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ABSTRACT
THESIS: The Impact of the Atlantic Meridional Mode (AMM) on North Atlantic Tropical
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In prior studies, a number of teleconnections have been shown to impact tropical
cyclones within the North Atlantic. These teleconnections include the Atlantic Meridional Mode
(AMM), Atlantic Multidecadal Oscillation (AMO), El Niño – Southern Oscillation (ENSO),
North Atlantic Oscillation (NAO), and the Madden Julian Oscillation (MJO). This research
focuses on how the AMM impacts North Atlantic tropical systems from June 1st to November
30th (the official North Atlantic hurricane season). Statistical methods (e.g. Pearson’s/Spearman’s
correlation, regression tests, normality tests) are used to analyze storm track, landfall locations,
and intensity to all the phases (normal and extreme) of the AMM between 1992 and 2012.
Graphical methods are also used to show the variability within the AMM and to analyze any
relationships between the storms and the AMM. Maps of tropical system tracks and landfall
locations were compiled in ArcGIS to examine the average storm paths by using the linear
directional mean and directional distribution statistic methods. Correlation tests are used to
compare the average AMM values during the North Atlantic hurricane season and the parameters
(e.g. strength, frequency, genesis location) and total number of the storms. These analyses shows
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the AMM to have some influence on the frequency and intensity of tropical cyclones during the
North Atlantic hurricane season, but shows no strong relation to the landfall locations.
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I. Introduction
In recent decades, North Atlantic tropical cyclone activity has become more intense and
destructive than in the early 1900s (Wu and Wang, 2008; Kantha, 2006). Research has shown the
past decade to be even more active (and damaging) than previous years (Wu and Wang, 2008;
Kantha, 2006; Elsner et al.,1999b). This increase in activity has caused researchers to study how
these storms are affected by the changing climate. The climate change will allow atmosphericoceanic, or teleconnections/oscillations, to change due to their modifying parameters, which
include phenomena such as sea surface temperatures (SSTs), sea level pressure (SLP), and wind
fields (Bell & Chelliah, 2006). This in turn will affect North Atlantic storm tracks, landfall,
and/or genesis locations (Doyle, 2009). This research looks at how the parameters that impact the
Atlantic Meridional Mode (AMM) influence tropical cyclone activity within the Northern
Atlantic Ocean and those storms impacting the United States mainland.
Changes within the atmospheric steering currents and the vertical wind shear have been
shown to influence the North Atlantic hurricanes and tropical cyclones through various modes of
climate variability (Kossin et al., 2010). One of these modes, the AMM, has been shown to affect
the storms’ landfall, track, and genesis locations on much shorter timescales than other modes of
variability within the North Atlantic (Smirnov and Vimont, 2011; Kossin et al., 2010). However,
according to Smirnov and Vimont (2011), recent studies have shown the AMM to have external
forcing for the mode to exist. These forces include El Niño-Southern Oscillation (ENSO), the
North Atlantic Oscillation (NAO), and the Atlantic Meridional Oscillation (AMO), with the most
influential external force being the AMO (Smirnov and Vimont, 2011; Bell and Chellian, 2006).
The AMO’s influence on the AMM is shown through its lagged correlations in SSTs, which are
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potentially caused from the ocean dynamics within the North Atlantic (Smirnov and Vimont,
2011).
From these modes and parameters, one question to be addressed is whether the AMM
affects North Atlantic tropical systems’ tracks, landfall locations, and intensity. This research
analyzes both the positive and negative phases of the AMM and examines how these phases
influence tropical cyclones in the North Atlantic. For example, if the AMM is in its positive
phase, do tropical systems track further westward or do they move westward then veer to the
north? Further analysis will be done to examine where landfall locations occur with respect to
the phase of the AMM. To address these questions, tropical cyclone track data is obtained from
National Oceanic Atmospheric Administration (NOAA’s) Hurricane Database (HURDAT) and
then placed into ArcGIS for mapping out the tracks and landfall locations. Data for the AMM
was obtained from NOAA’s Earth System Research Division. With a combination of hurricane
and AMM data, the question of how the AMM impacts tropical cyclone activity in the North
Atlantic Ocean.
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II. Literature Review
2.1 Past Hurricane and Tropical Cyclone Activity
Interannual and multidecadal patterns of active and inactive hurricane frequency have
been noted over the past century (Doyle, 2009). However, during the late twentieth century,
higher hurricane activity became more prominent, whereas lower activity occurred between the
years 1950 and 1979 (Emanuel, 2005; Webster et al., 2005; Goldenberg et al., 2001; Saunders et
al., 2000; Brove et al., 1998; Landsea et al., 1996; O'Brien et al., 1996; Gray, 1984a). After
analyses of historical data for the past century, hurricane numbers and proportion within all
basins are shown to have increased during the thirty-five years prior to 2005 (Webster et al.,
2005). During these years, hurricane activity had increased over the western portions of the
North Pacific and Atlantic Oceans (Kossin et al., 2007; Emanuel, 2005). According to
Goldenberg et al. (2001) and Klotzbach (2006), North Atlantic hurricane activity has been
increasing since 1995, with the years 2004 and 2005 being the most destructive and including the
most major hurricane landfalls (Blake et al., 2007). This increase in hurricane frequency and
intensity within the North Atlantic basin is influenced mainly by the multidecadal fluctuations
within the atmosphere. This reasoning for the increase in activity is debated; some researchers
contribute this increase by other factors affecting the overall climate of the earth (Rauber et al.,
2009; Kantha, 2006; Pielke et al., 2005). Some researchers believe the other cause for the
increase in activity is the advancement in technology; such as radar and satellite systems.
However, the frequency of storms has increased since the early 1900s; when looking at all years
together, there is not much of an overall increase in the number of hurricanes (Pielke et al., 2005;
Goldenberg et al., 2001; Gray et al., 1997; Landsea et al., 1996). The climate modes of
variability mentioned previously remain the primary factors for hurricane activity and tracks.
3

The modes of utmost importance for the Atlantic hurricane activity are ENSO, NAO, MJO,
AMO, AMM, and AEM. Each has been shown to impact tracks and, thus, landfall locations.
2.2 Definitions and Classification
Hurricane activity is defined as the number of storms in a given season or frequency, the
intensity of the storms, and their duration (Kossin and Vimont, 2007). A storm’s intensity is
measured by the maximum sustained winds at the surface of the storm. The duration of a storm is
measured by how long the storm’s maximum sustained winds remain above 17 ms-1.
Strengths of hurricanes are classified by their intensities into a five-category system
known as the Saffir-Simpson Scale (see Table 2.1). This classification scale can be divided
further into two groups: major and minor hurricanes. Major hurricanes consist of storms of
Category 3 or greater (winds greater than 96 knots or 111 miles per hour), while minor
hurricanes are classified as Category 1 or 2. Results from Klotzbach and Gray (2008) have
shown that the multidecadal variability within the Atlantic basin greatly impacts the major
hurricanes (Category 3 or greater).
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Table 2.1: Revised Saffir-Simpson Hurricane Scale based on hurricane intensity (Saffir-Simpson
Hurricane Wind Scale 2013)
Category

Maximum Sustained Surface Winds

1

74-95 mph
64-82 kt
96-110 mph
83-95 kt
111-129 mph
96-112 kt
130-156 mph
113-136 kt
≥ 157 mph
≥ 137 kt

2
3
4
5

2.3 Atmospheric and Oceanic Teleconnections and Modes of Variability
The interannual and multidecadal variations in North Atlantic hurricane activity are
shown to result from a set of interrelated atmospheric and oceanic conditions (Saunders and Lea,
2008; Emanuel, 1994) which are associated with leading modes of climate variability within the
tropics (Bell and Chelliah, 2006). Another term for these modes of variability is atmospheric
teleconnection patterns (CPC, 2008). These patterns typically encompass pressure and
atmospheric circulation anomalies and represent statistical linkages of climatic variables between
two or more widely separated geographic regions, also known as “action centers” (Wallace and
Hobbs, 2006). Teleconnections occur on large scales, some covering entire ocean basins or
continent to continent expanses, and can last from weeks to months or even years.
Due to the changes within hurricane activity over the past decade, some researchers have
proposed the question of whether these variations in activity relate to ENSO, NAO (Doyle,
2009), or other modes of variability. Studies conducted by Gray et al. (1997) and Chang et al.

5

(1997) focus on how the AMO has influenced the Atlantic hurricane activity, while others have
looked at the relations between hurricane activity and the AEM, changes in the surface wind
field and SSTs along the equatorial North Atlantic (similar to ENSO) (Zebiak, 1993). However,
other studies (e.g. Kossin and Vimont (2007) and Vimont and Kossin (2007)) examined how the
previous modes of variability, along with the MJO and the AMM, have affected North Atlantic
hurricane activity (Giannini et al., 2011; Czaja et al., 2002; Xie and Tanimoto, 1998; Nobre and
Shukla, 1996; Curtis and Hastenrath, 1995).
ENSO, NAO, AMM, and the MJO are shown to have varying interbasin influences on
the North Atlantic storms through atmospheric steering currents, vertical wind shear, and other
ocean-atmospheric related phenomenon (Kossin et al., 2010). According to Kossin et al. (2010),
these four modes of variability are linked to hurricane activity and the Atlantic SSTs. ENSO,
NAO, AMM, and the MJO have been shown to impact hurricane genesis and track locations
(Choi et al., 2009).
2.4 North Atlantic Basin Activity
According to Keenslyside and Latif (2007), though tropical convection is present year
round, it is more dominant earlier in the year and weaker from August through December.
During these months, hurricanes frequently strike the United States’ east and Gulf of Mexico
coasts. Locations along the southern Florida Peninsula, Carolinas, and the North Central Gulf
Coast are impacted more by tropical cyclones (Elsner and Kara, 1999a). Historically, these
locations are struck by the different hurricane strengths (Doyle, 2009).
According to Landsea (2013), between 1851 and 2012 there was an average of seven
tropical cyclones striking the United States’ coastline every four years, while an average of three
6

