Ocean basin, where the differences during May and
August are within £15 mm, with a minimum along the US southeast and the western
Mexico coasts during June and September, respectively, and a maximum during October
over the Gulf of Mexico and Central America. In general, the TC-associated rainfall
calculated with JRA-55 tracks agrees more closely with IBTrACS than that calculated
with ERA-Interim tracks; in both cases, the climatology obtained with the reanalyses
tracks show lower TC contributions to rainfall over the continent, especially over the

coasts and Central Mexico. These differences are discussed in section 4.5.

4.4.2 Contribution of Tropical Cyclones to the extreme rainfall over

Middle America

TCs are related to episodes of heavy rainfall, causing severe damages and losses.
We examine the seasonal contributions of TCs to amounts and frequency of extreme
rainfall (Fig. 4.4) over Middle America during July, August, September, and October
(JASO), based on TC tracks from IBTrACS and on the 95th percentile of daily rainfall
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of each month during 1998-2016, calculated from TMPA 3B42 rainfall estimations. The
percentage of amount of TC extreme rainfall represents the daily TC accumulated extreme
rainfall relative to the total accumulated rainfall of all the extreme events; the percentage
of frequency of TC extreme rainfall represents the events of extreme rainfall related to

TCs relative to all the extreme rainfall events.
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Figure 4.4: Mean contribution of TCs to the extreme rainfall (a) amount (%) and (b)
frequency (%) during JASO, employing TCs tracks from IBTrACS. Climatology for 1998-
2016.

During JASO, the highest contributions of TCs to the extreme rainfall amounts
and frequencies over the continent are found over a large area of the Baja California
Peninsula, followed by the west coast of Mexico, and much of the Gulf Coastal Plain.
The relative values of the contributions of TCs to extreme rainfall amount and frequency
define regions where the TC-related extreme rainfall is heavier than extreme rainfall from
systems unrelated to TCs: larger values of amount than frequency indicate that TC-
related extreme rainfall, per event, is heavier than non-TC extreme rainfall, per event.
For example, this occurs over the Baja California Peninsula, part of the northwest of

Mexico, and along the Gulf Coast of the United States, where the amount TC-related
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extreme rainfall exceeds the frequency by more than 10%.

To further examine the seasonal cycle of the TC contribution to the regional ex-
treme rainfall, we examine the monthly contributions of TCs to extreme rainfall amounts
and frequency of extreme rainfall (Figs. 4.5 and 4.6, respectively) during July, August,
September and October, based on the 95th percentile of daily rainfall of each month
during 1998-2016, calculated from TMPA 3B42 rainfall estimations. Observations and
reanalyses show that the highest contribution of TCs to extreme rainfall occurs on the
east coast of Mexico during September and October, with extreme rainfall amounts mainly
between 20% and 50% of the total extreme rainfall amount (Fig. 4.5). The largest inland
contribution of TCs to extreme rainfall amount occurs during September over the Baja
California Peninsula and the Gulf Coast of the US, with up to 60% and 50% of the ex-
treme rainfall amount, respectively, followed by northwestern Mexico (encompassing an
area that includes the states of Tamaulipas, Nuevo Leon and Coahuila) with up to 50%
during July. The amount of TC-related extreme rainfall exceeds the frequency by more
than 10% over much of the northeast of Mexico during July, over the Baja California
Peninsula from August to October, and throughout the season over some portions of
the Gulf Coast of the US, Central and Southern Mexico, Nicaragua, Honduras, and the
Caribbean.

Most of the agreement between the contribution of TCs to the monthly extreme
rainfall using IBTrACS and reanalysis tracks is found over the Atlantic Ocean and over
the Middle America landmass, whereas some differences are found over the Pacific Ocean.
The contribution of TCs to extreme rainfall amounts and frequency obtained from the
reanalysis tracks is more than that obtained from IBTrACS over the some portions of the

Eastern Pacific Ocean between 5°N-10°N.
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(a) IBTrACS (b) ERA-Interim (c) JRA-55
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Figure 4.5: Monthly contributions of TCs to the extreme rainfall amount (%) from July
to October, employing TCs tracks from (a) IBTrACS, (b) ERA-Interim, and (c) JRA-55.
Climatology for 1998-2016.
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(a) IBTrACS (b) ERA-Interim (c) JRA-55
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Figure 4.6: Monthly contributions of TCs to the extreme rainfall frequency (%) from July
to October, employing TCs tracks from (a) IBTrACS, (b) ERA-Interim, and (c) JRA-55.
Climatology for 1998-2016.
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4.4.3 Contribution of Tropical Cyclones to moisture transport over

Middle America

The hydrological cycle includes processes of evaporation, condensation, precipitation,
and moisture advection, which represent the means whereby water is added to or removed
from the atmospheric branch. The atmospheric water vapour availability and transport
play an important role in determining the climate over the continents, and are strongly
linked with radiative processes (e.g. Trenberth and Fasullo, 2009), with convection and
the generation of rainfall (Grabowski and Moncrieff, 2004). Of particular interest to this
study is the spatial distribution of the TC-related moisture transport and its contribu-
tion to the climatological moisture transport relative to the contribution from the mean
circulation over Middle America. Figure 4.7 represents the spatial distribution of the
monthly-accumulated VIMF (arrows) and VIMF divergence (shading) by the mean cir-
culation (V-(vg)) from (a) ERA-Interim and (b) JRA-55 for 1979-2016. During the TC
season, strong convergence is observed over most of the Eastern Pacific, while over the
North Atlantic it is confined to a band between 5°and 10°N; in both basins the region
of maximum VIMF convergence is associated with the Inter Tropical Convergence Zone
(ITCZ) (Peixoto and Oort, 1992) and the seasonal migration of the edges of the Hadley
Cell. Divergence prevails and is less intense over the North Atlantic, especially in the
north of the basin. Both reanalyses show that some portions of the Atlantic Ocean, as
well as the Caribbean Sea and the Gulf of Mexico, are important moisture sources during
the boreal summer. Over the Gulf of Mexico and the Caribbean, mean VIMF divergence

prevails during May to August, and turns to convergence during September and October.

An analysis of the magnitude and sign of TC-related VIMF convergence shows regions
where the influence of TCs becomes more relevant to the total monthly moisture transport
over the domain. The contribution of TCs to moisture transport, quantified with ERA-
Interim and JRA-55 (Figs. 4.8 a and 4.8 b, respectively), shows that monthly TC-related
VIMF convergence is about an order of magnitude smaller than the VIMF divergence by

the mean circulation.
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Figure 4.7: Monthly-accumulated vertically integrated moisture flux (arrows; units:
kg-m~1-s71) and vertically integrated moisture flux divergence (shading; units: mm-
month™!) by the mean circulation from (a) ERA-Interim and (b) JRA-55 reanalyses.

Climatology for 1979-2016 (continued on next page).
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(b) JRA-55
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Figure 4.7: (continued).
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Figure 4.8: Monthly-accumulated vertically integrated moisture flux (arrows; units:
kg-m~1-s71) and its divergence (shading; units: mm- month™!) for TC eddies quantified
by using fields and TCs tracks derived from (a) ERA-Interim and (b) JRA-55 reanalyses.
Climatology for 1979-2016 (continued on next page).
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(b) JRA-55
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Figure 4.8: (continued).
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In general, the TC contribution to moisture transport over the Eastern Pacific basin
is larger than that over the North Atlantic basin throughout the TC season, and it has
a broader spatial extent inland relative to rainfall, suggesting that TCs can affect pre-
cipitation further downstream than the 5 geodesic degree radius we specified for the
quantification. Added to this, the contribution in JRA-55 is larger than in ERA-Interim
possibly due to higher resolution of JRA-55 and assimilation of TC winds, sustaining
stronger storms (Hodges et al., 2017). The contribution of TCs to moisture transport
is highly relevant to the summer moisture availability over the domain: the Atlantic
shows a predominant VIMF divergence during the year (Fig. 4.7) with some exceptions
throughout the TC season (Fig. 4.8). Figure 4.9 shows in red (blue) areas where TC
VIMF convergence reinforces (weakens) the moisture convergence (divergence) by the
mean circulation, quantified with (a) ERA-Interim and (b) JRA-55. TCs activity widely
influences the available moisture over both oceans and continent, particularly over south-
ern and northeast Mexico, the west coast of Mexico, and the Gulf Coast of the U.S. Even
more, both reanalyses show that TC-related moisture convergence has the capability to
reverse the sign of the moisture divergence by the mean circulation on a monthly ba-
sis, particularly over a wide area of the Atlantic Ocean during September and October
(shaded yellow areas of Fig. 4.9) when the monthly vertically integrated divergence of

moisture by the mean circulation is weak.
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(a) ERA-Interim
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Figure 4.9: Strength of the TC-associated VIMF convergence relative to the strength of
the VIMF divergence by the mean flow (%), estimated by using TC tracks from (a) ERA-
Interim and (b) JRA-55 reanalysis. Shaded yellow areas indicate where TC reverses the
sign of the divergence by the mean circulation. Climatology for 1979-2016 (continued on
next page).
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(b) JRA-55
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Figure 4.9: (continued).
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4.5 Discussion

The motivation for this work comes from the need to quantify the climatological con-
tribution of TCs to the atmospheric branch of the hydrological cycle over Middle America.
It is important to understand the regional impact that TCs have on the seasonal water
availability and in terms of extreme episodes of rainfall over Middle America, often linked
with damages and losses of life. This study also contributes to a better understanding
of the role of TCs in the global hydrological cycle. An analysis of TCs contribution to
monthly-accumulated rainfall and to extreme rainfall over Middle America is presented,
based on TC tracks derived from observations (IBTrACS) and from TC tracks identified by
an objective feature tracking method for ERA-Interim and the JRA-55 reanalyses, using
TMPA 3B42 rainfall datasets for 1998-2016. Objective tracking methods allow identify-
ing a more complete life cycle of the TCs, including the precursor and post-extratropical
transition stages (Jones et al., 2003). This extends the observed record, assuming the
reanalyses are accurate. Distinct spatial distributions of quantified TC-related rainfall
from observations and reanalyses were found: most of the discrepancies (agreements) oc-
cur over the Eastern Pacific and Central America (North Atlantic). TC contributions
to rainfall quantified by reanalysis tracks over the Eastern Pacific (equatorward of 15°N)
show a larger monthly contribution compared with IBTrACS. This analysis indicates that
TC tracks derived from reanalysis are able to capture the activity of precursors of TCs
over the Eastern Pacific basin, and area of active generation of easterly waves (Ferreira
and Schubert, 1997; Serra et al., 2008; Toma and Webster, 2010a,b) that are important
precursors of TCs in the Eastern Pacific and North Atlantic basins (Belanger et al., 2016;
Agudelo et al., 2011). The differences found over continental Mexico are mainly attributed
to discrepancies in TC tracks in proximity to the coast (corresponding to post-TC stages).
Using the extended TC lifecycle criterion for the reanalyses increases the T'C contribution
over most of Central America, including in regions where IBTrACS has few or no TCs.
In these areas, there are substantial differences in estimated TC rainfall between using
IBTrACS and reanalysis tracks. The annual number of TCs detected in reanalyses over
the Atlantic and Eastern Pacific basins are in good agreement with IBTrACS (Hodges
et al., 2017). However, there are differences in the paths of the TCs identified in the
reanalyses and IBTrACS, particularly for TCs that make landfall over continental Middle
America (Fig. 4.10). In some cases, TC tracks derived from reanalysis are not tracked
in the proximity to the coastline, and consequently the effect of the TCs on rainfall near

