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ABSTRACT 

 The advent of ensembles permits forecasters to have an implied level of confidence based 

upon the level of (dis)agreement among those ensembles.  However, there are occasionally 

situations where the ensemble members may agree but be in large error.  Such events not only 

mislead forecasters but also may undermine public confidence in the forecast when they occur 

more than rarely, or even during a single impacting event.  Accordingly, the purpose of this 

research is, first, to identify and quantify any relationships between NCEP (National Center for 

Environmental Prediction) GFS (Global Forecast System) ensemble track spread and error for 

tropical cyclones (TCs).  Second, it seeks to factors that can lead to unique combinations of 

ensemle spread and error.  Of particular interest in this study are the aforementioned cases for 

which there is low spread among the ensembles’ track forecasts, yet high error results. 

        The GFS was used to analyze 2004-2011 Atlantic TCs.  Forecast track ensemble spread and 

error were analyzed through forecast hour 120.  Normalized error and spread values were 

calculated first as a single lifetime value for each TC; second, as a function of forecast hour for 

each TC; and third for each six-hourly forecast segment for each storm.  For each of the three 

analyses, terciles (high, medium, and low) of both spread and error were determined, giving nine 

error/spread combinations.  Climatological, synoptic, and physical characteristics are examined 

for four of the nine combinations: high spread/high error, low spread/low error, high spread/low 

error, and low spread/high error. 

        A statistically significant relationship was observed between GFS ensemble spread and 

resulting track error when analyzing the TC's lifetime-total spread and error (r=0.78; p<0.01).  

Track forecasts with low spread among ensemble members, yet high resulting error were rare, 

however (three of 81 TCs).  When observing the storm spread and error as a function of forecast 
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hour it was found that there is a statistically significant relationship between track forecast error 

and standard deviation among all forecast hours (r �§������������– 0.79, p < 0.01).  Expectedly, this 

relationship is stronger for early forecast hours compared to later ones.  In the third analysis, 

where forecasts of the same forecast hour were not averaged, error was conditioned on ensemble 

spread.  The error distributions of each spread group (low, medium, and high) for each forecast 

hour (12, 24, 36, 48, 72, 96, and 120) were analyzed.  It was found that mean track forecast error 

increased from low to medium to high ensemble track forecast spread groups for all forecast 

hours.  These error distributions were fit to a gamma distribution and randomly sampled to test 

for significance in the differences among high, medium, and low ensemble spread groups.  

Differences were statistically significant for all comparisons among forecast hours through 48, 

but not for all comparisons among forecast hours 72 – 120.  These results suggest that (known) 

ensemble spread can be a useful predictor for (as yet unknown) ensemble mean forecast error in 

short to medium term forecasts, although the direction of that error cannot be known. 

A low spread/high error forecast was observed at least once in 61.8% of all storms 

analyzed. There were three regions where this combination occurred more frequently: 1) western 

Gulf of Mexico, 2) western Caribbean, and 3) western Atlantic near the Bahamas.  Noteworthy 

differences existed in the mean 300 hPa height and wind fields among certain spread/error 

groups when analyzing certain regions.  For example, the mean 300 hPa trough position 

distinguished low spread/low error forecasts from low/spread high error forecasts in Region 3.  

However, there was little distinction in the mean 300 hPa synoptic setup among spread/error 

groups in other regions, such as along the United States E. coast above 35°N.  Physical factors 

such as topography and interaction among multiple TCs also may play a role in the resulting 

spread/error combination.     
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CHAPTER ONE 

INTRODUCTION 
 

1.1 Motivation 

The National Hurricane Center (NHC) has made notable improvements in hurricane track 

forecasts since the 1960s, especially in medium to long-range forecasting.  For example, a 72-

hour forecast in the 1970s averaged about 400 nautical miles (n. mi.) of error, whereas a 72 hour 

forecast in 2011 averaged about 100 n. mi. of error (NHC 2013c).  Despite these notable 

improvements, there are documented instances where several numerical model tropical cyclone 

(TC) track forecasts agree, yet the actual track that results is quite different from all of them (e.g. 

tropical storm Erin, 2007; Fig. 1.1).  A track forecast with low spread among forecast models, 

yet eventual high error has high potential to hinder hurricane preparedness actions through 

excessive evacuation orders and increased failure to order necessary evacuations.  Furthermore, 

this may influence the public’s probability of following those evacuation orders for future 

storms.   

Accordingly, understanding the relationship between ensemble track spread and error and 

quantifying the occurrence of these low spread/high error forecasts may lead to better TC track 

forecasts. More importantly, identifying commonalities in the synoptic set up among TCs with 

low spread in the track forecast yet high error could potentially alert forecasters when forecast 

guidance may be misleading.  It would also benefit a forecaster to be able to identify other 

scenarios such as high ensemble track forecast spread, yet low error when the ensemble is 

available, but before the verification is known.   
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1.2 The GFS and Ensemble Forecasting 

The Global Ensemble Forecast System (GEFS) is a synoptic-scale, spectral numerical 

weather forecasting ensemble model.  The ensemble model computes forecasts four times each 

day – initialized every six hours starting with 0000 UTC.  The GFS (Global Forecast System) is 

the basis (in terms of physics) of the GEFS.  Each of the 20 GEFS ensemble members represents 

an individual forecast that has unique initial conditions from a method that began using breeding 

(Toth and Kalnay 1993) before the period examined here but has evolved since into the 

Ensemble Transform Bred Vector (ETBV) (Buizza et al. 2005).  The vertical resolution of each 

ensemble member is 28 vertical sigma levels.  A spectral triangular horizontal resolution divides 

the Earth’s surface into 190 triangular waves through forecast hour 180, which provides a grid 

point spacing of ~80 km (NCEP 2013). 

Forecast model upgrades are typically implemented once or twice a year.  Changes in the 

model physics occurred throughout the data set analyzed in this study, resulting in potential shifts 

in spread/error relationships, and should be remembered when the results to follow are examined 

or applied to future forecasts.  Changes relevant to this study are outlined in Table 1.1. 

 

1.3 Previous Work 

1.3.1 Previous Statistical Work 

Previous work has examined the relationship between hurricane track forecast spread and 

error, but did so using much earlier versions of ensemble systems.  Goerss (2000) used variance 

among multiple deterministic (non-ensemble) numerical prediction models as a measure of the 

spread. TCs from the 1995-96 Atlantic season and the 1997 north Pacific season were included 

in that study.  Goerss (2000) found that “The spread of the ensemble forecast was found to 

possess some potential for use by forecasters as a measure of confidence in the ensemble 



3 
 

forecast.”  He goes on to explain that although small ensemble spread is correlated with low 

error, high ensemble spread is not necessarily correlated with high error.  Rather, high ensemble 

spread gives an estimate of the upper bound of track forecast error.  He concluded that ensemble 

spread may be useful to forecasters in some instances.  These findings agree with those of other 

past studies.  For example, according to Buizza and Palmer (1998), one can expect small spread 

to be correlated with small error, whereas large spread my not necessarily end up having large 

error.  In addition, while Aberson (1998) did not find a clear relationship between ensemble 

spread and error, a relationship was found between spread and the upper bound of error.  The 

upper bound of error was determined to be about two times the ensemble spread (NHC 2013b).   

More recently, Hauke (2006) sought to define track forecast error distributions by track 

forecast confidence in an attempt to improve a probabilistic wind speed model.  GFS ensemble 

spread was used as a measure of forecast confidence.  Distributions of GFS ensemble mean total-

track error were conditioned upon GFS ensemble spread for Atlantic TCs during the 2005 

season.  Some differences were found among error distributions with low, medium, and high 

ensemble spread; mean errors increased with increasing spread.  However, statistical tests 

concluded that these differences in mean error were not significant.  In other words, high spread 

in a forecast doesn't necessarily imply that the forecast errors will  be significantly greater than a 

forecast with low spread.  These findings suggest that a forecaster might feel “confident” in a 

forecast, given the low ensemble spread, yet the forecast ends up having high error.  Hauke 

(2006) will  be referenced frequently throughout this paper as a means of comparison, and will be 

referred to hereafter as H06.  
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1.3.2 Previous Synoptic Research 

An additional goal of this study seeks to identify synoptic characteristics that are 

associated with unique combinations of spread and error.  A few previous studies have analyzed 

how the synoptic environment influences a hurricane’s track forecast.  Franklin et al. (1990) 

analyzed the steering currents present near the 1984 hurricane Josephine. It was found that 

hurricane steering currents may be represented by the average flow over several vertical levels, 

or by gradients of absolute vorticity.  Josephine's motion was parallel and to the left of that 

gradient. 

Brennan and Majumdar (2011) analyzed 2008 hurricane Ike.  The strong subtropical ridge 

located north of hurricane Ike and the mid-level shortwave located west of Ike in California were 

determined to have a significant impact in the accuracy of the track forecast.  The initial 

conditions were perturbed before re-running the GFS model.  When the ridge was weakened and 

the shortwave was strengthened through perturbations the GFS track forecast produced a more 

accurate track forecast.  This finding that small differences in the location and strength of 

synoptic scale ridges and troughs can influence a hurricane’s track forecast agrees with previous 

work by Shapiro and Franklin (1999).         