major hurricanes strike every five years. From all the hurricane landfalls from 1851 to 2012, a
majority (50.1%) strike Florida, with 88% of all the major storms (Category 3 or greater) striking
Florida and Texas (Landsea, 2013). Louisiana will experience at least one major hurricane
landfall every 11 years, while Mississippi experiences one major hurricane every 13 years
(Doyle, 2009). Based on results by Doyle (2009), Texas experiences storms of Category 2 or
stronger every 20 years, while locations along the North Central Gulf Coast experience at least
one major hurricane every 20 years. However, these same locations have witnessed at least one
Category 2 and two Category 1 hurricanes within the same 20 years. According to the data from
the Hurricane Research Division (October 2013), landfalling storms significantly decrease north
of the North Carolina coastline (specifically, Cape Hatteras).
2.5 El Niño-Southern Oscillation (ENSO)
ENSO describes the east-to-west differences in SLP and SST anomaliess across the
tropical southern Pacific Ocean (Rauber et al., 2008). Climatologically, a low pressure exists
over Australia in the western Pacific, while a high pressure resides off the west coast of South
America; this is the Southern Oscillation part of ENSO (CPC, 2012a; Rauber et al., 2008). This
climatological positioning of the low and high pressures is known as the neutral phase of ENSO;
talked about at the end of this section. According to Ropelewski and Jones (1987), the Southern
Oscillation (SO) is characterized by surface pressure fluctuations between the western and
eastern Pacific Ocean.
In 1924, Gilbert Walker, a British physicist and statistician, discovered when surface
pressure in the western Pacific falls, the surface pressure in the eastern Pacific rises and vice
versa (Rauber et al., 2008).This component of ENSO has different strengths that are calculated
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using the Southern Oscillation Index (SOI). The SOI is the difference in SLP between Tahiti and
Darwin, Australia and occurs on interannual timescales (Chen, 1982).
El Niño and La Niña represent two phases of ENSO, which correlate to changes in SSTs
(CPC, 2012a). In El Niño, there is a considerable increase within SSTs among the east-central
equatorial Pacific. This increase in SSTs occurs on irregular intervals ranging from two to seven
years and lasting from nine to twelve months; this is referred to as El Niño and is commonly
known as the warm phase of ENSO (Figure 2.1a) (CPC, 2012a; Rauber et al., 2008; Gray et al.,
1984a). According to IRI (2014) and Tozuka and Yamagata (2003), this increase in SSTs
typically occurs at the end of the year. El Niño coincides with an increase in average SSTs of
around 1.5°C to 2.5°C off the tropical western coast of South America. This phase also results in
cooler ocean temperatures within the equatorial Atlantic (Landsea, 2000). El Niño is commonly
divided into regions (Niño 1+2, 3, 3.4, and 4, see Figure 2.2) that exceed a certain threshold of
0.5°C SST anomalies in different regions (NOAA NCDC, 2014; Trenberth and Stepaniak, 2001).
Niño 1+2 is the traditional Niño region off the South American coast between 0-10°S and 9080°W, Niño 3 exists between 5°N-5°S and 150-90°W where SST anomalies exceed 0.5°C, and
Niño 4 is between 5°N-5°S and 160°E-150°W. According to NOAA NCDC (2014) Niño 3.4 is
the most commonly used region due to the coverage area covering a good portion of the western
half of the cold tongue region, where colder SSTs typically occur in the Pacific, along the
equator allowing for a good measurement of key changes within SSTs and SST gradients
(NOAA NCDC, 2014). These key changes result in deep tropical convection and atmospheric
circulation in the region.
La Niña (Figure 2.1b) represents the cooling of ocean temperatures in the east-central
Pacific (warmer waters in the equatorial Atlantic) that occurs on intervals every three to five
8

years and lasts from one to three years (CPC, 2012a); it is the intensification of La Nada
(mentioned next). Similar to ENSO, La Niña will most likely occur during the fall and winter
months (IRI, 2014). When there is no increase or decrease seen in Pacific Ocean temperatures,
then ENSO is considered to be in neutral phase or La Nada. During this phase, ocean
temperatures remain warmer in the western Pacific (Figure 2.1c) with a low (high) pressure
climatologically placed over the western (eastern) tropical Pacific Ocean (IRI, 2014; CPC,
2012a). According to UCAR (2014), when this phase is in occurrence, it is most likely to peak in
the boreal spring.
For the North Atlantic basin, La Niña (El Niño) periods are typically associated with an
increase (decrease) in the number of hurricanes (Elsner, 2003; Gray, 1984a). According to Gray
(1984a), El Niño relates to the North Atlantic hurricane season through the deep cumulus
convection in the eastern Pacific. From August to October, this convection (and, thus, El Niño) is
associated with increased upper atmospheric westerly winds over the Caribbean Sea and
equatorial Atlantic Ocean, which causes increases in wind shear and reduced hurricane activity
in the North Atlantic. However, during La Niña, an increase in upper level easterly winds, from
August to September, reduces the amount of vertical wind shear over the tropical North Atlantic
and increases hurricane activity (CPC, 2012a).
According to Emmanuel (1988), hurricanes need SSTs warmer than 26.5°C (80°F) in
order to develop and strengthen; this occurs during La Niña (Rauber et al., 2008). When there are
areas of higher ocean temperatures, a temperature gradient forms causing a clockwise circulation
to develop at the surface; in this region of increased SSTs, deep convective clouds will begin to
form (Emmanuel, 1988). The reduced frequency of hurricanes during El Niño is due to the
increase in vertical wind shear (the rate of change in horizontal wind speed and direction through
9

the atmosphere) (Rauber et al., 2008; Gray, 1984a). This wind shear causes the thunderstorm
updrafts within the hurricane structure to tilt and disperse, so the storm loses formation. During
the tilting of thunderstorms within the hurricane, latent heat is released over a wider area than an
untilted storm, thus causing the storm to lose strength. During non-El Niño years, vertical wind
shear is at a minimum, allowing latent heat to be released over a more concentrated area,
strengthening surface pressure gradients and intensifying the storm (Rauber et al., 2008; Gray,
1984a).
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Figure 2.1: ENSO diagrams for each phase showing the thermocline and where
warmer SSTs (darker regions) occur. ENSO warm phase (El Niño) (A); cold phase
(La Niña) (B); neutral phase (La Nada) (C). Obtained from the Tropical Atmospheric
Ocean Project [http://www.pmel.noaa.gov/tao/].

Figure 2.2: The different regions that El Niño is divided up into.
Obtained from NCDC.

11

2.6 North Atlantic Oscillation (NAO)
Similar to ENSO, the NAO has two different phases: negative and positive (CPC, 2012b;
Elsner, 2003; Elsner et al., 2000). The NAO is evident during all seasons in the North Atlantic
and is described by pressure differences between the Icelandic low (near 65°N) in the north and
Azores high (40°N) in the south (CPC, 2012b). These relationships determine the negative and
positive phases of this teleconnection. The negative phase coincides with weaker pressures in
both the Icelandic low and Azores high, resulting in a weaker pressure gradient force between
the two regions (Xie et al., 2005; Wallace and Gutzler, 1981). However, in the positive phase,
the pressure differences are greatly strengthened with a much stronger Icelandic low and Azores
high.
Hurricane tracks, according to Elsner et al. (2000), are influenced by the location of the
polar jet stream and, more importantly, the location of the Azores high, which is related to NAO
strength, over the North Atlantic basin. During the negative phase of NAO (Figure 2.3), North
Atlantic hurricanes are more frequent, with tracks veering more westward and southward due to
a weaker and more westward position of the Azores high; this causes an increase in southeastern
and Gulf Coast U.S. landfalling storms (Elsner et al., 2000; Elsner et al., 1999a). For the positive
phase (Figure 2.3), hurricanes tend to track more northward causing the storms to veer away
from the coastline causing a reduction in the number of landfalls (Xie et al., 2005; Elsner et al.,
2000; Elsner et al., 1999a). The weakening of the Azores high and its movement further east
cause these recurving storms over the North Atlantic Ocean (Elsner et al., 2000).
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Figure 2.3: Diagrams of the positive (top) and negative (bottom) NAO phases
showing the locations and strength of the Icelandic Low and Azores high over
the North Atlantic basin.

2.7 Madden Julian Oscillation (MJO)
Another teleconnection impacting the North Atlantic hurricanes is the MJO (CPC,
2005a). According to Madden and Julian (1972) the MJO is a convectively driven mode of
13

‘tropical atmospheric intraseasonal variability’ that is concentrated along the equator in the
eastern hemisphere. This oscillation circulates eastward around the earth; areas of convection
start in the Indian Ocean with other convective areas in Indonesia and the Western Pacific
Ocean.
This oscillation impacts precipitation as it propagates eastward among the tropics,
globally, in cycles lasting approximately 30-60 days. The MJO is accountable for the changes in
weather and atmospheric/oceanic conditions among regions around the globe. Also affected by
the MJO are lower and upper-level wind direction and velocity, cloud cover, SSTs, and
evaporation at the ocean’s surface (CPC, 2005b). MJO enhances the convection in the regions
where the oscillation is prominent, causing an increase in cloudcover and precipition within the
region.
The MJO impacts hurricane activity by providing an environment that is favorable or
unfavorable for the development of tropical storms (CPC, 2005b). According to Madden and
Julian (1972; 1994), prior to the enhanced convection of the MJO, low-level easterlies and upper
level westerlies occur; while after (and during convection), low-level westerlies and upper level
easterlies occur. The low-level westerlies have the ability to generate areas of cyclonic rotation
north of the equator, while the upper levels may develop anticyclonic rotation trailing or along
the area of enhanced convection (Figure 2.4) (Rui and Wang, 1990). Having the cyclonic
rotation in lower level and anticyclonic rotation in upper levels allows for the reduction of
vertical wind shear and increase in divergence aloft. This environment may include surface
westerly wind anomalies in and immediately following regions of enhanced convection, which
provides favorable conditions for cyclone genesis just north of the equator. In addition, vertical
wind shear diminishes upper-level rotation that begins to form along and behind these same areas
14

of convection. However, in the southern hemisphere due to a higher vertical wind shear and lack
of tropical disturbances, from the Inter Tropical Convergence Zone, tropical systems do not have
a favorable environment to form. Despite MJO’s increase in convection, the vertical wind shear
remains much too strong for tropical systems to generate and live in.