the continent is less than when using IBTrACS. There is a strong similarity between
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the spatial patterns of the differences from reanalyses and IBTrACS in TC track density
(Fig. 4.10) and TC related rainfall (Fig. 4.3). The differences in the quantification of
TC-related rainfall are more noticeable over Mexico during September (Fig. 4.3). Ac-
cording to previous studies (e.g. Xu et al., 2017; Hodges et al., 2017), a significant source
of error could come from the representation of the TC wind field in reanalyses, affecting
the frequency and lifetime of TCs. Xu et al. (2017) argue that the combined effects of
underestimated wind speed and overestimating the radial extent of TCs likely result in
an underestimated TC-related moisture transport. However, the observed tracks are also
subject to uncertainties in the identification of weaker TCs, due the different criteria em-
ployed by the various agencies to reporting an identified TC, resulting in the exclusion
of some TCs from the Best Track, as well as the fact that some tropical depressions are
excluded due to a lack of wind information (Hodges et al., 2017). Chen et al. (2013)
have found that TMPA 3B42 rainfall estimations related to TCs are better represented
over ocean than over land, being particularly less accurate to capture orographic features
during landfalling TC episodes. The retrieval method in TMPA 3B42 is based on the
Goddard Profiling Algorithm (GPROF; Kummerow et al., 2001), which uses the contrast
of the emissivity of the raindrops and the underlying surfaces to estimate rainfall rates
(for further details consult Huffman et al. (2007)). Over the ocean, the contrast of emis-
sivity is better captured due to the well-defined difference between the rain and surface
temperatures. As emissivity is heterogeneous over complex surfaces (such as the land),
the contrasts between the emission of the rain drops and the surface are more difficult
to capture, which reduces the accuracy of rain estimates (e.g. Chen et al., 2013). These
uncertainties mean that our estimations of heavy rain frequency (>50 mm) of TC-related

rainfall are uncertain over coastal and inland mountainous areas of Middle America.

Similar patterns and rates of TC-related extreme rainfall, quantified by using obser-
vations and reanalyses, are found. The agreement could be attributed to the fact that
tracks calculated by using the objective TC identification scheme from reanalyses iden-
tify the strongest storms more accurately (e.g. Saffir-Simpson categories 4 and 5; Hodges
et al., 2017). Moreover, observed tracks of strongest storms are more certain than those of
weaker storms (e.g. tropical depressions, Saffir-Simpson categories 1-3), which increases
our confidence in TC-extreme rainfall computed from observed and reanalysis tracks, as

extreme episodes of rainfall are more likely to be related to the strongest storms.
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Figure 4.10: Differences between TC track densities based on ERA-Interim reanalysis and
IBTrACS (a) per year and (c) during JASO, and on JRA-55 reanalysis and IBTrACS (b)
per year and (d) during JASO. Units: number of TCs per unit area (~ 10 km?). Period
1998-2016.

TCs are important sources of moisture over the region, mainly during June to Oc-
tober. TC-related moisture convergence often extends further inland than TC-related
precipitation, suggesting that TCs have a longer reach than their rainfall fields. Par-
ticularly, the Gulf of California, its continental surroundings and the North of Mexico
receive moisture from TCs, which is comparable in magnitude to the amount of mois-
ture extracted from the region by the mean circulation. More notably, the TC-associated
VIMF convergence can reverse the sign of the VIMF divergence by the mean flow when
the latter is weak, mainly over a big portion of the Atlantic Ocean and some continental

regions during September and October.

Even though Central America experiences strong VIMF convergence during most of
the year, the contribution of TCs is a non-negligible source of this moisture transport
when a TC extended lifecycle criterion is considered. Added to this, the mean moisture
transport over Central America is also likely related to the location and intensity of the
ITCZ. TC contributions to moisture transport analyses suggest that a correct quantifi-
cation relies heavily on the representation of TC tracks, and is strongly linked with the

representation of the moisture flux in the reanalyses.

125



Chapter 4 — Contribution of TCs to atmospheric branch of Middle America’s hydrological cycle

4.6 Conclusions

TCs are important sources of rainfall and moisture transport over Middle America,
and make a substantial contribution to the amount of mean rainfall and the amount and
frequency of extreme rainfall during the TC season. In this paper, a quantification of
the climatology of TC-related rainfall and moisture transport over Middle America has
been made, employing TC tracks from observations (IBTrACS) and two-state-of-the-art
reanalyses: ERA-Interim and JRA-55. Our results show that the climatological mean
rainfall contribution of TCs mainly occurs during September and October, when TCs
in both the North Atlantic and Eastern Pacific are more active: TCs contribute about
10-20% of the monthly-accumulated rainfall over the west coast of Mexico and centre
of Mexico. The largest percentage of the monthly contribution over the entire Middle
America domain was found in the southern Baja California Peninsula, with rates up to
60%. Our analysis suggests that a shift in East Pacific TC tracks towards the western
Mexican coast from September onwards is a main factor for the high TC contribution
to the accumulated rainfall over the western continental portion of Mexico. The spatial
distribution of TC rainfall over Northwestern Mexico might be related with static factors
such as the orography. TCs are also important sources of extreme rainfall over Mexico
and the North of Central America, in some cases contributing more than 50% of the
monthly extreme rainfall amount, mainly during September and October when TCs tend
to make landfall more often. Most of the agreements of spatial distributions of TC-related
rainfall from observations and reanalyses are found in the North Atlantic basin, and in

the contributions of T'Cs to extreme rainfall.

Most of the contribution of TCs to moisture transport occurs over coastal and Central
Mexico, and the Eastern Pacific from June to October. TCs are likely to reverse the sign
of the VIMF divergence when the VIMF divergence by the mean circulation is weak,
occurring mainly in a wide area of the North Atlantic, and to a lesser extent, the Eastern
Pacific, the Gulf of California and Northwestern Mexico. In this study, the robustness of
the analysis of the regional contribution of TCs to the hydrological cycle heavily relies on
the accuracy of the representation (location and lifetime) of the TC tracks, either based on
observed TC-tracks or calculated from an objective tracking method applied to reanalysis
datasets, as well as on the quality of the meteorological fields (e.g. estimations of rainfall
and moisture flux from reanalysis). To improve our ability to quantify TCs contribution
to rainfall and moisture, an accurate representation of the pre- and post-stage of the

life cycle of the cyclones is required, including inland trajectories, no matter the stage

126



Chapter 4 — Contribution of TCs to atmospheric branch of Middle America’s hydrological cycle

of the TC lifecycle. This quantification of TCs contribution on the atmospheric branch
of the hydrological cycle over Middle America will be useful to future studies on the
understanding the sub-seasonal and inter-annual variability of the regional hydrological

cycle, as well as process studies that investigate the role of TCs in the hydrological cycle.
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Chapter 5:

Interannual Variability of Rainfall
Attributed to Tropical Cyclones in
Middle America

5.1 The purpose of the present study

Chapter 3 demonstrated that Middle America’s rainfall variability at interannual
time scales responds to large-scale modes of climate variability such as ENSO, AMM,
and NAO. That study also showed that the interannual variability of rainfall depends
on the changes in seasonal TC activity in the eastern Pacific, the Caribbean Sea, and
the Gulf of Mexico. Chapter 4 demonstrated that TCs significantly contribute to the
atmospheric branch of the hydrological cycle in Middle America and the TAS, including
to mean accumulated rainfall, moisture transport, and extreme rainfall, varying in space
and time. This chapter explores the variability of rainfall attributed to TCs in Middle
America and their relationship with large-scale modes of climate variability. This study
addresses the final objectives and questions stated in 1.3, aiming to determine the drivers
of the interannual variability of TC-related rainfall in Middle America, connected to

variability of TC genesis and tracks in the East Pacific and the North Atlantic basins.

Several studies have shown that ENSO influences the variability of TC activity (gen-
esis, trajectories, life-time, and intensity) in the North Atlantic and the East Pacific.
During El Nifo years (e.g., 1982-1983, 1986-1987, 1991-1992, 1997-1998, 2002-2003, 2004-
2005; Camargo et al., 2007) there is reduced Atlantic TC genesis through induced changes
in tropospheric vertical wind shear, reduction of relative humidity, and subsidence (Gray,

1984; Goldenberg and Shapiro, 1996; Chu, 2004; Camargo et al., 2007); the latter inhibits
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Atlantic TC activity through warm upper tropospheric temperature anomalies that in-
crease stability (Tang and Neelin, 2004). The opposite occurs during La Nina, when the

Atlantic TC activity is enhanced.

Larson et al. (2005) showed that La Nina promotes TC activity in the Atlantic MDR
during the positive phase of the Artic Oscillation (AO; Thompson and Wallace, 1998),
while during El Nifio and the negative phase of the AO there is a considerable reduction of
TC activity in the MDR. In the same study, it is shown that La Nina leads to an average
15% increase in the number of Atlantic TCs, while El Nino leads to a 10% reduction

(respect to the mean of the period 1950-98).

It has been suggested that the ENSO-North Atlantic teleconnection and TC activity
vary according to the location of the Pacific SSTs anomalies, categorised as canonical or
"Modoki” ENSO types (e.g., Ashok et al., 2007; Taschetto et al., 2010). Kim et al. (2009)
found that TC frequency in the Gulf of Mexico is larger during El Nino Modoki than

canonical El Nino.

Quan et al. (2020) suggested that the effects of ENSO on the North Atlantic TC
activity depend on the sequence of ENSO events: enhanced TC activity and landfall in
the Gulf of Mexico and the Caribbean when El Nino summer is preceded by an El Nino

winter, rather than El Nino summer preceded by La Nina winter.

Some modes of Atlantic climate variability also influence the Atlantic TC activity:
the AMM modulates interannual TC activity through changes in the meridional gradient
of tropical Atlantic SSTs (e.g., Vimont and Kossin, 2007; Kossin et al., 2010; Patricola
et al., 2014; Lim et al., 2016). The Atlantic MDR TC activity is favoured during the
positive phase of the AMM, which is characterised by anomalously warmer SSTs near
the equatorial Atlantic and the northward shift of the Atlantic ITCZ (Chiang and Lint-
ner, 2005). Added to these conditions, Smirnov and Vimont (2011) found that during
the positive phase of the AMM there is significantly reduced vertical wind shear in the
subtropical North Atlantic, which also favours TC genesis.

The AMO has been related to the decadal variability of Atlantic TC activity at
decadal time-scales (Goldenberg et al., 2001); more intense Atlantic TCs occur during
AMO positive phases, which are characterised by warmer Atlantic SSTs. The AMO
can also excite the AMM on decadal scales, so that the AMO consequently influences
interannual TC activity in the Atlantic (Vimont and Kossin, 2007).

