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ABSTRACT 

 

THE IMPACT OF DISCRETE PHASES OF ENSO NEUTRAL CONDITIONS ON 

ATLANTIC TROPICAL CYCLONE ACTIVITY 

by 

David R. Roache 

Plymouth State University, December, 2008 

 

Extensive research has been performed on the correlations between El Niño and 

La Niña events and the associated decrease and increase in Atlantic basin tropical 

cyclone activity.  However, Neutral seasons have been found to be on average near the 

climatological norm in Atlantic tropical cyclone activity, and hence have not been a focus 

of study.  This work shows that much as there are different types of El Niño and La Niña 

events (e.g. weak, moderate, strong), there are different types of Neutral events as well 

when one categorizes them based upon the net change in equatorial Pacific SST anomaly 

over the course of the Atlantic Hurricane Season.  When these discrete phases are 

analyzed for tropical cyclone activity and atmospheric teleconnection, it can be shown 

that they too have distinct patterns of tropical cyclone activity that deviate significantly 

from the climatological norm.  Specifically, neutral seasons where small scale warming 

(termed Tending El Niño) events occur are found to have markedly decreased Atlantic 

tropical cyclone activity in terms of net storms, accumulated cyclone energy, United 

States landfall frequency and United States landfall intensity.  Conversely, neutral 
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seasons where small scale cooling (termed Tending La Niña) events occur are found to 

have markedly increased Atlantic tropical cyclone activity in terms of those same 

parameters.  Overall, it is found that ENSO Neutral seasons can and do have significant 

impacts on the atmospheric conditions that modulate Atlantic tropical cyclone activity 

and should be seen as just as important as the more well known El Niño and La Niña 

ENSO phases. 
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CHAPTER 1 

1.  El Niño, La Niña and North Atlantic tropical cyclone variability 

a.  Overview 

 El Niño – Southern Oscillation (ENSO) is recognized as a primary global 

teleconnection with significant year to year impact on tropical cyclone activity in all 

ocean basins.  Defined as an episode of anomalously high sea surface temperatures in the 

equatorial and tropical eastern Pacific associated with large scale swings in surface air 

pressure between the western and central tropical Pacific (AMS), ENSO is known to have 

direct ties to tropical convective patterns.  The large scale shifts in sea surface 

temperature distribution and trade wind intensity (Rasmusson and Carpenter 1982) are at 

this point in time well understood.  Specifically, a strong El Niño event is known to 

disrupt and alter the Walker Circulation in the equatorial Pacific (Wang 2002).  This re-

distribution of convective activity serves to affect both upstream and downstream 

synoptic scale conditions across the globe.  These changes in atmospheric conditions are 

known to correlate with changes in tropical cyclone genesis rates, peak storm intensity 

and landfall frequency (Gray 1984 b). 

b.  ENSO correlated atmospheric variation in the North Atlantic basin 

 Variation in the intensity of vertical wind shear was first identified as linked to 

ENSO (Gray 1984 b) due to the observation of an increase in upper level westerlies over 

the main development region (MDR; Gray et al. 1993) causing increased shear during El 

Niño seasons.  During La Niña seasons the opposite is observed to occur (Larson et al. 

2005), resulting in decreased vertical wind shear.   
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 Further modes of variability were identified by Camargo et al. (2007).  They used 

the genesis potential index developed by Emanuel and Nolan (2004) to isolate the impact 

of individual factors known to affect tropical cyclone formation.  They (Camargo et al. 

2007) created ENSO composites of these factors (absolute vorticity at 850 hPa, relative 

humidity at 600 hPa, potential intensity, and the magnitude of vertical wind shear 

between the 850 hPa and 200 hPa levels) to determine which factors best correlated with 

ENSO variability.  In the North Atlantic, they found two factors to be of primary 

significance: relative humidity and vertical wind shear (supporting prior findings by Gray 

1984a).  Sea level pressure anomalies have also been identified to vary with ENSO in the 

tropical Atlantic (Gray et al. 1993).  Lastly, distinct 200 hPa geopotential height anomaly 

patterns were identified in Larson et al. (2005) as relating to the steering flow of tropical 

cyclones in El Niño and La Niña episodes. 

c.  El Niño and La Niña tropical cyclone correlations 

 A reduction in Atlantic tropical cyclone activity during El Niño seasons and an 

increase in La Niña seasons is widely acknowledged (Gray 1984a).  Gray found that the 

stronger El Niño events correlate best with decreased hurricane activity, with 50% of 

seasons with 5 tropical cyclones or less and 43% of seasons with 3 hurricanes or less 

occurring with moderate to strong El Niño conditions present.  He also found that El 

Niño seasons featured fewer tropical cyclones originating in the MDR and fewer crossing 

the Caribbean Sea when compared to non-El Niño seasons.  More recently, it has also 

been found that weaker hurricanes are more likely to occur in El Niño seasons and 

stronger hurricanes are more likely to occur in La Niña seasons (Xie et al. 2005). 
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Bove et al. (1998) found the frequency of United States hurricane landfalls to 

follow the same relationship, with the probability of two or more landfalling U. S. 

hurricanes in an El Niño season to be 28% versus a 66% probability in a La Niña season 

and 48% during ENSO neutral conditions using a 1900 to 1997 dataset.  Of even higher 

importance are the intense hurricane landfall rates, with the probability of one or more 

landfalling U. S. intense hurricanes during an El Niño season found to be 23%, compared 

to 63% during a La Niña season and 58% for ENSO neutral conditions. 

2.  ENSO neutral seasons and North Atlantic tropical cyclone variability 

 While the impacts of El Niño and La Niña seasons have been heavily scrutinized, 

ENSO neutral seasons have been treated sparingly in peer reviewed literature.  While the 

previously identified decreases in activity with El Niño seasons and increases in activity 

with La Niña seasons are well known, the typical neutral season has been found to be 

consistently near the mean in overall tropical cyclone activity.  As a result, while 

occasionally included for completeness, overall interest in ENSO neutral seasons has 

been limited. 

However, while SST anomalies can sometimes remain near neutral over the entire 

hurricane season, that is not always the case.  Shifts from positive to negative anomaly 

values and vice versa over the course of the North Atlantic hurricane season during the 

larger envelope of the ENSO neutral season can and do often occur.  This opens the idea 

that different flavors of neutral seasons may exist just as much as differing flavors of El 

Niño and La Niña (strong, moderate and weak; Trenberth and Stepaniak 2001) have been 

identified.  However, a single value (such as magnitude of SST anomalies for El Niño 

and La Niña) cannot be used to identify neutral seasons given their anomaly value of near 
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zero.  Therefore, if a seasonally windowed approach was used and the change in anomaly 

value from the beginning of the Atlantic hurricane season to the end was calculated, this 

value could be useful in identifying different types of neutral seasons. 

3.  Objectives of this study 

 The primary objective of this study is to improve understanding of the impact of 

ENSO neutral conditions on North Atlantic tropical cyclone activity by approaching the 

issue from the new angle of looking at different flavors of ENSO neutral activity.  To do 

so, a method for classifying the individual phases of said neutral seasons must first be 

established.  First the sample (1900 – 2006) must be divided into the three basic ENSO 

phases of El Niño, Neutral and La Niña using a seasonally windowed approach.  These 

classifications will be tested to ensure they provide similar results to the accepted ENSO 

correlations by calculating hurricane activity metrics (Named Storms (NS), Named Storm 

Days (NSD), Hurricanes (H), Hurricane Days (HD), Intense Hurricanes (IH), Intense 

Hurricane Days (IHD), Accumulated Cyclone Energy (ACE), Net Tropical Cyclone 

Activity (NTC)) for each phase and by creating maps of the mean atmospheric conditions 

(shear, relative humidity, sea level pressure, height) to check against previous studies. 

If the ENSO classification is shown to be viable by comparing favorably to prior 

work, discrete neutral phases can be identified using the anomaly change over the course 

of the season.  These phases can then be analyzed in the same manner as their more 

famous El Niño and La Niña counterparts for hurricane activity metrics and mean 

atmospheric conditions to determine what, if any, meaningful relationships exist for those 

discrete neutral phases.  Each of the prior steps are analogous to the methods employed in 

prior peer reviewed studies of North Atlantic tropical cyclone activity during El Niño and 
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La Niña seasons, and it thus follows that, if there are new correlations to be found with 

these flavors of ENSO neutral seasons, this approach will likely uncover them. 

4.  Content outline 

 Chapter 2 details the datasets used and the methodology applied in the 

calculations made in this study.  Chapter 3 develops the process by which individual 

phases of ENSO neutral years are determined and classifies the historical best track 

dataset of neutral seasons into those phases.  Chapter 4 analyzes the historical data to 

create composites for each of the neutral phases for the purpose of analysis of North 

Atlantic tropical cyclone activity.  Chapter 5 employs the reanalysis dataset to construct 

and analyze the atmospheric parameters associated with the ENSO teleconnection to 

North Atlantic tropical cyclone activity.  Chapter 6 contains the summary and conclusion 

of the work detailed in the prior chapters with potential application of results and areas of 

future research outlined.  Additional materials needed in the investigation but not 

included in the main discourse are covered in the appendices. 
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CHAPTER 2 

1.  Data 

a.  Sea surface temperature data 

 The National Oceanic and Atmospheric Administration (NOAA) has been at work 

on an extended reconstruction of global sea surface temperatures (ERSST) since 2001.  

The third and most recent version was issued in 2008, the NOAA_ERSST_V3 (Smith et 

al. 2008).  Data was obtained from the NOAA Earth Systems Research Laboratory 

Physical Sciences Division (ESRL/PSD), Boulder, Colorado, USA, via their Web site at 

http://www.cdc.noaa.gov/. 

 The dataset was used to obtain monthly mean SST anomalies for Niño regions 3, 

4 and 3.4 in the equatorial Pacific (Figure 1).  The boundaries of those regions are 

defined as from 5° N to 5° S latitude (all), 150° W to 90° W (Niño 3), 160° E to 150° W 

(Niño 4), and 170° W to 120° W (Niño 3.4) as seen in Figure 2. 

 

Figure 1.  Sample SST anomaly plot for OND 1997. 
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Figure 2.  Niño region boundaries, Niño 3 (blue), Niño 4 (red), Niño 3.4 (black). 

b.  Hurricane data 

 Atlantic tropical cyclone best track data is kept by the National Hurricane Center 

in the North Atlantic Hurricane Database (HURDAT ), with 6 hourly observations on 

location and intensity of all known tropical cyclones from 1851 to present.  The range of 

1900 to 2006 was selected for this project due to 1900 being the first season (Landsea et. 

al. 2004) where landfall data for the entire United States coast was considered fully 

accurate.  Prior to the satellite and reconnaissance era, data on tropical depression stage 

cyclones is sparse to missing entirely.  As such, data for all storms in the analysis is 

limited to those at a minimum of tropical storm intensity (17 m s
-1

).  Lastly, due to 

inconsistent naming and analysis schemes for subtropical cyclones under different 

directors of the National Hurricane Center, all subtropical stage data is ignored as well. 

c.  Atmospheric data 

 Analysis of atmospheric modes associated with ENSO during the Atlantic 

hurricane season was done using the NCEP/NCAR reanalysis dataset (Kalnay et al. 

2004), provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their 

Web site at http://www.cdc.noaa.gov/.  Monthly mean data for July, August, September 
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and October from the years 1948 to 2006 were acquired for u wind, relative humidity, 

geopotential height and sea level pressure. 

2.  Methodology 

a.  ENSO phase determination 

 The official ENSO index used by the Climate Prediction Center is the Oceanic 

Niño Index (ONI), based on a three month running mean of Niño region 3.4 SST 

anomalies.  El Niño events are defined as five consecutive periods with anomaly mean 

values of 0.5 or greater and La Niña events are defined as five consecutive periods with 

anomaly mean values of -0.5 or less (CPC 2008).  Given the focus on conditions 

impacting the Atlantic hurricane season, this definition was adjusted for this study.  

While keeping the region (Niño 3.4), averaging scheme (three month running mean 

anomalies) and threshold (±0.5), ENSO conditions were defined using the anomalies 

from the periods from May-June-July (MJJ) to October-November-December (OND) in a 

weighted mean to place maximum weight on the anomalies occurring during the peak of 

the Atlantic hurricane season (Equation 1). 

𝐸𝑁𝑆𝑂 =  
  

1

2
𝑀𝐽𝐽  +𝐽𝐽𝐴 +𝐽𝐴𝑆 +𝐴𝑆𝑂+𝑆𝑂𝑁+(

1

2
𝑂𝑁𝐷) 

5
 .   (1) 

Full Niño region monthly SST anomaly data is available in Appendix B. 

b.  Neutral phase determination 

 Classification of ENSO phases has been done via multiple methods (Trenberth 

1997) with the previous focus on the El Niño and La Niña extremes and their variants.  

For classification of neutral seasons, the peak intensity of the event, though useful for the 

prior two cases, cannot be used.  It is posited that instead, the change in character of the 
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SST anomaly over the course of the season be used to discriminate discrete phases of 

ENSO neutral seasons.  In order to ensure capture of all ENSO signals, the data used here 

are expanded to include the three month running mean SST anomalies from Niño regions 

3 and 4 in addition to 3.4.  Using the list of ENSO neutral seasons developed from the 

methodology in part a, the difference between the MJJ and OND anomalies in each 

region was calculated, with the mean of the differences classified as the seasonal trend 

(Equation 2). 

𝐷𝐼𝐹 =  
 𝑁3 𝑂𝑁𝐷−𝑀𝐽𝐽   + 𝑁4 𝑂𝑁𝐷−𝑀𝐽𝐽   + 𝑁3.4(𝑂𝑁𝐷−𝑀𝐽𝐽 ) 

3
 . (2) 

Seasons with values of 0.3 or greater are classified as warming events, termed Tending El 

Niño (TEN, example in Figure 3).  Seasons with values less than 0.3 and greater than -0.3 

are classified as Strongly Neutral (NEU, example in Figure 4), and seasons with values of 

-0.3 or lower are classified as cooling events, termed Tending La Niña (TLN, Figure 5). 

 

Figure 3.  Sample TEN SST anomaly plot for MJJ (a) and OND (b) 1978. 
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Figure 4.  Sample NEU SST anomaly plot for MJJ (a) and OND (b) 2001. 

 

Figure 5.  Sample TLN SST anomaly plot for MJJ (a) and OND (b) 1995. 

c.  Hurricane activity functions 

 Using HURDAT with the previously established limitations, the eight main 

hurricane activity metrics outlined in Chapter 1 were calculated for each season 1900 to 
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2006.  In addition, hurricane landfall statistics (location and intensity) as well as genesis 

locations in the Atlantic basin were calculated for each season.  To facilitate this process 

a decoder for HURDAT was written in PERL, available in Appendix C.  Full yearly data 

for each metric is available in Appendix D.  With data for all years (specifically those 

which corresponded to the three neutral phases) determined, mean hurricane activity 

metrics for each phase were then calculated.   

Given the small sample sizes involved in the data (only 48 neutral seasons), 

statistical signficance of the results needed to be verified.  To do this, non parametric 

bootstrap analysis (Wilks 2005) was selected to further examine the data.  In order to use 

this approach, the dataset (each of the hurricane activity metrics) must be independently 

and identically distributed (IID, Wilks 2005).  This condition was tested by employing a 

runs test of the residuals of each metric, which showed no trend or autocorrelation, 

satisfying that the dataset was in fact random and a candidate for non parametric 

bootstrap analysis.  A one hundred thousand member bootstrap analysis for each 

hurricane activity metric in each discrete ENSO neutral phase was run to determine the 

basic bootstrap 95% confidence intervals for those metrics.  In addition, a ten thousand 

member bootstrap analysis was run for each individual observation in a LOO (leave one 

out) approach to check the impact of outliers on the results. 

d.  Reanalysis fields 

 A vertical wind shear climatology (Aiyyer and Thorncroft 2006) was created over 

the tropical Atlantic using a monthly reanalysis dataset over the JASO (July, August, 

September, October) period mean.  Mirroring this methodology, monthly mean reanalysis 

data from those four months was used here to develop the atmospheric anomalies for the 
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four ENSO associated parameters:  deep layer wind shear (850 – 200 hPa), mid-level 

relative humidity (600 hPa), sea level pressure (SLP) and 200 hPa height.  Anomalies for 

each parameter in each neutral phase were calculated by subtracting the mean values 

during those years from the long term mean over the entire reanalysis dataset, 1948 to 

2006.   