Figure 2.4: Three-dimensional construction of convection produced
by the MJO. Red (blue) circles represent the cylonic (anticyclonic)
circulations. Black arrows represent wind direction and ascending
(descending) air. After Rui and Wang (1990).
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2.8 Atlantic Meridional Mode (AMM) and AMO Discussion
The AMM, according to Vimont and Kossin (2007), is seen on interannual and decadal
timescales and is characterized by changes in SSTs near the climatological location of the ITCZ
(Figure 2.5) (Hastenrath and Heller, 1997; Nobre and Shukla, 1996; Hastenrath and Greischar,
1993). According to Donohoe et al. (2013), the climatological location of the ITCZ is 1.65° N.
The AMM is defined by both positive and negative phases. Czaja (2004) states SSTs become
maximized (minimized) during the boreal spring from March 22nd to June 21st (boreal fall
September 22nd to December 21st); however, SSTs remain relatively high during the North
Atlantic hurricane season despite their decrease during the boreal summer from June 21st to
September 22nd (Hu and Huang, 2006). Several climatic factors influence the AMM’s amplitude:
SSTs, wind shear, low-level vorticity and convergence, static stability, and SLP (Vimont and
Kossin, 2007; Kossin and Vimont, 2007).
One teleconnection that influences the AMM is the AMO. According to Knight et al.
(2005), the AMO reflects multidecadal variation within SSTs over the North Atlantic basin with
phases (negative and positive) alternating over the years. The AMO positive phase occurs when
the North Atlantic SST anomalies are greater than zero and is commonly referred to as the warm
phase; the negative (cool) phase is associated with SST anomalies lower than zero (Zhang and
Delworth, 2006). The variations in SSTs will impact hurricane activity in the North Atlantic
basin (Goldenberg et al., 2001; Gray et al., 1997). Klotzbach and Gray (2008) note that when the
AMO is in a positive phase, hurricane activity in the North Atlantic grows, increasing the
frequency of landfalling storms along the east coast and Florida peninsula. During the AMO’s
negative phase, hurricane activity significantly decreases and, therefore, fewer landfalling storms
occur (Klotzbach and Gray, 2008; Bell and Chelliah, 2006). The variability within the AMO
16

occurs on both decadal and multidecadal timescales (Goldenberg et al., 2001; Gray et al., 1997).
This decadal variability is possibly related to the interannual variability of the AMM (Vimont
and Kossin, 2007; Kossin and Vimont, 2007) which is itself related to the slow ocean dynamics
that causes the decadal variations within the AMO (Knight et al. 2005). Due to the relationship
between the AMO and the AMM, Vimont and Kossin (2007) and Kossin and Vimont (2007)
have suggested there are other external forces (i.e. ENSO and NAO) that influence the AMM,
but the AMO mostly influences the AMM on multidecadal timescales (Vimont and Kossin,
2007).
SLP, low-level vorticity and convergence, SSTs, static stability, and wind shear have
been shown to act together to increase or decrease hurricane activity within the North Atlantic
(Vimont and Kossin, 2007). According to Kossin and Vimont (2007) hurricanes become more
frequent and intense during the positive AMM phases due to the higher SSTs and lower wind
shear within the main development region (MDR); during the negative AMM phases, lower
SSTs and higher wind shear prevail within the MDR, resulting in a hostile environment for storm
formation. Thus, a decrease in frequency and intensity occurs. The AMM phase is also known to
influence the storm duration and the locations of cyclogenesis, which, as defined by Kossin and
Vimont (2007), are the locations where the storm first reaches tropical storm strength. Storm
duration is defined as the time length a storm’s intensity remains above 17 ms-1 (Kossin and
Vimont, 2007). Genesis locations occur further westward and closer to the United States’
coastline during negative AMM phases, while the locations move further south and eastward
during positive AMM phases (Figure 2.5). Due to the shift in genesis locations during positive
phases, storm duration increases; thus, giving storms a greater chance of intensifying.
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Figure 2.5: SST composites (shaded) with positive and negative wind shear (solid and dashed
contours, respectively) during the positive and negative phases of the AMM are plotted.
Genesis locations for storms that have reached tropical storm strength (crosses) and major
storm strength (black circles around crosses) are shown. After Kossin and Vimont (2007).

2.9 Geographic Information Systems (GIS)
According to ESRI (2014), GIS is a widely used computer program that allows people to
collect, analyze, manage, organize and distribute geographic data that is then used for public and
private sector uses. This geographic information is used to compile maps which can consist of
multiple layers of data (Figure 2.6). These maps are then further used by different industries and
organizations for problem solving, navigation, better decision making, etc.
According to Andronache et al. (2006), ESRI’s GIS is used in a wide range of
commercial and private sector uses for analyzing spatial data due to its ability to integrate and
relate different types of spatial data from a variety of sources. According to Austin and Fuelberg
(2010), GIS allows for visual observations and analyzing data; it is not just a map making
software (Shipley, 2005). In the past decade, much progress was accomplished through the use
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of GIS within the area(s) of meteorology/climatology with the use of radar/satellite data, climate
data, weather warnings, etc (Andronache et al., 2006; Shipley, 2005). Applications and software
tools have been developed over the recent decade ‘to address various aspects of GIS use with
weather data for practical applications’ (Andranache et al., 2006). Along with using GIS to
collect and study weather, the software is being used to help with other projects, such as
evacuation routes and disaster management. ArcGIS software (the current industry standard) has
been used to map different aspects of storms (pressure, wind speed, location, storm surge, impact
areas, etc.). Since the early 2000s, tools specifically designed for hurricane analysis have been
designed to be used within the GIS environment (Bossak, 2003). The software has been used in a
wide range of hurricane studies because these storms are spatial phenomena that can be better
analyzed from a map (Kerski, 2007). ArcGIS, according to Kerski (2007), allows maps of
hurricanes to be plotted and used as analytical tools to solve any proposed question or problem.
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Figure 2.6: Layers of data are compiled to create a map in GIS.
Obtained from Arcgis.com.
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III. Methods and Data
Previous research by Vimont and Kossin (2007) and Kossin and Vimont (2007) show
variability within the AMM data, which is influenced by several factors. Depending on the phase
of the AMM, the variability is shown to either increase or decrease yearly North Atlantic
hurricane activity (Vimont and Kossin, 2007). This project examines how AMM phases affect
the North Atlantic tropical cyclone activity and different storm variables such as track, central
pressure, landfall, genesis locations, and wind speed. Data from 1992 to 2012 is used for both
AMM and storm track analysis. To study the relationship(s) between AMM data and tropical
cyclone activity, tracks, storm parameters and landfall, various statistical methods (i.e.
Pearson’s/Spearmans Rank correlation, regression tests, Shapiro–Wilk test, and descriptives) are
used.
3.1 Study Area and Time Period
During a given year, many tropical systems generally form between June 1st and
November 30th, the Atlantic hurricane season. All known tropical systems, with the exception of
one, form in the North Atlantic Ocean. The North Atlantic Ocean, shown in Figure 3.1, is used as
the study area. Data for hurricane tracks are available from 1851 to 2012. AMM data is available
from 1948 to 2012. The period from 1992 to 2012 is used for the study, because it is the most
recent time period. It also encompasses the recent increase in storm activity. I focus largely on
the North Atlantic hurricane season in this study. Occasionally, tropical systems form outside
these months if conditions (e.g., warm ocean temps, no vertical wind shear) allow for the genesis
of storms; these out-of season storms will also be considered in the data analysis. Tropical
systems that formed after (or before) the end of the North Atlantic hurricane season, especially
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those that continue into the following year, are placed with the data in the year of storm
formation.

Figure 3.1: North Atlantic basin study area.

3.2 Data
Storm data was obtained from NOAA’s Hurricane Research Division Hurricane Data
(HURDAT), which contains information about each storm from beginning stages through
dissipation. The file, a sample of which is shown in Table 3.1, includes storm data for every six
hours (or more frequently if major changes in intensity/landfall occur) time period; this data
includes latitude and longitude location, strength classification, wind speed in knots, central
pressure in millibars, and the radii of wind speeds from the storm’s center. This study focuses
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only on named tropical systems; each Saffir-Simpson classification during a storm’s cycle is
analyzed. When analyzing landfall locations, only the United States’ mainland landfalls are taken
into consideration. If a storm made multiple coastline landfalls, only the first landfall location
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Table 3.1: Sample HURDAT data file for hurricane Sandy

ATCF
Code

Number
Name
of
Records

AL182012 SANDY
Date
20121021
20121022
20121022
20121022
20121022
20121023
20121023
20121023
20121023
20121024
20121024
20121024

UTC
Time
1800
0
600
1200
1800
0
600
1200
1800
0
600
1200

45
Special
Max. Central
Storm
Latitude Longitude wind Pressure
Entry
Status
Letter
(kts)
(mb)
LO 14.3N 77.4W
25
1006
LO 13.9N 77.8W
25
1005
LO 13.5N 78.2W
25
1003
TD 13.1N 78.6W
30
1002
TS 12.7N 78.7W
35
1000
TS 12.6N 78.4W
40
998
TS 12.9N 78.1W
40
998
TS 13.4N 77.9W
40
995
TS 14.0N 77.6W
45
993
TS 14.7N 77.3W
55
990
TS 15.6N 77.1W
60
987
HU 16.6N 76.9W
65
981

Radii for 34 kt winds
0
0
0
0
50
50
70
100
100
100
100
120

0
0
0
0
60
60
80
100
120
150
150
160

0
0
0
0
0
0
0
0
0
40
50
70

Radii for 50 kt winds
0
0
0
0
0
0
0
0
0
40
50
70

0
0
0
0
0
0
0
0
0
0
50
50

0
0
0
0
0
0
0
0
0
0
50
50

0
0
0
0
0
0
0
0
0
70
70
60

Radii for 64 kt winds
0
0
0
0
0
0
0
0
0
0
20
40

0
0
0
0
0
0
0
0
0
0
20
30

0
0
0
0
0
0
0
0
0
0
0
20

0
0
0
0
0
0
0
0
0
0
0
20

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
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is used. Figure 3.2 shows all the landfall locations along the main coastline of the United States
during the study period. These landfall locations are then examined with respect to the different
phases of the AMM, for both wind and SST data.