Lim et al. (2016) found that ENSO impacts on TC Atlantic activity can be signif-
icantly modified and even reversed by the AMM and the NAO: in 2005, anomalously
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warmer SST's linked to a positive AMM enhanced Atlantic TC activity, despite the exist-
ing weak El Nifio conditions in that year. In 2013, a strong positive NAO (characterised
by an enhanced NASH and an enhanced Icelandic low), produced stronger vertical wind
shear and a drier lower troposphere, which inhibited Atlantic TC genesis, despite the
weak La Nina experienced in that year. The combined influence of La Nina, the positive
AMM, and the negative NAO favour cyclogenesis in the Atlantic basin through a west-
ward extended, weak NASH, and a wider area of positive SST anomalies in the Atlantic

basin (Lim et al., 2016).

Developing El Nino favours TC activity in the eastern North Pacific mainly through
weakened vertical wind shear and increased vorticity (Laing and Evans, 2016). It also
causes a westward shift of TC genesis (Irwin IIT and Davis, 1999; Camargo et al., 2008) and
promotes an extended TC lifetime (Chu, 2004). El Nifio modulates Central eastern Pacific
TC activity through changes in the location of active regions and TC tracks towards the
dateline (Bell et al., 2014; Chu, 2004; Camargo et al., 2008). Fu et al. (2017) found that
El Nino enhances TC frequency in the western development region of the East Pacific,
and reduces TC frequency in the eastern development region (next to Middle America’s

coast). In all those cases La Nina typically brings opposite conditions.

Intraseasonal modes of variability also affect TC activity in the IAS: Maloney and
Hartmann (2000a) found that the enhanced phases of the MJO in the East Pacific are
more likely to create favourable conditions for eastern Pacific TC genesis (next to coastal
Middle America), such as low-level convergence and cyclonic vorticity anomalies, and
low vertical wind shear. In the Gulf of Mexico and the western Caribbean hurricane
genesis is up to four times greater during the enhanced phases of the MJO than during

the suppressed phases (Maloney and Hartmann, 2000b).

Aiyyer and Molinari (2008) found that, during the enhanced phases of the MJO,
TCs develop north of the ITCZ, near the Gulf of Tehuantepec and the Gulf of Mexico,
despite the enhanced wind shear in this regions. The authors also suggested that, during

suppressed phases of the MJO, TCs tend to form mainly within the ITCZ.

Although some of the aforementioned studies have focused on the influence of inter-
annual modes of variability on TC activity, only a few have examined their effect on TC
rainfall in Middle America. For example, Larson et al. (2005) explored the causes of the
variability of TC-related rainfall, linked to large scale-modes of variability. The authors
suggested that East Pacific TC-related rainfall increases further north in Middle America

during El Nifio than during La Nina events.
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Most of the TC-related losses and damages over continental Middle America affect
the most populated and poorest states of central and southern Mexico, protected nat-
ural areas, large cropped regions, and archeological and touristic areas (INEGI, 2019;
CONAPO, 2016). For example, Category 4, Hurricane Pauline (5-10 October 1997) is
considered one of the deadliest and damaging Pacific hurricanes to make landfall in Mex-
ico: Oaxaca and Guerrero reported together a death toll at 228 people and 165 missing
people and left approximately 54,000 families homeless. The damages associated with
Hurricane Pauline corresponded to 180 ha of cropped areas, amounting to a loss of nearly
MXNS0 billion (around 1997 USD10.1 billion) (CENAPRED, 2001). During this event,
the highest accumulated rainfall registered was 686 mm in San Luis Acatlan, followed by

Acapulco with 411 mm (Lawrence, 1997).

On the other hand, TC-related rainfall may also be beneficial for inland regions
with scarce fresh-water resources. For example, the FEast Pacific, category 4 Hurricane
Nora (16-28 September 1997) made landfall twice in Baja California Peninsula, and its
remnants moved along the Colorado River Valley, bringing heavy rainfall and strong
winds over the northwestern Middle America (Farfan and Zehnder, 2001). Despite the
damages caused, Hurricane-Nora-related rainfall aided to reverse the anomalously low
SON 1997 rainfall conditions at some northern Middle America inland areas associated
with a substantially weakened monsoon trough and a southward displacement of the ITCZ
during the 1997-98 El Nifio. Despite the generalised negative rainfall anomalies in Middle
America, the Baja California peninsula and some portions of southern Middle America
recorded above-normal precipitation, mainly during the late 1997 TC season (Bell et al.,
1999), in response to six East Pacific TCs tracking close to Middle-American coasts or
making landfall, including TC Andres (1-7 June), TC Blanca (9-12 June), TC Olaf (26
September-12 October), and Hurricane Rick (7-10 November).

Understanding the causes of TC-related rainfall from TC variability making landfall
and/or tracking close to continental Middle America is a matter of social, economic,
and scientific interest. This knowledge provides actionable information for human safety
and wellbeing, water-resources management, agricultural and industrial activities, the

preservation of wildlife, and for further climate-system and hydrological-cycle research.

This chapter aims to determine the patterns of rainfall that represent most of the
interannual variability of TC-related rainfall over Middle America, and the corresponding
large-scale phenomena, meteorological systems, and environmental conditions associated

with the interannual variability of TC-related regional rainfall.
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5.2 Datasets and methods

5.2.1 Data

For the period 1979-2011, daily gridded rainfall data across Middle America with
a horizontal resolution of 10 kmx10 km (Lépez-Bravo, 2015; Lépez-Bravo et al., 2018),
were used to calculate seasonal T'C-related rainfall. A complete description of this dataset
is available in Lépez-Bravo et al. (2018). The selected period of analysis (1979-2011) is
the one that had a larger and more continuous number of available rainfall observations
in situ, and that were used to create the daily gridded rainfall dataset. Therefore, the
use of this dataset for the selected period gives more robustness and accuracy to the

quantification of TC-related rainfall in this study.

This gridded gauge rainfall dataset has advantages over the TMPA 3B42 satellite
estimates of rainfall used in chapter 4, such as a more extended period of observational
record and higher horizontal resolution, compared with the satellite estimates of rainfall
(1998-2016 and 0.25° x 0.25°, respectively). Since the TMPA 3B42 product is particularly
inaccurate to capture orographic features during landfalling TC episodes (Chen et al.,
2013), it is expected to have more accurate representations of TC rainfall over Middle

America when using gauge observations.

Six-hourly data of winds on pressure levels, atmospheric surface pressure, and verti-
cally integrated moisture fluxes (VIMF) from the Japanese 55-year reanalysis (JRA-55;
Kobayashi et al., 2015, all at the original resolution of TL319, ~ 55 km) are used in this
study. The divergence of JRA-55 vertically integrated moisture flux fields is computed us-
ing spherical harmonics with truncation T64, employing the windspharm Python package

(Dawson, 2016).

In this chapter, we use TC tracks from the objective TC tracking method based on
Hodges (1994, 1995, 1999), applied to the JRA-55 reanalysis dataset. The methodology
employed for the calculation of this dataset is fully described in Hodges et al. (2017), and
in the chapter 4 of this thesis (see Sec. 4.3), where the methodology has been used to
calculate the seasonal statistics of TC track densities and TC genesis densities. Overall
the TC tracks tested in chapter 4, TC tracks based on JRA-55 reanalysis were chosen
to calculate the TC rainfall in this study. The advantage of using TC tracks based on
reanalysis comes from using the extended TC lifecycle criterion (pre- and post- TC stages;
see sec. 4.3.3), compared with observations. The steering flow winds are computed as

the mass-weighted, vertically-averaged horizontal wind fields from 850 to 200 hPa. Wind
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shear is defined as the magnitude of the vector difference between the horizontal wind
fields at 850 and 200 hPa, which has been widely used for empirical studies of TC activity
(Camargo et al., 2007; Wang et al., 2011). Seasonal statistics of TC track densities and
TC genesis densities are used, computed with the objective TC tracking method based
on Hodges (1994, 1995, 1999), applied to the JRA-55 reanalysis dataset (see Section 4.3.3

for a full description of the dataset).

Similar to Chapter 3, in this chapter is employed the NOAA Optimum Interpolation
Monthly SST (OISST) Analysis dataset at resolution 1° x 1° to compute seasonal SST
means. Monthly mean indices corresponding to the regions Nino 3.4 and Trans-Nifio index
are retrieved from https://climatedataguide.ucar.edu/climate-data/ (Trenberth,
2020). Using the definition of Patricola et al. (2016), for the period of 1979-2011 the
following ENSO years are included in the period of analysis: El Nino years are 1982,
1986, 1987, 1991, 1994, 1997, 2001, 2002, 2004. La Nina years are 1988, 1998, 2010.
canonical/East Pacific El Nifo years are 1982, 1987, 1997. Non-canonical/Modoki El
Nifio years are 1986, 1991, 1994, 2001, 2002, 2004.

The monthly mean AMM index is provided by http://www.aos.wisc.edu/~dvimont/
MModes/Data.html. The monthly mean NAO index is retrieved from https://www.cpc.
ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml. The monthly mean CLLJ
index is provided by https://iridl.1ldeo.columbia.edu/maproom/ACToday/Colombia/

CLLJI.html.

5.2.2 Calculation of the rainfall associated with TCs

A total of 33 TC seasons (from 1979 to 2011) of the East Pacific and the North
Atlantic basins have been analysed to quantify the contribution of TCs to Middle Amer-
ica’s rainfall. To study the spatial distribution of the rainfall attributed to TCs, the TC
season (June-November) is subdivided into two seasons: June-July-August (JJA) and
September-October-November (SON). To investigate the contribution of TCs to rainfall
over Middle America, the daily gridded observation data across the domain within a cir-
cle of 5 geodesic degrees, centred over the TC location, is identified as TC associated
rainfall (e.g., Larson et al., 2005; Jiang and Zipser, 2010; Guo et al., 2017); the rest of
the rainfall is masked. It is important to note that employing this methodology when
using daily rainfall (rather than sub-daily satellite rainfall estimates) causes the loss of
temporal resolution in the identification of TC rainfall. This is because the identification

of TC rainfall is made using a daily gridded gauge rainfall dataset, while the TC tracks
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have 6-h temporal resolution. The 5 geodesic degrees criteria matches the 6-h resolution
TC tracks with 0.25% of daily rainfall. The difference of temporal resolution between

rainfall and TC tracks add some uncertainty to the identification of TC-related rainfall.

5.2.3 Empirical Orthogonal Teleconnections analysis for tropical-cyclone-

related rainfall

The modified version of the original EOT analysis (van den Dool et al., 2000), pro-
posed by Smith (2004, fully described in Chapter 3, section 3.2.2) is implemented to
determine spatial patterns that represent coherent interannual variance of TC rainfall.
The EOT analysis is applied to 1979-2011 high-resolution precipitation observations over
Middle America (Lépez-Bravo, 2015; Lépez-Bravo et al., 2018) in JJA and SON.

To identify the large-scale climate phenomena and environmental conditions associ-
ated with interannual TC-related rainfall variability over Middle America, the EOT time
series of seasonal TC-related rainfall are subjected to regression analysis and compositing
analysis. In this chapter, regression patterns are expressed as units of the regressed vari-
able per 5° spherical cap per standard deviation of seasonal rainfall of the corresponding

EOT time series analysed (mm).