The next three chapters will detail the results of each of the analysis procedures 

described above (Chapter 3 – phase classification, Chapter 4 – hurricane metrics, Chapter 

5 – atmospheric parameters). 
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CHAPTER 3 

1.  El Niño – Southern Oscillation phase determination results 

a.  Classification of ENSO phases 

 Using the approach outlined in Chapter 2 section a, ENSO phases for each 

Atlantic hurricane season were calculated with Equation 1.  The result of this calculation, 

using the NOAA ERSST V3 anomalies from 1900 to 2006, yielded 48 neutral seasons, 

23 El Niño seasons and 36 La Niña seasons (Table 1).   

Table 1.  ENSO Phases by Year 

Phase Years 

Neutral 1900, 1904, 1907, 1911, 1913, 1915, 1919, 1920, 1921, 1923, 1925, 

1927, 1928, 1929, 1931, 1932, 1934, 1935, 1937, 1939, 1943, 1944, 

1952, 1953, 1958, 1959, 1960, 1961, 1962, 1966, 1967, 1968, 1976, 

1978, 1979, 1980, 1981, 1983, 1984, 1989, 1990, 1992, 1993, 1995, 

1996, 2001, 2003, 2005 

El Niño 1902, 1905, 1914, 1918, 1930, 1940, 1941, 1951, 1957, 1963, 1965, 

1969, 1972, 1977, 1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 

2006 

La Niña 1901, 1903, 1906, 1908, 1909, 1910, 1912, 1916, 1917, 1922, 1924, 

1926, 1933, 1936, 1938, 1942, 1945, 1946, 1947, 1948, 1949, 1950, 

1954, 1955, 1956, 1964, 1970, 1971, 1973, 1974, 1975, 1985, 1988, 

1998, 1999, 2000 
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Note that these phases are seasonally windowed to only the Atlantic hurricane season and 

are not necessarily representative of the phase of ENSO for that entire calendar year.  As 

such, there will be differences in the identification of some years with this scheme as 

compared to others, such as the Japanese Meteorological Agency (JMA) ENSO 

definition. 

b.  Verification of ENSO phases 

 1.  HURRICANE ACTIVITY METRICS 

 To ensure the validity of this definition, hurricane activity metrics (Appendix A) 

were calculated for each phase to be compared to established findings.  Specifically, 

decreased activity during El Niño and increased activity during La Niña with near normal 

activity during Neutral seasons is the accepted norm, and results matching those 

expectations were found using this ENSO phase classification method (Table 2).  Mean 

data is for the entire sample period, Atlantic hurricanes seasons 1900 – 2006. 

Table 2.  Hurricane activity metrics for ENSO phases 

Phase NS NSD H HD IH IHD ACE NTC 

El Niño 7.35 37.08 4.22 15.46 1.57 3.24 64 74 

Neutral 9.02 47.93 5.25 20.70 2.04 5.19 87 98 

La Niña 10.42 57.48 5.97 26.47 2.72 6.44 107 120 

Mean  9.13 48.81 5.27 21.52 2.17 5.19 89 100 

 2.  MEAN ATMOSPHERIC CONDITIONS 

 To confirm proper identification of ENSO phases by the seasonally windowed 

method, the mean deep layer shear (850 – 200 hPa, zonal), relative humidity (600 hPa), 
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sea level pressure and geopotential height anomaly (200 hPa) fields were calculated for 

each phase over the JASO period (Aiyyer and Thorncroft 2006) using the NCEP NCAR 

reanalysis dataset (monthly mean data). 

 (i).  Deep layer shear 

 Larson et al. (2005), also using the NCEP NCAR reanalysis dataset, calculated 

mean deep layer wind shear profiles across the Northern Hemisphere during moderate to 

strong El Niño and La Niña events for the ASO period (Figure 6). 

 

Figure 6.  Larson et al. 2005 figure 9, deep layer wind shear anomalies (m s
-1

) during El 

Niño and La Niña events. 
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Using the JASO period and a larger dataset of all El Niño and La Niña events, 

anomaly plots were generated for the seasonally windowed ENSO phases with strikingly 

similar results.  As can be seen in figure 7, strongly positive shear anomalies exist over 

the Caribbean Sea and the tropical Atlantic main development region (MDR), the same 

result as figure 6 (a). 

 

Figure 7.  El Niño shear anomalies (m s
-1

). 

It is also noted that shear in the neutral seasons (Figure 8) is near normal across 

the entire basin, also as expected. 
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Figure 8.  Neutral shear anomalies (m s
-1

). 

La Niña conditions match as well (Figure 9), with strongly negative shear 

anomalies similar in location and magnitude to figure 6 (b). 

 

Figure 9.  La Niña shear anomalies (m s
-1

). 

 (ii).  Relative humidity 

 Camargo et al. (2007) identified relative humidity as a key factor contributing to 

Atlantic tropical cyclogenesis during ENSO events.  El Niño years were characterized by 
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lower than normal relative humidity over the MDR, with neutral years near normal and 

above normal levels of relative humidity present during La Niña years.  These findings 

are reflected well in relative humidity means (JASO period) for each ENSO phase as 

calculated from the seasonally windowed method.  Figure 10 shows negative anomalies 

of 1 to 2 percent in the MDR during El Niño years, and figure 11 shows near normal 

levels of relative humidity in neutral years.  Figure 12 shows positive anomalies of 1 to 2 

percent in the MDR during La Niña years, again finding the expected result. 

 

Figure 10.  El Niño 600 hPa relative humidity anomalies (%). 
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Figure 11.  Neutral 600 hPa relative humidity anomalies (%). 

 

Figure 12.  La Niña 600 hPa relative humidity anomalies (%). 

 (iii).  Sea level pressure 

 As identified in Gray et al. (1993), sea level pressure (SLP) is a factor associated 

with tropical cyclone development with ENSO.  Specifically, they found that mean 

pressures were higher during El Niño and lower during La Niña seasons across the MDR.  

After calculating mean sea level pressure (JASO period) similar results were found in the 
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seasonally windowed ENSO phases.  Figures 13 and 14 show slightly positive SLP 

anomalies across the Atlantic for El Niño and Neutral conditions, and figure 15 shows 

slightly negative anomalies across the Atlantic for La Niña conditions. 

 

Figure 13.  El Niño SLP anomalies (hPa). 

 

Figure 14.  Neutral SLP anomalies (hPa). 
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Figure 15.  La Niña SLP anomalies (hPa). 

 (iv).  Geopotential height 

 Larson et al. (2005) also calculated mean 200 hPa geopotential height anomalies 

for the ASO period during the peak El Niño and La Niña events (Figure 16).  Again those 

results compare favorably with the 200 hPa anomalies calculated for the seasonally 

windowed ENSO phases. 
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Figure 16.  Larson et al. 2005 figure 8, 200 hPa geopotential height anomalies (m s
-1

) 

during El Niño and La Niña events. 
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 Figure 17 contains the 200 hPa geopotential height anomalies for El Niño years as 

defined by the seasonally windowed approach.  The negative (trough) values over the 

east coast of the US, the positive (ridge) values over the northern Atlantic and the 

positive values in the tropics as well as the minimum centered on the Strait of Gibraltar 

all match well in location and magnitude to the features found by Larson et al. in figure 

16 (a).  

 

Figure 17.  El Niño 200 hPa geopotential height anomalies (m). 
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 During neutral seasons (Figure 18) the pattern is largely near normal with all 

tropical anomaly values at 6 m or less. 

 

Figure 18.  Neutral 200 hPa geopotential height anomalies (m).  
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Figure 19 contains the 200 hPa geopotential height anomalies for La Niña years 

as defined by the seasonally windowed approach.  The widespread negative anomalies 

and the placement and magnitude of the maximum in the vicinity of the Great Lakes over 

the United States and Canada again matches well to Larson et al. figure 16 (b). 

 

Figure 19.  La Niña 200 hPa geopotential height anomalies (m). 

 Overall, given the adherence of the hurricane activity metrics to the proven model 

(decreased El Niño and increased La Niña activity) and the success in replicating the 

atmospheric signals previously shown to be present during El Niño and La Niña events 

using the ENSO phases determined by the seasonally windowed approach, it can be 

stated that the seasonally windowed method is valid for the purpose of determining the 

phase of the El Niño – Southern Oscillation in relation to the Atlantic hurricane season. 
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2.  Neutral phase determination results 

 Using the approach outlined in Chapter 2 section b, discrete phases for each 

neutral season from the first calculation were created using Equation 2.  This calculation 

resulted in 17 Tending El Niño (TEN) seasons, 15 Strongly Neutral (NEU) seasons and 

16 Tending La Niña (TLN) seasons (Table 3). 

Table 3.  Neutral Phases by Year 

Phase Years 

Tending El Niño 1904, 1911, 1913, 1919, 1921, 1923, 1925, 1927, 1929, 1935, 1939, 

1968, 1976, 1978, 1979, 1981, 2003 

Strongly Neutral 1907, 1928, 1934, 1937, 1952, 1953, 1959, 1960, 1962, 1980, 1984, 

1989, 1990, 1996, 2001 

Tending La Niña 1900, 1915, 1920, 1931, 1932, 1943, 1944, 1958, 1961, 1966, 1967, 

1983, 1992, 1993, 1995, 2005 

 

 Using these classifications, composite plots of MJJ and OND SST anomalies (°C) 

for each neutral phase were created (using the NOAA_ERSST_V3 dataset) to show the 

typical change in character of the ENSO conditions over the course of these phases.  

Figure 20 shows the MJJ (top), OND (middle) and the seasonal change (bottom, OND – 

MJJ) conditions for the TEN phase, with weak cool anomalies dominating at the start of 

the season shifting to a significant warm signal across the equatorial Pacific by the end.  

For these seasons, despite being neutral in their mean SST anomaly for the season, a 

significant warming trend does occur across the equatorial region. 
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Figure 20.  MJJ (a), OND (b), and seasonal change (c) TEN composite SST anomalies. 

Figure 21 shows the MJJ, OND and seasonal change conditions for the NEU 

phase, with near normal conditions across most of the equatorial Pacific through the 

entire season and a weak cold tongue directly off the coast of South America.  Overall, 

there is little to no significant change in SST anomaly across the entire equatorial Pacific 

region. 
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Figure 21.  MJJ (a), OND (b), and seasonal change (c) NEU composite SST anomalies. 

Figure 22 shows the MJJ, OND and seasonal change conditions for the TLN 

phase, with weak warm anomalies present early in the season shifting to a significant 

cool pattern centered at 110° W to 120° W along the equator.  For these seasons, despite 

being neutral in their mean SST anomaly for the season, a significant cooling trend does 

occur across the equatorial region. 
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Figure 22.  MJJ (a), OND (b), and seasonal change (c) TLN composite SST anomalies. 

 The sharp differences between these three modes of neutral ENSO conditions had 

been previously missed due to the TEN and TLN signal cancelling out in the calculation 

of a broad scale neutral phase.  By splitting the neutral phase into these three discrete 

phases it has been shown that there are in fact significant differences between them, with 

warming and cooling trends akin to El Niño and La Niña (as well as a truly neutral phase) 

which are deserving of study.  The next two chapters will serve that purpose, fully 

analyzing these three discrete ENSO neutral phases by hurricane activity metrics and 

mean atmospheric conditions to determine what impacts these phases have on Atlantic 

tropical cyclone activity. 
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CHAPTER 4 

1.  Hurricane activity metrics 

a.  Results 

With the set of years established in Chapter 3 for each ENSO neutral phase, 

hurricane activity metrics (Appendix A) were calculated to the specifications outlined in 

Chapter 2 from the Atlantic best track dataset (HURDAT).  The mean results (Table 4) 

show  large differences between each of the three phases. 

Table 4.  Hurricane activity metrics for ENSO Neutral phases 

Phase NS NSD H HD IH IHD ACE NTC 

TEN 7.00 36.51 4.06 14.26 1.35 3.49 62 71 

NEU 10.07 50.17 5.73 21.08 1.93 4.65 88 100 

TLN 10.19 57.97 6.06 27.19 2.88 7.52 113 125 

Mean  9.13 48.81 5.27 21.52 2.17 5.19 89 100 

Tending El Niño (TEN) years have a large decrease from the climatological mean 

(calculated for the period 1900 – 2006) in every single category with named storm, 

hurricane and intense hurricane counts and durations both significantly down.  As such it 

follows that the two seasonal indices, ACE and NTC, are both well below normal.  

Strongly Neutral (NEU) years have slightly above normal named storm and day counts 

and slightly below normal intense hurricane and day counts with largely near mean 

hurricane and overall activity.  Tending La Niña (TLN) seasons are well above the mean 

in every category, including the critical intense hurricane count and duration metrics.  

Compared to the standard three phase ENSO model (Chapter 3, Table 2), the dual mode 
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seen here between the less active TEN and more active TLN season is very similar to the 

weaker Atlantic hurricane activity during El Niño events and strong Atlantic hurricane 

activity seen during La Niña events. 

b.  Potential undercount errors 

 The immediate question in regards to the above analysis is the quality and validity 

of the dataset.  Limited aircraft reconnaissance began in the Atlantic in 1945.  Prior to 

that date tropical cyclone tracks have been constructed from known landfalls and 

shipping reports.  While an extensive project (by the Hurricane Research Division) has 

been undertaken to reanalyze the dataset to include as many storms as accurately as 

possible (recently completed through 1920), there will inevitably be some that are lost to 

history.  Multiple attempts have been made to correct for the lost data (Landsea 2007; 

Mann et al. 2006) with contentiously received results in the academic community.   

Vecchi and Knutson (2008) found local maxima in Atlantic tropical cyclone 

counts during the two world war periods, and also noted a statistically significant 

decrease in storm duration from 1900 to 2006.  That latter finding implies that missed 

storms of short duration are unlikely to largely impact seasonal activity statistics for less 

certain past seasons.  In addition, Klotzbach and Gray (2008) attribute long term patterns 

in Atlantic tropical cyclone activity to the Atlantic Multidecadal Oscillation (AMO), 

which was at a minimum (corresponding to lower than normal tropical cyclone activity) 

during the 1920’s, making the lower storm counts of those seasons more realistic.  

Overall, each ENSO neutral phase analyzed in this study contains data that predates the 

reconnaissance era.  However, given the improved nature of and reasons for confidence 
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in the dataset the storm counts, durations and intensities from those years were deemed 

useful for analysis. 

2.  Genesis point analysis 

a.  Results 

 In addition to the hurricane activity metrics, tropical cyclone formation rates were 

calculated for 5 regions (Figure 23) in the North Atlantic basin.  The main development 

region (MDR) was defined as the region south of 20° N latitude between the coast of 

Africa and 60° W longitude.  The Gulf of Mexico (GOM) and Caribbean Sea (CAR) 

make up the next two regions with the remainder of the Atlantic again split along 60° W 

longitude, this time north of 20° N latitude into the Western Atlantic (WATL) and 

Eastern Atlantic (EATL) regions.  Formation rates for each region and each ENSO 

neutral phase can be found in table 5, with only the MDR showing large departures of 

more than 1 storm from the mean. 

 

Figure 23.  Cyclone development regions. 
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Table 5.  Tropical cyclone formation rates (all storms per year) for each genesis region by 

phase. 

Phase MDR GOM CAR WATL EATL 

TEN 1.41 1.41 1.76 1.76 0.65 

NEU 3.33 1.67 2.13 1.87 1.07 

TLN 3.06 1.38 2.19 2.13 1.44 

Mean 2.58 1.58 2.02 2.04 0.92 

 

b.  Tropical storm formations by phase 

 Genesis rates by location for tropical cyclones that peak at tropical storm intensity 

can be found in table 6 for each ENSO Neutral phase.  Overall, no large departures from 

the mean occur in any genesis region during any of the phases, though there are some 

trends. 

Table 6.  Tropical storm formation rates (storms per year) for each genesis region by 

phase. 

Phase MDR GOM CAR WATL EATL 

TEN 0.35 1.00 0.53 0.76 0.29 

NEU 1.13 1.27 1.00 0.53 0.40 

TLN 0.94 0.88 0.94 0.94 0.44 

Mean 0.74 1.02 0.79 0.93 0.38 
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For the following plots (figures 24 to 35), the colored dots indicate the point 

where a single storm first reached tropical storm strength.  Green indicates a peak of 

tropical storm intensity, blue a hurricane of category one or two, and red an intense 

hurricane.  For TEN years only GOM formation rates are near normal, with all others 

below normal.  This is most evident in the MDR, Caribbean and central Atlantic. The 

spatial distribution of formations can be seen in Figure 24. 

 

Figure 24.  TEN tropical storm genesis points. 

  



35 
 

 Tropical storm formation rates are largely above normal in the MDR, Gulf and 

Caribbean in NEU years (spatial distribution, Figure 25), with a decrease in activity in the 

western Atlantic basin, as can be seen in the near complete lack of storms forming off the 

southeast United States coastline. 

 

Figure 25.  NEU tropical storm genesis points. 
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 TLN years show largely near normal formation rates in each region with a few 

interesting patterns (Figure 26).  Gulf of Mexico formations are confined to the western 

Gulf and specifically the Bay of Campeche.  A comparison of this plot to figure 24 

further illustrates the difference in MDR activity between the two phases, with a large 

quantity of storms forming there in TLN years and few during TEN years. 