Figure 3.2: Landfall locations for the entire study period.
NOAA’s Earth System Research Laboratory (ESRL) provided AMM data for the study
period. The AMM data contains monthly ten-meter wind field and SST values over the tropical
equatorial region from 21° S to 32°N and 74°W to 15°E (Figure 3.3); both wind and SST data
from 1948 to 2012 are used for this study. To make the data usable for research, the original data
collected was ‘spatially averaged over six adjoining grid points’ that were arranged by 2° latitude
by 3° longitude spacings (Chiang and Vimont, 2004). Once averaged, data was detrended to
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show the variation within the data and then a three-month running mean was applied. The final
step included using maximum covariance analysis on both wind and SSTs to obtain the resulting
values used for this study. Maximum covariance analysis is also referred to as singular value
decomposition. According to Baker (2013), singular value decomposition is ‘a method for
transforming correlated variables into a set of uncorrelated ones that better expose the various
relationships among the original data items’; it is also a method for identifying the greatest
variations within the data.

Figure 3.3: A regression map showing the leading multiple covariance analysis
mode of SST anomalies and 10-meter wind field data. After Chiang and Vimont
(2004).

AMM wind data are wind anomalies at ten-meters and AMM SST values are SST
anomalies. For the remainder of the text they are referred to as wind and SSTs, respectively.
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Both data sets are used to show the interannual and multidecadal variations of strong
positive/negative values in the AMM wind (+/- 5) and in the AMM SST data (+5/-3) for this
project. The values of +/- 5 and +5/-3 refer to extreme phases and will be discussed later in this
section.
3.2.1 Variability within the Data
Yearly and monthly graphs for the AMM data are constructed for the periods of 1948 to
2012 (the total period of record) and 1992 to 2012 (the study period) for both wind and SST data.
These graphs are used to compare both time periods for wind and SST data to determine if the
study period differed markedly from the data as a whole. From the graphs, a clear interannual
variability within the AMM is seen. Figures 3.4 through 3.7 show the number of positive and
negative phases per month throughout both the study period and the entire dataset. Figures 3.4
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Figure 3.4: Number of negative and positive AMM wind phases per month from 1948-2012.
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Figure 3.5: Number of negative and positive AMM wind phases per month from 1992-2012.

and 3.5 are based on AMM wind data while 3.6 and 3.7 show AMM SST data. As seen in
Figures 3.4 and 3.5, the AMM has a slight increase in positive phases from July to October (early
boreal summer to early boreal fall) with a slight peak during January. Figures 3.6 and 3.7 (AMM
SST data), show the variability within the SST data. When looking at the entire dataset (Figure
3.6), there is no distinct part of the year where SSTs markedly are higher; a slight increase in
SSTs from July through November (early boreal summer to late boreal fall) can be seen. Figure
3.7 shows a distinct interannual variability in SSTs during the study period from 1992 to 2012
where SSTs peak in late boreal summer and early fall. During the 1992-2012 period, SSTs tend
to rise in June and reach peak value in October, after which SSTs begin to decrease to their
lowest value during the month of May. This late rise in SSTs is due to water’s high specific heat,
since it takes more energy to raise the temperature of water than that of land (Ahrens, 2009).
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Figure 3.6: Number of negative and positive AMM SST phases per month from 1948-2012.
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Figure 3.7: Number of negative and positive AMM SST phases per month from 1992-2012.

Two more graphs (Figures 3.8 and 3.9) show the yearly distribution of positive and
negative phases for the AMM wind data from 1948 to 2012 and 1992 to 2012. These show
prominent periods of mostly negative and positive phases, based on the ten-meter wind field.
From 1948 to 1971 and 1996 to 2012, the AMM is primarily positive. However, from 1972 to
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1995, there are significantly more negative phases occurring. These periods of distinct positive
and negative phases shows decadal variability within the AMM. By examining the two graphs,
interannual variability within the data becomes quite evident. Figures 3.10 and 3.11 were also
compiled for the AMM SST data. These figures show the periods of prominent positive and
negative phases. Figure 3.10 shows the AMM SST from 1948 to 2012. This figure shows the
periods from 1948 to 1970 and from 1995 to 2012 are mostly positive. However, the period from
1971 to 1990 shows significantly more negative phases occurring.
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Figure 3.8: AMM wind strength (ms-1) from 1948-2012. The solid vertical line represents the start of the study period.
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Figure 3.10: 1948 to 2012 AMM SST anomaly values (degrees Celsius) show a decadal variability. The solid vertical line
indicates where the study period starts.
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Figure 3.11: AMM SST anomalies (degrees Celsius) during the 1992 to 2012 study period show an interannual variability within the
AMM values.
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3.3 Analysis of Data
To analyze the relationships between the AMM data and tropical system observations,
several methods are used. Prior to any completed analysis, extremes within the AMM phases for
both wind and SST data are identified. Once the phases and their extremes are determined,
further analysis is performed. ArcGIS 10.1 is used to analyze landfall and track locations for
tropical cyclones during the study period. SPSS is used to complete analysis between the
different AMM (wind and SST) phases and different parameters of the storms (maximum wind
speed, minimum pressure, latitude of landfall, path direction).
3.3.1 Determining the Extremes
Strong positive and negative values are used to determine if there is a greater impact on
the activity of tropical systems under extreme conditions than during the more normal phases of
the AMM. Pearson’s correlation analysis is used to determine any relationships between the
strongly positive and strongly negative values in the AMM’s phases and the averages of different
storm parameters (e.g., central pressure, wind speed). The strongly positive and negative values
for the wind data are determined from Figures 3.12 and 3.13. These figures show the AMM wind
occurs more frequently when values are closer to zero after which there is a clear break showing
the boundary between the normal and extreme phases. To determine the extremes within the SST
data, the same method is applied; values for the study period are then graphed for both positive
and negative values. Figures 3.14 and 3.15 show the number of months that have positive and
negative AMM SST values; additionally, the break in values of the extreme phases are shown
(+5.0 and -3.0).
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Figure 3.12: Number of positive AMM Wind months from 1992 to 2012. This graph shows there
is a discrete drop in the amount of negative months with a value above 5.0; thus, months with
values of 5.0 and above are considered extreme positive phases for the AMM Wind data within
this study.
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Figure 3.13: Number of negative AMM Wind months from 1992 to 2012. This graph shows there
is a discrete drop in the amount of negative months with a value below -4.0. For this study,
months with values of -5.0 and lower are considered extreme negative phases for the AMM
Wind data.
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Figure 3.14: Number of positive AMM SST months from 1992 to 2012. This graph shows there
is a discrete drop in the amount of positive months with a value above 5.0; thus, months with
values of 5.0 and higher are considered extreme positive phases for the AMM SST data within
this study.
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Figure 3.15: Number of negative AMM SST months from 1992 to 2012. This graph shows there
is a discrete drop in the amount of negative months with a value below -3.0; thus, months with
values of -3.0 and lower are considered extreme negative phases for the AMM SST data within
this study.
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3.3.2 GIS Analysis
ArcGIS is used to compile a series of annual hurricane track layers for the 21-year study
period. ArcGIS is also used to generate deviational ellipses for each storm and landfalls
throughout the study period. To perform this, a directional distribution tool uses all the points in
a layer and creates a standard deviational ellipse into a new layer. This statistic shows the
average general direction and clustering of a group of points. For this analysis, a standard
deviation of one was used because it encompasses a large enough sample to obtain a general
distribution of the data. The linear directional mean tool calculates the mean direction of a line of
points by taking the start and end points and generating a mean line. This can then be used to
generate a single directional mean of all the lines (tropical systems) in a season showing the
general direction of storm tracks (Figure 3.16). Though both determine the general direction of
points in a storm, the linear directional mean tool was used for the analysis of this data. The
directional mean is mostly utilized because it provides a direction that can easily be used without
recalculating the direction values. The directional distribution ellipse calculates the general
direction (or rotation) of points for a storm clockwise from due North which is opposite of the
actual direction that is needed. On a typical coordinate system, zero begins due east; thus when
the rotation is calculated from the north, the direction will be 90° off. However, the linear
directional mean calculates the direction the storm propagates clockwise from due east, using the
beginning and end points of a given path, giving the direction needed for the analysis of the data.
Tropical system tracks and location points for each storm during the 21-year period are
plotted in ArcMap. Two different layers in ArcMap were created: one consists of recorded
locations of individual storms throughout their lifetimes while the other is a trace of the tracks
generated by connecting sequential point locations. Layers containing the recorded locations (an
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Figure 3.16: Tracks of all named tropical systems during the 2008 North Atlantic
hurricane season (curved lines with arrows). Linear directional mean tool in GIS is on
all storms to show the average path of during the season (black line).
example is shown in Figure 3.17), also include other recorded information: wind speed, central
pressure, strength, and major milestones along a storm’s path for each recorded time. The storm
tracks shown in Figure 3.16 are generated with the points-to-line tool in ArcGIS. Landfall data is
also analyzed using ArcGIS to compare where landfall locations occurred during the positive and
negative (normal and extreme) phases for both AMM wind and SST data.
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Figure 3.17: Sample of storms from 2008 North Atlantic hurricane season. Tracks such as
these shown were analyzed for this study.
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3.3.3 Additional Statistical Analysis
Data for tropical systems, AMM wind, and AMM SST are tested for normality by using
the Kolomogriv-Smirnov test and a descriptives test for skewness. Testing the data for normality
will determine what type of statistical tests, parametric or non-parametric, can be applied to the
data. Since the data is normally distributed, parametric tests are used for analysis of the data.
Appropriate comparison statistics (e.g. Pearson correlation, regression test) are generated to
determine whether storm variables during extreme positive and negative phases differ.
Correlation tests are also used to compare the different statistics about hurricane seasons (e.g.
total frequency, number of landfalls, number of major storms).
A regression test is used to determine the amount of influence the AMM has on the
storm variables of interest. For regression tests, the model summary is provided; see Table 4.4 in
Chapter 4 as an example. The first section of the model summary shows the values for R, R2,
adjusted R2, and standard error of the estimate. The R value shows the correlation between the
predicted and expected independent variables (in this case, the number of storms is independent).
R2 is how much of the independent variable can be explained by the dependent variable;
typically this value is multiplied by 100 to obtain a percentage. The adjusted R2 value is used for
multiple regression and is adjusted by the number of the predictors. The standard error of the
estimate is the square root of the mean square error and not used in the analysis of this study. For
the second part of the model summary output (Change Statistics), values for R2 change, F
change, df1, df2, and significant F change. R2 change is the amount of change in R2 if another
predictor were to be added or removed. The F change is the test value; this number determines
how good the model is in its prediction. A larger F change value means that the dependent
variable has a larger chance of predicting the independent variable. The df1 and df2 values are
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the degrees of freedom used to calculate the different parameters of the tests. The last column
shows the test’s importance and the accuracy of the model. For the test to be meaningful and
more accurate, a value lower than the significant level used. Extreme phase variables are
compared to the total data set of appropriately positive/negative data (e.g. extreme positive
values will be compared to all positive values). Throughout the analyses of this paper, Twotailed significance tests are used throughout this analysis due to the uncertainty of the
relationship between the variables. A 95% confidence level (or a 0.05 level) is used for all
statistical tests throughout this study.
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IV. Results and Discussion
This study is focused on determining whether the AMM SST and wind affects the North
Atlantic tropical cyclones and how much of a relationship there is between the variables being
studied. These variables include wind and SST data for the AMM, storm parameters (maximum
wind, minimum pressure, directional mean), and landfall locations along the United States’
mainland. The results and discussion of this study are broken down into the different analysis
methods used.
4.1 Storm Totals and AMM
For this study, the total number of named tropical systems throughout the study period
during the North Atlantic hurricane season is used for analysis. The total number of landfalls
during the hurricane season for each year is also used. Table 4.1 shows the total number of
named tropical systems and landfalls for each year throughout the study period. These totals are
then broken down into the individual phases (normal and extreme) of both the AMM wind and
SST (Tables 4.2 and 4.3). To determine which phase a storm applies to, the AMM SST value is
taken based on the month a storm is formed, because most storms that generated in one month,
remained in that month for a majority of the life cycle. Table 4.2 shows the total number of
storms per phase of AMM wind and SST. Table 4.3 shows the total number of landfalling storms
per phase of AMM wind and SST. These values for each phase are used for analysis and
examined in further detail in the following sections.
Descriptive tests are completed for each of these variables (AMM wind and SST, and
total storm/landfall counts) to determine if using a Pearson’s correlation is suitable. Table 4.4
shows the results of these from SPSS. To determine the suitable correlation test, the skewness of
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each variable (all between +/- 1.0) is examined. Results show that the data for each is normally
distributed; thus, a Pearson’s correlation test is used for analysis. A Shapiro-Wilk test is used to
verify the normality of the data because the sample size of each variable is smaller than 500;
descriptive tests are used as the primary way to determine a variables normality. Results for the
Shapiro-Wilk test are shown in Table 4.5 shows that all variables are normally distributed;
except for the average directional mean value.