Spearman’s rank correlation coefficients between individual EOT time series and
large-scale modes of variability indexes are calculated. Spearman’s rank correlation is a
suitable option for this analysis as it measures monotonic relationships between the two
aforementioned variables, which tend to change together, but not necessarily at a constant

rate, such as TC-related rainfall and the atmospheric and oceanic variables analysed here.
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5.3 Drivers of the inter-annual variability of TC-related

rainfall over Middle America

In this section, the three leading TC-related rainfall EOTs for JJA, and the three
leading TC-related rainfall EOTs for SON are analysed. Table 5.1 summarises the three
leading EOTS for JJA and SON and their Spearman correlation coefficient with the most
significant interannual climate indices, related with candidate modes of variability of the
interannual variability of TC-related rainfall in Middle America. For these correlations,
monthly mean indices were used to calculate the seasonal Nino SST, CLLJ , AMM, NAO,
AMO indices.

EOT Expl. variance (%) oy, (mm) Nino 3.4 3-mo lag Nifio 3.4 CLLJ AMM SST AMM wind NAO AMO
JJA

EOT1 79.86 30.11 -0.49%** -0.45%** -0.46%** (.23 0.35%** -0.11  0.15
EOT2 10.25 5.69 0.049 0.25 -0.05 0.192 0.11 -0.26  0.23
EOT3 4.52 14.66 -0.09 -0.07 -0.20 0.25 -0.00 0.025  0.22
SON

EOT1 83.75 55.06 -0.31%* -0.31%* -0.32%* 0.26* 0.07 -0.08  0.17
EOT2 3.86 6.58 -0.10 -0.10 0.14 -0.20 0.04 -0.28%  -0.07
EOT3 3.79 19.01 -0.17 -0.17 -0.16 0.28%* 0.17 0.19 0.34%*

Table 5.1: For the three leading EOTs of seasonal Middle America’s rainfall: the
percentage of variance of the area-averaged rainfall explained; the 5°-spherical-cap
seasonal standard deviation of rainfall of the EOT base point (o4, mm); the correlation
between the EOT time series and Nino 3.4, the 3-month lagged Nino 3.4, the Caribbean
Low-Level Jet index, the SST Atlantic Meridional Mode index, the wind Atlantic
Meridional Mode index, the North Atlantic Oscillation index, and the Atlantic
Multidecadal Oscillation. A *, ** and *** indicate correlations that are statistically
significant at the 12%, 6%, and 2% level, respectively.

It should be highlighted that the Spearman correlation assesses monotonic relation-
ships between two variables, whether linear or not. Therefore, the calculation of the
Spearman rank correlation coefficient is suitable for this analysis, considering the limited

nature of TC-associated rainfall per year occurring in a determined region.

To understand the drivers of the interannual variability of TC-related rainfall in
Middle America, composite and regressions analyses of climate variables that influence
the TAS TC activity are calculated for each EOT. Table 5.2 summarises the results of this

EOT analysis, for the reader’s reference throughout this section.
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EOT Expl. variance (%) Region affected Likely driving mechanism

JJA

EOT1 79.86 Southern/central and southeastern Middle America Developing canonical La Nina, positive phase of the AMM

EOT2 10.25 Southern and northeastern Middle America Atlantic warming due to ENSO

EOT3 4.52 Northwestern Middle America Unclear, but associations with cyclogenesis in the Gulf of Tehuantepec
SON

EOT1 83.75 Central and eastern Middle America Developing canonical La Nifia, Caribbean warming

EOT2 3.86 central/eastern Middle America Negative phase of the AMM

EOT3 3.79 Southern/southwestern Middle America Positive phases of the AMM & the AMO

Table 5.2: Summary of the EOT analysis, showing each EOT percentage of variance
explained in area-average seasonal rainfall, the region of Middle America encompassed
by the pattern, and the likely driving mechanism.

5.3.1 Summer
5.3.1.1 JJA EOT1

JJA EOT1 is located in central Middle America and explains 79.8% of the variance of
the area-averaged TC-related rainfall. JJA EOT1 has a significant correlation with TC-

related rainfall in central-west and east coasts, and northeastern Middle America (Fig.

5.1a).
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Figure 5.1: a) Correlation of JJA EOT1 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of JJA
EOT1 rainfall (blue line) and the JJA Nifo 3.4 (red line), with a correlation coefficient
of -0.49 for the period 1979-2011.

JJA EOT1 is anticorrelated with Nifio 3.4 (r = —0.49, Fig. 5.1b). This EOT is also
anticorrelated with the previous MAM SST anomalies and with simultaneous JJA SST
anomalies over the East Pacific, which together resemble a developing canonical La Nina
(Fig. 5.2). JJA EOT1 is also correlated with positive SST anomalies in the Caribbean
Sea and the equatorial Atlantic, which resemble some features of the Atlantic warming

response to the previous year’s El Nino and the positive phase of the AMM (Fig. 5.2b).
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JJA EOT1 has a positive correlation with SST AMM index with a correlation coefficient
of 0.23.
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Figure 5.2: Regression coefficient of (a) previous MAM and (b) simultaneous JJA SSTs,
onto the normalised JJA EOT1. Shading shows the regression slopes in °C per 5° spherical
cap per standard deviation of seasonal rainfall (mm). Stippling indicates correlations that
are significant at the 10% level.

Regression analysis shows that JJA EOT1 is significantly correlated with positive
anomalies of TC track densities in the eastern development region of the East Pacific,
the Gulf of Mexico, and the Caribbean, whereas it is negatively correlated with TC track
densities in the western development region of the East Pacific (Fig. 5.3a). JJA EOT1 is
also significantly correlated with positive anomalies of TC genesis density in the Gulf of
Tehuantepec, the Gulf of Mexico, and with a fraction of the Caribbean Sea close to the
coast of Guatemala and Belize, while it is negatively correlated with TC genesis density in
the Gulf of Papagayo (Fig. 5.3b). These shifts in the ENP are similar to those associated
with ENSO.

Regression analysis shows anomalous VIMF convergence in the TAS significantly cor-
related with JJA EOT1 (Fig. 5.4a). This can be explained by the relationship between
La Nina and an anomalous northward displacement of the East Pacific ITCZ, which is
accompanied by anomalous VIMF convergence in the East Pacific and the Caribbean
Sea. These results suggest the anomalous ITCZ as a potential trigger of convection (Fig.

5.4a), favouring TC genesis in the IAS during JJA EOT1 (Fig. 5.3b).

Figure 5.4a shows regressed VIMF anomalies that resemble the path followed by
the steering flow anomalies during JJA EOT1 (Fig. 5.4b). The anomalous easterly
moisture flux from the East Pacific reaches the Caribbean and the tropical Atlantic, while

a secondary branch of additional moisture flux follows a regional cyclonic circulation,
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Figure 5.3: (a) Regression coefficient of TC track density scaled to number density per unit
area (~ 10 km?) per season (JJA), onto the normalised JJA EOT1, per 5° spherical cap
per standard deviation of seasonal rainfall (mm). (b) Regressed TC genesis density per
unit area (~ 10° km?) per season (JJA), onto the normalised JJA EOT1, per 5° spherical
cap per standard deviation of seasonal rainfall (mm). Stippling indicates correlations
that are significant at the 10% level.

which extends towards the Gulf of Mexico and the Gulf coastal Plain (Fig. 5.4a).

There is a significant correlation between JJA EOT1 and anomalous cyclonic steering
flow over the eastern Pacific and southern/central Middle America (Fig. 5.4b), which
opposes the climatological steering flow and so slows it (Fig. 5.4d). On the other hand,
in the Gulf of Mexico, the northeast flank of the aforementioned cyclonic circulation
converges with an anomalous anticyclonic circulation in northeastern Middle America,
which together reinforce the climatological steering flow. Thus, the steering flow anomalies
favour TC landfalls along the western Middle American coasts and in the Gulf coastal
plain. These anomalous circulations are part of the enhanced Walker circulation typical
of La Nina events, with a downward branch over the western side of the anomalously
cold East Pacific. The zonally enhanced Walker circulation is coupled with a secondary
reinforced zonal circulation over the IAS, which include anomalous westerlies in the East

Pacific.

JJA EOT1 is anticorrelated with the CLLJ index (r = —0.46). Westerly wind anoma-
lies prevailing in the Caribbean during La Nina reduce vertical wind shear, favouring
conditions for TC activity in the western side of the Caribbean Sea (Fig. 5.4c). These
results agree with other studies that have found that the combined effect of La Nina and
positive AMM increase North Atlantic TC activity (e.g., Patricola et al., 2014; Lim et al.,
2016).
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Figure 5.4: (a) Regression coefficient of JJA VIMF (arrows, kg-m~!-s~!) and VIMF di-
vergence (shaded, kg-m~2-s71), onto the normalised JJA EOT1 per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regressed JJA surface
pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~!) onto the normalised JJA
EOT1, per 5° spherical cap per standard deviation of seasonal rainfall (mm); shading and
blue arrows indicate surface pressure and steering flow significant at the 10% level, re-
spectively. (c) Regressed vertical wind shear (m-s~!) onto the normalised JJA EOT1, per
5° spherical cap per standard deviation of seasonal rainfall (mm); stippling indicates sig-
nificance at the 10% level. (d) Climatology (1979-2011) of JJA surface pressure (shaded,
hPa) and steering flow (arrows, hPa-m-s~1).
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5.3.1.2 JJA EOT2

Located in southern Middle America, JJA EOT2 explains 10.2% of the variance of
the area-averaged TC-related rainfall for the domain of analysis (Fig. 5.5a). This EOT is
positively correlated with the southernmost portion of Middle America and with a large
area of northwestern Middle America. JJA EOT?2 is negatively correlated with central
Middle America.
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Figure 5.5: (a) Correlation of JJA EOT2 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
JJA EOT?2 rainfall (blue line) and the JJA Nino 3.4 (red line), with correlation coefficient
0.049 for the period 1979-2011.

Regressed TC track densities show a significant positive correlation with JJA EOT2,
mainly in the Yucatan Peninsula, the southernmost Mexico, Central America, and the
western development region of the East Pacific (Fig. 5.6a). TC genesis density shows
positive correlations with two active cyclogenesis areas of the North Atlantic basin, one
located along western coast of Africa and the other in the western Caribbean Sea (Fig.

5.6b).

Regressed wind shear shows significant large negative anomalies in the Caribbean
Sea and the northeastern Mexico (Fig. 5.6¢), which favour cyclogenesis and promotes

TCs tracking farther inland during JJA EOT2, respectively.
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Figure 5.6: (a) Regression coefficient of TC track density scaled to number density per unit
area (~ 10 km?) per season (JJA), onto the normalised JJA EOT2, per 5° spherical cap
per standard deviation of seasonal rainfall (mm). (b) Regression coefficient of TC genesis
density per unit area (~ 10° km?) per season (JJA), onto the normalised JJA EOT2, per 5°
spherical cap per standard deviation of seasonal rainfall (mm). (c) Regression coefficient
of vertical wind shear (m- s~!) onto the normalised JJA EOT2, per 5° spherical cap per
standard deviation of seasonal rainfall (mm). Stippling indicates correlations that are
significant at the 10% level.
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The strongest correlation between JJA EOT2 and oceanic modes of variability comes
from anomalously warm SSTs over the Tropical Atlantic Ocean. Regression maps of
SSTs show positive anomalies that extend throughout the MDR, which resemble the
warm phase of the AMM and the AMO. JJA EOT2 time series are correlated with the
simultaneous seasonal SST AMM (r = 0.19) and the AMO Index (r = 0.23), though there
are not statistically significant. JJA EOT2 is also correlated with SSTs over the central

Pacific Ocean with features that resemble a weakened Pacific La Nina (Fig. 5.7b).