 

Figure 26.  TLN tropical storm genesis points. 

c.  Hurricane formations by phase 

 Genesis rates by location for tropical cyclones that peak at hurricane category one 

or two intensity can be found in table 7 for each ENSO Neutral phase.  Again departures 

from the mean are small, but each phase has characteristics that separate it from the 

others. 
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Table 7.  Hurricane formation rates (hurricanes per year) for each genesis region by 

phase. 

Phase MDR GOM CAR WATL EATL 

TEN 0.41 0.41 0.88 0.71 0.29 

NEU 1.13 0.33 0.67 1.07 0.60 

TLN 0.69 0.31 0.50 0.88 0.81 

Mean 0.70 0.45 0.64 0.87 0.45 

 

 Activity in the MDR is again below normal during TEN seasons (spatial 

distribution, Figure 27), as it is in the eastern Atlantic.  The only above normal region 

during this phase is the Caribbean Sea, where most activity was concentrated in the west. 

 

Figure 27.  TEN hurricane genesis points. 
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 The NEU phase is the most active for moderate hurricanes (Figure 28), with 

notably above normal formation rates in three regions – the MDR, western Atlantic and 

eastern Atlantic.  Gulf of Mexico rates are slightly down, but are climatologically low to 

begin with and hence not likely to be of importance. 

 

Figure 28.  NEU hurricane genesis points. 
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 Hurricane formation during TLN seasons is largely near normal with slightly 

above normal activity in the western Atlantic region.  The spatial distribution of hurricane 

genesis locations is seen in figure 29. 

 

Figure 29.  TLN hurricane genesis points. 

d.  Intense hurricane formations by phase 

 Genesis of storms that go on to become intense hurricanes (rates, Table 8) is 

heavily favored in the MDR and the Caribbean Sea, with formation in the Gulf of Mexico 

and Eastern Atlantic regions being a rare event. 
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Table 8.  Intense hurricane formation rates (intense hurricanes per year) for each genesis 

region by phase. 

Phase MDR GOM CAR WATL EATL 

TEN 0.65 0.00 0.35 0.29 0.06 

NEU 1.07 0.07 0.47 0.27 0.07 

TLN 1.44 0.19 0.75 0.31 0.19 

Mean 1.14 0.11 0.60 0.23 0.08 

 With their associated lack of intense hurricane activity (Figure 30), it is not a 

surprise that TEN seasons have below normal formation rates in both the MDR and 

Caribbean.  However, it is notable that these years do produce near normal intense 

hurricane activity in the western Atlantic region, specifically with cyclones that originate 

to the north of Puerto Rico and to the east of the Bahamas. 

 

Figure 30.  TEN intense hurricane genesis points. 
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 Intense hurricane activity is near normal in most regions during NEU seasons 

(Figure 31), with many Cape Verde storms evidently forming soon after emerging off the 

African coast.  Caribbean activity is slightly below normal, with only half as many 

western Caribbean intense hurricanes as the TLN phase in figure 32. 

 

Figure 31.  NEU intense hurricane genesis points. 

 The TLN years (Figure 32) are most active in intense hurricanes and show the 

largest ocean area across which those storms can form compared to the other two phases.  

Most active in the MDR, this phase is above normal in formations per year in every 

studied genesis region, even with rarely seen Gulf of Mexico originating intense 

hurricanes occurring during this phase.  A secondary maximum can be seen in the 

western Caribbean, and this phase also has the most northward genesis points for intense 

hurricanes in the western Atlantic when compared to the TEN and NEU phases. 
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Figure 32.  TLN intense hurricane genesis points. 

e.  Overall cyclone distribution 

 Figures 33, 34 and 35 contain the full scatter plot distributions of genesis points 

for each of the neutral phases (TEN, NEU and TLN) using the previously defined color 

scheme.  Here the overall patterns for each phase are easily visible.  Tending El Niño 

seasons have more storms form in the Caribbean Sea and western Atlantic, with a greater 

proportion of storms of only tropical storm intensity and few hurricanes exceeding 

category two.  Strongly Neutral seasons are much more active in nearly every region and 

intensity as compared to TEN, especially with more frequent and widespread intense 

hurricanes.  Tending La Niña seasons saw the most activity, with the largest expanse of 

intense hurricane formations, extending from the African coastline westward into the 

central Gulf of Mexico. 
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Figure 33.  All genesis points during TEN years by intensity. 

 

Figure 34.  All genesis points during NEU years by intensity. 
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Figure 35.  All genesis points during TLN years by intensity. 

 Due to its prominence in intense hurricane development and the existence of the 

largest departures from mean activity, statistical analyses will only be performed on the 

MDR results.  Minimal differences between the phases and overall infrequent formation 

rates in the other regions indicate that further analysis is not necessary. 

3.  Landfall analysis 

a.  Results 

 Initial statistics for each landfalling storm 1900 – 2006 were compiled from 

HURDAT on a state by state and regional basis.  Due to small sample size constrictions 

after tabulating data for each ENSO neutral phase, the three most useful (relatively large 

sample size and departures from the mean) landfall indices were selected for further 

study:  United States landfalling hurricanes (all) per year, United States landfalling 
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intense hurricanes per year, and Gulf of Mexico (U. S.) landfalling intense hurricanes per 

year.  The mean values for each of these in each phase can be seen in table 9. 

Table 9.  Landfall rates (storms per year) by coastal region. 

Phase US H US IH GOM IH 

TEN 1.71 0.35 0.29 

NEU 1.53 0.60 0.20 

TLN 1.94 1.13 0.81 

Mean 1.92 0.73 0.46 

 

 United States hurricane landfall rates per year do not depart significantly from the 

mean, with TEN and NEU values slightly below normal and TLN rates near normal.  

However, that does not hold for intense hurricane landfalls.  Here there is a large 

decrease during TEN years and a large increase during TLN years.  An inverse 

cumulative frequency distribution (Figure 36) shows quite well the increase in likelihood 

of an intense hurricane landfall on the United States coastline from TEN to NEU to TLN 

conditions, which is a very similar profile to that found in Bove et al. (1998) from El 

Niño to Neutral to La Niña intense hurricane landfalls on the United States coastline.  

Gulf of Mexico intense hurricane landfall rates are slightly below normal during TEN 

and NEU seasons, but there is an increased risk for intense hurricane landfall during TLN 

seasons. 
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Figure 36.  United States intense hurricanes inverse cumulative frequency by phase. 

b.  Potential HURDAT landfall intensity errors 

 At present the reanalysis project for HURDAT is not complete (Landsea et al. 

2004), and some discrepancies exist between the reported landfall intensity for a storm 

and the point to point best track intensities.  These errors will be corrected as the project 

continues, and there are up to thirty errors of up to two Saffir – Simpson scale categories 

each (fully detailed in Appendix E) that were identified during this study.  On the advice 

of Dr. Chris Landsea (personal communication), the reported landfall intensity fields 

were used for this research and some statistics above may change slightly as corrections 

are made in the coming years.  Given the random distribution of the potentially erroneous 

cases through the three ENSO neutral phases, it is not expected that they significantly 

affect the validity of this portion of the analysis. 
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4.  Bootstrap 95% confidence intervals 

After completion of a runs test on each variable to ensure IID (Chapter 2) was 

met, 100,000 member non parametric bootstrap analyses were run for each of the 

previously covered hurricane activity, genesis and landfall rate statistics for each ENSO 

neutral phase.  These resampled datasets were then used to determine the 95% confidence 

intervals of each variable during Tending El Niño, Strongly Neutral and Tending La Niña 

conditions. 

a.  Hurricane activity metrics 

 Table 10 contains the raw numerical values for the 95% confidence intervals of 

the eight hurricane activity metrics from the bootstrap analysis. 

Table 10.  Basic bootstrap 95% confidence interval ranges by hurricane activity metric 

and phase. 

 TEN NEU TLN 

NS 5.41 8.41 8.47 11.74 7.19 12.56 

NSD 28.66 43.66 41.82 58.82 42.28 71.71 

H 3.29 4.82 4.53 7.07 4.37 7.50 

HD 9.98 18.31 15.38 26.50 18.90 35.18 

IH 0.82 1.88 1.07 2.73 1.82 3.88 

IHD 1.36 5.17 2.54 6.65 4.05 10.61 

ACE 42.45 78.27 67.77 107.17 79.19 144.69 

NTC 50.71 88.41 76.52 122.12 87.11 159.30 
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 Named storm intervals seen in figure 37 show the smaller and lower range 

expected during TEN years in contrast to the generally higher values during NEU and 

TLN years.  The TLN profile has the higher peak but at the same time a wider 

distribution than the NEU season, with weaker TLN seasons resulting in a similar number 

of named storms as the stronger TEN seasons. 

 

Figure 37.  Named storms by phase. 

 Named storm day intervals (Figure 38) follow a similar pattern, with overall 

fewer named storm days and smaller variability between seasons expected during TEN 

years and more named storm days with larger potential variation from season to season 

during TLN years.  Strongly Neutral seasons typically exceed TEN seasons in named 
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storm days, though they do not reach the peaks in activity of which TLN seasons are 

capable. 

 

Figure 38.  Named storm days by phase. 

 Tending El Niño years again lag behind in hurricane counts (Figure 39).  Both 

NEU and TLN years are similar in magnitude, though the TLN phase again has the wider 

interval of expected outcomes. 
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Figure 39.  Hurricanes by phase. 

In figure 40 the TLN interval maximum for hurricane days far exceeds that of the 

NEU years despite the two having similar numbers of hurricanes formed.  There is still 

overlap between the ranges of the two but not as much, and the minimum 95% 

confidence interval value of the TLN season now exceeds the maximum 95% confidence 

interval of the TEN hurricane day count. 
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Figure 40.  Hurricane days by phase. 

 By this point the pattern is becoming quite consistent, with the smallest 

magnitude and range of 95% confidence intervals for intense hurricane counts again 

(Figure 41) appearing for the TEN seasons.  Strongly Neutral seasons exhibit higher 

maxima and minima than the TEN seasons and a broader range, and the TLN seasons 

exceed the NEU values in the same manner, with the TLN minimum nearly exceeding 

the TEN maximum. 
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Figure 41.  Intense hurricanes by phase. 

 Intense hurricane day counts (Figure 42) are limited to barely above five for the 

TEN seasons, with the same pattern of increasing activity seen before, existing from the 

TEN to NEU to TLN phases.  The strong maximum for the Tending La Niña phase is 

very evident here, with seasons with 10.61 intense hurricane days falling within the 95% 

confidence interval.  This much higher than the TEN peak of 5.17 or the NEU peak of 

6.65. 
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Figure 42.  Intense hurricane days by phase. 

 The accumulated cyclone energy plot (Figure 43) shows the cumulative effect of 

the intense hurricane activity levels in its results.  The upper bound of the TEN season 

constitutes a below average hurricane season, while the NEU bounds run from 

moderately below normal to moderately above normal in seasonal activity.  The TLN 

years have the greatest potential, with powerful seasons with ACE values of up to 144.69 

included in its distribution. 
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Figure 43.  Accumulated cyclone energy by phase. 

 Another indicator of net seasonal activity, NTC (Figure 44) also shows the same 

trend with below normal conditions during TEN years and a NEU interval centered on 

and evenly distributed about the normal (100%) value.  However, it is the TLN phase 

which garners the most attention, with its weakest events on par with the strongest TEN 

years and its peaks far outpacing that of any other phase. 
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Figure 44.  Net tropical cyclone activity by phase. 

b.  MDR genesis rates 

 Table 11 contains the raw numerical values for the 95% confidence intervals of 

the MDR tropical cyclogenesis rates from the bootstrap analysis.  The results confirm the 

lower than normal activity during the TEN seasons, with both the NEU and TLN 

minimum ranges exceeding the maximum TEN range.  The NEU season has a slightly 

higher peak and wider variation than the TLN season, but not by a large margin (Figure 

45). 
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Table 11.  Basic bootstrap 95% confidence interval ranges for MDR tropical cyclogenesis 

by phase. 

 TEN NEU TLN 

MDR 0.59 1.82 2.20 4.40 2.00 4.00 

 

 

Figure 45.  MDR genesis rates by phase. 

c.  Landfall rates 

 Table 12 contains the raw numerical values for the 95% confidence intervals of 

the landfall rates from the bootstrap analysis.  For all United States hurricane landfalls, 

the lowest minimum was not with the TEN phase but with the NEU phase, due to an 

excess of years with zero hurricane landfalls.  The largest maxima was again with the 
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TLN phase (Figure 46), but overall the magnitude and distribution size for each phase 

was similar. 

Table 12.  Basic bootstrap 95% confidence interval ranges for landfall rates by phase. 

 TEN NEU TLN 

US HL 1.18 2.23 0.87 2.20 1.12 2.62 

US IHL 0.06 0.59 0.13 0.93 0.62 1.56 

GOM IHL 0.00 0.53 0.00 0.40 0.38 1.19 

 

 

Figure 46.  United States hurricane landfall rates by phase. 

 The same cannot be said for United States intense hurricane landfalls (Figure 47), 

where the previously seen pattern again returns.  The TEN seasons have the lowest 
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magnitude and smallest interval range, with the NEU seasons more active than the TEN 

seasons and the TLN seasons most active of all.  The TLN interval reaches as high as 

1.56 intense hurricane landfalls per year, and the TLN minimum exceeds the TEN 

maximum. 

 

Figure 47.  United States intense hurricane landfall rates by phase. 

 The Gulf of Mexico intense hurricane landfall confidence intervals (Figure 48) 

are slightly different.  While both the TEN and NEU phases have low risk, the smallest 

maximum belongs to the NEU phase, not the TEN phase. Again the TLN phase is by far 

the most active, with its minimum interval value nearly exceeding the NEU phase 

maximum, and with the TLN maximum reaching over 1 landfall per year. 
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Figure 48.  Gulf of Mexico intense hurricane landfall rates by phase. 

d.  Leave one out outlier analysis 

 Due to the small sample sizes involved, the impact of outliers on the analysis was 

checked by using a leave one out (LOO) 10,000 member bootstrap for each individual 

observation in each hurricane metric (612 analyses).  The data was slightly right skewed 

(not a concern at this sample size) and was largely unaffected by outliers.  Plots of the 

full LOO results are available in Appendix F. 

5.  Comments 

 The above analysis has shown that the hurricane season activity associated with 

the discrete ENSO neutral phases differs sharply from phase to phase.  Tending El Niño 

years have fewer overall tropical cyclones, fewer strong tropical cyclones and those that 
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do form typically exist for a shorter duration than normal.  In addition, the incidence of 

long track storms forming in the MDR and the frequency of intense hurricane landfalls 

along the United States coastline is markedly decreased during these seasons.  Strongly 

Neutral seasons see mean conditions near or slightly above normal in most hurricane 

activity metrics, though they also share the lower risk of intense hurricane landfalls along 

the Gulf of Mexico coast with the TEN seasons.  Tending La Niña seasons are potentially 

destructive, with above average conditions found in nearly every hurricane activity metric 

investigated and an elevated risk for intense hurricane landfall events on the United 

States coastline. 

 While a strong case has been made linking discrete ENSO neutral seasons to 

changes in Atlantic hurricane activity, that case must be backed by atmospheric 

conditions supporting that connection.  As El Niño and La Niña are known to impact 

conditions over the Atlantic basin such as deep layer wind shear (which in turn 

contributes toward a decrease or increase in hurricane activity), it must be determined if 

these phases act in a similar manner.  Chapter 5 will develop the mean atmospheric 

parameters associated with each of these three phases to complete the final stage of the 

analysis and determine whether the claim can be made that discrete phases of ENSO 

neutral seasons directly impact Atlantic tropical cyclone activity. 
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CHAPTER 5 

1.  Mean atmospheric conditions during discrete ENSO neutral phases 

With the statistical hurricane activity metrics established for the three neutral 

phases, the atmospheric parameters corresponding to ENSO in previous studies were 

analyzed for these phases to show the physical causation behind the enhanced and 

suppressed hurricane activity that was observed. 

2.  Deep layer shear anomalies in discrete neutral phases 

Past studies (Gray 1984 a, Gray et al. 1993) have shown the clear correlation 

between wind shear and Atlantic tropical cyclone activity – both in storm frequency and 

peak intensity.  During Tending El Niño (TEN) seasons it was shown in Chapter 4 that 

there is a notable decrease in overall tropical cyclone activity, especially in the MDR and 

in intense hurricanes.  Figure 49 shows the mean deep layer shear anomalies for those 

seasons, with the large above normal shear values (up to 4.0 m s
-1

) directly over the 

MDR. 

Figure 49.  TEN shear anomalies. 
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 During Strongly Neutral (NEU) seasons (Figure 50), lower than normal shear 

conditions are present over the Caribbean Sea.  Overall, however, no large regions of 

significantly above or below normal shear are present over the MDR, which is consistent 

with the findings of hurricane activity near the climatological norm during these seasons. 

Figure 50.  NEU shear anomalies. 