 While the above studies provide a strong foundation, the following study builds on this 

foundation and identifies climatological, synoptic, and physical characteristics that may lead to 

unique combinations of spread and error among TCs.  No previous work has identified and 

related such characteristics with terciles of spread and error.  Further, there are aspects of each of 

the prior studies that can be improved, as also discussed next. 

 

 



5 
 

1.4 Differences and Contributions of this Study 

 While prior studies have laid a foundation of research on the relationshiop between track 

error and spread, the models analyzed have evolved considerably since those studies.   Further, 

the accumulation of many more years of events has lead to a much more robust sample size both 

of the forecasts as well as the TC seasons themselves.  Specifically, Goerss (2000) methodology 

differs from that of this study because the spread of multiple different numerical prediction 

models—as opposed to the spread of a single model's ensembles—is analyzed.  Goerss (2000) 

examines the 1995-96 Atlantic season and the 1997 north Pacific season, whereas this study 

examines the 2004-2011 Atlantic seasons. 

 Both this study and that of H06 compare GFS ensemble mean total-track error with 

corresponding GFS ensemble spread.  H06 examines the 2005 Atlantic hurricane season, 

whereas this study includes years 2004-2011.  Additionally, this study does not include 2005 

storms 1 – 7 because they were not available in the GFS data set for undetermined reasons.  

Restricting the data set to one season may not accurately depict the long-term relationship 

between track forecast error and spread.  For instance, El Niño–Southern Oscillation (ENSO) 

results in yearly variations in TC activity.  The 2005 TC season is not representative of all 

hurricane seasons: It was a record breaking and unusually active season with 28 named storms 

(12 is normal), 15 hurricanes (six is normal), and four major hurricanes (three is normal). 

 Furthermore, there were changes made to the GFS forecast model both during and after 

the 2005 season.  Some of the more significant changes took place in 2010 with the major model 

upgrade, most notably, the hurricane relocation change.  These model changes will  likely cause 

differences in the track forecast and ultimately result in differences in the relationship between 

track spread and error (Table 1.1).  
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 Past studies analyzed the relationship between forecast track spread and error with varied 

methodologies, and varied data sets.  For example, some analyzed a consensus of models to find 

that spread may be somewhat useful in determining the resulting error (Goerss 2000; Aberson 

1998; Buizza and Palmer 1998).  H06 concluded that GFS ensemble spread is not a useful 

predictor of the resulting total-track error.   In H06, mean track error (E) was computed using 

individual error components of latitude (A2) and longitude (B2).  He used the Pythagorean 

equation to compute the position error, which is reasonable for small distances but at long 

distances (likely at longer forecast lengths) the curvature of the Earth becomes more important: 

E =  (A�6 +  B�6) �5/ �6 

To overcome this limitation, in this study, the great circle distance between the forecast and 

verified position was calculated, as defined later.     

H06 used a t-Test statistic (T) and F-statistic (F) to determine significance in differences 

in the error distributions conditioned on ensemble spread.   

T=
�š�§1-�š�§2-��0

§�112

n1
+

�122

n2

 

F=
�1 22

�112  

In the above equations, �[�D1 and �[�D2 �U�H�S�U�H�V�H�Q�W���W�K�H���P�H�D�Q�V�����11 �D�Q�G���12 the standard deviations, 

and n1 and n2 the sample size of the two distributions.  The hypothesized difference between the 

two means is ��0.  These statistics assume normally distributed data; however, as shown later, the 

error distributions in both studies are significantly non-normal.  Thus, different statistical tests 

were performed in this study to account for the non-Gaussian nature of the error distributions.  

The above reasons distinguish this study from the prior ones, but also may explain potential 

differences in results. 



7 
 

Table 1.1: Outline of GEFS upgrades that took place during the data analysis timeframe of this 
study (Environmental Modeling Center 2013). 
 
Date Upgrade 

August 2005 1) Increased resolution of all members to 

T126 between 180 hrs and 384 hrs (16 

days) 

2) Changed initial perturbations from 24 

hr breeding cycle to 6 hr cycle 

3) Added perturbed tropical storm vortex 

relocation 

May 2006 1) increasing ensemble size from 10 to 14 

members  

2) adding ensemble control for 0600 

GMT, 1200 GMT and 1800 GMT  

3) introducing ET to breeding method 

March 2007 1) Ensemble size increased from 14 to 20 

members  

February 2010 1) Change horizontal resolution from 

T126 to T190 out to 384hrs 

2) Use 8th order horizontal diffusion for 

all forecast resolutions 

3) Introduce ESMF (Earth System 

Modeling Framework) – Version 3.1.0rp2 

4) Add stochastic perturbation scheme to 

account for random model errors 

5) Add new variables (28 more) to pgrba 

files for NAEFS data exchange 
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Figure 1.1: GFS ensemble forecast track forecasts (black lines) vs. best track (red line) for 
tropical storm Erin (2007).  Ensemble forecast track is much different than the actual track (best 
track).   
 
 
 
 

GFS Ensemble Track Forecasts (Black) vs. 
Best Track (Red) for T.S. Erin (2007) 
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CHAPTER TWO  

STATISTICAL ANALYSIS  OF GEFS TRACK SPREAD AND 
ERROR 

2.1 Introductio n 

Forecasters tend to be less confident in their forecast when presented with a forecast 

model whose ensembles show greatly varied solutions.  Likewise, when all of the ensembles are 

relatively close in their prediction of an atmospheric variable of interest, the forecaster tends to 

be more confident in providing a forecast.  This study seeks to address if confidence can indeed 

be used as a proxy for ensemble spread by analyzing the relationship between GFS ensemble 

track forecast spread and error.  Specifically, do significant differences exist in the track errors 

among forecasts with low, medium, and high ensemble spread?      

2.2 Data 

        The NCEP GEFS is used to analyze 131 Atlantic TCs from 2004 – 2011, listed in Table 

2.1.  Some storms are excluded from the analysis for reasons discussed next.  The GFS A-Decks 

(text files available at ftp://ftp.nhc.noaa.gov/atcf/archive) contain all of the ensemble guidance 

forecasts available to the NHC.  They include the storm number, initialization time, forecast 

hour, intensity, and forecast position in latitude and longitude.  The B-Decks contain the best 

track positions of all Atlantic storms.  The best track position is determined in a post-storm 

assessment in which all available storm data (including some that may not have been available in 

real-time) is used to form a smooth trajectory.  B-Decks also include the storm number, date and 

time, intensity, and verifying position in degrees latitude and longitude.  The A-Decks and B-

Decks were used to find the track forecast spread and error for each of the storms of interest. 

ftp://ftp.nhc.noaa.gov/atcf/archive�
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The tropical wave, low pressure, and extra-tropical phases as defined by the best track 

record are excluded from all calculations.  For any given forecast time, not all ensemble 

members provide a forecast position of a storm, especially if  the storm is weak.  In this case, the 

latitudes and longitudes of the available ensembles were averaged.  If  the model produced a 

forecast but the best track record did not have a tropical system developed at that time, or if  the 

model decayed the system prematurely, the spread and error were not calculated.  This was the 

case for all forecast times for storms 12 in 2004, 21 in 2005, 2 in 2006, and 4 in 2010.  Thus, 

they are excluded from the analysis.  Additionally, storm 10 in 2004, and storms 1-7 in 2005 are 

excluded because the GEFS forecast output were not available for them.  Regardless of these 

excluded storms, the database used here is several times larger than that of prior studies.   

2.3 Methodology 

2.3.1 Calculating Error and Spread 

Track forecast error and spread were analyzed from forecast hours six through 120 in six-

hourly increments.  For any given forecast hour of any given initialization time, n ensemble 

members each provide a forecast storm latitude (Fi,lat) and longitude (Fi,lon).  This number, n, 

changes depending on how many ensembles forecast the existence of a TC for a given time; the 

maximum value of n is 20, but n can be less if not all ensemble members maintain the TC in 

their forecasts.  The average ensemble forecast latitudes (Flat) and longitudes (Flon) were 

calculated and used to represent the ensemble mean forecast storm position (F).  

F�j�_�r=
�Ã F�g,�j�_�r

�l
�g�@�5

n
 

F�j�m�l=
�Ã F�g,�j�m�l

�l
�g�@�5

n  

�( = ( �(�ß�Ô�ç, �(�ß�â�á) 
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Ensemble track spread (S) is represented by calculating the average separation distance—

using the great circle distance formula (GCD) in km —between the i th ensemble forecast position 

and the mean ensemble position, among all ensemble members.  

�)�%�&= 6371 �® �? 

�?= 2 �®�=�P�=�J2(�¾�=,¥(1 F �=)) 

�== �O�E�J�6l
�Â�î
2

p+ �?�K�O(�î 1) �®�?�K�O(�î 2) �®�O�E�J�6l
�Â�ã
2

p 

�5=
�Ã �)�%�&(�(, �(�Ü)

�á
�Ü�@�5

�J
 

Track forecast error (E) was calculated by calculating the great circle distance between the 

ensemble mean track position and the observed best track position (O).   