Regressions of VIMF show significant convergence anomalies in southern Middle
America (Fig. 5.8a). VIMF convergence anomalies are also strong in a region of the
East Pacific around 10° — 15°N., which is an anomalous positive cyclogenesis area despite

the significant positive anomalies of wind shear that prevail during JJA EOT2.

Regression analysis shows that enhanced JJA EOT2 is associated with anomalously
negative surface pressure in the tropical Atlantic and the Gulf of Mexico, and with anoma-
lous cyclonic steering flow over a large area in the tropical Atlantic (Fig. 5.8b), which
indicate a considerable weakening and an eastward displacement of the NASH. These
results agree with Lim et al. (2016), who found that simultaneous episodes of neutral
or weak ENSO and a weakened NASH are linked to enhanced Atlantic TC genesis (Fig.
5.6b).

Other studies have found that anomalies in the strength and/or location of the NASH
can determine Atlantic TCs variability and TC-associated rainfall. Negative anomalies of
surface pressure in central Atlantic and an anomalously extended warm tropical Atlantic
are closely linked with TC landfall episodes in the North American continent, since a
weakened NASH favours Atlantic TCs recurving farther west (Colbert and Soden, 2012).
Bregy et al. (2020) found that TC-related precipitation in the most eastern U.S. tends to

be suppressed when western flank of the NASH is displaced westwards.
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Figure 5.7: Regressed (a) previous MAM and (b) simultaneous JJA SSTs, onto the nor-
malised JJA EOT1. Shading shows the regression slopes in °C' per 5° spherical cap per
standard deviation of seasonal rainfall (mm). Stippling indicates correlations that are
significant at the 10% level.
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Figure 5.8: (a) Regression coefficient of JJA VIMF (arrows, kg-m~'-s7!) and VIMF
divergence (shaded, kg-m~2-571), onto the normalised JJA EOT?2 per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regression coefficient
of JJA surface pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~') onto the
normalised JJA EOT2, per 5° spherical cap per standard deviation of seasonal rainfall
(mm); shading and blue arrows indicate surface pressure and steering flow significant at
the 10% level, respectively.
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5.3.1.3 JJA EOT3

JJA EOT3 represents 4.5% of the temporal variance of the area-averaged rainfall
associated with TCs; it is correlated with a well-defined area on the west coast of Middle

America (Fig. 5.9a).
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Figure 5.9: (a) Correlation of JJA EOT3 base point with the JJA rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of JJA
EOT3 rainfall (blue line) and the JJA Nino 3.4 (red line), with a correlation coefficient
-0.09 for the period 1979-2011.

JJA EOTS3 is positively correlated with anomalies of TC genesis density in the East
Pacific Ocean, close to the Gulf of Tehuantepec (Fig. 5.10b). This EOT is also positively
correlated with anomalies of TC track density located along the North eastern Pacific,
next to Middle America’s west coast (Fig. 5.10a). During periods of enhanced JJA EOT3,
East Pacific TC tracks show anomalous northeastwards displacement, which allows TCs

to leave more rainfall in western Middle America through their passage.

Regressed steering flow shows significant westerly anomalies in the Gulf of Papagayo
and Middle America’s west coast, associated with enhanced JJA EOT3 (Fig. 5.11b),
which oppose the climatological steering flow (Fig. 5.4c) and favour TCs tracking closer
to Middle America. Anomalous VIMF convergence in the East Pacific enhances TC gen-

esis over the Gulf of Tehuantepec (Fig. 5.11a).

JJA EOTS3 is positively correlated with wind shear anomalies in a region southwards

to the eastern East Pacific development region (Fig. 5.10c).
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Figure 5.10: (a) Regression coefficient of TC track density scaled to number density per
unit area (~ 10%km?) per season (JJA), onto the normalised JJA EOT3, per 5° spherical
cap per standard deviation of seasonal rainfall (mm). (b) Regression coefficient of TC
genesis density per unit area (~ 10%km?) per season (JJA), onto the normalised JJA
EOTS3, per 5° spherical cap per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level. (c) Regression coefficient of
vertical wind shear (m-s~!) onto the normalised JJA EOTS3, per 5° spherical cap per
standard deviation of seasonal rainfall (mm).

None of the large-scale phenomena considered show a significant correlation with JJA
EOT3. However, the regression analyses show a strong relationship between JJA EOT3
and TC genesis in the Gulf of Tehuantepec.
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Figure 5.11: (a) Regression coefficient of JJA VIMF (arrows, kg-m~!-s71) and VIMF
divergence (shaded, kg-m~2-s71), onto the normalised JJA EOT3, per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regression coefficient
of JJA surface pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~!) onto the
normalised JJA EOT3, per 5° spherical cap per standard deviation of seasonal rainfall
(mm); shading and blue arrows indicate surface pressure and steering flow significant at
the 10% level, respectively.
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5.3.2 Autumn
5.3.2.1 SON EOT1

SON EOT1, located in the Yucatan Peninsula, explains 83.75% of the variance of
the area-averaged TC-related rainfall over the domain of study (Fig. 5.12a). This EOT
represents variability in TC rainfall over central Middle America and a large portion of
the Gulf Coastal Plain.

This EOT is negatively correlated with Nino 3.4 (r = —0.31, Fig. 5.12b). A regression
analysis of previous JJA and simultaneous SON SSTs onto SON EOT1 shows significant

negative anomalies extending along the central and eastern Pacific Ocean for enhanced

SON EOT1, indicating La Nina (Figs. 5.13a and 5.13b, respectively).
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Figure 5.12: (a) Correlation of SON EOT1 base point with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of SON
EOT1 rainfall (blue line) and the SON Nino 3.4 (red line), with a correlation coefficient
of -0.31 for the period 1979-2011.
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Figure 5.13: Regression coefficient of (a) previous JJA and (b) simultaneous SON SSTs,
onto the normalised SON EOT1. Shading shows the regression slopes in °C per 5° spheri-
cal cap per standard deviation of seasonal rainfall (mm). Stippling indicates correlations
that are significant at the 10% level.
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Figure 5.14: (a) Regression coefficient of TC track density scaled to number density per
unit area (~ 10%km?) per season (SON), onto the normalised SON EOT1, per 5° spherical
cap per standard deviation of seasonal rainfall (mm). (b) Regression coefficient of TC
genesis density per unit area (~ 10%km?) per season (SON), onto the normalised SON
EOT1, per 5° spherical cap per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level. (c) Regression coefficient of
vertical wind shear (m-s~!) onto the normalised SON EOT1, per 5° spherical cap per
standard deviation of seasonal rainfall (mm).
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Figure 5.15: (a) Regression coefficient of SON VIMF (arrows, kg-m~*-s~!) and VIMF di-
vergence (shaded, kg-m~2-s71), onto the normalised SON EOT1, per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regression coefficient
of SON surface pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~1) onto the
normalised SON EOT1, per 5° spherical cap per standard deviation of seasonal rainfall
(mm); shading and blue arrows indicate surface pressure and steering flow significant at
the 10% level, respectively.
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Reduced wind shear prevails over the Caribbean Sea, the Gulf of Mexico, and the
North of continental Mexico (Fig. 5.14c). The anomalous wind shear in the Caribbean

Sea is strongly linked with La Nina events.

High SON EOT1 is associated with two areas of enhanced cyclogenesis located in the
west Caribbean and the Atlantic MDR (Fig. 5.14b). Regression analysis shows positive
SST anomalies over a large portion of the Caribbean Sea (Fig. 5.14b), which is an essential
environmental factor linked to the increase of TC activity in the Caribbean Sea and the

Gulf of Mexico during SON EOT1I.

SON EOT1 is significantly correlated with anomalous VIMF convergence in the
Caribbean Sea, near the eastern Middle American coasts, Cuba, and the Gulf of Mexico
(Fig. 5.15a). During positive SON EOT1, anomalous moisture from the East Pacific is
transported to the Caribbean Sea and the Gulf of Mexico following an anomalous cyclonic
circulation (Fig. 5.15a), which is consistent with cyclonic anomalies of steering flow in
over the Gulf of Mexico, which opposes the climatological flow (Fig. 5.15b). Simulta-
neously, high SON EOT1 is associated with decreased surface pressure over the Gulf of
Mexico and the eastern Middle America (Fig. 5.15b).
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5.3.2.2 SON EOT2

Located in Texas, SON EOT2 explains 3.86% of the variance of the area-averaged
TC-related rainfall in the domain of study (Fig. 5.16a). This EOT is positively correlated
with TC-related rainfall over northeastern Middle America, and a very localised area of
the western coast of Middle America. SON EOT?2 is also anticorrelated with the NAO
index (r = —0.28, Fig. 5.16b).
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Figure 5.16: (a) Correlation of SON EOT2 base point with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of
SON EOT? rainfall (blue line) and the SON NAO index (red line), with a correlation
coefficient of -0.28 for the period 1979-2011.
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Figure 5.17: (a) Regression coefficient of TC track density scaled to number density per
unit area (~ 10%km?) per season (SON), onto the normalised SON EOT?2, per 5° spherical
cap per standard deviation of seasonal rainfall (mm). (b) Regression coefficient of TC
genesis density per unit area (~ 10%km?) per season (SON), onto the normalised SON
EOT2, per 5° spherical cap per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level. (c) Regression coefficient of
vertical wind shear (m-s~!) onto the normalised SON EOT2, per 5° spherical cap per
standard deviation of seasonal rainfall (mm).
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Figure 5.18: (a) Regression coefficient of SON VIMF (arrows, kg-m~'-s~!) and VIMF di-
vergence (shaded, kg-m~2-s71), onto the normalised SON EOT2, per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regression coefficient
of SON surface pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~1) onto the
normalised SON EOT2, per 5° spherical cap per standard deviation of seasonal rainfall
(mm); shading and blue arrows indicate surface pressure and steering flow significant at

the 10% level, respectively.
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Figure 5.19: Regression coefficient of (a) previous JJA and (b) simultaneous SON SSTs,
onto the normalised SON EOT2. Shading shows the regression slopes in °C per 5° spheri-
cal cap per standard deviation of seasonal rainfall (mm). Stippling indicates correlations
that are significant at the 10% level.