 Tending La Niña (TLN) seasons were noted for their large increase in hurricane 

activity, especially in intense hurricanes and MDR formation rates.  This is supported by 

below normal shear anomalies over the MDR on the order of -2.0 m s
-1

 (Figure 51).  In 

addition, the lack of any above normal shear regions through other favored hurricane 

formation zones such as the Caribbean Sea, the Gulf of Mexico, and the waters off the 

southeast coast of the United States speak to conditions not unfavorable for tropical 

cyclogenesis. 
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Figure 51.  TLN shear anomalies. 

3.  600 hPa relative humidity anomalies in discrete neutral phases 

Physical support for the reduced activity during TEN seasons is also found in the 

relative humidity anomalies, with values up to 5% below normal found in the MDR and 

up to 4% below normal off the southeast US coast and in the Gulf of Mexico (Figure 52). 

Figure 52.  TEN 600 hPa relative humidity anomalies 
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 Conditions during NEU seasons again are near normal, with scattered regions of 

minimal anomaly departures and no significant or widespread regions of above or below 

normal 600 hPa relative humidity (Figure 53). 

Figure 53.  NEU 600 hPa relative humidity anomalies 

 However, unlike in La Niña years when there is a notable increase (positive 

anomalies) in midlevel moisture over the MDR, the signal is near normal in the TLN 

seasons (Figure 54) much like in the strongly neutral phase.  While hurricane activity is 

increased during the TLN events, the relative humidity signal does not appear to be a 

factor in that trend. 
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Figure 54.  TLN 600 hPa relative humidity anomalies 

4.  Sea level pressure anomalies in discrete neutral phases 

.During El Niño seasons, surface pressure is higher than usual across the Atlantic 

basin, and that result is mirrored in the TEN seasons (Figure 55).  It is known that higher 

SLP anomalies inhibit tropical cyclone activity and development in the open Atlantic 

(Knaff 1997; Inoue et al. 2002; Gray 1984b; Shapiro 1982).  Of particular interest, 

however, is the large positive anomaly over Africa.  Given the link between SLP 

anomalies and tropical cyclones, it may be possible that positive SLP anomalies in this 

region would act negatively on African easterly waves.  This would correspond well with 

the finding of a much reduced rate of MDR development and overall fewer and weaker 

tropical cyclones during these years, but this is an area in need of future study for 

confirmation. 
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Figure 55.  TEN SLP anomalies 

 Sea level pressure anomalies across the MDR and most of the tropical Atlantic are 

near normal during the NEU seasons (Figure 56), and again the key feature is found over 

the African continent, this time in the form of below normal SLP conditions.  Much like 

the increased SLP matching with the reduced MDR activity during TEN seasons, the 

decreased SLP here aligns well with the prior findings of increased MDR activity during 

strongly neutral seasons, perhaps indicating conditions which could better support 

easterly wave activity. 

Figure 56.  NEU SLP anomalies. 
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 The TLN plot (Figure 57) also shows below normal pressures over Africa, which 

matches the increased MDR activity during those years.  Slightly above normal 

conditions are present across the rest of the Atlantic, which is notably different from the 

widespread below normal conditions during La Niña years.  Atlantic hurricane activity, 

while elevated above normal during TLN years, is at its highest during full La Niña 

events – and this difference in sea level pressure, along with the previously documented 

lack of positive relative humidity anomalies, could be physical mechanisms limiting the 

TLN years from being even more active. 

Figure 57.  TLN SLP anomalies 

5.  200 hPa height anomalies in discrete neutral phases 

The 200 hPa height anomaly is useful to determine anomalies in the steering 

pattern for tropical cyclones over a given season.  During the TEN seasons (Figure 58), a 

large region of negative anomalies is set up on the east coast of the United States.  

Increased troughing in that region corresponds directly with the dominant storm track 

involving recurvature of tropical cyclones out to sea and away from the shoreline, which 

is exactly the result found, with reduced U. S. landfall totals during TEN years.  In 

addition, an east coast trough would induce a more highly sheared environment, also 
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consistent with the decreased strength of those cyclones that did make landfall during 

those years. 

Figure 58.  TEN 200 hPa height anomalies. 

 Strongly neutral seasons again see features of lesser amplitude, with weakly 

positive ridging present over the north central Atlantic (Figure 59) but no strong trough or 

ridge features near the United States coastline to favor any particular storm track. 
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Figure 59.  NEU 200 hPa height anomalies. 

 Tending La Niña seasons see very strong ridging off the eastern coast of North 

America (Figure 60), which is a very significant feature in explaining the increased 

landfall activity during those seasons.  Instead of being moved out to see by a kicker 

trough as in the TEN years, the presence of an anomalously large and strong ridge feature 

over the eastern seaboard allows tropical cyclones to travel underneath it, in effect 

funneling them toward land instead of away from it.  Under that upper ridge, a region of 

decreased shear would also exist, making it favorable for the propagation of intense 

hurricanes. 
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Figure 60.  TLN height anomalies. 

 It is clear that each of the three ENSO neutral phases is associated with distinct 

atmospheric responses across the tropical Atlantic.  Tending El Niño seasons show a 

large increase in deep layer shear, decreased mid level moisture in the form of negative 

relative humidity anomalies, increased SLP anomalies and troughing along the east coast 

of the United States.  A weaker signal is seen during Strongly Neutral seasons, with 

conditions largely near the climatological norm across the Atlantic basin in most 

categories, excepting the SLP anomalies over African and shear anomalies in the 

Caribbean.  Tending La Niña seasons show a large decrease in deep layer shear, negative 

SLP anomalies over Africa and ridging off the east coast of the United States with near 

normal relative humidity anomalies. 
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CHAPTER 6 

1.  Determination of ENSO phases 

 Chapter 3 developed and tested a seasonally based index for use in diagnosing the 

main phases of the El Niño – Southern Oscillation (ENSO) impacting the Atlantic basin 

during the hurricane season.  By using a seasonally windowed approach, three distinct 

phases of ENSO neutral conditions were able to be identified by looking at the mean 

change in sea surface temperature (SST) anomalies over the course of the hurricane 

season. 

a.  Seasonally weighted index 

 The official definition of ENSO (CPC 2008) does not suit itself to direct 

application to Atlantic hurricane research due to the variable nature of the oscillation.  

Instead a seasonally weighted index was constructed to place maximum value on the 

peak of the hurricane season while still utilizing the three month running mean Niño 

region 3.4 SST anomalies.  To ensure the validity of this approach, hurricane activity 

metrics were calculated and mean atmospheric profiles for four features known to be 

associated with El Niño and La Niña were created for the resultant El Niño and La Niña 

years from the seasonally weighted index and compared to the expected results from past 

research.  The index successfully replicated the expected El Niño and La Niña signals, 

and was thus declared valid for use. 

b.  Neutral phase determination 

The large ENSO Neutral phase was split into three components by calculating the 

mean change in SST over the course of the Atlantic hurricane season (OND – MJJ) for 
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the Niño regions 3, 4 and 3.4.  As was shown in Chapter 3, despite these seasons all being 

neutral in the seasonally windowed index, they each contain a different SST change 

signal.  Tending El Niño (TEN) seasons exhibited small scale warming during the season, 

Strongly Neutral (NEU) seasons exhibited little to no change at all in SST anomaly 

during the season, and Tending La Niña (TLN) seasons exhibited small scale cooling 

during the season. 

2.  HURDAT analysis 

 Chapter 4 utilized the Atlantic best track dataset (HURDAT) in order to 

physically quantify the hurricane activity during each of the three ENSO neutral phases.  

While multiple steps to account for data quality issues and consistency between time 

periods had to be taken, the end result showed a distinct pattern of activity through nearly 

every index examined. 

a.  Hurricane activity metrics 

 Statistics on storm counts and duration for multiple intensities were calculated for 

each hurricane season, as were two net seasonal activity indices.  By then applying the set 

of years determined in Chapter 3 to this dataset, mean hurricane activity metric values 

were determined for each phase.  These means showed decreased tropical cyclone 

activity during Tending El Niño seasons, near normal tropical cyclone activity during 

Strongly Neutral seasons and increased tropical cyclone activity during Tending La Niña 

seasons across all calculated metrics. 
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b.  Genesis point analysis 

 Investigation of the locations where systems first reached tropical storm intensity 

illustrated the different spatial distributions of tropical cyclogenesis in each phase.  The 

critical trend seen during Tending El Niño years was a large decrease in tropical cyclone 

formations in the main development region (MDR), which was very active during both 

Strongly Neutral and Tending La Niña events.  Further classification of these genesis 

points by peak intensity illustrated the differences in the ranges where intense hurricanes 

formed in each phase.  These ranged from a fairly confined space during Tending El Niño 

seasons east to the African coast for Strongly Neutral seasons and from there as far west 

as the Gulf of Mexico during Tending La Niña events. 

c.  Landfall analysis 

 Despite significant sample size issues and inconsistencies in the dataset, two 

important trends were indentified in intense hurricane landfalls during the three ENSO 

neutral phases.  Along the United States coastline there is a large decrease in the rate of 

landfalling intense hurricanes during a Tending El Niño year, near normal rates during a 

Strongly Neutral year and a large increase in the rate of  landfalling intense hurricanes 

during a Tending La Niña year.  In addition, on the U. S. Gulf of Mexico coastline there 

are decreased rates of intense hurricane landfalls during Tending El Niño and Strongly 

Neutral years, but a large increase in landfall rates during Tending La Niña seasons. 

d.  Bootstrap confidence intervals 

 Non parametric bootstrap analysis was employed to resample the dataset and 

determine 95% confidence intervals for the values of the previous three sets of variables 

during the ENSO neutral phases.  The resultant intervals consistently displayed the 
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pattern of the Tending El Niño seasonal activity being the lowest of the three in range, 

maximum, and minimum values.  Strongly Neutral confidence interval maxima and 

minima were higher than the TEN values, with a slightly larger range as well.  Tending 

La Niña values were even higher with an even larger range, with the TLN 95% 

confidence interval minimum often exceeding the maximum of the TEN phase.  Overall, 

these results further exemplified the difference between the below normal activity in the 

Tending El Niño phase, the near normal activity in the Strongly Neutral phase and the 

above normal activity in the Tending La Niña phase. 

3.  Atmospheric parameters 

 To confirm that the ENSO neutral phases are influencing Atlantic tropical cyclone 

activity, four atmospheric parameters known to be associated with the El Niño – Southern 

Oscillation and Atlantic tropical cyclone activity were calculated for each neutral phase 

in Chapter 5. 

a.  Deep layer shear 

 Mean zonal deep layer (200 – 850 hPa) shear fields were created for each phase 

across the tropical Atlantic for the July – August – September – October (JASO) period.  

Tending El Niño seasons exhibited above normal shear values across the MDR, while 

Strongly Neutral seasons had minimal shear anomalies and Tending La Niña seasons 

exhibited below normal shear values across the MDR.  Increased shear in the MDR is 

known to decrease storm formation rates and peak intensity, as was seen in the TEN 

seasons.  Conversely, decreased shear in the MDR is known to allow for high storm 

formation rates and strong peak intensities, as was seen in the TLN seasons. 
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b.  Relative humidity anomalies 

 Mid level moisture, measured with 600 hPa relative humidity (RH), is also known 

to be an ENSO influenced factor in tropical cyclone development.  During Tending El 

Niño seasons a large region of negative RH anomalies was present in the MDR and off 

the southeast coast of the United States.  Both of those regions were found to have below 

normal tropical cyclone genesis rates during TEN seasons.  No significant positive or 

negative anomaly regions were found during Strongly Neutral or Tending La Niña 

seasons. 

c.  Sea level pressure anomalies 

 Above normal sea level pressure (SLP) anomalies were found across the entire 

Atlantic basin and over Africa during Tending El Niño seasons, again corresponding to 

the prior findings of reduced tropical cyclone activity.  Strongly Neutral seasons found 

largely normal SLP anomalies across the MDR and below normal anomalies over Africa, 

and Tending La Niña seasons also exhibited below normal anomalies over Africa.  The 

implications of large scale sea level pressure anomalies on African easterly waves is not 

known, but negative anomalies are known to be conducive to tropical cyclone activity 

over the open ocean. 

d.  Upper level height anomalies 

 Steering patterns were determined using 200 hPa height anomalies, and again 

successfully produced a signal that corresponded well to the observed landfall rates.  

During Tending El Niño years, anomalous troughing was present on the east coast of the 

United States, serving to deflect the storm track out to sea and directly relating to the 

decreased landfall rate.  During Strongly Neutral seasons the anomaly patterns were 
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largely moderate and not concentrated near the United States coastline.  However, during 

Tending La Niña years, strong anomalous ridging was present off the east coast of North 

America, which would allow tropical cyclones to travel under it and make more frequent 

landfalls.  Not coincidentally, more frequent landfalls were the finding in during those 

years.  In addition, the base of the ridge typically is a low shear location, allowing storms 

passing through to better maintain their intensity, which could play a role in the increased 

intense hurricane landfall rate during those seasons. 

4.  Future work 

 While this approach was created for the Atlantic basin there is no reason to 

believe that the work could not be replicated for other tropical cyclone affected regions.  

It would be necessary to change the months used in the calculations of the phases to fit 

the hurricane season of the target area, but from there on a similar approach could be 

used.  In addition to application of this methodology to other basins (where reliable best 

track data exists), incorporation of the future versions of the HURDAT reanalysis dataset 

into this analysis would be of value.  In particular, once resolution of the landfall 

intensity conflicts has been made stronger assertations on landfall frequency in smaller 

sample size regions could be made. 

Expansion to include a comprehensive study of the characteristics of African 

easterly waves during each of the ENSO neutral phases would seem a logical next step.  

Investigation of the African SLP anomalies and other characteristics associated with the 

wave activity could shed further light on the differences in MDR tropical cyclone 

formation rates between the phases. 
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5.  Conclusions 

 It is possible to create a valid ENSO index that is tailored for use in the oceanic 

basin being studied.  This approach may be much more appropriate than fitting work to a 

generic definition of ENSO that may or may not coincide with the timeline that one 

wishes to examine.  In addition, through analysis of small anomaly changes over the 

course of a season a large scale signal (especially in the TEN and TLN years) was found 

that had not previously been accounted for. 

 When looking at the three ENSO neutral seasons through a multitude of hurricane 

activity metrics, nearly all consistently show a large decrease in tropical cyclone activity 

during Tending El Niño seasons and a large increase in activity during Tending La Niña 

seasons.  The magnitude of the difference in activity between these two phases is 

comparable to that known to exist when comparing El Niño and La Niña seasons.  In 

addition, the four atmospheric parameters investigated confirmed that ENSO related 

signals were present in the Atlantic basin and that they accounted to some degree for the 

previously identified changes in Atlantic tropical cyclone activity between the three 

ENSO neutral phases. 

Given these results, it can be reasonably stated that this study has shown that 

distinct phases of ENSO neutral seasons exist.  In addition, it can be stated that they have 

a real, significant, and quantifiable impact on Atlantic tropical cyclone activity, just as El 

Niño and La Niña do, and as such are deserving of future research. 