�' = �)�%�&(�1,�(), for �1 = ( �1�ß�Ô�ç, �1�ß�â�á) 

Spread and error values for each individual six-hourly forecast segment (from hours six – 

120) were calculated for all initialization times for each storm in the data set. Three different 

methods of analyses were performed, each outlined below.  

Analysis 1 and 2 methods both began by averaging spread and error values among forecasts 

of the same forecast hour for each of the 131 storms individually.  In Analysis 1 methods, these 

values were averaged and normalized among forecast hours to produce a single value of spread 

and error for each TC.  In Analysis 2 methods, these values were separated by forecast hour to 

allow for an analysis of spread and error as a function of forecast hour.   

While insightful, taking lifetime-average values of spread and error reduces the usefulness in 

findings as it relates to improving track forecasting.  For example, storms often only interact with 

land for a short period of their lifespan.  This is the time forecasters are most interested in as this 

is when the storm poses the greatest threat to lives and property.   One can also imagine a classic 
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Cape Verde hurricane that spends 10 days moving across the Atlantic, and then spends 1 day 

impacting the U.S. East Coast.  The most likely scenario is that the 10 days of travel across the 

Atlantic were far more predictable than the day of recurvature up the coast.  Consequently, 

lifetime measures of spread/error would mitigate rather than help understanding of the 

relationship leading up to landfall.  Accordingly, in Analysis 3 methods, each individual six-

hourly forecast segment for each model run for each storm was considered separately. In other 

words, values of error and spread are not averaged among forecasts of the same forecast hour in 

order to allow for an analysis of the spread/error combination at points of interest in the storm’s 

life.   

For all three analyses, terciles (high, medium, and low) of spread and terciles (high, 

medium, and low) of error were determined. This led to nine spread/error combinations.  For 

Analysis 1, the 131 values of spread and 131 values of error were divided into thirds.  For 

Analyses 2 and 3, terciles were formed separately for each forecast hour analyzed (12, 24, 36, 

48, 72, 96, and 120) to account for the increasing spread and error that occurs with increasing 

forecast time.  

2.3.2 Statistical Analysis Methods 

 It must be determined if  a relationship exists between track forecast ensemble spread and 

error and, if so, the significance of that relationship. To do so, linear regression and the 

associated correlation, are first used followed by random sampling from gamma distributions 

once the histograms were found to be significantly non-Gaussian.   

 A linear regression statistical fit was used to quantify the relationship between forecast 

track error and ensemble spread in Analyses 1 and 2.  The r2 values depict the variance in 

forecast error that can be attributed to the amount of ensemble spread in the track forecast.  This 
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is used as a measure of the correlation between the two variables.  Statistical significance of 

correlations will be given using p values (two-tailed) throughout this paper.  

   Histograms of error distributions conditioned on low, medium, and high ensemble spread 

were constructed for forecast hours 12, 24, 36, 48, 72, 96, and 120 for Analysis 3.  To create a 

histogram, first, for a given forecast hour, error values were separated into terciles of low, 

medium, and high spread.  Then, for each tercile, each error value was separated into a bin 

defined by a range of error values.  These bins are plotted on the abscissa.  The number of error 

values that fell  within a given bin determined that bin's frequency—which was plotted on the 

ordinate axis—thereby determining the distribution of the histogram.  A total of 21 separate 

histograms were formed: one for each of the spread groups (low, medium, and high) and for all 

forecast hours (12, 24, 36, 48, 72, 96, and 120).  The mean error (�[�D) and standard deviation ���1�� of 

the error values was determined for each of the 21 histograms. 

 The histograms are characterized by non-negative and asymmetric data that is skewed to 

the right (positively skewed)—characteristic of a gamma distribution.  Using a t-test statistic and 

F-statistic to test for significance would reduce the reliability of results as these tests assume 

normally distributed data.  Thus, the following alternate statistical analysis was performed.  Each 

of the 21 spread/error histograms were standardized and made into probability density functions 

(PDFs).  Next, each of the 21 histograms (Figs. 2.3 – 2.8) was fit to a gamma distribution, f(x).  

Our null hypothesis is that the data can be represented by a gamma distribution.  The equation 

defining the PDF of a gamma-distributed random variable x is given by: 

�B(�T) =
(�T�ÚW) (���?�5)exp (F�T

�ÚW)

�Ú�+(�Ù)
 �B�K�N �T,�Ù,�Ú> 0  

The shape of the histogram is defined by the shape parameter, �.�������$�V���. becomes small ���.��

<< 1) the distribution becomes skewed further to the right.  As alpha becomes large ���.���!�!���������W�K�H��
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distribution approaches the shape of a Gaussian distribution.  The plots that follow are indicative 

of intermediate values of �.�����Z�L�W�K���Y�D�O�X�H�V���R�I���.���J�U�H�D�W�H�U���W�K�D�Q�������������7�K�H���V�K�D�S�H���S�D�U�D�P�H�W�H�U�����.�����L�V���J�L�Y�H�Q���E�\����  

�Ù=
1 + §1 +

4�&
3

4�&
 

The sample statistic, D, is given by the difference between the natural log of the given 

distribution’s mean error and the mean of the logs of the error values: 

�&= ln(�T�§) F
1
�J

Í ln (�T�Ü

�á

�Ü�@�5

) 

The distribution is stretched or squeezed by �W�K�H���V�F�D�O�H���S�D�U�D�P�H�W�H�U�����������J�L�Y�H�Q���E�\�� 

�Ú=
�T�§
�Ù

 

A given gamma distribution’s unique characteristics, including its mean and standard 

deviation, determine the above parameters—D,  �.�����D�Q�G����—and thus the PDF (Wilks 2005).  The 

PDFs of the gamma-distributed error values were calculated for each of the 21 histograms.  The 

PDF that resulted from the error distribution of 12 hour forecasts with high spread is shown as an 

example (Fig. 2.10).  The original error distribution of 12 hour forecasts with high spread is also 

shown in this figure (see green histogram) for comparison.  Through this example, it is apparent 

that the gamma distribution is an accurate representation of the data.    

For each of the 21 histograms, a random gamma number generator was used to 

subsample from the distribution and the corresponding mean error and standard deviation of the 

error were calculated.  This was done multiple times (200 times) in order to obtain a list of 200 

different values of mean error and 200 different values of standard deviation of mean error.  The 

highest and lowest five values (5% two tailed) of mean and standard deviation were removed 

from the list.  The range of these 190 values (out of the initial 200) was used to represent the 
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95% confidence intervals of mean and standard deviation.  Differences among error distributions 

with low, medium, and high spread were determined to be statistically significant if there was no 

overlap in values among adjacent 95% confidence intervals.   

2.3.3 Determining True Sample Size and Sources of Erro r 

 There are caveats in determining the sample size, N, in the statistical analysis.  N1 here 

represents the total number of forecasts of a specific forecast hour for all initialization times of 

all storms considered in this study.  N1 decreases with increasing forecast hour because there are 

instances for which a storm is forecast to dissipate prior to, for example, the 120th forecast hour.  

N1 is used to calculate the standard deviation and mean error.  The number of storms, N2 is used 

as another way to define the sample size when analyzing differences in the mean and variance.  It 

should be noted that N1 was used to calculate the mean error and standard deviation of the error 

for each confidence level, and then N2 (the more conservative N) was used to obtain the 95% 

confidence interval in the calculations for statistical significance.   

These statistical tests assume each event is independent of the others.  The forecasts in 

the data set of this experiment are not entirely independent of one another.  Therefore, the value 

of N used to represent the total number of independent events in the distribution is not 

completely reliable.  The use of N1 (the total number of forecasts made for a given forecast hour 

for all storms) in the statistical calculations is a liberal approach, for which there is high 

interdependence among events. For instance, the six hour forecast of one initialization time is the 

first guess of the initialization time for the next model run.  The use of N2 (the total number of 

storms for which at least one forecast was made for that given forecast hour) in the statistical 

calculations is the most conservative approach, as there is minimal dependence among events.  

However, this is still not completely reliable as a true measure of independent sample size 

because there is some dependence among the different events—or in this case—storms.  For 
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example, if  there are two storms simultaneously in the Atlantic in close proximity, they can 

influence each other's motion – or may simply have similar steering patterns.  When all aspects 

are considered, the “true” value of N most likely lies between N1 and N2, but perhaps closer to 

N2, but is regardless unknowable.   

Another caveat with these analyses is that the physics of the GFS model changed over 

time.  Some changes that are the most relevant to this study include the following: increasing the 

model resolution in 2004 and again in 2010, incorporating a perturbed tropical storm vortex 

relocation in 2005, and increasing the number of ensemble members from 14 to 20 in 2006.  It 

can be safely assumed that such changes to the model cause changes in the resulting spread/error 

relationship among forecasts.  Track forecast error has reduced over the past years, which 

impacts the resulting error tercile values calculated in this study.  The range of error values 

forming the high error tercile would likely be lower if calculated separately for later years 

compared to early years.  In this study, the tercile ranges are not distinguished among early or 

late years.  This would make it more likely for forecasts from earlier years in the data set 

analyzed to be categorized as having high error, and later years to be categorized as having low 

error.  Additionally, it is possible that an even stronger relationship between spread and error 

exists in the most updated version of the GEFS compared to earlier versions.    