Figure 5.18b shows negative anomalies of surface pressure in the high latitudes of the
North Atlantic, and positive anomalies over the central North Atlantic and the Caribbean.
Regressions of steering flow show that enhanced SON EOT?2 is associated with an en-
hanced anticyclonic circulation over the tropical North Atlantic, which is characteristic of
an enhanced NASH. The strengthening of the NASH steers Atlantic TCs into an enhanced
easterly flow, which corresponds to the equatorward edge of the NASH (Fig. 5.18b). Col-
bert and Soden (2012) found that when the NASH is farther west and the North Atlantic
surface pressure is stronger, TCs tend to either recurve before making landfall or to take

a straight-line track, the latter of which favour landfalls in northeastern Middle America.

Regression analysis shows reduced vertical wind shear that prevails in the Caribbean
during positive SON EOT2 (Fig. 5.17c). Regressed SSTs fields onto SON EOT2 show cold
anomalies in the tropical Atlantic, which resemble the negative phase of the AMM (Fig.
5.19b); SON EOT?2 is correlated with the AMM index (r = —0.20). These conditions
inhibit TC genesis in the Caribbean and Atlantic (Fig. 5.17b). These results agree with
Smirnov and Vimont (2011), who found that the negative phase of the AMM, associated
with negative anomalies of SSTs and positive anomalies of wind shear in the eastern

tropical Atlantic, decrease TC genesis in the Atlantic MDR.
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5.3.2.3 SON EOT3

Located in Guatemala, SON EOT3 explains 3.7% of the variance of the area-averaged
TC-related rainfall in Middle America (Fig. 5.20a). SON EOTS3 is positively correlated
with a very localised area in southern Middle America; it is anticorrelated with the north-

eastern Middle America and the Yucatan Peninsula.
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Figure 5.20: (a) Correlation of SON EOT3 base point with the SON rainfall at each point
of the domain; the EOT base point is marked with a black inverted triangle (stippling
indicates correlations that are significant at the 5% level). (b) Seasonal time-series of SON
EOTS3 rainfall (blue line) and the SON AMO (red line), with a correlation coefficient of
0.34 for the period 1979-2011.

Regression analysis shows significant negative anomalies of TC track densities ex-
tended along the western development region of the East Pacific, while there are signif-
icantly more TC tracks in the Gulf of Tehuantepec (Fig. 5.21a). This EOT is strongly

linked with negative anomalies of TCs genesis density in the Gulf of Papagayo (Fig.
5.21b).
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Regression analyses show warmer tropical Atlantic JJA SSTs and colder central East
Pacific SSTs during enhanced SON EOT3 (Fig. 5.22b). This EOT is positively correlated
with the JJA AMO (r = 0.34, Fig. 5.20b) and AMM (r = 0.28) indices. Enhanced SON
EOT3 is related with negative anomalies of surface pressure and anomalous cyclonic
steering flow that extend along the equatorial Atlantic (Fig. 5.23b), which indicated a
weakened NASH. In agreement with Colbert and Soden (2012), the weakening of the

NASH favours early recurving TCs out to sea without making landfall in the U.S..

Regressed wind shear onto SON EOT3 show positive anomalies in the Caribbean

Sea, which favour TC activity in the Caribbean Sea (Fig. 5.21c).
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Figure 5.21: (a) Regression coefficient of TC track density scaled to number density per
unit area (~ 10%km?) per season (SON), onto the normalised SON EOT3, per 5° spherical
cap per standard deviation of seasonal rainfall (mm). (b) Regression coefficient of TC
genesis density per unit area (~ 10%km?) per season (SON), onto the normalised SON
EOTS3, per 5° spherical cap per standard deviation of seasonal rainfall (mm). Stippling
indicates correlations that are significant at the 10% level. (c) Regression coefficient of
vertical wind shear (m-s~!) onto the normalised SON EOT3, per 5° spherical cap per
standard deviation of seasonal rainfall (mm).
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Figure 5.22: Regression coefficient of (a) previous JJA and (b) simultaneous SON SSTs,
onto the normalised SON EOT3. Shading shows the regression slopes in °C per 5° spheri-
cal cap per standard deviation of seasonal rainfall (mm). Stippling indicates correlations
that are significant at the 10% level.
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Figure 5.23: (a) Regression coefficient of SON VIMF (arrows, kg-m~*-s~!) and VIMF di-
vergence (shaded, kg-m~2-s71), onto the normalised SON EOT3, per 5° spherical cap per
standard deviation of seasonal rainfall (mm); black arrows and stippling indicate VIMF
and VIMF divergence significant at the 10% level, respectively. (b) Regression coefficient
of SON surface pressure (shaded, hPa) and steering flow (arrows, hPa-m-s~1) onto the
normalised SON EOT3, per 5° spherical cap per standard deviation of seasonal rainfall
(mm); shading and blue arrows indicate surface pressure and steering flow significant at

the 10% level, respectively.
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5.4 Discussion

Rainfall attributed to TCs was quantified using a high-resolution daily precipitation
dataset for Middle America (Lépez-Bravo, 2015; Lépez-Bravo et al., 2018) and TC tracks
from an objective tracking method (Hodges, 1999) applied to JRA-55 reanalysis datasets.
As discussed in chapter 4, this TC tracks dataset includes the pre- and post- stages of
the North Atlantic and East Pacific TCs for the period 1979-2011, which offer a broader
characterisation of the TC lifecycle and for the quantification of the rainfall attributed to

TCs.

Coherent patterns of JJA (summer) and SON (autumn) TC-related rainfall over
Middle America were found using the modified version of the EOT method, following
Smith (2004). For each season, the leading EOT (EOT1) explains more than 79% of
the variance of TC-related rainfall. The leading EOTs are significantly correlated with
across large areas in Middle America, meaning that the region experiences a coherent

interannual variability of TC rainfall.

The present analysis identifies ENSO as the most important mode of interannual
variability of TC-related rainfall of Middle America for the two seasons analysed. The
ENSO results are consistent with previous studies that have found that canonical La Nina
increases TC activity over the North Atlantic basin (e.g., Gray, 1984; Gray and Sheaffer,
1991; Camargo et al., 2007; Kossin et al., 2010). This study suggests the enhanced Walker
circulation typical of canonical La Nina plays a crucial role in the variability of the IAS TC
genesis and TC tracks, which favours TC-related rainfall in central and southern Middle
America. During La Nina, enhanced VIMF convergence associated with an anomalous
northward shift of the ITCZ is linked to regions of active cyclogenesis in the East Pacific
and Caribbean Sea (Figs. 5.3b and 5.14b). Anomalous La Nifia westerly winds create
reductions of vertical wind shear in the Caribbean Sea, favouring TC activity in the region

(Figs. 5.4c and 5.14c).

Strong relationships between the variability of TC-related rainfall in Middle Amer-
ica and a secondary mode of interannual climate variability, the AMM, were found. In
agreement with Smirnov and Vimont (2011), this study shows an important relationship
between reduced wind shear over the subtropical North Atlantic and with the positive
AMM. Both reduced wind shear and warmer SSTs have been identified as modulators
of the shift in TC activity (e.g., Shapiro, 1987; Tang and Neelin, 2004), increasing the
chances of cyclogenesis over the Atlantic ocean. Even more, the AMM drives variability

in the strength and location of the NASH and, in consequence, influences the trajectories
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of the TCs in the the Caribbean Sea and the Gulf of Mexico.

During SON EOT1, the combined effect of La Nina and the positive phase of the
AMM create anomalies in steering flow (Fig. 5.15) that strongly favour TC activity in
the Gulf of Mexico and the Caribbean, which resemble the ones found by Maloney and
Hartmann (2000b) and Aiyyer and Molinari (2008) during the active phase of the MJO,
and the Chapter 3 SON EOTS3 for total rainfall (Fig. 3.37a).

This study shows an important relationship between TC rainfall and anomalies of TC
genesis and wind shear in the Caribbean Sea. JJA EOT1 and SON EOT1 are related with
TC activity in the Caribbean Sea and the Gulf of Mexico, which is favoured by reduced
vertical wind shear and warmer Atlantic SSTs (e.g., Elsner, 2003) during simultaneous
developing La Nifa episodes and the positive AMM. This study agrees with Camargo
et al. (2007), who found that vertical wind shear plays an important role in cyclogenesis
in the North Atlantic basin, being as important as thermodynamic impacts in ENSO

years.

Middle America’s TC-related rainfall variability is highly sensitive to anomalous TC
genesis and TC tracks in the East Pacific. The Gulf of Tehuantepec and the Gulf of
Papagayo are two active regions of TC genesis that are particularly correlated with TC-
rainfall in Middle America. TC-related rainfall in Middle America is favoured by more
TCs tracking closer to the eastern development region of the East Pacific and positive
anomalies of TC genesis in the Gulf of Tehuantepec (Figs. 5.10b, 5.17b). This study
shows a strong anticorrelation between anomalies of TC-related rainfall in Mexico and
anomalies of TC genesis in the Gulf and Papagayo. TC genesis in the Gulf of Papagayo is
positively correlated with TC tracks in the western development region of the East Pacific
(Fig. 5.21a).

TC-related rainfall in the region of study is strongly correlated with changes in the
location and strength of the NASH, particularly during SON, which corresponds to the
second half of the TC season in the IAS. SON EOT?2 are consistent with the ones found by
Wang et al. (2011), which argue that a weakened NASH, as a consequence of an extended
Atlantic Warm Pool (AWP, which comprises the Gulf of Mexico, the Caribbean Sea, and
the western tropical North Atlantic), induces the northward and northeastward steering

flow anomalies that steer TCs away from the U.S. East coast (Fig. 5.18b).
SON EOTS3 has a strong correlation with simultaneous AMM (r = 0.28) and AMO

(r = 0.34). This can be explained by the fact that the warm (cool) phases of the AMO
are characterised by repeated large (small) AWPs (Wang et al., 2008), directly related
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with the AMM.

As often happens with decomposition techniques, it was not possible to link all of the
EOTs analysed with a particular driver: the causes of JJA EOT3 TC-associated rainfall
variability in central-western Middle America remain unclear. However, this EOT is

correlated with enhanced TC genesis in the eastern development region of the East Pacific.

The TC-related rainfall in Middle America is a sparse field; for this reason, the leading
EOT time-series showed no-TC rainfall in some years. This characteristic makes it more
challenging to identify the drivers of TC rainfall variability through linear regressions.
A possible way to overcome this limitation would be to make an EOT analysis for the
entire TC season (e.g., May-November), reducing the number of no-TC rainfall years in

the leading EOT time series.

TC tracks based on JRA-55 reanalysis are used in this study overall the TC tracks
tested in chapter 4 is that they are based in the same reanalysis used for the regression
analysis; therefore, the regressions capture the anomalous dynamic and thermodynamic
conditions linked to the variability of T'C activity in the IAS for the period of analysis.
TC tracks densities based on JRA-55 reanalysis are in good agreement with IBTrACS,
mostly in the North Atlantic and to a lesser extent in the East Pacific and continental
Middle America (see sec. 4.10). In this sense, most of the uncertainties in the TC rainfall

identified in this chapter are expected to occur in central-western Middle America.

5.5 Conclusions

The EOT analysis has been used to decompose the interannual variability of seasonal
TC-related rainfall over Middle America, identifying regions that vary coherently in time.
In both JJA and SON, the leading EOT explains more than 79% of the variance of the

area-averaged rainfall associated with TCs.