Table 4.1: Total number of named tropical systems and landfalling tropical systems per year
from 1992 - 2012.
Year

Total Named
Tropical Systems

1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

6
8
7
19
13
7
14
12
14
15
12
16
15
27
9
15
16
9
19
18
19

Total
Landfalling
Tropical Systems
2
1
2
4
4
1
7
5
2
3
7
5
8
7
3
4
6
2
1
3
4
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Table 4.2: Total number of named tropical cyclones throughout the study period for each phase
of the AMM (wind and SST).

Phase

AMM SST

AMM Wind

Positive

219

214

Extreme Positive

10

88

Negative

71

76

Extreme Negative

2

10

Table 4.3: Total number of landfalling tropical systems during each phase of the AMM (wind
and SST) during the study period.

Phase

AMM SST

AMM Wind

Positive

60

64

Extreme Positive
Negative
Extreme Negative

1
21
0

17
17
2

Table 4.4: SPSS Descriptives output for each of the variables used for the analysis between
AMM data and total storm and landfalling storm count per year throughout the study period.
Descriptive Statistics
N

Minimum

Maximum

Mean

Std. Deviation

Statistic

Statistic

Statistic

Statistic

Statistic

Statistic

Skewness
Std. Error

Statistic

Kurtosis
Std. Error

Average AMM Wind

21

-4.73

7.27

1.69

3.35

-0.20

0.50

-0.70

0.97

Average AMM SST

21

-2.85

4.93

1.13

1.97

-0.16

0.50

-0.19

0.97

Total Storms

21

6.00

27.00

13.81

5.13

0.52

0.50

0.68

0.97

Total Landfalling

21

1.00

8.00

3.86

2.17

0.43

0.50

-0.91

0.97

21

25.88

134.04

97.95

25.19

-1.39

0.50

2.50

0.97

Storms
Average Directional
Mean
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Table 4.5: Shapiro-Wilk test for normality for seasonal AMM (wind and SST) values and total
and landfall storm count. Both tests are used to determine the normality of the data used. A
Kolmogorov-Smirnov test is used for larger sample sizes greater than 500, where the ShapiroWilk test is for smaller data sets. For this study, the Shapiro-Wilk test is used.
Tests of Normality
a

Kolmogorov-Smirnov
Statistic

df

Shapiro-Wilk

Sig.

Statistic

df

Sig.

.989

21

.996

Average AMM SST

.079

21

.200

*

Average AMM Wind

.102

21

.200

*

.969

21

.706

.947

21

.296

Number of Storms
Number of Landfalling
Storms
Average Directional Mean

.111

21

.200

*

.140

21

.200

*

.926

21

.116

.230

21

.006

.881

21

.020

a. Lilliefors Significance Correction
*. This is a lower bound of the true significance.

4.1.1 Storms and AMM SST
A Pearson’s correlation test is used to determine if a relationship exists between the
AMM SST and number of tropical systems. The test is performed for both total tropical systems
and landfalling storms in relation to the AMM SST. Results for the Pearson’s correlation
between the AMM SST and total storms are shown in Table 4.6. These values for the correlation

Table 4.6: Pearson's correlation between the number of storms each
year and the Average AMM SST over the North Atlantic hurricane
season for each year from 1992-2012.
Correlations

Average AMM SST

Pearson Correlation

Average AMM

Number of

SST

Storms
1

Sig. (2-tailed)
N
Number of Storms

Pearson Correlation
Sig. (2-tailed)
N

.753

**

.000
21

21

**

1

.753

.000
21

21

**. Correlation is significant at the 0.01 level (2-tailed).
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between the two variables show that there is a strong correlation between them at the 0.01 level.
The significance level of the AMM SST and number of storms falls below the 0.05 level selected
for this study; thus, the correlation of 0.753 is meaningful. Since these two variables are
positively correlated, a regression test was conducted to see how much the AMM SST phases

Table 4.7: Model summary of the regression test for the average seasonal AMM SST and total
storms each ear during the study period.
Model Summary
Model

Change Statistics

R
dimension0

1

.753

a

R

Adjusted R

Std. Error of the

R Square

F

Square

Square

Estimate

Change

Change

.568

.545

3.464

.568

24.945

Sig. F
df1 df2
1

Change

19

.000

a. Predictors: (Constant), Average AMM SST

contribute to the total storm count. Results for this test are shown in Table 4.7. It shows that
56.8% of the variance in the total number of tropical systems can be explained by the AMM SST
data. Since the significance (Sig. F change) for this test falls below the 0.05 level, the test can, to
a certain degree, provide information about the number of storms from the AMM SST value. The
discussion of these results are at the end of this section.
These same tests were used to determine how the AMM SST and U.S. landfall data are
related. These results are shown in Table 4.8 and 4.9. The Pearson’s output shows that, with a
correlation of 0.326 and a significance level of 0.149, there is no meaningful correlation between
the AMM SST and landfalling storms. Despite a slight positive correlation between the two,
nothing can be concluded. A regression test is then performed to determine how much of the
variability within the landfalling storms is contributed by the AMM SST data. The results (Table
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4.9) show that only 10.6% of the variability for the number of landfalling storms is from the
AMM SST. However, since the significance of the test lies above the value of 0.05, the model is
not able to accurately predict the number of landfalling storms from AMM SST data. Results are
discussed later in this section.

Table 4.8: Pearson correlation for the average seasonal AMM SST and number of
landfalling storms.
Correlations
Number of

Average AMM SST

Average AMM

Landfalling

SST

Storms

Pearson Correlation

1

.326

Sig. (2-tailed)

.149

N
Number of Landfalling Storms

21

21

Pearson Correlation

.326

1

Sig. (2-tailed)

.149

N

21

21

Table 4.9: Regression test for the average seasonal AMM SST and the number of landfalling
storms per year from 1992 to 2012.
Model Summary
Model

Change Statistics

R
dimension0

1

.326

a

R

Adjusted R

Std. Error of the

R Square

F

Square

Square

Estimate

Change

Change

.106

.059

2.109

.106

2.258

Sig. F
df1 df2
1

Change

19

.149

a. Predictors: (Constant), Average AMM SST

The results of the Pearson’s correlation and the regression tests show that the AMM SST
has a significant impact on the overall number of tropical systems that form during the North
Atlantic hurricane season each year. This high correlation can be explained by the requirement of
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ocean temperatures to be at least 26.5°C to form tropical systems; additional requirements must
also be met. The greater the SSTs, the higher the AMM SST values become. Since these storms
require warmer ocean temperatures, higher SSTs, in theory, will produce more storms that reach
tropical storm status. Since the AMM SST can only account for 56.8% of the total number of
storms, other factors must account for total storm count during the North Atlantic hurricane
season.
The other factors that could be influencing the storm count from SSTs include ENSO and
AMO. Both ENSO phases, El Niño and La Niña, impact the storm count during the North
Atlantic hurricane season. During El Niño, SSTs in the tropical Pacific Ocean increase as the
SSTs in the tropical North Atlantic Ocean decrease. This decrease in SSTs in the North Atlantic
does not provide enough energy (e.g. SSTs greater or equal to 26.6°C) to allow storm formation.
During La Niña, ocean temperatures in the North Atlantic increase, providing a warm source of
moisture to the tropical North Atlantic giving tropical systems enough energy to form. More of
ENSO’s impact will be discussed in the next section. The AMO is another teleconnection that
has a major impact on the number of tropical systems that form in the North Atlantic Ocean
during the hurricane season. During the AMO’s positive phase, SSTs increase over the North
Atlantic; this increase in SSTs over the North Atlantic has been shown in previous studies to
correspond to the total number of tropical systems that form between June and November.
4.1.2 Storms and AMM Wind
The same methods used with AMM SST data are utilized to show the correlation between
AMM wind data and storm (and storm landfall) count throughout the study period. A possible
reasoning for the outcome for the following results is further discussed at the end of the section.
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The results for Pearson’s correlation are shown in Table 4.10. With a value of 0.557, a moderate
to strong positive correlation is evident; the test is significant at the 0.01 level. This means the
average AMM wind data during the North Atlantic hurricane season accounts for a significant
proportion of the total number of tropical systems that form. To determine how much influence
the AMM wind has on the number of storms, a regression test is performed. Results are shown in
Table 4.11. Based on these regression results, 31.0% of the variability within the number of
storms is contributed by the AMM wind data. Since the significance of the test (shown in the
column labeled Sig. F Change) lies below the significance level, the regression model can
indicate the number of total storms per hurricane season in the North Atlantic to some accuracy.