2.4 Results 

2.4.1 Analysis 1: Storm Average Relationship 

Table 2.2 shows the number of storms that fell into each spread/error category for when a 

single, normalized average value of error and spread was assigned to each storm.  Low 

spread/low error, medium spread/medium error, and high spread/high error storms are the most 

common.  Track forecasts with low spread among ensemble members, yet high resulting error 

were rare (three of 81 TCs).  The population among the bins implies that an overall relationship 
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exists between GFS ensemble track spread and error.  To quantify and determine if this 

relationship is statistically significant, the results were displayed graphically (Fig. 2.1) and then 

analyzed.  A statistically significant positive correlation was observed between ensemble spread 

and resulting track error, with an r2 value of 0.61 (r=0.78; N=131; p<0.01).   

2.4.2 Analysis 2: Storm Average Relationship as a Function of Forecast Hour 

 To determine if the above relationship holds true at short and long forecast lengths, 

graphs of spread versus error were created for individual forecast hours (12 through 120).  The r2 

values of each were determined and plotted as a function of forecast hour (Fig. 2.2).  The sample 

size, N2, is given by the total number of storms that contained at least one forecast from that 

forecast hour.  Statistical significance between GFS ensemble track spread and error is observed 

for all forecast hours analyzed.  The relationship is strongest at forecast hours 12 through 48. For 

example, forecast hour 12 has an r2 value of 0.62 (r=0.79; N=131; p<0.01).  In other words, the 

spread of the GFS ensembles accounts for 62% of the variation in forecast track errors.  

Although the relationship still shows significance to the 99th percentile for forecast hours 72 

through 120, it is worth noting that the correlation becomes weaker.  For example, forecast hour 

120 has an r2 value of 0.31 (r=0.56; N=64; p<0.01), indicating that the spread accounts for 31% 

of the error variance.  As mentioned earlier, however, the forecaster applicability of these results 

are limited as there is considerable variance among TC lifespan and the percentage of the time 

TCs interact with land is small.  Accordingly, we next examine the above relationship when it is 

broken down into individual 6hr forecast segments. 

2.4.3 Analysis 3: Relationship as a Function of Forecast Hour Considering Individual 

Forecast Segments 

The following analysis is summarized in Table 2.4.  When forecast error was conditioned 

on ensemble spread, it was found that mean track forecast errors increased from low to medium 
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to high ensemble track forecast spread for all seven times analyzed.  This is displayed 

graphically in the histograms in Figures 2.3 – 2.9.  Differences in mean forecast errors are 

statistically significant to the 95% confidence level if  the confidence intervals (shown in Table 

2.4) from adjacent spread categories do not overlap.  Differences in mean errors were statistically 

significant among all three spread groups for early forecast hours (12, 24, 36, and 48).  For 

forecast hours 72, 96, and 120, differences in mean errors were statistically significant between 

medium and high spread groups and between low and high spread groups, but not between low 

and medium spread groups.   

The finding that mean errors increase as ensemble spread increases is consistent with that 

of H06.  However, whereas this study found 18 out of 21 cases to be statistically significant, H06 

found that the differences in the mean were only statistically significant for 11 of 21 cases. Refer 

to Section 1.4 for a discussion of potential reasons for these differences, including significantly 

increased sample size here as well as a much more advanced version of the ensemble model. 

Higher values of standard deviation of mean error (shown in Table 2.4) indicate a larger 

range of error values exist among forecasts in a given spread group for a given forecast hour, and 

vice versa.  It follows that statistically significant differences in values of standard deviation of 

error among spread groups imply significant differences in the range of error values among 

spread groups.  Based on findings from previous studies, one might expect a larger range in error 

values when track forecast ensemble spread is high.  Recall from Section 1.3.1 that past research 

concluded that high spread does not necessarily imply high error, but rather, it gives an estimate 

of the upper bound of error that one can expect (Goerss 2000; Aberson 1998; Buizza and Palmer 

1998).  This argument is partially supported by findings in this research, as high spread forecasts 

had larger standard deviations of error values than both medium and low spread forecasts for all 
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forecast hours analyzed.  However, because statistical tests showed that mean error values for 

high spread forecasts were significantly larger than those of both low and medium spread 

forecasts for all forecast hours, this study still concludes that there is a statistically significant 

correlation between GFS ensemble spread and error. However, as forecast time increases, 

differences in mean error among spread groups become less significant, and standard deviations 

of mean error among spread groups become larger.  All things considered, the amount of spread 

for early forecast hours (through forecast hour 48), as opposed to later forecast hours, serves as a 

better predictor of the error that will result.   

From the above analysis, as ensemble forecast track spread increases, track forecast error 

also tends to increase.  Based on this, one would expect low spread/low error and high 

spread/high error forecasts to be more common than low spread/high error and high spread/low 

error forecasts.  To quantify this, the percentage of total forecasts that occurred in each of the 

spread/error groups was calculated (Table 2.3). As expected, high spread/high error and low 

spread low/error were two of the most common, containing 23.2% and 16.8% of the forecasts, 

respectively.  Likewise, low spread/high error and high spread/low error were the two least 

common, containing 4.4% and 1.4% of the total forecasts, respectively.  The remaining 54.2% of 

the forecasts contained medium spread and/or medium error.      

In summary, despite the general relationship of decreasing errors with decreasing spread, 

there are still instances in which a low spread track forecast has a high error.  These less 

common, but troublesome situations highlight the need to analyze why this occurs, and to 

examine the climatological, physical, and synoptic pattern common to these situations, as 

performed next.   
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Table 2.1: List of storms included in the analysis of this study. There are 131 storms in total. 
 
Year Storm Numbers Excluded Total Number of Storms 

Included 
2004 10, 12 14 
2005 1 – 7, 21 23 
2006  2 9 
2007  17 
2008  17 
2009  11 
2010  4 20 
2011  20 
Total Number:  131 
        
 
Table 2.2: Total number of storms in each spread/error group for when a single, normalized 
average value of error and spread was assigned to each storm.  
 
 Low Error  Med. Error  High Error   

High Spread  2 9 32 �6 = 43 

Med. Spread  11 25 8 �6 = 44 

Low Spread  31  10 3 �6 = 44 

 �6 = 44 �6 = 44 �6 = 43  

 
 
Table 2.3: Percentage of total forecasts that occurred for each of the four spread/error groups of 
interest.  Note that medium spread and medium error groups are omitted. 
 

Spread/ Error Percent of forecasts 

High Spread/Low Error 1.4% 
High Spread/High Error 23.2% 
Low Spread/Low Error 16.8% 
Low Spread/High Error 4.4% 
Remainder 54.2% 
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Table 2.4: Results for the analysis of individual six-hourly forecast hour segments (Analysis 3).  
Tercile comparison table for the GEFS mean track forecast errors conditioned upon spread.  
FCST HOUR   12-Hr     24-Hr     36-Hr   
SPREAD LOW MED. HIGH LOW MED. HIGH LOW MED. HIGH 
No. of Fcst Hrs (N1) 880 880 880 847 847 847 798 799 799 
No. of Storms (N2) 133 133 133 128 128 128 121 121 121 
Mean Error (n. mi.)-�[�D 25.9 36.9 65.0 44.4 58.4 93.4 60.8 78.1 119.4 
St. Dev. of Error 
(n. mi.)-�1 14.1 18.9 27.9 24.3 28.6 37.0 32.8 34.3 49.1 
95% Confidence  
Interval (�[�D) 

23.4-
28.3 

33.5-
39.7 

59.7-
69.5 

40.1-
48.3 

53.6-
62.9 

86.4-
98.7 

55.8-
65.8 

71.3-
83.5 

110.2-
127.5 

95% Confidence  
�,�Q�W�H�U�Y�D�O�����1) 

12.3-
16.4 

16.2-
21.8 

23.9-
32.6 

20.7-
28.4 

24.1-
32.7 

32.0-
42.4 

27.9-
38.0 

29.5-
39.8 

42.1-
57.0 

  
L vs.  
M 

L vs.  
H 

M vs. 
H 

L vs.  
M 

L vs.  
H 

M vs. 
H 

L vs. 
M 

L vs.  
H 

M vs. 
H 

Significance in �[�D YES YES YES YES YES YES YES YES YES 
Signific�D�Q�F�H���L�Q���1 NO YES YES NO YES NO NO YES YES 

          
FCST HOUR   48-Hr     72-Hr     96-Hr   
SPREAD LOW MED. HIGH LOW MED. HIGH LOW MED. HIGH 
No. of Fcst Hrs (N1) 741 742 741 608 608 608 479 478 478 
No. of Storms (N2) 110 110 110 96 96 96 83 83 83 
Mean Error (n. mi.)-�[�D 76.4 97.1 145.9 115.4 133.2 204.0 149.4 176.8 267.9 
St. Dev. of Error 
(n. mi.)-�1 41.0 43.9 64.8 68.0 61.3 90.5 88.9 97.4 118.2 
95% Confidence  
Interval (�[�D) 