78 
 

APPENDIX A 

List of Abbreviations 

ACE  Accumulated cyclone energy 

AMO  Atlantic Multidecadal Oscillation 

ASO  August – September – October three month mean 

CAR  Caribbean Sea 

CPC  Climate Prediction Center 

EATL  Eastern Atlantic 

ENSO  El Niño – Southern Oscillation 

ERSST Extended reconstruction of global sea surface temperatures 

ESRL  Earth Systems Research Laboratory 

GOM  Gulf of Mexico 

H  Hurricanes 

HD  Hurricane days 

HURDAT North Atlantic Hurricane Database 

IH  Intense hurricanes 

IHD  Intense hurricane days 

IID  Independently and identically distributed 

JAS  July – August – September three month mean 

JASO  July – August – September – October four month mean 
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JJA  June – July – August three month mean 

JMA  Japanese Meteorological Agency 

LOO  Leave one out 

MDR  Main development region 

MJJ  May – June – July three month mean 

NCAR  National Center for Atmospheric Research 

NCEP  National Center for Environmental Prediction 

NEU  Strongly Neutral 

NOAA  National Oceanic and Atmospheric Administration 

NS  Named storms 

NSD  Named storm days 

NTC  Net tropical cyclone activity 

OND  October – November – December three month mean 

ONI  Oceanic Niño Index 

PSD  Physical Sciences Division 

SLP  Sea level pressure 

SON  September – October – November three month mean 

SST  Sea surface temperature 

TEN  Tending El Niño 

TLN  Tending La Niña 
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WATL  Western Atlantic 
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APPENDIX B 

Niño Region SST Data 

a.  Niño region 3.4 three month mean SST anomaly data 

Year MJJ JJA JAS ASO SON OND 

1900 0.57 0.27 -0.03 -0.18 -0.16 -0.06 

1901 -0.50 -0.54 -0.53 -0.47 -0.36 -0.25 

1902 0.84 1.14 1.28 1.29 1.37 1.47 

1903 -0.29 -0.55 -0.83 -1.10 -1.28 -1.39 

1904 -0.26 -0.04 0.08 0.19 0.34 0.52 

1905 1.24 1.37 1.49 1.37 1.19 0.98 

1906 -0.67 -0.76 -0.86 -0.89 -0.91 -0.87 

1907 -0.23 -0.04 0.00 0.00 -0.20 -0.29 

1908 -0.99 -0.96 -0.93 -1.03 -1.12 -1.29 

1909 -1.03 -1.08 -1.37 -1.58 -1.77 -1.75 

1910 -1.27 -1.29 -1.42 -1.48 -1.53 -1.52 

1911 -0.31 -0.01 0.14 0.39 0.63 0.92 

1912 -0.22 -0.41 -0.60 -0.80 -1.07 -1.14 

1913 -0.29 -0.31 -0.37 -0.47 -0.37 0.00 

1914 -0.04 0.15 0.44 0.76 0.95 1.06 

1915 0.53 0.19 -0.35 -0.70 -1.01 -1.24 

1916 -1.01 -1.18 -1.25 -1.51 -1.99 -2.32 

1917 -1.61 -1.88 -1.93 -2.04 -2.05 -2.01 
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1918 -0.05 0.20 0.29 0.48 0.94 1.11 

1919 -0.25 -0.41 -0.31 -0.26 0.12 0.41 

1920 0.06 0.24 0.01 -0.24 -0.68 -0.82 

1921 -0.83 -0.33 0.05 0.34 0.15 -0.08 

1922 -0.87 -1.21 -1.37 -1.45 -1.41 -1.39 

1923 -0.07 0.02 0.08 0.26 0.36 0.43 

1924 -0.93 -1.13 -1.27 -1.36 -1.57 -1.70 

1925 -0.25 -0.01 0.16 0.37 0.67 1.00 

1926 0.20 -0.04 -0.28 -0.67 -0.95 -1.00 

1927 -0.53 -0.42 -0.31 -0.09 0.00 0.01 

1928 -0.33 -0.31 -0.25 -0.34 -0.41 -0.45 

1929 -0.36 -0.27 -0.17 -0.10 -0.05 0.02 

1930 0.37 0.55 0.68 0.89 1.06 1.19 

1931 0.20 0.05 -0.26 -0.63 -0.88 -0.91 

1932 0.00 -0.09 -0.30 -0.38 -0.46 -0.54 

1933 -1.12 -1.32 -1.50 -1.62 -1.76 -1.82 

1934 -0.30 -0.23 -0.33 -0.40 -0.44 -0.41 

1935 -0.43 -0.25 -0.09 -0.03 -0.10 -0.23 

1936 -0.36 -0.45 -0.45 -0.47 -0.52 -0.66 

1937 -0.33 -0.21 -0.15 -0.03 -0.04 -0.16 

1938 -1.35 -1.47 -1.48 -1.40 -1.30 -1.30 

1939 -0.19 -0.11 -0.17 -0.17 -0.24 -0.03 

1940 0.36 0.46 0.52 0.45 0.62 0.91 
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1941 0.53 0.46 0.40 0.45 0.63 0.87 

1942 -0.50 -1.02 -1.52 -1.73 -1.82 -1.76 

1943 -0.08 0.04 -0.17 -0.48 -0.68 -0.71 

1944 0.00 0.01 -0.15 -0.53 -0.88 -1.01 

1945 -0.67 -0.57 -0.54 -0.52 -0.56 -0.52 

1946 -0.60 -0.98 -1.20 -1.19 -0.76 -0.27 

1947 -0.20 -0.32 -0.53 -0.82 -1.00 -1.04 

1948 -0.62 -0.94 -1.09 -1.44 -1.58 -1.30 

1949 -0.77 -0.71 -0.63 -0.69 -1.00 -1.40 

1950 -1.15 -0.90 -0.83 -0.79 -0.83 -0.89 

1951 0.09 0.29 0.50 0.55 0.69 0.71 

1952 -0.21 -0.32 -0.28 -0.16 -0.17 -0.17 

1953 0.40 0.36 0.33 0.36 0.32 0.26 

1954 -0.77 -0.85 -1.09 -1.19 -1.13 -1.05 

1955 -0.98 -0.96 -1.01 -1.43 -1.81 -2.04 

1956 -0.55 -0.65 -0.80 -0.84 -0.89 -0.85 

1957 0.83 0.90 0.91 0.86 0.92 1.18 

1958 0.46 0.38 0.14 0.00 0.00 0.14 

1959 -0.21 -0.36 -0.51 -0.37 -0.34 -0.21 

1960 -0.09 -0.04 0.00 -0.06 -0.19 -0.22 

1961 0.14 0.02 -0.33 -0.59 -0.63 -0.52 

1962 -0.31 -0.21 -0.31 -0.44 -0.61 -0.68 

1963 0.31 0.63 0.83 0.85 0.88 1.00 
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1964 -0.72 -0.74 -0.86 -1.02 -1.11 -1.11 

1965 0.65 1.01 1.25 1.47 1.56 1.62 

1966 0.14 0.14 -0.01 -0.17 -0.24 -0.31 

1967 0.00 0.01 -0.22 -0.39 -0.49 -0.45 

1968 0.00 0.33 0.30 0.26 0.40 0.66 

1969 0.45 0.37 0.38 0.60 0.69 0.75 

1970 -0.35 -0.61 -0.74 -0.76 -0.75 -0.85 

1971 -0.77 -0.78 -0.80 -0.84 -0.90 -0.97 

1972 0.82 1.11 1.33 1.56 1.79 2.06 

1973 -0.77 -1.03 -1.26 -1.42 -1.68 -1.87 

1974 -0.72 -0.52 -0.44 -0.49 -0.70 -0.83 

1975 -1.09 -1.25 -1.35 -1.52 -1.60 -1.70 

1976 -0.19 0.09 0.29 0.54 0.73 0.80 

1977 0.36 0.36 0.38 0.51 0.68 0.80 

1978 -0.31 -0.33 -0.45 -0.45 -0.33 -0.14 

1979 0.00 0.05 0.18 0.33 0.44 0.50 

1980 0.33 0.23 0.02 -0.07 -0.03 0.04 

1981 -0.31 -0.34 -0.31 -0.17 -0.11 -0.11 

1982 0.70 0.78 1.02 1.50 1.89 2.17 

1983 0.67 0.25 -0.14 -0.45 -0.74 -0.86 

1984 -0.44 -0.31 -0.17 -0.24 -0.57 -0.91 

1985 -0.62 -0.56 -0.55 -0.58 -0.45 -0.36 

1986 0.00 0.23 0.43 0.62 0.84 1.04 
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1987 1.22 1.49 1.65 1.57 1.46 1.23 

1988 -1.31 -1.40 -1.17 -1.33 -1.59 -1.97 

1989 -0.42 -0.40 -0.37 -0.38 -0.31 -0.19 

1990 0.23 0.26 0.30 0.31 0.25 0.32 

1991 0.82 1.00 0.88 0.84 0.92 1.33 

1992 0.86 0.47 0.15 -0.11 -0.10 0.04 

1993 0.64 0.35 0.32 0.26 0.33 0.27 

1994 0.43 0.53 0.49 0.69 0.89 1.25 

1995 0.09 -0.05 -0.25 -0.53 -0.65 -0.77 

1996 -0.18 -0.11 -0.16 -0.16 -0.19 -0.26 

1997 1.30 1.64 1.93 2.19 2.40 2.50 

1998 -0.09 -0.70 -0.95 -1.14 -1.19 -1.36 

1999 -0.82 -0.90 -0.96 -1.04 -1.19 -1.43 

2000 -0.59 -0.40 -0.40 -0.40 -0.52 -0.65 

2001 0.06 0.12 0.01 0.00 -0.08 -0.12 

2002 0.78 0.86 0.87 1.05 1.31 1.47 

2003 -0.03 0.29 0.36 0.49 0.49 0.55 

2004 0.39 0.64 0.78 0.83 0.80 0.81 

2005 0.51 0.47 0.28 0.14 -0.14 -0.45 

2006 0.26 0.37 0.46 0.70 0.90 1.17 
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b.  Niño region 3 three month mean SST anomaly data 

Year MJJ JJA JAS ASO SON OND 

1900 0.58 0.34 0.04 -0.11 -0.16 -0.11 

1901 -0.63 -0.69 -0.65 -0.52 -0.34 -0.19 

1902 0.97 1.16 1.27 1.33 1.41 1.49 

1903 -0.87 -0.98 -1.09 -1.26 -1.43 -1.52 

1904 -0.03 0.26 0.36 0.40 0.43 0.54 

1905 1.25 1.24 1.28 1.20 1.02 0.85 

1906 -1.19 -1.17 -1.17 -1.17 -1.21 -1.17 

1907 -0.43 -0.24 -0.20 -0.26 -0.40 -0.45 

1908 -1.07 -1.02 -1.03 -1.13 -1.23 -1.31 

1909 -1.04 -1.07 -1.32 -1.60 -1.86 -1.90 

1910 -1.18 -1.09 -1.16 -1.19 -1.26 -1.27 

1911 -0.07 0.28 0.39 0.64 0.83 1.06 

1912 -0.35 -0.45 -0.53 -0.62 -0.83 -0.92 

1913 -0.34 -0.14 -0.08 -0.16 -0.14 0.11 

1914 0.01 0.22 0.48 0.74 0.89 1.00 

1915 0.56 0.31 -0.16 -0.54 -0.92 -1.21 

1916 -1.28 -1.64 -1.70 -1.84 -2.08 -2.26 

1917 -0.84 -0.97 -1.27 -1.63 -1.99 -2.05 

1918 0.46 0.84 0.97 1.09 1.38 1.45 

1919 -0.34 -0.55 -0.42 -0.35 0.01 0.34 
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1920 -0.06 0.03 -0.23 -0.48 -0.92 -1.00 

1921 -0.72 -0.18 0.09 0.47 0.44 0.21 

1922 -1.09 -1.36 -1.59 -1.71 -1.68 -1.53 

1923 0.17 0.27 0.25 0.26 0.28 0.29 

1924 -1.24 -1.50 -1.48 -1.40 -1.40 -1.49 

1925 -0.15 0.15 0.34 0.41 0.56 0.83 

1926 -0.11 -0.40 -0.66 -1.00 -1.23 -1.14 

1927 -0.47 -0.38 -0.27 -0.07 0.07 0.02 

1928 -0.46 -0.51 -0.42 -0.52 -0.61 -0.66 

1929 -0.24 -0.15 -0.11 -0.09 -0.11 -0.12 

1930 0.54 0.79 0.95 1.05 1.20 1.30 

1931 -0.10 -0.22 -0.41 -0.69 -0.97 -1.02 

1932 0.27 0.12 -0.02 -0.11 -0.24 -0.45 

1933 -0.82 -0.93 -1.05 -1.26 -1.52 -1.59 

1934 -0.12 0.07 0.01 -0.12 -0.37 -0.54 

1935 -0.13 0.05 0.16 0.14 0.11 0.00 

1936 -0.53 -0.50 -0.35 -0.31 -0.42 -0.64 

1937 -0.08 0.09 0.14 0.18 0.01 -0.15 

1938 -1.02 -1.01 -0.95 -0.83 -0.81 -0.89 

1939 0.37 0.61 0.74 0.96 0.90 0.90 

1940 0.35 0.34 0.39 0.55 0.75 0.95 

1941 0.63 0.39 0.24 0.27 0.45 0.77 

1942 -0.97 -1.48 -1.90 -1.99 -2.06 -1.93 
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1943 0.21 0.21 -0.19 -0.60 -0.82 -0.83 

1944 -0.17 -0.05 -0.08 -0.40 -0.77 -0.89 

1945 -0.35 -0.34 -0.33 -0.33 -0.33 -0.28 

1946 -0.82 -1.18 -1.30 -1.19 -0.82 -0.42 

1947 -0.44 -0.61 -0.83 -1.02 -1.11 -1.01 

1948 -0.74 -1.00 -1.13 -1.42 -1.53 -1.26 

1949 -0.98 -0.98 -1.01 -1.16 -1.52 -1.80 

1950 -0.96 -0.63 -0.55 -0.52 -0.73 -0.81 

1951 0.35 0.56 0.67 0.65 0.81 0.89 

1952 -0.65 -0.66 -0.58 -0.44 -0.52 -0.49 

1953 0.28 0.27 0.21 0.22 0.20 0.21 

1954 -1.29 -1.20 -1.27 -1.33 -1.33 -1.31 

1955 -1.33 -1.21 -1.30 -1.72 -2.08 -2.20 

1956 -0.57 -0.68 -0.85 -0.89 -1.01 -1.02 

1957 1.00 1.12 1.06 0.85 0.85 1.09 

1958 0.18 0.16 -0.08 -0.26 -0.27 -0.16 

1959 -0.38 -0.50 -0.55 -0.40 -0.32 -0.25 

1960 -0.31 -0.22 -0.15 -0.27 -0.48 -0.58 

1961 -0.20 -0.45 -0.86 -1.01 -0.98 -0.74 

1962 -0.57 -0.42 -0.46 -0.56 -0.76 -0.88 

1963 0.35 0.61 0.69 0.66 0.65 0.76 

1964 -1.16 -1.07 -0.99 -1.07 -0.98 -1.10 

1965 0.81 1.04 1.15 1.23 1.29 1.37 
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1966 -0.43 -0.31 -0.46 -0.55 -0.67 -0.72 

1967 -0.24 -0.36 -0.75 -1.02 -1.12 -1.07 

1968 -0.22 0.16 0.21 0.18 0.20 0.41 

1969 0.57 0.43 0.40 0.59 0.68 0.78 

1970 -1.02 -1.22 -1.19 -1.06 -1.05 -1.10 

1971 -0.89 -0.96 -0.99 -1.07 -1.10 -1.18 

1972 1.05 1.50 1.69 1.80 1.88 2.17 

1973 -1.07 -1.16 -1.29 -1.33 -1.47 -1.58 

1974 -0.40 -0.25 -0.29 -0.46 -0.74 -0.87 

1975 -0.98 -0.99 -1.04 -1.22 -1.38 -1.54 

1976 0.34 0.67 0.77 0.91 0.94 0.91 

1977 0.08 0.03 0.00 0.11 0.28 0.40 

1978 -0.71 -0.60 -0.59 -0.51 -0.33 -0.05 

1979 0.13 0.18 0.34 0.54 0.58 0.55 

1980 0.18 0.10 -0.04 -0.15 -0.10 -0.03 

1981 -0.31 -0.37 -0.36 -0.23 -0.13 -0.06 

1982 0.73 0.93 1.27 1.81 2.29 2.67 

1983 1.60 1.23 0.69 0.23 -0.28 -0.55 

1984 -0.76 -0.60 -0.35 -0.36 -0.58 -0.86 

1985 -0.90 -0.92 -0.96 -0.91 -0.81 -0.72 

1986 -0.17 0.05 0.25 0.35 0.57 0.80 

1987 1.30 1.39 1.57 1.44 1.32 1.10 

1988 -1.79 -1.81 -1.42 -1.33 -1.43 -1.70 
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1989 -0.29 -0.30 -0.40 -0.46 -0.45 -0.46 

1990 0.16 0.13 0.14 0.10 0.00 -0.04 

1991 0.85 0.95 0.71 0.52 0.62 0.92 

1992 0.77 0.30 -0.02 -0.18 -0.19 -0.13 

1993 0.75 0.37 0.25 0.20 0.19 0.15 

1994 -0.06 -0.07 -0.14 0.20 0.57 0.95 

1995 -0.27 -0.31 -0.50 -0.81 -0.84 -0.85 

1996 -0.49 -0.38 -0.41 -0.42 -0.49 -0.65 

1997 1.69 2.24 2.61 2.88 3.10 3.24 

1998 0.51 -0.09 -0.42 -0.67 -0.76 -0.87 

1999 -0.60 -0.66 -0.82 -1.06 -1.30 -1.48 

2000 -0.48 -0.46 -0.41 -0.33 -0.49 -0.57 

2001 0.00 -0.03 -0.29 -0.34 -0.51 -0.44 

2002 0.60 0.62 0.57 0.72 1.02 1.25 

2003 -0.26 0.22 0.31 0.44 0.43 0.68 

2004 0.00 0.24 0.34 0.47 0.60 0.71 

2005 0.45 0.42 0.21 0.02 -0.50 -0.96 

2006 0.26 0.35 0.55 0.86 1.05 1.26 
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c.  Niño region 4 three month mean SST anomaly data 