Table 4.10: Pearson correlation for the average seasonal AMM wind data and
total number of storms each year during the study period.
Correlations

Average AMM Wind

Pearson Correlation

Average AMM

Number of

Wind

Storms
1

Sig. (2-tailed)
N
Number of Storms

Pearson Correlation
Sig. (2-tailed)
N

.557

**

.009
21

21

**

1

.557

.009
21

21

**. Correlation is significant at the 0.01 level (2-tailed).
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Table 4.11: Regression model summary for the average seasonal AMM wind and the number of
storms.
Model Summary
Model

Change Statistics

R
dimension0

1

.557

a

R

Adjusted R

Std. Error of the

R Square

F

Square

Square

Estimate

Change

Change

.310

.273

4.377

.310

Sig. F

8.525

df1 df2
1

19

Change
.009

a. Predictors: (Constant), Average AMM Wind

The same statistics are then used to compare the AMM wind data to the total number of
landfalling storms. Table 4.12 shows the results from the Pearson correlation test. The results
show that there is a very weak positive correlation of 0.240 (with a significance value of 0.294)

Table 4.12: Pearson correlation for the average seasonal AMM wind and the number
of landfalling storms.
Correlations
Number of

Average AMM Wind

Pearson Correlation

Average AMM

Landfalling

Wind

Storms
1

Sig. (2-tailed)
N
Number of Landfalling Storms

.240
.294

21

21

Pearson Correlation

.240

1

Sig. (2-tailed)

.294

N

21

21
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between the two variables. Since the test is not significant at the 0.05 level, nothing can be
concluded from the results. For further analysis, a regression test is applied to determine how
much the AMM wind data influences the landfalling storms. The results from this test are shown
in Table 4.13. With a significance of 0.294 and a 5.6% of explained variation in landfalling
storms (dependent variable) from the AMM wind, this regression model does not adequately
explain the relationship.

Table 4.13: Summary of the regression test for the average seasonal AMM wind and number of
yearly landfalling storms.
Model Summary
Model

Change Statistics

R
dimension0

1

.240

a

R

Adjusted R

Std. Error of the

R Square

F

Square

Square

Estimate

Change

Change

.058

.008

2.166

.058

1.166

Sig. F
df1 df2
1

Change

19

.294

a. Predictors: (Constant), Average AMM Wind

The results from the tests shows that the AMM wind has an impact on the number of
storms that form during a given hurricane season in the North Atlantic Ocean. However, there is
no statistically significant impact of the AMM wind on the number of landfalling storms.
Vertical wind shear amounts in accordance with SSTs (discussed previously) also impact the
total number of storms. For storms to form, they need to have low vertical wind shear, which is
required to help maintain the structure of the storm (along with higher SSTs and additional
factors). Since the results show a positive correlation, higher AMM wind values become indicate
a reduction in the amount of vertical wind shear (assuming a general constant upper tropospheric
flow). This allows for the formation of more tropical systems. The low vertical wind shear
permits the tower (or cloud structure) of the storm to grow vertically (the lower the vertical wind
shear, the faster it grows). The greater the vertical wind shear, the more the storm will be torn
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apart (e.g. the tower will become slanted releasing latent heat over a wider area) causing the
storm to weaken or not develop. With the AMM wind only influencing the number of storms by
31%, it is possible that other factors (e.g. ENSO, MJO) have a greater influence on the storm
count when it deals with how the wind influences storm formation.
Both of ENSO’s phases, El Niño and La Niña, influence the number of tropical systems
that form during the hurricane season in the North Atlantic through the atmospheric properties
that define the phases. During El Niño, convection in the tropical Pacific increases and is related
to an increase in the upper-level westerlies over the Caribbean Sea from August through
October. This increase in upper atmospheric westerly winds in this region causes the magnitude
of vertical wind shear to grow. As the vertical wind shear increases, the tower will begin to
spread out, causing the storm to dissipate. During La Niña, an increase in the upper atmospheric
easterlies occurs from August through September. This produces lower vertical wind shear over
the tropical North Atlantic, allowing storms to quickly rise through the troposphere and gain
strength to maintain their structure. More factors such as warm SSTs, minimal Coriolis force to
allow for storm rotation (outside 5° N/S), atmospheric instability, etc., are further requirements
for storms to form in addition to the low vertical wind shear.
The MJO influences the development of tropical systems (and, thus, the number of
storms) in a given season by providing a favorable (or unfavorable) environment for these storms
to develop. During convection (and after), lower-level westerlies and upper level easterlies
develop; this allows low-level cyclonic rotation to occur with upper level anticyclonic rotation,
respectively, to form. As mentioned in the literature review, having these two types of rotation
develop reduces the amount of vertical wind shear in the atmosphere, which is favorable for the
formation of storms.
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However, due to the weak relationship between the AMM wind and number of
landfalling storms, another factor (e.g. the NAO) has more impact on landfalling storms. The
NAO is possibly the main factor that controls where storms make landfall. Since the NAO
strongly influences where tropical systems track during their life cycle, it will impact the number
of landfalls during the season. The NAO affects the path of storms through the positioning of the
Azores High in the North Atlantic. More landfalling storms may occur when the NAO is in its
negative phase, as the Azores High is weaker and has a more westward position, causing storms
to have a more westward track. However, when the NAO is in its positive phase, the Azores
High is stronger and positioned further eastward, causing more storms to re-curve to the
north/northeast. This re-curving of storms will provide a greater chance for storms to miss the
mainland and not make landfall.
4.1.3 Storm Parameters and AMM
Each named tropical system from 1992 to 2012 was used to analyze how the AMM
influences storm intensity. For each storm, a table that included the minimum pressure and
maximum wind speed was created. Normality tests were used to determine the distribution of the
data. The results for the descriptives (specifically looking at the skewness value) and the
Shapiro-Wilk test that are used to test for normality are shown in Tables 4.14 and 4.15,
respectively. Based on the normality test results, all variables are normally distributed; the
skewness is between 0 and 1. However, the Shaprio-Wilk tests shows opposite results due to the
significance level falling below the 0.05 level used. As mentioned previously, the descriptive
results are used in this study to determine the normality of the data; the Shapiro-Wilk was just to
verify the descriptive. Since the descriptive results showed a normal distribution, a Pearson’s
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correlation and regression tests are used in this section. An explanation of what these results
mean is addressed later in this section.

Table 4.14: Descriptives for the variables used when analyzing the AMM to the different parameters
(i.e. maximum wind, minimum pressure, and directional mean) for each storm throughout the study
period. The maximum wind is the highest recorded wind speed reached that was sustained for 1 to 2
minutes. Minimum pressure is the lowest recorded pressure during a storm’s life cycle. The AMM
SST and AMM wind are the SST and 10-meter wind anomalies, respectively. Directional mean is the
direction of a storm counterclockwise from due east.
Descriptive Statistics
N

Minimum

Maximum

Mean

Std. Deviation

Statistic

Statistic

Statistic

Statistic

Statistic

Skewness
Statistic

Kurtosis

Std. Error

Statistic

Std. Error

Max_Wind

290

35

160

74.38

30.585

.791

.143

-.281

.285

Min_Pressure

290

882

1009

977.61

25.654

-1.041

.143

.543

.285

AMMSST

290

-3.56

6.11

1.6843

2.08085

-.094

.143

-.664

.285

AMMWind

290

-9.04

14.31

2.9552

4.55954

.044

.143

.063

.285

DirMean

290

1.080924

345.963757

102.17947527

59.898918961

.458

.143

.551

.285

Valid N (listwise)

290

Table 4.15: Normality test results for the variables used for analysis of AMM values
and parameters of all.
Tests of Normality
a

Kolmogorov-Smirnov

Shapiro-Wilk

Statistic

df

Sig.

Statistic

df

Sig.

.141

290

.000

.919

290

.000

.137

290

.000

.898

290

.000

AMM SST

.074

290

.001

.983

290

.002

AMM Wind

.077

290

.000

.981

290

.001

.071

290

.001

.946

290

.000

Maximum
Wind
Minimum
Pressure

Directional
Mean

a. Lilliefors Significance Correction
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The relationship between the AMM and the strength of tropical storms is derived by
finding the link between the AMM (both wind and SST) and the minimum pressure and
maximum wind, which determine the strength of a tropical system. Tables 4.16 and 4.17 show
the Pearson’s correlation results for the relation between the AMM SST and wind, respectively,
and the minimum pressure. The results for Table 4.16 show that there is a negative correlation
between the AMM SST and minimum pressure. Based on the p-value of 0.020, the test is
significant at the 0.05 level. Results for AMM wind and minimum pressure (Table 4.17) show a
negative correlation of -0.05; however, with a value of 0.40, no significance is demonstrated.
Analyzing AMM SST and maximum wind speed, produces similar results. Table 4.18 shows a
significant weak correlation of -0.131 at the 0.05 level between the AMM SST and maximum
wind speed. These results show there is no meaningful relation between the two variables.
Results for the AMM wind and maximum wind speed, Table 4.19, show a weak, non-significant
relationship. While these relationships show a weak correlation between the variables and a
significant correlation, the significance here is not very important due to the high number of
cases (N); the higher the N field becomes, the more likely a test will show a significant result.
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Table 4.16: Pearson’s correlation between AMM SST and the
minimum pressure of tropical systems.
Correlations
Minimum
AMM SST
AMM SST

Pearson Correlation

1

Pressure
-.136

Sig. (2-tailed)
N

*

.020
290

290

*

1

Minimum

Pearson Correlation

-.136

Pressure

Sig. (2-tailed)

.020

N

290

290

*. Correlation is significant at the 0.05 level (2-tailed).