This study suggests that ENSO phenomenon is the largest mode of variability influ-
encing interannual TC-related variability for JJA and SON in Middle America. These
results are consistent with other studies that found ENSO as the primary factor influenc-
ing interannual variability of tropical cyclone activity in the IAS (e.g., Camargo et al.,
2007; Kossin et al., 2010; Lim et al., 2016). The results in Chapter 5 are consistent with
results in Chapter 4 of this thesis: La Nina is linked to reduced vertical wind shear in the
Caribbean, and enhances VIMF in the East Pacific and southern Middle America though
the northward shift of the ITCZ, favouring TC activity in the IAS and T'C-related rainfall
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in Middle America.

Atlantic modes of variability influence interannual variability of TC-related rainfall
over Middle America. This study shows that the positive (negative) phase of the AMM
lead to an enhanced (reduced) TC activity in the North Atlantic basin and TC genesis

in the Caribbean Sea, influencing rainfall associated with TCs in Middle America.

The positive AMM weakens the NASH, and influences the anomalous southeastward
shift of the NASH, favouring Caribbean TCs propagating towards southern Middle Amer-
ica. During these episodes, more Atlantic TCs make landfall in central/eastern Middle

America, favoured by warmer SSTs and reducing the wind shear in the Caribbean.
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Chapter 6:

Conclusions

The present thesis aimed to understand the causes of interannual variability of sea-
sonal rainfall in Middle America, the role of TCs in the hydrological cycle in Middle

America, and the causes of interannual variability of seasonal TC-rainfall in the region.

This thesis presented a detailed study of the mechanisms of interannual variability of
Middle America’s seasonal rainfall, identifying the atmospheric and coupled atmosphere-
ocean drivers responsible for that variability (chapter 3). The monthly contribution of
TCs to the atmospheric branch of Middle America’s hydrological cycle was identified
and explained (chapter 4). This thesis also provided a detailed study of the interannual
variability of TC-related rainfall in Middle America, identifying the large-scale drivers
of that variability (chapter 5). Section 6.1 reviews the overall conclusions of this thesis
concerning the objectives presented in section 1.3. Known limitations and caveats of this
thesis are presented in section 6.2, with particular focus on the methods used to identify
regions of coherent interannual variability of rainfall and to associate rainfall with TCs.

Future research pathways for continuing this study are suggested in section 6.3.

6.1 Summary of key findings

Key findings in chapter 3 are that interannual variability of seasonal rainfall in Middle
America is mainly driven by canonical ENSO and the AMM, followed by ENSO Modoki
and regional land-atmosphere interactions. Chapter 4 key findings include that TCs con-
tribute 40-60% of extreme rainfall in Middle American coasts, and TC VIMF convergence
can be larger than VIMF divergence by the mean circulation in boreal summer. Chapter
5 key finding is that interannual variability of TC rainfall in Middle America is mainly

driven by canonical ENSO and the AMM.
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6.1.1 The large-scale and local drivers of interannual variability of rain-

fall in Middle America

As stated in 1.3, the first aims of this thesis were (1) to objectively identify regions
in Middle America that show coherent interannual variability of rainfall for each season,
and (2) to associate these regions with their principal and secondary modes of variability,
describing plausible physical mechanisms that create conditions for anomalous seasonal
rainfall. These objectives are accomplished in chapter 3 by applying the EOT method to
the study of seasonally accumulated rainfall from the UEA-CRU Global monthly precip-
itation dataset, for the period 1982-2016.

Analysis in chapter 3 identifies the ENSO as the phenomenon responsible for the
largest fraction of interannual rainfall variability in Middle America in boreal summer,
winter, and spring. This confirms previously reported relationships between ENSO and
regional rainfall (e.g. Ropelewski and Halpert, 1987; Curtis, 2002; Magana et al., 2003;
Maloney et al., 2014).

New findings of this study include physical understanding of the response of Mid-
dle America’s rainfall to distinct ”flavours” of ENSO. In chapter 3, regression analysis
identified Middle America’s rainfall response to variations in the location and intensity of
the Pacific SST anomalies. Canonical ENSO events drive most of the interannual rainfall

variability; ENSO Modoki events play an important secondary role.

Results in chapter 3 show that, during winter, Middle America’s rainfall variability
responds to ENSO teleconnections through anomalous extra-tropical synoptic patterns.
Changes in the location of the convection in the eastern (central) equatorial Pacific dur-
ing peak canonical (Modoki) El Nifio events influence the positions of the North Pacific
subtropical jet and the winter storm track that passes over northern (central) Middle

America.

Results in chapter 3 also show that, during summer, the spatial pattern of coherent
rainfall variability peaks in southernmost Middle America, which corresponds to areas
with the highest climatological JJA rainfall. Middle America’s rainfall variability re-
sponds to the anomalous latitudinal shift of the eastern Pacific ITCZ, forced by canonical
ENSO. Notably, during La Nina, most Middle America experiences enhanced rainfall due
to the ITCZ’s anomalous northward shift, which brings additional atmospheric convec-
tion. This shift favours TC activity in the eastern Pacific and rainfall in Middle America’s
central /west coast. The regional rainfall variability in summer also responds to the North

Atlantic warming due to the ENSO atmospheric bridge between the Pacific and the At-
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lantic, triggered when a canonical El Nifio precedes a canonical La Nina (e.g. Alexander
and Scott, 2002). Chapter 3 results show that, in late spring and early summer, anoma-
lously warm SST's in the Caribbean Sea, accompanied by lower MSLP, and an enhanced
Atlantic ITCZ, favour moisture convergence and rainfall in the Caribbean Sea and south-
ern Middle America. Simultaneously, the strengthening of the Walker circulation in the
Caribbean Sea during canonical La Nina decreases the local vertical wind shear and pro-

motes Caribbean TC genesis.

Another key finding of this study is that the AMM is a secondary mode of interannual
variability of rainfall in Middle America during spring, summer, and autumn. The posi-
tive phase of the AMM enhances VIMF divergence and precipitation in southern Middle
America through a northward shift of the Atlantic ITCZ and anomalously warm SSTs in
the equatorial Atlantic. On the other hand, the AMM’s negative phase slows the climato-
logical northward movement of the Atlantic ITCZ in spring, and enhances the NASH, and
shift it southwestward. This configuration strongly inhibits convection in central-eastern
Middle America and the Caribbean, while it enhances convection in easternmost Middle

America.

The EOT decomposition technique allows identifying secondary regional patterns
of rainfall in Middle America that vary coherently in summer: (1) northeastern Middle
America and (2) the NAMS region. The variability of rainfall in northeastern Middle
America is associated with enhanced deep convection, driven by local land-atmosphere
processes, not significantly associated with any large-scale driver considered here. On
the other hand, the NAMS rainfall increases in response to anomalous dry and warm
conditions in northwestern Middle America, linked to peak and decaying canonical La

Nina events in the previous winter and spring, respectively.

Chapter 3 identifies the drivers of coherent rainfall variability during the transitional
seasons of MAM and SON. The EOT analysis shows that the ENSO influence on rain-
fall variability in Middle America depends on the ENSO phenomenon life-cycle stage.
Specifically, 58% and 20% of the MAM area-averaged rainfall variance is explained by

developing canonical El Nino and decaying canonical La Nina, respectively.

Chapter 3 also shows that SON is the only one of the seasons analysed in which
ENSO is not the main driver of the interannual variability; instead, it plays a secondary
role. The NASH and the CLLJ (driven by the AMM, the NAO, and ENSO) are two
crucial mechanisms for SON rainfall and moisture variability in Middle America and the

TAS, and regional TC activity. This study offers an updated view on the role of the NASH
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and the CLLJ in the interannual variability of Middle America’s rainfall, suggesting how
their variations in strength and location influence regional TC activity and atmospheric

moisture availability.

6.1.2 The TC’s contribution to Middle Americas’ hydrological cycle

The second objective of this thesis was to determine the climatological contribution
of TCs to the atmospheric branch of the hydrological cycle in Middle America (chapter
4). The quantifications of rainfall were made by identifying TC-related rainfall from the
3-h satellite estimations of rainfall of the TMPA 3B42 product (1998-2016) within a circle
of 5° geodesic radius centred over the TC location. This study presents a novel approach
since different sources of TC tracks are used to quantify TC rainfall: (a) observed TC-
tracks from the IBTrACS dataset, and (b) TC tracks from an objective TC identification
scheme (Hodges, 1994, 1995, 1999) based on JRA-55 and ERA-Interim reanalyses. Using
the latter sets of TC tracks added value to the quantification since the pre-stage and

post-stage of the TC lifecycle are included in the tracks.

Results in chapter 4 show that TCs are important sources of annual rainfall in Middle
America, particularly in the west and east coasts, and its central region. TC contribution
to monthly accumulated rainfall in those regions is ~ 10-30%, with the most substan-
tial contribution in the (climatological drier) Baja California Peninsula of up to 90% in
September. Most of the T'C contribution occurs during June-October, the peak season for
TC activity in both the North Atlantic and East Pacific basins. TCs can make important

contributions to rainfall in Middle American coasts and further inland.

TCs contribute 40-60% of extreme daily rainfall (above the 95th percentile) over
the west and east coasts of Middle America, although their contribution is not limited
to those regions. A substantial percentage of the extreme events of rainfall associated
with TCs is also observed further inland, particularly in eastern Middle America during
July, in the Gulf coastal plain and Baja California peninsula during September, and in

southern Middle America during October.

The TC contribution to VIMF and VIMF convergence occurs mainly from June to
October over the coasts and central region of Middle America, and in the East Pacific
and the Caribbean basin. In contrast with TC-associated rainfall in Middle America,
TC-associated moisture transport goes further inland, suggesting that TCs play a more
critical role in supplying atmospheric moisture inland. An outstanding result of this study

is that TC VIMF convergence can be larger than VIMF divergence by the mean circulation
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in boreal summer. This reversal occurs mainly in a wide area of the subtropical North
Atlantic, and to a lesser extent in the East Pacific, the Gulf of California, and northwestern
Middle America. This conclusion could only be obtained by using TC tracks and VIMF

from reanalysis, simultaneously.

Chapter 4 results suggest that TCs play a crucial role in the regional hydrological
cycle; their influence varies by basin depending on the stage of the TC season. For both
oceanic basins, TC track densities based on JRA-55 reanalysis show more agreement with

IBTrACS than those based on ERA-Interim reanalysis.

6.1.3 Main and secondary drivers of interannual variability of TC-related

rainfall in Middle America

Chapter 5 aims (a) to identify regions in Middle America that have coherent inter-
annual variability of seasonal TC-related rainfall, and (b) to identify large-scale climate
phenomena that drive the interannual variability of TC-related rainfall in the region. To
address these aims, the EOT decomposition technique was applied to seasonal TC rain-
fall calculated with a high-resolution dataset for Middle America, with daily temporal
resolution and 10 x 10km horizontal resolution (Lépez-Bravo, 2015; Lopez-Bravo et al.,

2018), and by using TC tracks based on JRA-55 reanalysis.