Year MJJ JJA JAS ASO SON OND 

1900 0.14 0.00 -0.13 -0.16 -0.14 -0.13 

1901 -0.38 -0.38 -0.40 -0.35 -0.30 -0.23 

1902 0.39 0.47 0.48 0.45 0.41 0.43 

1903 -0.08 -0.28 -0.49 -0.68 -0.85 -1.05 

1904 -0.53 -0.39 -0.25 -0.09 0.13 0.30 

1905 0.42 0.45 0.49 0.45 0.44 0.37 

1906 -0.29 -0.30 -0.37 -0.41 -0.43 -0.46 

1907 -0.34 -0.15 0.01 0.16 0.14 0.12 

1908 -0.95 -1.04 -1.14 -1.17 -1.24 -1.21 

1909 -0.88 -0.92 -0.99 -0.97 -0.88 -0.93 

1910 -1.06 -1.04 -1.12 -1.26 -1.40 -1.44 

1911 -0.80 -0.65 -0.50 -0.33 -0.17 -0.02 

1912 -0.22 -0.25 -0.41 -0.50 -0.51 -0.46 

1913 -0.53 -0.44 -0.36 -0.28 -0.07 0.25 

1914 -0.17 -0.18 0.02 0.23 0.38 0.45 

1915 0.22 -0.08 -0.43 -0.62 -0.78 -0.87 

1916 -0.37 -0.43 -0.64 -0.90 -1.32 -1.62 

1917 -1.97 -2.22 -2.02 -1.77 -1.22 -1.14 

1918 -0.34 -0.23 -0.13 -0.05 0.18 0.26 

1919 0.20 0.20 0.12 0.06 0.07 -0.04 
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1920 -0.02 0.10 0.12 0.07 -0.09 -0.34 

1921 -0.90 -0.74 -0.58 -0.46 -0.48 -0.42 

1922 -0.43 -0.65 -0.73 -0.86 -0.86 -0.75 

1923 -0.38 -0.33 -0.24 -0.07 0.01 0.15 

1924 -0.68 -0.72 -0.88 -0.99 -1.17 -1.23 

1925 -0.59 -0.35 -0.08 0.14 0.34 0.47 

1926 0.09 -0.07 -0.19 -0.39 -0.54 -0.67 

1927 -0.49 -0.41 -0.39 -0.38 -0.34 -0.18 

1928 -0.30 -0.32 -0.34 -0.41 -0.37 -0.28 

1929 -0.39 -0.37 -0.34 -0.22 -0.17 -0.06 

1930 -0.17 -0.08 0.12 0.35 0.46 0.52 

1931 0.04 -0.02 -0.15 -0.35 -0.41 -0.43 

1932 -0.25 -0.35 -0.52 -0.59 -0.62 -0.58 

1933 -0.82 -1.01 -1.22 -1.34 -1.36 -1.37 

1934 -0.46 -0.44 -0.51 -0.56 -0.49 -0.32 

1935 -0.67 -0.52 -0.31 -0.15 -0.14 -0.17 

1936 -0.22 -0.29 -0.29 -0.28 -0.28 -0.37 

1937 -0.54 -0.44 -0.41 -0.35 -0.32 -0.39 

1938 -0.99 -1.29 -1.46 -1.29 -1.16 -1.11 

1939 -0.58 -0.39 -0.33 -0.33 -0.49 -0.36 

1940 0.21 0.46 0.55 0.34 0.33 0.45 

1941 0.55 0.61 0.60 0.71 0.81 0.91 

1942 0.25 -0.05 -0.45 -0.70 -0.84 -0.90 
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1943 -0.35 -0.14 -0.14 -0.28 -0.42 -0.45 

1944 0.15 0.17 0.10 -0.07 -0.17 -0.20 

1945 -0.57 -0.47 -0.35 -0.34 -0.27 -0.28 

1946 0.00 -0.20 -0.31 -0.38 -0.10 0.22 

1947 0.08 0.10 0.01 -0.23 -0.43 -0.59 

1948 -0.10 -0.31 -0.49 -0.69 -0.84 -0.54 

1949 -0.52 -0.47 -0.41 -0.60 -0.85 -1.10 

1950 -0.91 -0.82 -0.88 -0.98 -1.03 -1.04 

1951 0.12 0.06 0.04 0.03 0.11 0.21 

1952 -0.18 -0.34 -0.30 -0.23 -0.11 -0.14 

1953 0.33 0.37 0.25 0.27 0.29 0.36 

1954 -0.55 -0.62 -0.74 -0.80 -0.83 -0.79 

1955 -0.63 -0.59 -0.65 -0.86 -1.20 -1.32 

1956 -0.50 -0.56 -0.69 -0.73 -0.64 -0.44 

1957 0.19 0.21 0.31 0.47 0.54 0.67 

1958 0.39 0.24 0.10 0.09 0.19 0.30 

1959 -0.12 -0.25 -0.29 -0.27 -0.31 -0.30 

1960 -0.22 -0.27 -0.24 -0.21 -0.15 -0.07 

1961 -0.22 -0.21 -0.27 -0.35 -0.31 -0.27 

1962 -0.36 -0.30 -0.32 -0.34 -0.34 -0.33 

1963 -0.05 0.21 0.47 0.56 0.57 0.55 

1964 -0.51 -0.64 -0.81 -0.95 -1.06 -1.05 

1965 0.30 0.52 0.62 0.71 0.73 0.74 
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1966 0.35 0.32 0.24 0.14 0.09 0.00 

1967 0.05 -0.01 -0.11 -0.16 -0.16 -0.07 

1968 -0.06 0.13 0.09 0.18 0.34 0.59 

1969 0.35 0.35 0.41 0.55 0.67 0.69 

1970 0.11 -0.10 -0.33 -0.53 -0.58 -0.69 

1971 -0.67 -0.65 -0.72 -0.72 -0.69 -0.55 

1972 0.51 0.51 0.51 0.65 0.83 0.96 

1973 -0.25 -0.58 -0.80 -0.99 -1.20 -1.40 

1974 -0.71 -0.63 -0.60 -0.60 -0.67 -0.71 

1975 -0.90 -1.08 -1.31 -1.52 -1.66 -1.66 

1976 -0.30 -0.23 -0.11 0.06 0.27 0.33 

1977 0.29 0.40 0.47 0.47 0.54 0.64 

1978 -0.11 -0.19 -0.23 -0.20 -0.14 -0.08 

1979 0.03 0.00 0.01 0.08 0.27 0.39 

1980 0.39 0.29 0.16 0.12 0.15 0.21 

1981 -0.27 -0.23 -0.17 -0.07 -0.02 0.03 

1982 0.44 0.36 0.34 0.54 0.66 0.77 

1983 0.30 0.10 -0.14 -0.36 -0.56 -0.61 

1984 -0.35 -0.23 -0.18 -0.21 -0.33 -0.50 

1985 -0.51 -0.36 -0.19 -0.16 -0.07 -0.01 

1986 0.03 0.21 0.42 0.61 0.80 0.73 

1987 0.65 0.79 0.77 0.92 0.98 1.05 

1988 -0.65 -0.65 -0.63 -0.89 -1.22 -1.53 
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1989 -0.52 -0.56 -0.36 -0.27 -0.21 -0.08 

1990 0.28 0.39 0.40 0.48 0.52 0.67 

1991 0.62 0.70 0.69 0.80 0.82 1.01 

1992 0.61 0.49 0.38 0.25 0.15 0.23 

1993 0.30 0.31 0.39 0.36 0.39 0.40 

1994 0.69 0.83 0.93 0.93 0.97 1.10 

1995 0.46 0.34 0.20 0.02 -0.14 -0.23 

1996 -0.07 0.00 0.00 0.07 0.07 0.14 

1997 0.72 0.72 0.87 0.93 1.04 0.99 

1998 -0.13 -0.42 -0.57 -0.81 -0.95 -1.14 

1999 -0.68 -0.71 -0.68 -0.60 -0.67 -0.83 

2000 -0.43 -0.22 -0.20 -0.17 -0.20 -0.40 

2001 0.17 0.31 0.49 0.49 0.57 0.48 

2002 0.87 0.90 0.91 0.97 1.06 1.15 

2003 0.35 0.48 0.48 0.55 0.61 0.68 

2004 0.59 0.73 0.87 0.94 0.98 1.00 

2005 0.50 0.42 0.34 0.30 0.27 0.22 

2006 0.35 0.54 0.68 0.83 0.97 1.08 
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APPENDIX C 

HURDAT PERL Script 

#!/usr/bin/perl 

# David R. Roache 

# HURDAT ACE script 

# Date Last Modified:  Dec. 9, 2008 

 

# Set paths for reading and writing files 

$data_dir = '/home/drroache/research/hurdat'; 

$datafile = $data_dir.'/hurdat.txt'; 

$writefile = $data_dir.'/officialhurdat.txt'; 

 

# Open the file for reading data in 

open(DF, "<$datafile") || die "Cannot open file: $!"; 

 

# Open file for writing output 

open(OUT, ">$writefile") || die "Cannot open file: $!"; 

 

# Print header line 

print OUT "Year\tName\t\tSN\tDate\tTime\tLat\tLon\tVmax\tMSLP\tACE\n"; 
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# Looping function to call all lines in read file 

while ($line = <DF>) 

{ 

 

chomp($line); 

 

# Declare variables to call subroutines 

#  Due to HURDAT structure (4 obs per line), all subroutines exist in quadruplicate 

$yr0 = &year0; 

$yr6 = &year6; 

$yr12 = &year12; 

$yr18 = &year18; 

$storm0 = &name0; 

$storm6 = &name6; 

$storm12 = &name12; 

$storm18 = &name18; 

$date0 = &mon_day0; 

$date6 = &mon_day6; 

$date12 = &mon_day12; 
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$date18 = &mon_day18; 

$hour0 = &time0; 

$hour6 = &time6; 

$hour12 = &time12; 

$hour18 = &time18; 

$lat0 = &Z0lat; 

$lat6 = &Z6lat; 

$lat12 = &Z12lat; 

$lat18 = &Z18lat; 

$lon0 = &Z0lon; 

$lon6 = &Z6lon; 

$lon12 = &Z12lon; 

$lon18 = &Z18lon; 

$phase0 = &Z0phase; 

$phase6 = &Z6phase; 

$phase12 = &Z12phase; 

$phase18 = &Z18phase; 

$vmax0 = &Z0vmax; 

$vmax6 = &Z6vmax; 

$vmax12 = &Z12vmax; 
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$vmax18 = &Z18vmax; 

$mslp0 = &Z0mslp; 

$mslp6 = &Z6mslp; 

$mslp12 = &Z12mslp; 

$mslp18 = &Z18mslp; 

$ace0 = &Z0ace; 

$ace6 = &Z6ace; 

$ace12 = &Z12ace; 

$ace18 = &Z18ace; 

$ckzero0 = &zero0check; 

$ckzero6 = &zero6check; 

$ckzero12 = &zero12check; 

$ckzero18 = &zero18check; 

$cktrop0 = &trop0check; 

$cktrop6 = &trop6check; 

$cktrop12 = &trop12check; 

$cktrop18 = &trop18check; 

$cutwd0 = &cutwind0; 

$cutwd6 = &cutwind6; 

$cutwd12 = &cutwind12; 
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$cutwd18 = &cutwind18; 

 

# Print out formatted data 

print OUT "$yr0$storm0$date0$hour0$lat0$lon0$vmax0$mslp0$ace0"; 

print OUT "$yr6$storm6$date6$hour6$lat6$lon6$vmax6$mslp6$ace6"; 

print OUT "$yr12$storm12$date12$hour12$lat12$lon12$vmax12$mslp12$ace12"; 

print OUT "$yr18$storm18$date18$hour18$lat18$lon18$vmax18$mslp18$ace18"; 

 

} 

 

# Subroutine to cut all speeds less than 35 knots - 00Z 

sub cutwind0 { 

 if($vmax0 < 35) { 

  $yr0 = ""; 

                $storm0 = ""; 

                $date0 = ""; 

                $hour0 = ""; 

                $lat0 = ""; 

                $lon0 = ""; 

                $phase0 = ""; 
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                $vmax0 = ""; 

                $mslp0 = ""; 

  $ace0 = ""; 

 } 

} 

 

# Subroutine to cut all speeds less than 35 knots - 06Z 

sub cutwind6 { 

        if($vmax6 < 35) { 

                $yr6 = ""; 

                $storm6 = ""; 

                $date6 = ""; 

                $hour6 = ""; 

                $lat6 = ""; 

                $lon6 = ""; 

                $phase6 = ""; 

                $vmax6 = ""; 

                $mslp6 = ""; 

                $ace6 = ""; 

 } 
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} 

 

# Subroutine to cut all speeds less than 35 knots - 12Z 

sub cutwind12 { 

        if($vmax12 < 35) { 

                $yr12 = ""; 

                $storm12 = ""; 

                $date12 = ""; 

                $hour12 = ""; 

                $lat12 = ""; 

                $lon12 = ""; 

                $phase12 = ""; 

                $vmax12 = ""; 

                $mslp12 = ""; 

                $ace12 = ""; 

 } 

} 

 

# Subroutine to cut all speeds less than 35 knots - 18Z 

sub cutwind18 { 
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        if($vmax18 < 35) { 

                $yr18 = ""; 

                $storm18 = ""; 

                $date18 = ""; 

                $hour18 = ""; 

                $lat18 = ""; 

                $lon18 = ""; 

                $phase18 = ""; 

                $vmax18 = ""; 

                $mslp18 = ""; 

                $ace18 = ""; 

        } 

} 

 

# Subroutine to add year column to front of data - 00Z obs 

sub year0 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $year0 = substr($line, 6, 4); 

                return ""; 

        }else{ 
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                return "$year0\t"; 

        } 

} 

 

# Subroutine to add year column to front of data - 06Z obs 

sub year6 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $year6 = substr($line, 6, 4); 

                return ""; 

        }else{ 

                return "$year6\t"; 

        } 

} 

 

# Subroutine to add year column to front of data - 12Z obs 

sub year12 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $year12 = substr($line, 6, 4); 

                return ""; 

        }else{ 
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                return "$year12\t"; 

        } 

} 

 

# Subroutine to add year column to front of data - 18Z obs 

sub year18 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $year18 = substr($line, 6, 4); 

                return ""; 

        }else{ 

                return "$year18\t"; 

        } 

} 

 

# Subroutine to add storm name column - 00Z obs 

sub name0 { 

 if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

  $name0 = substr($line, 29, 12); 

  $num0 = substr($line, 24, 4); 

  return ""; 
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 }else{ 

  return "$name0 $num0\t"; 

 } 

} 

 

# Subroutine to add storm name column - 06Z obs 

sub name6 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $name6 = substr($line, 29, 12); 

                $num6 = substr($line, 24, 4); 

                return ""; 

        }else{ 

                return "$name6 $num6\t"; 

        } 

} 

 

# Subroutine to add storm name column - 12Z obs 

sub name12 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $name12 = substr($line, 29, 12); 
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                $num12 = substr($line, 24, 4); 

                return ""; 

        }else{ 

                return "$name12 $num12\t"; 

        } 

} 

 

# Subroutine to add storm name column - 18Z obs 

sub name18 { 

        if($line =~ /SNBR/ || $line =~ /HR/ || $line =~ /TS/ || $line =~ /SS/) { 

                $name18 = substr($line, 29, 12); 

                $num18 = substr($line, 24, 4); 

                return ""; 

        }else{ 

                return "$name18 $num18\t"; 

        } 

} 

 

 

# Subroutine to add date column - 00Z obs 
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sub mon_day0 { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

  my $day = substr($line, 0, 5); 

  return "$day\t"; 

 }else{ 

  return ""; 

 } 

} 

 

# Subroutine to add date column - 06Z obs 

sub mon_day6 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $day = substr($line, 0, 5); 

                return "$day\t"; 

        }else{ 

                return ""; 

        } 

} 

 

# Subroutine to add date column - 12Z obs 
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sub mon_day12 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $day = substr($line, 0, 5); 

                return "$day\t"; 

        }else{ 

                return ""; 

        } 

} 

 

# Subroutine to add date column - 18Z obs 

sub mon_day18 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $day = substr($line, 0, 5); 

                return "$day\t"; 

        }else{ 

                return ""; 

        } 

} 

 

# Subroutine to add time - 00Z obs 
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sub time0 { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

  my $time = "00Z"; 

  return "$time\t"; 

 }else{ 

  return ""; 

 } 

} 

 

# Subroutine to add time - 06Z obs 

sub time6 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $time = "06Z"; 

                return "$time\t"; 

        }else{ 

                return ""; 

        } 

} 

 

# Subroutine to add time - 12Z obs 
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sub time12 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $time = "12Z"; 

                return "$time\t"; 

        }else{ 

                return ""; 

        } 

} 

 

# Subroutine to add time - 18Z obs 

sub time18 { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $time = "18Z"; 

                return "$time\t"; 

        }else{ 

                return ""; 

        } 

} 
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# Subroutune to add 00Z Latitude 

sub Z0lat { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

  my $la = substr($line, 6, 3); 

  my $lat = $la * 0.1; 

  return "$lat\t"; 

 } 

} 

 