Table 4.17: Pearson's correlation between AMM wind values and the
minimum pressure of tropical systems.
Correlations
Minimum
AMM Wind
AMM Wind

Pearson Correlation

1

Sig. (2-tailed)
N

Pressure
-.050
.400

290

290

-.050

1

Minimum

Pearson Correlation

Pressure

Sig. (2-tailed)

.400

N

290

290

57

Table 4.18: Pearson's correlation for AMM SST values and the
maximum wind of tropical systems from 1992 to 2012.
Correlations
Maximum
AMM SST
AMM SST

Pearson Correlation

Wind

1

.131

Sig. (2-tailed)
N

*

.026
290

290

*

1

Maximum

Pearson Correlation

.131

Wind

Sig. (2-tailed)

.026

N

290

290

*. Correlation is significant at the 0.05 level (2-tailed).

Table 4.19: Pearson's correlation for AMM wind values and the
maximum wind of tropical systems during the study period.
Correlations
Maximum
AMM Wind
AMM Wind

Pearson Correlation

1

Sig. (2-tailed)

Wind
.039
.511

N

290

290

Maximum

Pearson Correlation

.039

1

Wind

Sig. (2-tailed)

.511

N

290

290
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As a storm becomes stronger, the minimum pressure decreases and maximum wind
increases. For a storm to increase in strength, warmer SSTs (higher anomaly values) and lower
vertical wind shear (higher anomaly values, assuming a constant upper level flow), which
maintain the structure, must be present (other factors discussed previously are also needed).
Warmer SSTs are a more important factor for a tropical system to strengthen. Thus, if the
anomaly values of SSTs or wind increase, the minimum pressure would decrease (maximum
wind speed increases); this explains the negative correlation between the minimum pressure and
AMM values, and the positive correlation between the AMM and maximum wind speed. These
results show that the AMM SST has a greater relationship with the strengthening of tropical
systems than does the AMM wind because warmer SSTs are more important for the
intensification of storms; vertical wind shear, while still important, is a more important factor in
the formation of storms because it helps maintain the storm’s vertical structure.
Other teleconnections (and atmospheric properties) may affect the strength of storms
beyond the 13.1% and 3.9% that is explained by the AMM SST and wind, respectively. These
teleconnections include those with changes in SSTs and atmospheric wind properties, such as
ENSO, AMO, and MJO. This discussion will only focus on the teleconnections that may play a
larger role in the strength of tropical systems.
ENSO influences SSTs through the winds and pressures that define the teleconnection.
During the warm phase of ENSO (El Niño), SSTs decrease in the North Atlantic, taking away
one of the most favorable factors affecting the formation and strengthening of storms. As SSTs
decrease, SST anomalies decrease, leaving out the heat and moisture (the main energy source)
required for tropical systems to strengthen. The opposite occurs in the North Atlantic during a La
Niña; temperatures begin to increase, thus increasing SST anomalies. This increase in SSTs
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provides the main energy source needed to strengthen the storms. The AMO is another
teleconnection that affects the strength of storms through its influence on the Atlantic Ocean
SSTs and, thus, the SST anomalies. When the AMO is in the positive phase, SST anomalies
increase over the North Atlantic. This provides that source of energy to tropical systems allowing
them to grow and strengthen. However, during the negative phase, these SST anomalies over the
North Atlantic Ocean decrease, removing the energy source that is needed for storm
intensification. While the AMM shows a slight influence on a storm’s strength, its larger
counterpart, the AMO, has a greater influence. The strength of storms is heavily impacted by the
AMO, as discussed in Chapter III, which is probably the largest factor affecting the strength of
the storms outside of ENSO and the MJO (discussed next).
For the influence of winds on the strength of storms, both ENSO and the MJO may also
explain the other 95.9% variability in a storm’s strength. The impact of ENSO is from the
increase (or decrease) of vertical wind shear over the tropical North Atlantic during El Niño (or
La Niña). Once a tropical cyclone forms, the vertical wind shear must remain at a minimum for
the storm to remain intact. The higher the vertical wind shear in the environment the cyclone
moves through, the more the tower (or structure) of the storm will spread out and cause the storm
lose the vertical structure that allows it to strengthen.
The MJO creates an atmospheric environment that is either favorable or unfavorable for
tropical cyclone formation. This oscillation is defined by the atmospheric flow where lower-level
westerlies and upper-level easterlies develop producing cyclonic rotation at the lower-levels
while anticyclonic rotation occurs in the upper atmosphere. These two opposite rotation patterns
help produce the low-level wind shear needed for the storms to remain intact and strengthen.
This can occur because lower wind shear allows for an environment that enables tower growth,
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which in turn (when coupled with the other key factors mentioned previously in this study)
allows for the storm to strengthen.
4.2 Direction, Orientation, and AMM
Direction and circulation, two profoundly geographic measures, can give insight into
atmospheric phenomena. Therefore, these metrics are also examined. ArcGIS is used to analyze
the direction of storm tracks and the distribution of landfalling storms throughout the study
period. The directional mean tool is used to determine the direction of each storm in the study
period and to assess the average path of storms during each season over the entire study period.
To analyze the distribution of landfalls during each phase of the AMM, the directional
distribution ellipse is used. Further discussion of the results are discussed in the subsequent
sections.
4.2.1 Directional Mean and Results
The directional mean statistic is utilized to assess a storm’s direction. The tool’s
operation is as follows: a.) a line from the beginning to the end of a storm’s track is formed then
b.) a new layer is created, providing the directional mean, which is calculated from due east. This
statistic is applied to each storm throughout the study period. For further analysis on the entire
season, the directional mean is used for all the storms in each hurricane season throughout the
study period to obtain the average path of storms during each year. The results of this tool are
broken down into the AMM and total storms, and the AMM and landfalls. Averaged AMM
values (for each season) are used in this analysis.
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4.2.2 AMM and Total Storms
The directional mean is used on each named storm that occurred throughout the study
period (1992 to 2012). A sample of this is shown for the 2008 North Atlantic season in Figure
4.1. The method places the results into a new layer with an attribute table containing the
directional mean (DirMean); DirMean is used for further analysis with the AMM data. A sample
attribute table is shown in Figure 4.2. Once the statistic is completed for each storm, the
directional mean value is placed into a spreadsheet that contains all the parameters for each
storm. These values are used to correlate the general path of storms to the AMM (SST and
wind).
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Figure 4.1: A sample of the directional mean tool used on storms in 2008. The
thickness of lines have no meaning.
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Figure 4.2: A sample attribute table for the linear directional mean output for
Tropical Storm Eduard in 2008. The table shows multiple values: CompassA (storm
path direction clockwise from due north), average latitude and longitude location,
average storm length, and the DirMean. The directional mean value, the direction of
the path counterclockwise from due east, is used in the analysis of the study.

Results for Pearson’s correlation between the AMM SST and directional mean, and the
AMM wind and directional mean are shown in Tables 4.20 and 4.21, respectively. An
explanation of these results is given at the end of the section. Table 4.20 shows a Pearson
correlation of 0.075 with a significance of 0.20 at the 0.05 level. These results show that there is
no correlation between the AMM SST and directional mean, nothing can be definitively
concluded from the results. A value of 0.093 is calculated for the correlation between AMM
wind and the directional mean, Table 4.21, shows that no significant correlation exists
(significance value of 0.102); given this level, nothing can be concluded from this test.
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Table 4.20: Pearson's correlation between the AMM SST and
directional mean for each storm from 1992 to 2012. A non-significant
weak correlation is shown in the results.

Correlations
Directional
AMM SST
AMM SST

Pearson Correlation

1

Sig. (2-tailed)
N

Mean
.075
.200

290

290

Directional Pearson Correlation

.075

1

Mean

Sig. (2-tailed)

.200

N

290

290

Table 4.21: Pearson's correlation between the AMM wind and the
directional mean for storm from 1992 to 2012. A non-significant
correlation is shown in this table.
Correlations
Directional
AMM Wind
AMM Wind

Pearson Correlation

1

Sig. (2-tailed)

Mean
.093
.113

N

290

290

Directional

Pearson Correlation

.093

1

Mean

Sig. (2-tailed)

.113

N

290

290
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Figure 4.3: Directional mean for each season from 1992 to 2012.

This statistic is also used on the mean direction of all storms throughout each season over the 21year study period (Figure 4.3). For this data, based on the skewness and Shapiro-Wilk test for the
directional mean (Table 4.4 and 4.5), a non-normal distribution is present; thus, a Spearman’s
correlation test must be used. Results for the Spearman’s test between the AMM SST and the
directional mean, as well as the AMM wind and directional mean are shown in Tables 4.22 and
4.23, respectively. The results from Table 4.22 show that while there is a weak negative
correlation between the average AMM SST and directional mean, it is not significant. A weak
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positive (and statistically insignificant) correlation between AMM wind and directional mean is
seen in Table 4.23, indicating little association between them.

Table 4.22: Spearman's correlation test showing the relationship between the
average seasonal AMM SST and the directional mean of all storms for each
hurricane season during the study period.
Correlations
Average AMM
SST
Average AMM SST

Directional Mean

Pearson Correlation

1

-.170

Sig. (2-tailed)

.461

N
Directional Mean

Pearson Correlation
Sig. (2-tailed)

21

21

-.170

1

.461

N

21

21

Table 4.23: Spearman's correlation test showing the relationship between the
average seasonal AMM Wind and the directional mean of all storms for each
hurricane season from 1992 to 2012.
Correlations
Average AMM
Wind
Average AMM Wind

Spearman Correlation

Directional Mean
1

Sig. (2-tailed)
N
Directional Mean

.108
.642

21

21

Spearman Correlation

.108

1

Sig. (2-tailed)

.642

N

21

21
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Results show that while the variables tested may be slightly linked, those relations are not
significant enough to conclude anything from them. In other words, the AMM does not appear to
impact the tracks of tropical systems. Thus, another factor (e.g. NAO) likely contributes more to
the paths tropical systems take and, as a result, their average track during the season. The NAO
influences North Atlantic tropical systems’ paths each year based on the location and strength of
the Azores High pressure system located in the North Atlantic Ocean. When the high pressure is
weak, but positioned further westward (toward the United States) tropical systems tend to follow
a more westward track pattern. However, when the Azores high is stronger and further east,
storms will begin to move westward then re-curve to the north/northeast. These major
differences in path directions greatly influence the overall mean direction of storms during each
season. An example of this can be shown with the 2008 North Atlantic hurricane season (Figure
3.17). While some storms move westward, more storms re-curve to the north (possibly due to the
Azores High). Since most storms re-curve during the 2008 season, those that have only westward
moving tracks could be considered outliers that cause the mean direction of all storms to be more
northwestward.
4.3. Directional Distribution Ellipse
This particular statistic uses a group of points and creates an ellipse, using a given
standard deviation of one, two or three, around the set of points. The directional distribution
ellipse is a tool that determines the distribution and orientation of points in a dataset. For this
study, it is used with a standard deviation of one to represent a majority of landfall locations over
the study period; a standard deviation of one would capture 68% of all the data values. The
results are broken down into the total storms and landfalls during each phase of the AMM (SST
and wind).
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4.3.1 AMM and Landfalls
To assess, in a general sense, where storms make landfall during each phase of the AMM
wind and SST, the directional distribution is generated. Figure 4.4 shows the directional
distribution for landfall locations during all phases of the AMM (wind and SST). Figures 4.5 to
4.7 show the different directional distribution of landfalls for AMM wind and SST phases
compared to each other. The directional distribution was not calculated for the extreme negative
phase of the AMM wind and the extreme positive/negative phases of the AMM SSTs due to an
insufficient number of storms making landfall during those phases (two, one, and zero landfalls,
respectively).