69.3-
84.2 

89.1-
104.9 

133.5-
157.8 

100.9-
128.9 

121.0-
145.2 

185.8-
221.3 

129.3-
167.9 

155. 9-
198.4 

242.1-
289.1 

95% Confidence  
�,�Q�W�H�U�Y�D�O�����1) 

33.9-
49.8 

36.8-
52.3 

54.5-
76.7 

56.6-
80.0 

51.0-
71.5 

76.6-
105.2 

68.8-
105.8 

79.6-
118.1 

95.5-
142.5 

  
L vs.  
M 

L vs.  
H 

M vs. 
H 

L vs.  
M 

L vs.  
H 

M vs. 
H 

L vs. 
M 

L vs.  
H 

M vs. 
H 

Significance in �[�D YES YES YES NO YES YES NO YES YES 
�6�L�J�Q�L�I�L�F�D�Q�F�H���L�Q���1 NO YES YES NO NO YES NO NO NO 

          FCST HOUR   120-Hr   
      SPREAD LOW MED. HIGH 
      No. of Fcst Hrs (N1) 354 354 354 
      No. of Storms (N2) 64 64 64 
      Mean Error (n. mi.)- �[�D 190.5 228.1 329.0 
      St. Dev. of Error (n. mi.)-�1 129.6 123.6 140.6 
      

95% Confidence Interval (�[�D) 
158.5-
221.7 

200.5-
254.1 

296.1-
59.3 

      
95% Confidence �,�Q�W�H�U�Y�D�O�����1) 

96.0-
166.8 

97.7-
155.3 

110.8-
174.2 

        L vs. M L vs. H M vs. H 
      Significance in �[�D NO YES YES 
      �6�L�J�Q�L�I�L�F�D�Q�F�H���L�Q���1 NO NO NO 
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Figure 2.1: GFS ensemble forecast track error versus spread (n. mi.) for 131 Atlantic storms 
from years 2004-2011.  
 

 
 
Figure 2.2: Graphs of spread versus error were created for individual forecast hours (12 through 
120).  The r2 values of each were determined and plotted here as a function of forecast hour.  The 
sample size, N2, is given by the total number of storms that contained at least one forecast from 
that forecast hour. The relationship is statistically significant to the 99% confidence level for all 
forecast hours (p<0.01).      

y = 0.76x + 46.14 
R² = 0.61 
N = 131; p<0.01 
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Figure 2.3: Histogram of 12-hr GFS ensemble mean track forecast error distributions 
conditioned on low (yellow), medium (blue), and high (red) ensemble track spread.  
 

 Figure 2.4: As in Figure 2.3 except for 24 hours.  
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Figure 2.5: As in Figure 2.3 except for 36 hours. 
 

 

Figure 2.6: As in Figure 2.3 except for 48 hours. 
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Figure 2.7: As in Figure 2.3 except for 72 hours. 

 

 
Figure 2.8: As in Figure 2.3 except for 96 hours. 
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Figure 2.9: As in Figure 2.3 except for 120 hours. 

 

 

 

 

 

 

 

 

Figure 2.10: Original histogram (red from Fig. 2.3) was normalized (green) and fit to a gamma 
distribution (red) 
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CHAPTER THREE  

CLIMATOLOGICAL AND SYNOPTIC ANALYSIS OF 
SPREAD/ERROR GROUPS 

3.1 Introduction 

In addition to the primary goal of quantifying the relationship between spread and error, 

another goal of this study is to identify climatological, physical, and synoptic patterns that lead to 

unique combinations of GFS ensemble forecast track spread and error (Sections 2). While, 

typically, a forecast with low spread among ensembles results in low error, the prior statistical 

analysis also showed that this is not always the case.  This is an issue from a forecast perspective.  

In a low spread forecast, ensemble members agree that a TC will travel in a certain direction.  A 

forecaster using that model is more likely to make their official forecast follow the model 

guidance closely.  If this low spread forecast ends up having high error, it follows that the 

forecaster who excessively “trusts” the model makes an incorrect forecast.  If the TC is near 

land, this scenario may cause certain communities to make unnecessary preparations while other 

communities are left inadequately prepared.  If this combination occurs frequently, it can 

undermine public trust in the forecast process given the forecaster may incorrectly frequently 

communicate undue confidence. 

Four of the nine spread/error combinations are examined here for commonalities in the 

climatological (e.g. geographical) and synoptic characteristics:  Group 1) low spread/high error, 

Group 2) high spread/low error, Group 3) high spread/high error, and Group 4) low spread/low 

error.  The analyses of these four groups have the greatest potential use to a forecaster.   The 

amount of spread tends to be used as a proxy for amount of confidence a forecaster has in the 

forecast guidance.  This reasoning is justified by the statistically significant positive correlation 
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observed between spread and error.  The low spread/low error and high spread/high error groups 

represent the situations when forecasters can follow this common way of thinking.  Conversely, 

the low spread/high error and high spread/low error groups, represent the cases that deviate from 

the overall spread/error relationship, and this demands more exhaustive analysis as shown next. 

3.2 Climatological Analysis 

3.2.1 Geographical Location and Region Identification 

Figures 3.1 – 3.4 plot the location of forecasts for a given spread/error group 

distinguished by storm.  Each storm is marked by a unique color/shape combination.  Each 

colored mark represents a different ensemble mean forecast from a different model run.  

Of all forecasts in the data set, 4.4% are characterized by low spread/high error (Table 

2.3).  Although these forecasts are less common, their existence is troublesome to a forecaster as 

the guidance is most deceptive. Additionally, there are 81 different storms (out of 131 total) that 

appear at least once on the low spread/high error map.  In other words, 62% of the total storms 

analyzed were found to have at least one low spread/high error forecast.  Thus, there is a need to 

study the cause of such forecasts.   

Figure 3.1 plots the location of each low/spread high error forecast.  The three most 

prevalent areas for a low spread/high error forecast to occur are: 1) the Gulf of Mexico along the 

coast of Texas and Mexico (90°W - 100°W, 20°N - 30°N), 2) the southwest Caribbean near the 

border of Nicaragua and Costa Rica (80°W - 90°W, 10°N - 20°N), and 3) the western Atlantic 

near the Bahamas and north of Cuba and Hispaniola (65°W - 75°W, 20°N - 30°N).  These areas 

will be referred to as Regions 1, 2, and 3, respectively, in future discussion.  The fact that these 

misleading forecasts are common near land is troubling.  These three regions contained 23.0%, 

15.4%, and 11.2% of the total low spread/high error forecasts, respectively (Table 3.1).  Next, the 
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number of different storms that fell within each of these regions was determined.  Of all of the 

unique low spread/high error storms, 23.5%, 18.5%, and 21.0% fell within Regions 1, 2, and 3, 

respectively. This demonstrates that a single storm was not being a repeat offender by populating 

the box multiple times. Rather, it suggests that there might be physical or synoptic patterns 

common to these regions, driving the occurrence of these low spread/high error forecasts.       

The high spread/low error combination is the least common forecast group.  Only 1.4% 

of all forecasts are high spread/low error.  There are only 61 different storms that populate the 

low spread/high error forecast map, which is comprised of 455 individual forecasts.  By looking 

at the location map of storms distinguished by different storms (Fig. 3.2) it can be seen that, for a 

given storm with an initial high spread/low error forecast, subsequent high spread/low error 

forecasts are also likely to follow.  In general, these forecasts—although sparse—are fairly 

uniform in their distribution throughout the Atlantic.  However, they are not observed in the 

western Gulf of Mexico, and they are rare in the southwestern Caribbean.  This implies that if a 

forecast with high spread is observed in these regions, medium to high error is likely to follow 

which is useful forecaster information.  Additionally, high spread/low error forecasts are very 

rare above 35°N.  To focus on the mid-latitude region near land, Region 4 will be identified as 

the area above 35°N and between 60°W - 75°W for future discussion.  

High spread/high error forecasts are one of the most common spread/error combinations.  

Of all nine spread/error groups, 23.2% of forecasts contain high spread and high error.  Figure 

3.3 shows the location of high spread/high error forecasts.  The map is very densely populated 

with these forecasts throughout the entire ocean except for in and around Region 1 in the western 

Gulf of Mexico.  This Region 1 contained only 0.9% of the total high spread/high error forecasts.  
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This is a sharp contrast to the low spread/high error forecasts which have the highest population 

density in Region 1. 

Low spread/low error forecasts are another likely spread/error combination. Of all nine 

spread/error groups, 16.7% of forecasts contain low spread and low error. These forecasts are 

common throughout the Atlantic basin, in general.  However, one particular area where they tend 

to be more densely populated is along the East Coast of the United States (Fig. 3.4).  Of all low 

spread/low error forecasts in the entire Atlantic basin, 6.5% are clustered in the small area from 

75°W - 80°W, and 27°N - 37°N.  This area will be referred to as Region 5 in future discussion. 