# Subroutine to add 00Z Longitude 

sub Z0lon { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

  my $lo = substr($line, 9, 4); 

  my $lon = $lo * 0.1; 

  return "$lon\t"; 

 } 

} 

 

# Subroutune to add 06Z Latitude 

sub Z6lat { 
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        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $la = substr($line, 23, 3); 

                my $lat = $la * 0.1; 

                return "$lat\t"; 

        } 

} 

 

# Subroutine to add 06Z Longitude 

sub Z6lon { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $lo = substr($line, 26, 4); 

                my $lon = $lo * 0.1; 

                return "$lon\t"; 

        } 

} 

 

# Subroutune to add 12Z Latitude 

sub Z12lat { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $la = substr($line, 40, 3); 
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                my $lat = $la * 0.1; 

                return "$lat\t"; 

        } 

} 

 

# Subroutine to add 12Z Longitude 

sub Z12lon { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $lo = substr($line, 43, 4); 

                my $lon = $lo * 0.1; 

                return "$lon\t"; 

        } 

} 

 

# Subroutune to add 18Z Latitude 

sub Z18lat { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $la = substr($line, 57, 3); 

                my $lat = $la * 0.1; 

                return "$lat\t"; 
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        } 

} 

 

# Subroutine to add 18Z Longitude 

sub Z18lon { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/) { 

                my $lo = substr($line, 60, 4); 

                my $lon = $lo * 0.1; 

                return "$lon\t"; 

        } 

} 

 

# Raw HURDAT specifies tropical phase with an asterisk 

#  As this is a wildcard character, it is replaced here with a T 

# Subroutine to add 00Z phase diagnostics 

sub Z0phase { 

 my $phase = substr($line, 5, 1); 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/ && 

$phase !~ /\w/) { 

  return "T\t"; 
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 }elsif($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

  return "$phase\t"; 

 } 

} 

 

# Subroutine to add 06Z phase diagnostics 

sub Z6phase { 

        my $phase = substr($line, 22, 1); 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/ && $phase 

!~ /\w/) { 

                return "T\t"; 

        }elsif($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                return "$phase\t"; 

        } 

} 

 

# Subroutine to add 12Z phase diagnostics 

sub Z12phase { 

        my $phase = substr($line, 39, 1); 
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        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/ && $phase 

!~ /\w/) { 

                return "T\t"; 

        }elsif($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                return "$phase\t"; 

        } 

} 

 

# Subroutine to add 18Z phase diagnostics 

sub Z18phase { 

        my $phase = substr($line, 56, 1); 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/ && $phase 

!~ /\w/) { 

                return "T\t"; 

        }elsif($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                return "$phase\t"; 

        } 

} 

 

# Subroutine to add 00Z Vmax 
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sub Z0vmax { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

  my $spd = substr($line, 14, 3); 

  return "$spd\t"; 

 } 

} 

 

# Subroutine to add 06Z Vmax 

sub Z6vmax { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $spd = substr($line, 31, 3); 

                return "$spd\t"; 

        } 

} 

 

# Subroutine to add 12Z Vmax 

sub Z12vmax { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $spd = substr($line, 48, 3); 

                return "$spd\t"; 
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        } 

} 

 

# Subroutine to add 18Z Vmax 

sub Z18vmax { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $spd = substr($line, 65, 3); 

                return "$spd\t"; 

        } 

} 

 

# Subroutine to add 00Z MSLP 

sub Z0mslp { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

  my $pres = substr($line, 18, 4); 

  return "$pres\t"; 

 } 

} 

 

# Subroutine to add 06Z MSLP 
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sub Z6mslp { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $pres = substr($line, 35, 4); 

                return "$pres\t"; 

        } 

} 

 

# Subroutine to add 12Z MSLP 

sub Z12mslp { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $pres = substr($line, 52, 4); 

                return "$pres\t"; 

        } 

} 

 

# Subroutine to add 18Z MSLP 

sub Z18mslp { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $pres = substr($line, 69, 4); 

                return "$pres\t"; 
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        } 

} 

 

# Subroutine to calculate individual ob ACE - 0Z 

sub Z0ace { 

 if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

  my $vsquared = $vmax0*$vmax0; 

  my $ace = $vsquared/10000; 

  return "$ace\n" 

 } 

} 

 

# Subroutine to calculate individual ob ACE - 6Z 

sub Z6ace { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $vsquared = $vmax6*$vmax6; 

                my $ace = $vsquared/10000; 

                return "$ace\n" 

        } 

} 
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# Subroutine to calculate individual ob ACE - 12Z 

sub Z12ace { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $vsquared = $vmax12*$vmax12; 

                my $ace = $vsquared/10000; 

                return "$ace\n" 

        } 

} 

 

# Subroutine to calculate individual ob ACE - 18Z 

sub Z18ace { 

        if($line !~ /SNBR/ && $line !~ /HR/ && $line !~ /TS/ && $line !~ /SS/){ 

                my $vsquared = $vmax18*$vmax18; 

                my $ace = $vsquared/10000; 

                return "$ace\n" 

        } 

} 

 

# Subroutine to remove null data (0 lat/lon, no wind, no pressure) - 00Z obs 
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sub zero0check { 

 if($lat0 =~ /^0/){ 

  $yr0 = ""; 

  $storm0 = ""; 

  $date0 = ""; 

  $hour0 = ""; 

  $lat0 = ""; 

  $lon0 = ""; 

  $phase0 = ""; 

  $vmax0 = ""; 

  $mslp0 = ""; 

                $ace0 = ""; 

 } 

} 

 

# Subroutine to remove null data (0 lat/lon, no wind, no pressure) - 06Z obs 

sub zero6check { 

        if($lat6 =~ /^0/){ 

                $yr6 = ""; 

                $storm6 = ""; 
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                $date6 = ""; 

  $hour6 = ""; 

                $lat6 = ""; 

                $lon6 = ""; 

                $phase6 = ""; 

                $vmax6 = ""; 

                $mslp6 = ""; 

                $ace6 = ""; 

        } 

} 

 

# Subroutine to remove null data (0 lat/lon, no wind, no pressure) - 12Z obs 

sub zero12check { 

        if($lat12 =~ /^0/){ 

                $yr12 = ""; 

                $storm12 = ""; 

                $date12 = ""; 

  $hour12 = ""; 

                $lat12 = ""; 

                $lon12 = ""; 
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                $phase12 = ""; 

                $vmax12 = ""; 

                $mslp12 = ""; 

                $ace12 = ""; 

        } 

} 

 

# Subroutine to remove null data (0 lat/lon, no wind, no pressure) - 18Z obs 

sub zero18check { 

        if($lat18 =~ /^0/){ 

                $yr18 = ""; 

                $storm18 = ""; 

                $date18 = ""; 

  $hour18 = ""; 

                $lat18 = ""; 

                $lon18 = ""; 

                $phase18 = ""; 

                $vmax18 = ""; 

                $mslp18 = ""; 

                $ace18 = ""; 
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        } 

} 

 

# Subroutine to remove non-tropical obs - 00Z 

sub trop0check { 

 if($phase0 !~ /T/){ 

  $yr0 = ""; 

                $storm0 = ""; 

                $date0 = ""; 

                $hour0 = ""; 

                $lat0 = ""; 

                $lon0 = ""; 

                $phase0 = ""; 

                $vmax0 = ""; 

                $mslp0 = ""; 

                $ace0 = ""; 

        } 

} 

 

# Subroutine to remove non-tropical obs - 06Z 
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sub trop6check { 

        if($phase6 !~ /T/){ 

                $yr6 = ""; 

                $storm6 = ""; 

                $date6 = ""; 

                $hour6 = ""; 

                $lat6 = ""; 

                $lon6 = ""; 

                $phase6 = ""; 

                $vmax6 = ""; 

                $mslp6 = ""; 

                $ace6 = ""; 

        } 

} 

 

# Subroutine to remove non-tropical obs - 12Z 

sub trop12check { 

        if($phase12 !~ /T/){ 

                $yr12 = ""; 

                $storm12 = ""; 
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                $date12 = ""; 

                $hour12 = ""; 

                $lat12 = ""; 

                $lon12 = ""; 

                $phase12 = ""; 

                $vmax12 = ""; 

                $mslp12 = ""; 

                $ace12 = ""; 

        } 

} 

 

# Subroutine to remove non-tropical obs - 18Z 

sub trop18check { 

        if($phase18 !~ /T/){ 

                $yr18 = ""; 

                $storm18 = ""; 

                $date18 = ""; 

                $hour18 = ""; 

                $lat18 = ""; 

                $lon18 = ""; 
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                $phase18 = ""; 

                $vmax18 = ""; 

                $mslp18 = ""; 

                $ace18 = ""; 

        } 

} 

 

# Close the data file 

close (DF); 

 

# Close the output file 

close (OUT); 

 

exit; 
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APPENDIX D 

HURDAT Statistics by Year 

Year NS NSD H HD IH IHD ACE NTC 

1900 7 52.25 3 19.25 2 3.25 84 81 

1901 12 80.25 5 17.50 0 0.00 93 79 

1902 5 24.25 3 7.00 0 0.00 33 32 

1903 10 60.25 7 30.25 1 3.75 102 104 

1904 5 26.50 3 4.00 0 0.00 25 31 

1905 5 26.25 1 3.25 1 1.25 28 35 

1906 11 93.75 6 36.50 3 11.00 163 158 

1907 5 20.50 0 0.00 0 0.00 13 16 

1908 10 60.00 6 26.50 1 2.75 95 95 

1909 11 54.25 6 24.00 4 6.50 92 128 

1910 5 27.00 3 18.50 1 2.75 64 59 

1911 6 30.00 3 7.00 0 0.00 35 36 

1912 7 39.25 4 13.75 1 1.75 56 63 

1913 6 35.5 4 4.00 0 0.00 36 39 

1914 1 3.25 0 0.00 0 0.00 3 3 

1915 6 48.25 5 30.50 3 13.75 127 134 

1916 15 82.75 10 36.75 5 6.25 144 174 

1917 4 24.5 2 13.50 2 6.75 61 69 

1918 6 30 4 7.50 1 0.75 40 50 
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1919 5 23.25 2 9.25 1 6.50 55 59 

1920 5 21.5 4 7.75 0 0.00 30 35 

1921 6 39.50 4 19.25 2 4.50 75 82 

1922 4 28.25 2 11.75 1 5.75 58 59 

1923 7 37.50 3 13.25 1 2.50 54 61 

1924 8 50.75 5 23.00 2 5.00 89 97 

1925 2 6.75 1 1.50 0 0.00 7 10 

1926 11 86.75 8 55.00 6 23.00 222 238 

1927 7 36.75 4 13.25 2 3.75 56 76 

1928 6 43.50 4 12.25 1 5.50 75 73 

1929 3 19.00 3 13.00 1 2.50 43 47 

1930 2 23.50 2 9.50 1 1.50 39 38 

1931 9 47.00 2 3.00 1 0.25 39 50 

1932 11 78.00 6 27.00 4 11.25 136 153 

1933 21 136.00 10 50.25 5 10.50 213 227 

1934 11 59.00 6 11.75 0 0.00 60 68 

1935 6 42.50 5 26.75 3 7.25 95 108 

1936 16 70.00 7 30.50 1 2.50 108 115 

1937 9 47.00 3 15.00 0 0.00 61 54 

1938 8 39.25 3 14.75 1 4.50 73 71 

1939 5 28.50 3 5.50 1 1.50 34 45 

1940 8 46.25 4 14.00 0 0.00 52 54 

1941 6 42.25 4 15.75 2 1.50 61 70 
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1942 10 53.25 4 14.25 1 0.75 66 70 

1943 10 46.75 5 24.00 2 4.50 94 98 

1944 11 53.00 7 27.25 3 5.25 96 121 

1945 11 41.75 5 13.75 3 4.75 67 99 

1946 6 16.75 3 5.75 1 0.75 22 41 

1947 9 52.50 5 28.00 2 7.25 112 110 

1948 9 51.75 6 28.75 4 7.00 106 129 

1949 13 62.25 7 21.50 3 5.25 98 124 

1950 13 98.00 11 59.50 8 18.50 243 259 

1951 10 57.75 8 36.25 5 8.25 137 156 

1952 7 39.75 6 22.75 3 7.00 87 108 

1953 14 64.50 6 18.00 4 6.75 104 133 

1954 11 51.75 8 31.50 2 9.50 113 133 

1955 12 82.75 9 46.75 6 17.25 199 216 

1956 8 30.00 4 12.75 2 2.75 54 72 

1957 8 38.00 3 21.00 2 6.50 84 90 

1958 10 55.50 7 30.25 5 9.50 121 152 

1959 11 40.00 7 22.00 2 4.25 77 102 

1960 7 29.50 4 18.25 2 9.75 88 96 

1961 11 70.75 8 47.50 7 24.50 205 239 

1962 5 22.25 3 10.75 1 0.50 36 44 

1963 9 52.00 7 37.25 2 7.00 118 123 

1964 12 71.25 6 43.00 6 14.75 170 192 
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1965 6 39.50 4 27.25 1 7.50 84 90 

1966 11 64.00 7 41.75 3 8.75 145 148 

1967 8 58.00 6 36.25 1 5.75 122 108 

1968 7 26.50 4 10.00 0 0.00 35 42 

1969 17 83.25 12 40.00 5 6.75 158 188 

1970 10 23.25 5 6.75 2 1.00 34 66 

1971 13 63.00 6 28.75 1 1.00 97 97 

1972 4 21.00 3 6.25 0 0.00 28 29 

1973 7 32.50 4 10.00 1 0.25 43 53 

1974 7 31.50 4 14.25 2 4.25 61 76 

1975 8 42.50 6 20.50 3 2.25 73 94 

1976 8 44.75 6 25.50 2 1.00 81 87 

1977 6 13.75 5 6.75 1 1.00 25 48 

1978 11 40.50 5 13.50 2 3.50 62 87 

1979 8 44.25 5 21.50 2 5.75 91 96 

1980 11 60.00 9 38.25 2 7.25 147 137 

1981 11 59.75 7 22.50 3 3.75 93 115 

1982 5 16.25 2 5.75 1 1.25 29 37 

1983 4 13.50 3 3.50 1 0.25 17 33 

1984 12 51.25 5 18.25 1 0.75 71 79 

1985 11 51.25 7 21.25 3 4.00 88 112 

1986 6 23.25 4 10.50 0 0.00 36 40 

1987 7 37.25 3 5.00 1 0.50 34 48 
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1988 12 46.75 5 21.25 3 9.00 103 122 

1989 11 65.75 7 31.75 2 9.75 135 136 

1990 14 66.25 8 26.75 1 1.00 91 105 

1991 8 22.25 4 8.25 2 1.25 34 61 

1992 6 38.75 4 16.00 1 3.50 75 68 

1993 8 30.00 4 9.50 1 0.75 39 55 

1994 7 27.75 3 7.25 0 0.00 32 37 

1995 19 121.50 11 61.75 5 11.50 228 234 

1996 13 79.00 9 45.00 6 13.00 166 202 

1997 7 28.75 3 9.50 1 2.25 40 54 

1998 14 88.00 10 48.50 3 9.50 182 178 

1999 12 78.50 8 41.00 5 14.25 177 190 

2000 14 67.00 8 32.75 3 5.00 116 138 

2001 15 64.25 9 25.50 4 4.25 106 142 

2002 12 53.50 4 10.75 2 3.00 65 86 

2003 16 79.25 7 32.75 3 16.75 175 181 

2004 14 90.00 9 45.50 6 22.25 225 238 

2005 27 128.75 15 49.75 7 17.50 248 289 

2006 10 52.75 5 21.25 2 2.00 79 90 

 

  



135 
 

APPENDIX E 

Potential HURDAT Landfall Errors 

a.  1926 Storm 3:  Not Named 547 

Landfall given as Louisiana category 3.  Maximum intensity in track points (and 

intensity at landfall) is 90 kts – potentially a category 2 landfall. 

b.  1934 Storm 2:  Not Named 616 

Landfall given as Louisiana category 3.  Maximum intensity in track points (and 

intensity at landfall) is 70 kts – potentially a category 1 landfall. 

c.  1934 Storm 3:  Not Named 617 

Landfall given as Texas category 2.  Maximum intensity in track points (and 

intensity at landfall) is 65 kts – potentially a category 1 landfall. 

d.  1935 Storm 6:  Not Named 631 

Landfall given as southeast Florida category 2.  Maximum intensity in track 

points is 70 kts, observations when crossing Florida (11/4 18Z to 11/5 00Z) are at 65 kts 

– potentially a category 1 landfall. 

e.  1936 Storm 5:  Not Named 636 

Landfall given as northwest Florida category 3.  Maximum intensity in track 

points is 80 kts, points before and after landfall (7/31 18Z and 8/1 00Z) have intensities 

of 80 and 65 kts – potentially a category 1 or 2 landfall. 

f.  1938 Storm 4:  Not Named 660 
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Landfalls given as New York, Connecticut, Rhode Island and Massachusetts 

category 3.  The northernmost point with category 3 winds is listed as 35.2 N, 73.1 W 

(9/21 12Z), with winds at 85 knots before (9/21 18Z) and 70 kts (9/22 00Z ET) after 

landfall, making the storm potentially a category 2 landfall instead. 

g.  1940 Storm 2:  Not Named 671 

Landfall given as Texas and Louisiana category 2.  Maximum intensity in track 

points (and intensity at landfall) is 70 kts, potentially a category 1 landfall. 

h.  1940 Storm 3:  Not Named 672 

Landfall given as Georgia and South Carolina category 2.  Maximum intensity in 

track points is 80 kts, the last observation before landfall (8/11 18Z) is at 65 kts, 

potentially a category 1 landfall. 

i.  1941 Storm 2:  Not Named 679 

Landfall given as Texas category 3.  Maximum intensity in track points is 80 kts, 

points before and after landfall (9/23 18Z and 9/24 00Z) have intensities of 70 and 60 kts, 

potentially a category 1 landfall. 

j.  1941 Storm 5:  Not Named 682 

Landfall given as southeast, southwest and northwest Florida all as a category 2.  