Results in Chapter 5 show that, during both JJA and SON, the interannual variability
of Middle America TC-related rainfall is mainly driven by ENSO, identifying the AMM
as the secondary driver of this variability. Key findings of this study include that ENSO
plays a critical role in the TC-related rainfall variability in Middle America, depending
on anomalous TC activity in the IAS. During JJA, ENSO determines TC activity in both
the East Pacific and the North Atlantic through variations of atmospheric moisture, wind

shear, and SST's, influencing anomalies of TC genesis and TC activity.

TC-related rainfall variability in western Middle America is linked to the variability
of two important TC genesis regions in the eastern Pacific, referred here as the western
development region and eastern development region, which mainly respond to ENSO
through variations of SST's, atmospheric moisture, and vertical wind shear. SSTs and
wind shear also play a critical role in the Caribbean TC activity and genesis during
ENSO events.

During JJA, developing canonical La Nina enhances TC genesis in the Gulf of Tehuan-

tepec (corresponding to the eastern development region), promoting more East Pacific

TCs tracking closer to Middle America’s west coast. Conversely, during these events,
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positive anomalies of vertical wind shear in the western development region reduce TC

activity in the East Pacific westernmost side.

A second key finding of this chapter is that the AMM is a driver of interannual
variability of TC-related rainfall in Middle America. The AMM influences anomalous
trajectories of Atlantic TCs through changes in the location and strength of the NASH.
The NASH circulation defines the North Atlantic TC steering flow. The AMM also
influences both TC genesis and activity in the North Atlantic through anomalies of SST's,

atmospheric moisture, and wind shear.

In JJA, the positive phase of the AMM (defined by anomalously warm SSTs, the
northward migration of the Atlantic ITCZ, and decreased wind shear in the MDR) is
associated with an enhanced TC activity in the North Atlantic basin and TC genesis in

the Caribbean Sea.

In SON, the positive AMM weakens and promotes a southeastward shift of the NASH,
favouring Caribbean TCs propagating towards southern Middle America. More Atlantic
TCs make landfall in central /eastern Middle America during these episodes, favoured by
warmer SSTs and reduced wind shear in the Caribbean. In SON, the negative phase of
the AMM and an enhanced and anomalously extended westward NASH, are conditions
that lead to TCs tracking closer to northeastern Middle America, leaving rainfall in

easternmost Middle America.

The objectives of this chapter and the ones for chapter 3 (see Sec. 1.3) were connected
by the hypothesis that interannual variability of seasonal TC-related rainfall and total
rainfall are driven by different mechanisms. This thesis shows that during JJA, TC-
related rainfall and total rainfall are both mainly driven by ENSO. However, the SON
EOT analysis suggests that TC-related rainfall and total rainfall are driven by different
mechanisms. SON TC-related rainfall is mainly driven by ENSO, whereas SON total
rainfall is mainly driven by regional mechanisms in the Caribbean Sea (associated with

the CLLJ variability).

6.2 Limitations and caveats

In chapter 3 and 5, the EOT method is applied to identify regions of coherent inter-
annual variability of rainfall in Middle America. The resultant EOT patterns of precip-
itation are linearly orthogonal in time. However, the linear regressions used to identify

the mechanisms of variability associated with each EOT do not determine the relative
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weight of each driver for the seasonal anomalies of rainfall, representing a limitation of the
technique. This limitation is more evident when more than two large-scale interannual
variability modes are significantly correlated with the same EOT. For example, JJA EOT1
(Fig. 3.1a, chapter 3) is associated with ENSO, the AMM, and the Atlantic response to
canonical El Nino, but it is not possible to isolate the influence of each driver on the
EQOT. This is particularly an issue in the Atlantic basin, where anomalously warm SSTs
characterise both the positive phase of the AMM and the Atlantic warming to ENSO in
the tropical Atlantic. It is important to note that even when the EOTs are orthogonal

by construction, the drivers of rainfall are not orthogonal themselves.

The EOT analysis assumes that the relationship between drivers and rainfall vari-
ability are stationary. However, since the climate is non-stationary, future changes in the

response of the regional rainfall to their respective drivers might be expected.

A major limitation of the EOT analysis made in chapter 3 and 5 is that there are only
presented correlations and regression. Since correlations may not necessarily show causal
relationship, the identified ”drivers” and plausible mechanisms might not be a cause of

rainfall variability.

In this study, TC tracks from observations (IBTrACS) and those based on JRA-
55 and ERA-Interim reanalyses were used to quantify TC contribution to rainfall and
moisture over Middle America. As discussed in chapter 4, these quantifications depend
strongly on the TC track dataset used and as all sources of TC track data involve uncer-
tainties. For TC tracks based on reanalysis the uncertainty comes from the GCM used,
the data assimilation technique, and the data assimilated. For observed TC-tracks the
uncertainty comes from differences between agencies in TC identification. In all the cases,
the uncertainty added to the quantification of TC-related rainfall and moisture over Mid-
dle America is greatest for the weakest storms, and for the pre-TC and post-TC stages

for all storms.

Chapters 4 and 5 present TC contributions to rainfall by using satellite estimations of
rainfall and rainfall observations, respectively, and employing TC tracks based on reanal-
ysis. One might argue that identifying T'C-related rainfall using these estimates of rainfall
is likely to be spatially less accurate than those from reanalysis rainfall, since the source
of the rainfall datasets is not the same as the one used to build the TC tracks. How-
ever, most evaluation studies that have compared reanalysis data with observations for
continental-scale areas have found the largest errors in tropical oceanic regions (Bosilovich

et al., 2008). The poor performance of rainfall in reanalysis might occur because precipi-
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tation is mostly dependent on the model physics and physical parameterisations, leading
to uncertainty in the rainfall data products (Kim and Alexander, 2013). For all the rea-
sons mentioned above, rainfall estimates from observations were used in each chapter of

this thesis.

6.3 Future work

This thesis provides several future research pathways, particularly on the study of
the modes of variability influencing both Middle America’s seasonal rainfall and TC con-
tributions to the hydrological cycle, which can be applied for improved predictions under

current and future climates.

The present study offers an extensive EOT analysis of the potential causes of inter-
annual anomalies of regional and seasonal rainfall in response to anomalous SST, atmo-
spheric circulations, moisture transport and moisture convergence. This EOT analysis
can be used as the basis to assess the performance of GCMs to simulate circulation fea-
tures that are key for interannual variability of seasonal rainfall in Middle America, in
sensitivity experiments with atmosphere-only (e.g. response to prescribed SSTs) and cou-
pled models (e.g., Rotstayn et al., 2010; Stephan et al., 2018¢c). The assessment of GCMs
performance in Middle America would allow to investigate the sources of systematic er-
rors in GCM processes, such as biases in mean seasonal rainfall, atmospheric moisture,
and intensity and location of atmospheric circulations. These investigations will lead to
the identification of physical processes that must be captured to reliably simulate Middle
America’s climate and its interannual variability. This would be useful for the improve-
ment of GCMs used for seasonal forecasting of rainfall that could also support decision
making (e.g., population welfare and ecosystems health, agriculture, hydroelectric, water

management, and insurance sectors).

Results in chapter 3 suggest that land-atmosphere interactions in northern Middle
America (particularly in the Great Plains and the NAMS region) are very important
for the occurrence of summer rainfall (Cotton et al., 2010). Koster et al. (2004) have
suggested that soil moisture anomalies substantially impact precipitation in northeast-
ern Middle America during JJA. The authors suggested that this region is a transition
zone between wet and dry climates, where the atmosphere can trigger moist convection
through boundary-layer moisture and regional evaporation is sensitive to soil moisture.
Therefore soil moisture can influence rainfall in this region. GCM simulations would help

to understand the influence of regional land-atmosphere interactions and variables such
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as soil moisture and evaporation, on the interannual variability of rainfall in northeastern

Middle America.

Further studies could refer the results of this thesis to analyse of the impact of inter-
annual variability of seasonal rainfall and TC rainfall on human population wellbeing and
ecosystems health, regional river network discharge, water storage, and spread of tropical
diseases, considering the regions of coherent variability identified with the EOT method.
In this respect, it would be required to explore variables such as atmospheric tempera-
ture, soil moisture, and evaporation that also influence the spread of the aforementioned

diseases (e.g. Lozano-Fuentes et al., 2012) and wildfires (e.g. Westerling et al., 2006).

Notably, this thesis has contributed to the research on the role of TCs in the hydro-
logical cycle of Middle America and the TAS, which provides the basis for future studies
on the regional hydrological cycle variability at different temporal scales. Further studies
could refer to this study to address the role of TCs in the terrestrial branch of the hydro-
logical cycle in Middle America and other regions affected by TCs, and their influences

on surface runoff, subterranean runoff, evaporation rate, and rate of storage of water.

One of the most significant contributions of this thesis is the suggestion that TC
VIMF convergence can reverse the VIMF divergence by the mean circulation in cer-
tain portions of Middle America and the TAS. These results could guide the assessment of
GCMs simulating seasonal T'C-associated rainfall and moisture transport in Middle Amer-
ica and the TAS. These assessments are important to detect systematic errors in GCMs to
simulate TCs and its associated atmospheric variables. Improved numerical simulations
would help to understand how TC dynamics, TC rainfall and moisture transport influence

regional atmospheric, oceanic and air-sea coupled processes.

Further studies could refer to the EOT analysis for interannual variability of TC-
related rainfall presented in this thesis, to be applied to different TC basins and seasons
(e.g. extended TC season). The EOT analysis could be also applied to the analysis of
TC-related rainfall over continent and ocean, simmultaneously. The applicability of the
EOT analysis for TC-rainfall could aid to assess GCMs on the simulation of the variability

of seasonal TC rainfall.

There is ample scope for expansion upon this research in studies of rainfall variability
in Middle America at intraseasonal temporal scales, concerning the variability of TCs and
the NAMS. As reviewed in chapter 2, IAS TCs and the NAMS are subject to the influence
of different modes of intraseasonal variability such as the 10-30 day mode in the eastern

Pacific (east-west mode and west-east mode; Jiang and Waliser, 2008; Wen et al., 2011),
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and the 30-90-day modes (Jiang and Waliser, 2009), such as the MJO (Higgins and Shi,
2001). However, the mechanisms that influence the intraseasonal variability of rainfall in
Middle America are still a matter of study. EOT analysis represents a potential method
for investigating the causes of Middle America’s intraseasonal variability of rainfalll (as
in Stephan et al., 2018b, for East Asia). It is expected that results from EOT analysis
at intraseasonal scales are different from the EOT analysis at interannual scales, since
modes of variability that vary on timescales of multiple years (such as ENSO) are not
expected to have a strong influence on rainfall variability over periods of a few days (e.g.,
Stephan et al., 2018b). The methodology proposed in this thesis to quantify TC-related
rainfall could be employed to investigate the causes of the intraseasonal variability of TC-
related rainfall in Middle America. High-resolution datasets would be required to study

the sources of intraseasonal rainfall variability in Middle America through EOT analysis.

Daily, high-spatial-resolution, gridded gauge rainfall dataset, such as Lépez-Bravo
et al. (2018), are good candidates to address future studies on intraseasonal variability of
rainfall in Middle America proposed here, since these studies require the analysis of sets

of averaged days of rainfall (e.g., Stephan et al., 2018b).
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