3.2.2 Time of Year 

There is seasonal variability in the mean synoptic setup.  Mid-latitude storm systems are 

less frequent, less amplified, and typically don't dig into the subtropics or tropics during summer 

months.  Additionally, the polar jet stream is located further north in the summer.  Finally, TC 

genesis location varies with time of year (Halperin et al. 2013) and genesis mechanisms also vary 

considerably with time of year and location (McTaggart-Cowan et al. 2008).  Therefore, there is 

considerable reason to suspect that there might be both spatial and temporal dependency for each 

of these spread/error combinations.  To see if these seasonal and climatological differences 

contributed to the resulting spread/error group of the storm's forecast, the mean Julian date was 

calculated for all forecasts of each of the four spread/error groups.  No significant differences 

were found, as the mean Julian date among the four spread/error groups was within 12 calendar 

days (Table 3.2) and for 3 of the 4 combinations, there was no statistical difference to the mean 

Julian dates to 95% confidence.  Thus, it is not necessary to subtract these seasonal synoptic-

variations from the analysis.    
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3.3 Physical Analysis 

3.3.1 Topography 

Regions 1 and 2 have a unique feature: they border land marked by steep topography.  

Rugged mountain ranges extend through Mexico, Belize, Guatemala, Nicaragua and Costa Rica.  

Mountains in Nicaragua range from 900 to 1,809 meters high, and those in Mexico, Belize, 

Guatemala, and Costa Rica peak over 2000 meters (CentralAmerica.com 2013; Kemper 2013).  

The eastern border of these countries is adjacent to Regions 1 and 2—common locations for low 

spread/high error forecasts. 

Previous studies have shown that steep topography can impact a TC’s track.  As storms 

approach mountains, the low-level circulation is blocked and deflected, the wind speeds are 

increased as air is funneled between mountain ranges, and moisture convergence occurs along 

the ocean-facing side of the mountain.  These modifications have been shown to impact storm 

intensity and motion (Ritchie et al. 2011).  Lin et al. (2005) suggests that a higher basic flow 

Rossby number and steeper terrain can lead to greater track deflections.  A study by Chang 

(1982) found the mountainous terrain of Taiwan disrupted the low level circulation of an 

approaching TC. The storm's direction of motion was then determined primarily by this modified 

low-level circulation rather than mid-level steering currents.  According to Yeh and Elsberry 

(1993), mountain-induced disruption in the low-level circulation can cause the winds to 

decelerate and lead to southward track deflections.  In other words, the presence of mountains 

may lead to a Bernoulli-induced change in the pressure gradients, and thus, the steering flow 

vector is changed.  Jian and Wu (2008) simulated a TC approaching Taiwan to explain how the 

mountains led to a southward track deflection.    
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Thus, based on these past findings and the findings of this study, the high occurrence of 

low spread/high error forecasts may be driven by the steep gradient of topography between warm 

water and terrain to the west, and the inability of the GEFS to account for steep terrain’s impacts 

on TC motion.  The low model resolution (T190) makes it difficult to resolve strong terrain 

gradients.  Additionally, work by Schenkel and Hart (2011) suggests global models with coarse 

resolution may be unable to adequately resolve TCs initially near sharp terrain gradients.   

3.3.2 Intensity Change 

It has been shown that intensity can impact TC motion.  For instance, as TC intensity 

increases, the tropospheric depth through which its vertical structure extends also increases 

(Velden and Leslie 1991).  From this, it follows that the vertical level over which a TC is steered 

varies depending on TC intensity with stronger storms being steered by environmental winds 

through a greater tropospheric depth.  Goerss (2007) found that forecast intensity can be used as 

a predictor of forecast track error.  When analyzing individual numerical models, it was found 

that as intensity (both initial intensity and forecast intensity) increases forecast track errors 

decrease.  In the Gulf of Mexico, warm eddies with a high ocean heat content break off from the 

loop current (every six to 11 months) and propagate westward (at about three to five km per day) 

(TAMU 2013).  Bender and Ginis (2000) discuss the importance of accurately representing the 

ocean depth, topography, mixed layer depth, and thermocline in order to capture the atmosphere-

ocean interaction and mesoscale structure of the hurricane.   The Caribbean Sea has a thicker 

mixed layer, deeper thermocline, and thus, a high ocean heat content (OHC).  It is possible that 

such differences in OHC of the Caribbean Sea or Gulf of Mexico lead to difficulty in predicting 

intensity, and ultimately, steering and storm track.  An analysis was performed in this study to 

determine if intensity changes played a role in the track forecast’s resulting spread/error 

classification.     
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Intensity change is defined as the pressure drop (in hPa) from the previous 12 hours to the 

current time. Histograms were created to show the number of forecasts for which the intensity 

change fell within a specified range.  Separate histograms were created for each of the four 

spread/error groups.  This analysis was done several different ways.  First, all forecast hours 

were included in the calculations (Intensity Analysis 1).  Second, only forecasts out to 48 hours 

were included in the calculations (Intensity Analysis 2).  Intensity Analysis 3 was the same as 

Intensity Analysis 2, only it was done three separate times for Regions 1, 2, and 4 individually.  

No statistically significant differences in the intensity change distribution were noted among the 

four different spread/error groups in any of the above analyses.  Given this finding, the 

histograms were not included in the figures of this paper.  It is possible that analyzing initial 

intensity—not intensity change—might differentiate among the different spread/error groups, as 

Goerss (2007) found this to impact forecast error; however, this is beyond the scope of this study.           

3.4 Synoptic Analysis 

3.4.1 Data and Methodology 

Prior work has emphasized the critical role played by synoptic scale features in TC track 

forecasting (Franklin et al. 1990; Shapiro and Franklin 1999; Brennan and Majumdar 2011).  In 

this study, we seek to build upon this by identifying specific synoptic setups that may play a role 

in defining the TC’s track spread/error combination.  To do so, synoptic differences among the 

four aforementioned spread/error groups are analyzed using the ERA Interim Reanalysis data 

which is available from 1979 – June 2012 (Dee et al. 2011).  It should be noted that reanalysis 

data does not perfectly reconstruct the past synoptic environment.  Meteorological observation 

data is combined with short-term numerical weather forecasts in a data assimilation process to 

provide an estimate of the past synoptic environment.  The limited spatial resolution of data 

combined with suboptimal data assimilation techniques leads to such an imperfect synoptic 
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reconstruction (Compo et al. 2011).  Additionally, there will be differences between the actual 

synoptic environment and the GFS forecast synoptic environment.  However, since GFS forecast 

fields through 120hr for over a decade were space prohibitive, we will use the ERA Interim 

fields in their place. 

 Figures 3.5 - 3.18 show the mean 300 hPa winds in knots (shaded) and height 

field in meters (red contours) for all times at which the specified spread/error forecast lies within 

the specified region.  The spread/error group is specified in the title, and the region of interest is 

indicated by the green box. The white contours show the standard deviation of 300 hPa heights.  

The total number of forecasts and different storms that fell within the region is given in the title 

by Nf and Ns, respectively. The following synoptic pattern findings must be put into perspective, 

as they do not guarantee a specific spread/error combination.  These are only composite mean 

reanalysis fields, and individual cases may not be represented by the mean.  Additionally, 

statistical testing is needed to determine significance in the following findings, and is beyond the 

scope of this study.       

The 300 hPa level was chosen to analyze for several reasons.  First, the upper-level jet 

stream can usually be analyzed at this level.  The jet stream maps the evolution of the 

trough/ridge pattern at upper-levels which in turn influences the synoptic setup at lower levels of 

the atmosphere.  Additionally, the 300 hPa level is further removed from the most intense part of 

the TC which reduces the storm-induced “noise” in the synoptic field.  Finally, the flow at this 

level is reasonably geostrophic so the air flow parallels height contours.  This reduces the need to 

plot streamlines as well. 

Four of the five regions of interest are identified in this analysis: Regions 1, 3, 4, and 5.  

Regions 1 and 3 are focused on because of the high population density of troublesome low 
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spread/high error forecasts.  Region 4 is selected to isolate unique synoptic characteristics in the 

mid-latitudes near land.  Finally, Region 5 is focused on because of the cluster of low spread/low 

error forecasts observed.  All of these regions are also chosen for another important reason: they 

border land meaning storms in these locations are likely to impact life and property.  Note that 

Region 2 is excluded from this synoptic analysis; it is deep in the tropics and dominated by 

relatively little change in the 300 hPa height and wind field.  Topographic features are likely a 

greater contributor than changes in the upper-tropospheric synoptic setup in Region 2.  

3.4.2 Region 1 Analysis (90°W - 100°W, 20°N - 30°N)  

There tends to be increased uncertainty in a track forecast when a system is in weak 

environmental steering flow which is common in the western Caribbean and Gulf of Mexico 

(NHC 2013b).  Storms in Region 1 are at a location that can be steered either by the easterlies in 

the tropics, or by westward propagating mid-latitude baroclinic systems.  This may contribute to 

the high occurrence of low spread/high error forecasts.   