The primary landfall in southeast Florida was preceded with an observation at 100 kts 

(10/6 6Z) and followed with an onshore observation at 105 kts (10/6, 12Z, 25.6 N, 80.8 

W), potentially a category 3 landfall for the southeast and southwest Florida events.  The 

secondary landfall in the Florida panhandle was preceded with an observation at 75 kts 
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(10/7 6Z) and followed with an onshore observation at 60 kts, potentially a category 1 

landfall for the northwest Florida event. 

k.  1942 Storm 2:  Not Named 685 

Landfall given as Texas category 3.  The last observation at category 3 strength 

was 8/29 18Z (26.5 N, 93.8 W offshore).  Pre- and post-landfall observations (8/30 6 and 

12Z) were 70 and 60 kts, potentially a category 1 landfall. 

l.  1943 Storm 1:  Not Named 694 

Landfall given as Texas category 2.  The maximum intensity in track points and 

intensity at landfall (7/27 18Z) is listed as 75 kts, potentially a category 1 landfall. 

m.  1944 Storm 7:  Not Named 710 

Landfalls given as North Carolina, Virginia, New York, Connecticut and Rhode 

Island category 3 and Massachusetts category 2.  Observations before and after passage 

over North Carolina and Virginia (9/14 6Z to 9/14 18Z) are at 95 and 85 kts potentially a 

category 2 for the North Carolina and Virginia landfall events.  Observations before and 

after the New York and New England landfall (9/15 00Z and 06Z) are at 75 and 65 kts, 

potentially a category 1 landfall for the New York, Connecticut, Rhode Island and 

Massachusetts events. 

n.  1945 Storm 5:  Not Named 716 

Landfall given as Texas category 2.  The observation before landfall (8/27 18Z) 

was at 120 kts, and the inland observation after landfall (8/28 00Z, 29.1 N, 96.0 W) was 

also at 120 kts, potentially a category 4 landfall. 

o.  1945 Storm 9:  Not Named 723 
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Landfall given as southeast Florida category 3.  The observation before landfall 

(9/15, 18Z) was at 120 kts, and the inland observation after landfall (9/16 00Z, 25.7 N, 

80.6 W) at 115 kts, potentially a category 4 landfall. 

p.  1947 Storm 4:  Not Named 735 

Landfall given as Louisiana and Mississippi category 3.  Observations before, 

during and after (9/19 00Z, 6Z and 12Z) landfall were at 80, 80 and 75 kts respectively, 

potentially a category 1 for the LA and MS landfalls. 

q.  1949 Storm 10:  Not Named 759 

Landfall given as Texas category 2.  The observation before landfall (10/4 00Z) 

was at 110 kts, and the inland observation at landfall (6Z) was at 115 kts, potentially a 

category 4 landfall. 

r.  1950 Storm 11:  King (773) 

Landfall given as southeast Florida category 3.  The observation before landfall 

(10/18 00Z) was at 95 kts, and the inland observation at landfall (6Z) was at 90 kts, 

potentially a category 2 landfall. 

s.  1954 Storm 3:  Carol (809) 

Landfall given as New York, Connecticut and Rhode Island category 3.  The 

maximum intensity in track points is 85 kts, the observation before landfall (8/31 12Z) 

was at 85 kts, and the inland observation after landfall (18Z) went extratropical at 75 kts 

potentially a category 2 landfall. 

t.  1954 Storm 5:  Edna (811) 
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Landfall given as Massachusetts category 3.  The observation before landfall and 

the last observation before extratropical transition (9/11 18Z, 41.2 N, 70.8 W) at 80 kts, 

potentially a category 1 landfall. 

u.  1954 Storm 9:  Hazel (815) 

Landfall given as North and South Carolina category 4 and Maryland category 3.  

Offshore observation before landfall (10/15 12Z 32.8 N, 78.7 W) were at 110 kts, and the 

next observation inland (18Z, 36.8 N, 78.2 W) went ET at 80 kts, potentially a category 3 

landfall for North Carolina and South Carolina events.  Whether the category 2 landfall 

should count in Maryland with system being extratropical at the North Carolina Virginia 

border is also questionable. 

v.  1955 Storm 2:  Connie (819) 

Landfall given as North Carolina category 3.  The offshore observation before 

landfall (8/12 6Z, 34.2 N, 76.6 W) was at 80 kts, and the inland observation (18Z) was at 

65 kts, potentially a category 1 landfall. 

w.  1955 Storm 9:  Ione (826) 

Landfall given as North Carolina category 3.  The offshore observation before 

landfall (9/19 6Z, 33.9 N, 76.6 W) was at 90 kts, and the inland observation (12Z) was at 

65 kts, potentially a category 2 or 1 landfall. 

x.  1956 Storm 7:  Flossy (836) 

Landfall given as Louisiana category 2.  The maximum intensity in track points is 

80 kts, potentially a category 1 landfall. 

y.  1960 Storm 5:  Donna (871) 
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Landfall given as North Carolina and New York category 3.  The offshore 

observation before North Carolina landfall (9/12 00Z) was at 95 kts, and the inland 

observation after landfall (6Z) was at 90 kts, potentially a category 2 landfall.  For the 

New York landfall, the offshore observation before landfall (9/12 18Z) was at 90 kts, and 

the inland observation after landfall before extratropical transition (9/13 00Z) was at 75 

kts, potentially a category 2 landfall as well.  The northernmost category 3 observation 

occurred on 9/11, 6Z at 28.5 N, 81.7 W over Florida. 

z.  1964 Storm 11:  Isbell (909) 

Landfall given as southwest and southeast Florida category 2.  The offshore 

observation before landfall (10/14 18Z, 25.1 N, 82.0 W) was at 110 kts, the inland 

observation after landfall (10/15 00Z) was at 110 kts, and the offshore observation after 

landfall (6Z) at 100 kts, potentially a category 3 landfall for both cases. 

aa.  1968 Storm 8:  Gladys (943) 

Landfall given as northwest Florida category 2.  The maximum intensity in track 

points is 75 kts.  The offshore observation before landfall (10/19 00Z) and inland 

observation after landfall (6Z) are at 70 kts, potentially a category 1 landfall. 

ab.  1972 Storm 2:  Agnes (986) 

Landfall given as New York and Connecticut category 1.  The northernmost 

observation at hurricane strength was 6/19 18Z in the Gulf of Mexico (29.6 N, 85.6 W).  

The offshore observation before landfall (6/22 18Z, 40.2 N, 73.4 W) was at 55 kts, and 

the inland observation after landfall (6/23 00Z, 41.7 N, 74.5 W) was at 45 kts, potentially 

a tropical storm landfall. 
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ac.  1985 Storm 7:  Gloria (1109) 

Landfall given as North Carolina and New York category 3 and Connecticut and 

New Hampshire category 2.  The northernmost observation at category 3 intensity was on 

9/25 at 12Z (26.1 N, 72.0 W), south of North Carolina.  The offshore observation before 

North Carolina landfall (9/27 00Z) at 90 kts, and the next observation parallel to the 

North Carolina coast was also at 90 kts, potentially a category 2 landfall.  The offshore 

observation before New York and Connecticut landfalls (9/27 12Z) was at 85 kts, and the 

inland observation after landfall (18Z) was at 75 kts, potentially a category 2 or 1 landfall 

for both cases.  The 9/27 18Z inland observation at 41.9 N, 72.8 W also indicates that the 

New Hampshire landfall was potentially a category 1. 

ad.  1995 Storm 5:  Erin (1198) 

Landfall given as northwest Florida category 2.  The maximum intensity in track 

data was 80 kts, the offshore observation before landfall (8/3 12Z, 29.9 N, 86.6 W) was at 

80 kts, and the inland observation after landfall (18Z) was at 65 kts, potentially a 

category 1 landfall. 
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APPENDIX F 

LOO Analysis 

As referenced in Chapter 4, the following figures are the result of the LOO 

analysis to check for outliers.  On the horizontal axis of each plot is first the initial (all 

cases included) 95% confidence interval followed by the 95% confidence intervals for 

each LOO analysis.  The LOO analyses were generated using a 10,000 sample bootstrap, 

and the observation left out of each run is the corresponding value on the x axis for all 

plots. 

a.  LOO plots for hurricane activity metrics 

 

Figure F1.  Named storms TEN LOO. 
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Figure F2.  Named storms NEU LOO. 

 

Figure F3.  Named storms TLN LOO. 
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Figure F4.  Named storm days TEN LOO. 

 

Figure F5.  Named storm days NEU LOO. 
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Figure F6.  Named storm days TLN LOO. 

 

Figure F7.  Hurricanes TEN LOO. 
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Figure F8.  Hurricanes NEU LOO. 

 

Figure F9.  Hurricanes TLN LOO. 
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Figure F10.  Hurricane days TEN LOO. 

 

Figure F11.  Hurricane days NEU LOO. 
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Figure F12.  Hurricane days TLN LOO. 

 

Figure F13.  Intense hurricanes TEN LOO. 
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Figure F14.  Intense hurricanes NEU LOO. 

 

Figure F15.  Intense hurricanes TLN LOO. 
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Figure F16.  Intense hurricane days TEN LOO. 

 

Figure F17.  Intense hurricane days NEU LOO. 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00



151 
 

 

Figure F18.  Intense hurricane days TLN LOO. 

 

Figure F19.  Accumulated cyclone energy TEN LOO. 
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Figure F20.  Accumulated cyclone energy NEU LOO. 

 

Figure F21.  Accumulated cyclone energy TLN LOO. 
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Figure F22.  Net tropical cyclone activity TEN LOO. 

 

Figure F23.  Net tropical cyclone activity NEU LOO. 
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Figure F24.  Net tropical cyclone activity TLN LOO. 

b.  LOO plots for MDR genesis rates 

 

Figure F25.  MDR genesis rates TEN LOO. 
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Figure F26.  MDR genesis rates NEU LOO. 

 

Figure F27.  MDR genesis rates TLN LOO. 

c.  LOO plots for landfall rates 
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Figure F28.  United States hurricane landfall rates TEN LOO. 

 

Figure F29.  United States hurricane landfall rates NEU LOO. 
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Figure F30.  United States hurricane landfall rates TLN LOO. 

 

Figure F31.  United States intense hurricane landfall rates TEN LOO. 
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Figure F32.  United States intense hurricane landfall rates NEU LOO. 

 

Figure F33.  United States intense hurricane landfall rates TLN LOO. 
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Figure F34.  Gulf of Mexico intense hurricane landfall rates TEN LOO. 

 

Figure F35.  Gulf of Mexico intense hurricane landfall rates NEU LOO. 
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Figure F36.  Gulf of Mexico intense hurricane landfall rates TLN LOO. 

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80



161 
 

REFERENCES 

 

Aiyyer, A. R. and C. Thorncroft, 2006: Climatology of vertical wind shear over the  

tropical Atlantic.  J. Climate, 19, 2969–2983. 

Bove, M. C., Elsner, J. B., Landsea, C. W., Niu, X. and J. J. O’Brien, 1998: Effect of El  

Niño on U.S. landfalling hurricanes, revisited.  Bull. Amer. Meteor. Soc., 79,  

2477–2482. 

Camargo, S. J., Emanuel, K. A. and A. H. Sobel, 2007: Use of a genesis potential index  

to diagnose ENSO effects on tropical cyclone genesis.  J. Climate, 20, 4819– 

4834. 

CPC, cited 2008: ENSO impacts on the US: cold and warm episodes by season.   

[Available online at  

www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml] 

Emanuel, K. A. and D. S. Nolan, 2004: Tropical cyclone activity and global climate.   

Preprints, 26
th

 Conf. on Hurricanes and Tropical Meteorology, Miami, FL, Amer.  

Meteor. Soc., 240–241. 

Inoue, M., Handoh, I. C. and G. R. Bigg, 2002: Bimodal distribution of tropical  

cyclogenesis in the Caribbean: Characteristics and environmental factors.  J.  

Climate, 15, 2897–2905. 

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M.,  

Saha, S., White, G., Woollen, J., Zhu, Y., Chelliah, M., Ebisuzaki, W., Higgins,  

W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., Leetmaa, A., Reynolds,  

R., Jeene, R. and D. Joseph, 1996: The NCEP/NCAR 40-year reanalysis project,  

Bull. Amer. Meteor. Soc., 77, 437–470. 

Klotzbach, P. J. and W. M. Gray, 2008: Multidecadal variability in North Atlantic  

tropical cyclone activity.  J. Climate, 21, 3929–3935. 

Knaff, J. A., 1997: Implications of summertime sea level pressure anomalies in the  

tropical Atlantic region.  J. Climate, 10, 789–804. 

Gray, W. M., 1984a: Atlantic seasonal hurricane frequency. Part I: El Niño and 30 hPa  

quasi-biennial oscillation influences. Mon. Wea. Rev., 112, 1649–1668. 

Gray, W. M., 1984b: Atlantic seasonal hurricane frequency. Part II: Forecasting its  

variability. Mon. Wea. Rev., 112, 1669–1683. 

Gray, W. M., Landsea, C. W., Mielke Jr., P. W. and K. J. Berry, 1993: Predicting  

Atlantic seasonal tropical cyclone activity by 1 August.  Wea. Forecasting, 8, 73– 



162 
 

86. 

Landsea, C. W., Anderson, C., Charles, N., Clark, G., Dunion, J., Fernandez-Partagas, J.,  

Hungerford, P., Neumann, C. and M. Zimmer, 2004: Hurricanes and Typhoons  

Past, Present, and Future.  Columbia University Press, 45. 

Landsea, C. W., 2007: Counting Atlantic tropical cyclones back in time.  Eos, Trans.  

Amer.Geophys. Union, 88, 197–203. 

Larson, J., Zhou, Y. and R. W. Higgins, 2005: Characteristics of landfalling tropical  

cyclones in the United States and Mexico: Climatology and interannual  

variability.  J. Climate, 18, 1247–1262. 

Mann, M. E. and K. Emanuel, 2006: Atlantic hurricane trends linked to climate change.   

Eos, Trans. Amer. Geophys. Union, 87, 233–241. 

Rasmusson, E. G., and T. H. Carpenter, 1982: Variations in tropical sea surface  

temperature and surface wind fields associated with the Southern Oscillation/El  

Niño. Mon. Wea. Rev., 110, 354–384.  

Shapiro, L. J., 1982: Hurricane climate fluctuations. Part II: Relation to large-scale  

circulation.  Mon. Wea. Rev., 110, 1014–1023. 

Trenberth, K. E., 1997: The definition of El Niño.  Bull. Amer. Meteor. Soc., 78, 2771– 

 2777. 

Trenberth, K. E. and D. P. Stepaniak, 2001: Indices of El Niño evolution.  J. Climate, 14,  

1697–1701. 

Vecchi, G. A. and T. R. Knutson, 2008: On estimates of historical North Atlantic tropical  

cyclone activity.  J. Climate, 21, 3580–3600. 

Wang, C., 2002: Atmospheric circulation cells associated with the El Niño - Southern  

Oscillation.  J. Climate, 15, 399–419. 

Wilks, D. S., 2005: Statistical Methods in the Atmospheric Sciences, Volume 91, Second  

Edition.  Academic Press, 648. 

Xie, L., Yan, T., Pietrafesa, L. J., Morrison, J. M. and T. Karl, 2005: Climatology and  

interannual variability of North Atlantic hurricane tracks. J. Climate, 18, 5370– 

5381. 


	The Impact of Discrete Phases of ENSO Neutral Conditions On Atlantic Tropical Cyclone Activity
	Recommended Citation

	Final - Prelim.pdf
	Final - Ch. 1.pdf
	Final - Ch. 2.pdf
	Final - Ch. 3.pdf
	Final - Ch. 4.pdf
	Final - Ch. 5.pdf
	Final - Ch. 6.pdf
	Final - Appen.pdf
	Final - Ref.pdf