Figure 4.4: Directional distribution for all landfalls from 1992-2012. The ellipse
shows a majority of landfalls occurred along the southeastern coastline from
Louisiana to as far north as North Carolina.
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Figure 4.5: Directional distribution ellipses for positive (dashed) and negative (solid) AMM
wind phases.

Figure 4.6: Directional distribution ellipses for positive (dashed) and extreme positive (solid)
AMM wind phases.
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Figure 4.7: Directional distribution ellipses for positive (dashed) and negative (solid) AMM SST
phases.

Comparing all the directional distribution ellipses (Figures 4.5 to 4.7) to that of the total
landfalls (see Figure 4.4) shows that they are similar in distribution; the centers for landfall
locations during each of the phases are in the same proximate vicinity. The phases that are
similar have a wider, more circular ellipse; this shows that the landfall data during these phases
are more centered around the mean center for each phase. During two of the phases, landfalls
appear to move further north along the east coast or further south along the Gulf Coast; these are
the negative phases for the AMM wind and SST (Figures 4.5 and 4.7), respectively. These two
phases have more elongated, narrow ellipses showing a more linear data distribution from the
mean center. During the negative AMM wind phases, there are more landfalls along the northern
east coast; therefore, the ellipse extends further north than the other phases. During the negative
AMM SST phase, more landfalls of the phases occur along the southern Gulf Coast, making the
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ellipse extend further south. However, the similarities and differences between the different
phases lies within the number of landfalls that occur between each phase. Naturally, the normal
phases for the AMM wind and SST comprise of more than double the number of landfalls than
during the extreme phases; these differences in numbers between groups will result in a great
difference in statistical outcomes. Those phases with more landfalls will have a better
representation of the general landfall locations.
Since the AMM SST and wind have a positive correlation, it is interesting the previous
figures show an opposite result when it comes to the phases of each (wind and SST). The main
factor in where storms track and, thus, where they make landfall lies within the strength of the
upper-level winds. Stronger upper-level winds cause a more definite storm path, whereas weaker
upper-level winds produce a more unpredictable path for storms. While the negative AMM SST
phase shows more southerly landfall locations, SSTs generally do not influence a storm’s track.
The reason these results occur could be that during each phase of the AMM (SST and wind), a
more influential factor is occurring. This factor is most likely one that is defined by atmospheric
winds (e.g. NAO) because where storms make landfall is determined by the wind patterns. For
instance, during the negative AMM SST phase, the NAO may be in its negative phase, causing
storms to have more westward tracks. This happens because the weak Azores High is positioned
further westward and the jet stream extends further south, preventing storms from re-curving
northward. For the positive AMM wind phase, the NAO may be in its positive phase, allowing
storms to re-curve to the north and make more northward landfalls. During the NAO’s positive
phase, a more eastward Azores High is stronger and the jet stream remains further north,
allowing storms to re-curve to the north. When the NAO is not in a positive or negative phase, it
is considered to be neutral; this phase could occur when the distribution of landfalls during
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certain AMM phases, mentioned previously, do not differ from the total distribution of
landfalling storms.
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V. Summary and Conclusions
This section is divided into several subsections: summary, conclusions, and future
directions. The summary generalizes what the study focused on. The original question is
addressed in the conclusion section, along with an overview of the results for the statistical tests.
In the conclusions, other observations about outside influences are also discussed. Finally, issues
that arose in the study are addressed in the section for the future direction of the research.
5.1 Summary
A number of teleconnections/oscillations were shown, in previous studies, to influence
tropical systems within the Pacific, Indian, and North Atlantic Ocean basins. In the past few
decades, those teleconnections/oscillations that have affected these storms within the North
Atlantic include the AMM, AMO, ENSO, NAO, and the MJO. Recent studies have looked at
correlations between the Atlantic tropical cyclone activity and these teleconnections. Each
teleconnection impacts tropical systems via changes in SSTs or through changes in atmospheric
(lower and upper) wind patterns in the North Atlantic.
This project used statistical methods (e.g. Pearson’s correlation, regression test,
directional mean, deviational ellipse) to analyze any relationships between all phases of the
AMM and track, landfall locations and intensity of storms from 1992 to 2012 in the North
Atlantic Ocean. To examine relationships between tropical systems and the AMM, different
graphs of both storms and AMM were generated. These images show the directional mean for
each storm and the average direction of all storms during each season over the study period;
other graphs were constructed to show the general distribution of storm landfall locations during
all phases of the AMM (SST and wind). Other graphs were created to determine where the
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extremes of both positive and negative phases begin for the AMM (SST and wind) and to show
the variability within the AMM data.
ArcGIS software was used to compile maps of hurricane and tropical storms tracks to
determine the average storm path by calculating the linear directional mean and directional
distribution. Correlation tests were used to compare storm parameters (e.g. frequency, minimum
pressure, maximum wind) to the AMM strength. Through these statistical analyses, the results
show the AMM (SST and wind) having some influence on the frequency of tropical systems, but
no relation to the intensity of the storms. After analyzing the frequency of tropical systems, it is
found that the AMM SST has a greater impact on the frequency than the AMM wind. With the
AMM only accounting for at most 56.6% of influence within the tropical system activity per year
and less than 5% for storm intensity, other factors must have a larger influence on the frequency
and intensity.
It is possible that the other teleconnections/oscillations mentioned previously influence
the storms that form during the North Atlantic hurricane season. The AMO and ENSO affect
tropical systems through the changes in SSTs over the North Atlantic; this will influence not
only the number of storms generating, but also the strength of the storms. Other oscillations, such
as the MJO, ENSO and NAO, impact tropical systems through the changes in atmospheric
circulation.
5.2 Conclusions
The reason for this study was to determine if, and by how much, the AMM (SST and
wind) affects the North Atlantic hurricane season. Specifically, this study looked at how all
phases of the AMM (SST and wind) impacted the storm count, landfall locations, tracks, and
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intensity of tropical systems. Through statistical tests (e.g. Pearson’s correlation, regression test,
directional mean, and directional ellipse), it was found that the AMM does influence the number
of tropical storms per season, but has less of an effect on the intensity of the storms. Through
ArcGIS maps, a relationship between landfall locations and the AMM (SST and wind) was
found; especially with the negative AMM SST and positive AMM wind phases.
The ouputs from the statistical tests performed show that the AMM SST had a larger
influence on the variables previously mentioned, than the AMM wind did. Specifically, the
AMM SST had a large influence on the total number of tropical systems that form each year.
However, there was no strong relation between the AMM wind and the strength, track, or
number of storms in a hurricane season.
With the test outcomes only showing at most half the reason for the variation in the
variables of interest being caused from the AMM (SST and wind), other factors have an equal (in
some cases) or larger influence on the intensity, track, landfall locations, and number of storms
each year through the North Atlantic hurricane season. These other influences include the
teleconnections that have an impact on the North Atlantic Ocean through atmospheric flow and
SST changes. ENSO, MJO, NAO, and the AMO are the teleconnections that have an effect on
the hurricane season. Because the AMM is a small-scale teleconnection, these other
teleconnections have a much larger impact on the variables studied, especially the AMO since it
is directly related to the AMM.
5.3 Future Directions
Future research is needed to address some remaining issues. The location of storms must
be considered when examining the frequency and strength of tropical systems. This is due to the
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winds over the tropical North Atlantic being much different than in the mid-latitudes; there is
lower vertical wind shear over the tropics. Another consideration is the conditions (and AMM
values) throughout the life of a storm; some storms live through different months (for this study
only the month in which the storm was generated was used) which may impact the results.
Additionally, the upper-air conditions should be analyzed further with respect to the AMM and
storms, since variations would likely affect these tropical cyclones. In this study, a general idea
of constant upper-level flow was used; this allowed for a basic reasoning of the test results.
When working with statistical tests, a multiple regression test could be used instead of a linear
regression test. This test would allow multiple variables (3 or more) to be tested at once. For
example, a multiple regression test could be used to show how both the AMM SST and wind
impact a variable or how much of the maximum wind and minimum pressure of storms is caused
from the AMM data.
One possibility for future work would be multi-teleconnection work. For instance,
research could be conducted on the generation of total storms or their intensities with respect to
the phases of other large-scale teleconnections (e.g. ENSO, AMO, MJO), given their high
influence on the formation of tropical systems in the North Atlantic. For further research on the
track positioning and landfall locations of tropical systems, further analysis of the AMM in
conjunction with the NAO could be analyzed. The NAO is a very influential factor in where
storms track due to the Azores High and the jet stream positioning. When other teleconnections
are considered, examining the different phases of these teleconnections could be analyzed in
conjunction with the different phases of the AMM. This will allow for a better insight into the
North Atlantic tropical cyclone activity each year.
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APPENDIX A: ABBREVIATIONS

AEM

Atlantic Equatorial Mode

AMM

Atlantic Meridional Mode

AMO

Atlantic Multidecadal Mode

CPC

Climate Prediction Center

ENSO

El Niño-Southern Oscillation

HURDAT

Hurricane Data

IRI

International Research Institute

MDR

Main Development Region

MJO

Madden Julian Oscillation

NAO

North Atlantic Oscillation

NCDC

National Climatic Data Center

NOAA

National Oceanic Atmospheric Administration

SLP

sea level pressure

SO

Southern Oscillation

SOI

Southern Oscillation Index

SSTs

sea surface temperatures
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