Of all of the forecasts that occur within Region 1, low spread/low error and low 

spread/high error are the most common, high spread/high error forecasts are rare, and high 

spread/low error forecasts are nonexistent (Table 3.3).  The population density statistics in 

Region 1 are much different than those of the entire Atlantic.  For example, 17.4% of forecasts in 

Region 1 are characterized by low spread/high error, whereas only 4.4% of all forecasts in the 

entire Atlantic are characterized by low spread/high error.  Additionally, 3.8% of forecasts in 

Region 1 are characterized by high spread/high error whereas 23.3% of forecasts in the entire 

Atlantic are high spread/high error.   

The statistics from Region 1 reveal that when the GFS track forecast is wrong in the 

western Gulf of Mexico, the ensembles tend to have low spread.  Whenever the forecast was 
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characterized by high ensemble spread, there was never resulting low error in the forecast.  Thus, 

if a forecaster sees high spread among the GFS ensembles in this region, the forecast is likely to 

have high error (with respect to the GFS ensemble mean position). 

Both low spread/low error and low spread/high error forecasts have a similar mean 

synoptic structure with a trough over the eastern Pacific, a ridge over the central U.S., and 

another trough near the east coast of the U.S.  There are slight differences between low 

spread/low error and low spread/high error in the mean 300 hPa winds and heights over the 

Pacific Northwest.  For example, mean 300 hPa heights over the northern Rocky Mountains are 

on average 50 meters lower for low spread/high error forecasts compared to low error forecasts.  

Furthermore, the standard deviations of height are greater than 150 meters for low spread/high 

error, whereas they are less than 50 meters for low spread/low error.  The difference in mean 300 

hPa winds over the northern Rockies between these two groups is up to 10 kts.  These findings 

suggest that a stronger baroclinic low upstream of Region 1 may—in some cases—contribute to 

the resulting high error given the initial low spread.  Further statistical tests would need to be 

performed to determine if the magnitude of these differences is significant.  Regardless of 

whether significant differences in the mean are observed, because these synoptic differences 

between low spread/low error and low spread/high error forecasts are relatively small, these 

findings alone are not enough to distinguish between the two groups on a case by case basis.   

The mean synoptic setup of low spread/low error and low spread/high error forecasts 

differs from that of high spread/high error forecasts which features a trough over the south 

central U.S. and a ridge along the east coast.  At the time a high spread/high error forecast is 

expected to be in Region 1, the mean 300 hPa trough in the south central U.S. (extending from 

the U.S. Southern Plains through central Mexico) is approaching the storm.  The standard 
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deviation height contours indicates that a trough of greater intensity exists in some of these high 

spread/high error cases.  Standard deviations of height in this region are up to 100 meters.     

These conclusions are derived from a large sample size with 71 forecasts/11 storms for 

high spread/high error, 326 forecasts/19 storms for low spread/high error, and 645 forecasts/16 

storms for low spread/low error.  However, as previously mentioned, further statistical analyses 

would need to be done to test for significance in these findings.    

In summary, the population density of troublesome low spread/high error forecasts in 

Region 1 is alarmingly high.  The ratio of low spread/high error to high spread/high error is 

approximately 4:1 in Region 1, whereas this ratio for the entire Atlantic basin is approximately 

1:5, suggesting a 20-fold increase in the threat compared to the basin as a whole.  Due to the 

absence of high spread/low error forecasts in this region, a forecaster can be confident when they 

see a forecast with high spread in the track forecast among the GFS ensembles, that the forecast 

is likely to have medium or high error (with respect to the GFS ensemble mean forecast 

position).  The main synoptic difference noted was that a mean 300 hPa ridge was located over 

and upstream of Region 1 in both low spread cases, whereas a mean 300 hPa trough was located 

over and upstream of Region 1 in the high spread/high error case.  Therefore, it is possible that 

this mean 300 hPa trough over the south central U.S. contributes to high spread/high error 

forecasts in Region 1.    

3.4.3 Region 3 Analysis (65°W - 75°W, 20°N - 30°N) 

Forecast errors are typically smaller when a storm moves west or west northwest and 

larger when a storm recurves and moves northward (NHC, 2013c; Goerss, 2007).  This is a 

possible explanation for the cluster of low spread/high error storms in Region 3.  They likely 

began on the southern edge of the subtropical ridge moving westward, and then approached the 
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western edge of the ridge and began recurving toward the mid-latitudes.  This potentially 

contributes to their low spread/high error classification. 

 Region 3 contains a high population density of high spread/high error forecasts and a 

low population density of high spread/low error forecasts (Table 3.3).  These findings are similar 

to those of the entire Atlantic basin.  Over the whole Atlantic Basin, 16.8% of forecasts are low 

spread/low error while 4.4% are low spread/high error.  In other words, low spread/low error 

forecasts are approximately four times as likely as low spread/high error forecasts. Despite this, 

the two groups of forecasts are almost equally likely in Region 3; 8% of the total forecasts in 

Region 3 are low spread/low error while 6% are low spread/high error (Table 3.3).  From 

comparing Figure 3.1 with Figure 3.4 it can be seen that, in Region 3, there appears to be a 

cluster of low spread/high error storms, but a lack of low spread/low error forecasts (relative to 

their overall distributions).  These findings can potentially alert forecasters that—compared to 

the rest of the Atlantic basin—this region has a history of “misleading” forecasts. 

A synoptic comparison of both low spread groups is executed in an attempt to find unique 

patterns that determine whether a low spread forecast results in low or high error (Figs. 3.8 and 

3.11). The mean synoptic set up of low spread/low error forecasts shows a strong ridge extending 

from the north to south central Atlantic, immediately east of the low spread/low error forecasts.  

It is likely that, on average, the steering flow of these storms is dominated by this strong upper-

level high pressure.  There is a mean upper-level trough upstream of these storms at the times 

they are forecast to be within Region 3; the mean trough axis is along the eastern U.S. coast from 

New York to Florida.   

The synoptic setup of these low spread/low error forecasts is in contrast to that of the low 

spread/high error forecasts for which the mean trough axis intersects the eastern section of 
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Region 3.  This mean trough axis extends from the Canadian Maritimes, to the southwestern 

Atlantic—which is approximately 1250 km further west of the low spread/low error mean trough 

axis.  The trough interaction is a likely cause of the low spread/high error forecast in Region 3.  

The trough-like shaped white standard deviation height contours centered over the trough axes in 

both cases further supports the above, and suggests that the amplitude of the troughs can vary 

considerably.  Despite this, standard deviations of height also reveal individual cases for which 

the low spread/high error trough is displaced further east of the mean trough.  This would result 

in a similar trough/ridge pattern between both low spread/high error and low spread/low error in 

these individual cases.  Thus, while distinction was noted in the mean synoptic setup between 

low spread/low error and low spread/high error, individual cases may not be represented well by 

the mean.   

The synoptic set up of both high spread cases differs from that of both low spread cases.  

It features upper-level ridging over Region 3 and the western Atlantic (Figs. 3.9 and 3.10).  The 

mean 300 hPa ridge is stronger for high spread/low error cases than for high spread/high error 

cases.  The mean flow is typically more zonal for the high spread/high error cases.    

One important note about these findings is that the mean synoptic setup of high 

spread/high error forecasts in this Region 3 (where a 300 hPa ridge was observed upstream) is 

much different than that of Region 1 (where a 300 hPa trough was observed upstream of high 

spread/high error forecasts).  This supports the method of identifying synoptic patterns by region, 

as notable differences in the synoptic setup for specific spread/error groups are found to occur 

among different regions throughout the Atlantic basin.   
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The above conclusions are derived from a substantial sample size with 9 (48), 17 (217), 

17 (160), and 25 (658) storms (forecasts) for high spread/low error, low spread/low error, low 

spread/high error, and high spread/high error, respectively.   

In summary of this region, the most notable finding was that the location of the 300 hPa 

trough may help a forecaster determine if a track forecast with low spread among the GFS 

ensembles will result in low or high error.  TC/trough interaction likely contributes to the 

occurrence of low spread/high error forecasts in Region 3.  Findings in this analysis led to 

conclusions applicable to the synoptic analysis of all regions.  Through a comparison of findings 

from Region 3 with those of Region 1, it was determined that it is useful to analyze synoptic 

setups by region.  This is in part due to the fact that there are climatological, physical, and 

synoptic patterns unique to various regions that ultimately play a role in a TCs spread/error 

classification.   

3.4.4 Region 4 Analysis (>35°N, 60°W – 75°W) 

It has been shown that increasing poleward motion can degrade track forecasting (Goerss 

2007). Additionally, as storms move into higher latitudes they are subject to increasing westerly 

upper-level flow and mid-latitude frontal systems.  An analysis of storms in higher latitudes was 

done to assess if these changes in upper-level flow patterns and increased baroclinicity plays a 

role in the resulting spread/error combination of a forecast.   

In Region 4, high spread/high error forecasts are the most common, occurring 26.4% of 

the time.  Low spread/low error forecasts are also common, occurring 13.8% of the time.  High 

spread/low error and low spread/high error forecasts are the least common, occurring only 0.7% 

and 2.7% of the time, respectively (Table 3.3).  These statistics are similar to those found for the 
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entire Atlantic basin.  Thus, the previously observed positive correlation between spread and 

error holds true in this region.    

The plots do not reveal any major differences among the 4 spread/error groups in the 300 

hPa height or wind fields upstream Region 4 (Figs. 3.12 – 3.15).  The plots show mean 300 hPa 

ridging near the Rocky Mountains, and troughing near the east coast of the U.S.  Also, the mean 

maximum jet wind speeds and locations are similar among the four groups, ranging from 60 to 

70 knots and centered east of the U.S. East coast. It is likely that the subtle synoptic differences 

that do occur can be partially attributed to differences in sample size among the groups. Other 

analyses, or case studies, would be necessary to distinguish among spread/error groups in the 

middle and high latitudes.   

3.4.5 Region 5 Analysis (75°W – 80°W, 27°N – 37°N) 

In Region 5, low spread/low error and high spread/high error are the most likely 

forecasts, as was found for the entire Atlantic basin.  These forecasts occur 13.8% and 26.4% of 

the time, respectively, in Region 5.  Low spread/high error and high spread/low error forecasts 

are very rare in Region 5—even rarer than they are for the entire Atlantic.  These forecasts occur 

2.7% and 0.7% of the time, respectively (Table 3.3).  This reveals an even stronger positive 

correlation between spread and error in Region 5, with fewer cases deviating from the overall 

relationship.   

The mean 300 hPa heights of forecasts with resulting low error (high spread/low error 

and low spread/low error) show a ridge upstream (along the U.S. East coast) of this region (Figs. 

3.17 and 3.19).  This is in contrast to the mean synoptic setup of high error forecasts (low 

spread/high error and high spread/high error) which show a trough approaching upstream (Figs. 

3.16 and 3.18).  The standard deviation of the height contours show there is not much deviation 
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from the mean trough ridge position, although the amplitude may vary.  The mean 300 hPa 

trough is more pronounced in the high spread/high error mean synoptic analysis compared to the 

low spread/high error analysis.  Therefore, this supports the fact that upstream troughs may 

contribute to the high error in track forecasts for TCs located in this Region 5 located along the 

east coast of the U.S.   

There is a sufficient sample size included in the high spread/high error analysis with a 

total of 235 different forecasts from 15 different storms, and in the low spread/low error analysis 

with 353 different forecasts from 10 different storms.  The high spread/low error and low 

spread/high error analyses, however, are not as robust. There are only 60 forecasts from 5 

different storms, and 12 forecasts from 4 different storms included, respectively.    

Given the small sample size, case studies were done for each of the four low spread/high 

error storms: hurricane Noel (2007), tropical storm Cristobal (2008), hurricane Hanna (2008), 

and tropical storm Danny (2009).  For each storm, the synoptic pattern (300 hPa wind speeds and 

height contours) was plotted at four evenly spaced intervals throughout the storm's lifespan.  The 

storm’s location is indicated by a black dot (Figs. 3.20 – 3.23).   

We begin by analyzing the synoptic evolution for hurricane Noel.  Forecasts of this storm 

had low spread, yet high error occurring at each of the four times plotted.  From Time 1 – Time 

2, the center of Noel traversed the mountainous terrain of Cuba. Recall from Section 3.3.1 that 

mountains influence a track forecast.  Also recall that this information combined with the 

geographical analysis from Region 2 led us to hypothesize that mountains may increase the 

likelihood of low spread/high error forecasts.  This hypothesis is supported by this case study.  

Hurricane Noel then reemerged into the western Atlantic waters at which point an upper level 

trough was located over the Florida peninsula and approaching the storm (Time 3).   
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For both hurricane Noel and tropical storm Danny, an upper level trough developed over 

the northwestern Gulf of Mexico. It amplified and became negatively tilted as it propagated 

eastward toward the storm.  This synoptic setup is in contrast to the mean synoptic setup of the 

low spread/low error forecasts, for which there is mean upper-level ridging along the eastern 

U.S.  Therefore, in these cases, it is possible that the 300 hPa trough approaching upstream 

contributed to the low spread/high error classification of the forecasts for both hurricane Noel 

and tropical storm Danny.   

Hurricane Hanna, like tropical storm Danny, interacted with a strong upper level cut-off 

low.  However, the cut-off level low that interacted with Hanna was centered over the northern 

Atlantic and extended deep into the subtropics.  Hanna continued to have low spread/high error 

forecasts after this trough passed to the east.  A possible reason for this is the highly progressive 

and amplified flow.  By Time 4, a strong ridge built in over Hanna in the western Atlantic. 

Unlike the previous three storms mentioned, tropical storm Cristobal did not interact with 

an upper level trough and was not embedded within amplified upper-level flow.  Rather, 

Cristobal was located in the center of a strong upper-level high, and the mid-latitude flow was 

zonal from Time 1 through Time 4.  This reveals that although troughs interacting with the storm 

may increase the likelihood of a low spread/high error forecast, a low spread/high error forecast 

may still occur in their absence.    

Therefore, although there are differences in the mean flow, each case is unique.  An 

approaching trough may increase the likelihood of resulting high error in the forecast, however, 

in and of itself, it cannot be used to determine the resulting spread.  Other factors must be 

analyzed in context of the storm.   
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In summary of Region 5, an even stronger positive correlation between error and spread 

is observed.  For example, a forecaster may be guided by the fact that low spread among GFS 

ensemble member tracks through Region 5 results in low error 96.7% of the time, and results in 

high error only 3.3% of the time. The most notable synoptic observation was that an upper-level 

trough along the east coast of the U.S. (upstream Region 5) may contribute to high track error for 

a TC located in Region 5.  However, case studies revealed that low spread/high error forecasts 

may occur in the absence of a nearby upper-level trough.  Thus, the trough/ridge pattern does not 

guarantee a certain spread/error classification for a TC track forecast and further work is needed 

to refine these patterns.  

3.4.6 Simultaneous TCs 

It has been documented that interaction among simultaneous TCs degrades track 

forecasting (Carr and Elsberry 2000).  Brand (1970) determined that TCs within 1450 km (783 n. 

mi.) are close enough to interact with each other.  This interaction frequently causes significant 

changes in the translation speed and direction of TCs.  However, because of the TCs ability to 

impact the synoptic scale circulation over a broader distance and indirectly impact distant TCs, 

this threshold was relaxed slightly.  Storms less than 2000 km (1050 n. mi.) of each other were 

included in the analysis.  The term “simultaneous TCs” will be used below to describe any time 

there are two Atlantic TCs within less than 2000 km of each other. 

The first analysis determines the spread/error combination that is likely to result for times 

during which there are simultaneous TCs. There were a total of 292 forecasts that occurred when 

two simultaneous TCs existed.  Of these forecasts, 56 (19.21%) had low ensemble spread yet 

resulted in high error, 18 (6.22%) had low spread and low error, and 7 (2.43%) had high spread 

and high error (Table 3.4).  The other 72.2% of the forecasts were characterized by one of the 

other 5 error/confidence classifications containing either medium spread or error.  Thus, 
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simultaneous TC forecasts are most likely to be characterized by low spread/high error.  

However, such occurrences are rare, as shown next.  

A second analysis was done to determine how often simultaneous TCs occur, shown in 

Table 3.5.  This calculates the percentage of total forecasts of a given spread error group that 

were within less than 2000 km of a second TC.  Of the 1418 low spread/high error forecasts, 56 

forecasts occurred when there were simultaneous TCs (3.93% of the time).  Contrarily, none of 

the 455 forecasts with high spread/low error occurred when there were simultaneous TCs.  Of the 

5893 low spread low error forecasts, 18 forecasts (0.31%) occurred when there were 

simultaneous TCs. Of the 7504 high spread/high error forecasts, 7 forecasts (0.09%) occurred 

when there were simultaneous TCs.  Although low spread/high error forecasts had simultaneous 

TCs present for a slightly higher percentage of the time compared to the other groups, these 

percentages are very small.  This leads to the conclusion that, although simultaneous TCs may 

significantly increase the likelihood of a misleading (low spread/high error) forecast, they are 

sufficiently rare occurrences that other factors must be analyzed to determine the resulting 

spread/error combination.  However, if a forecaster knows that simultaneous TCs exist, the 

finding from Analysis 1 shows that approximately one in five times, the forecast will be 

characterized by low/spread high error.  This is considerably higher than the rate for that 

combination for the basin as a whole (one in 100 times).    

 
 
 
 
 
 
 
 



46 
 

Table 3.1: Percentage of the specified spread/error group’s total forecasts that fall within the 
specified region. For example, of all low spread/high error forecasts in the entire Atlantic basin, 
22.99%  are located in Region 1. 
 

Spread/Error Group Region 1 Region 2 Region 3 Region 4 Region 5 

Low Spread/High Error 22.99 15.37 11.28 3.39 3.89 

High Spread/Low Error 0.00 1.10 10.55 2.86 0.78 

High Spread/High Error 0.95 3.12 8.77 6.22 15.24 

Low Spread/Low Error 11.89 12.09 4.00 4.50 6.51 

Low Spread/Low Error 11.89 12.09 4.00 4.50 6.51 
 
 
Table 3.2: Mean Julian and calendar day of spread/error groups. 
 

 

Low Spread/ 
High Error 

Low Spread/ 
Low Error 

High Spread/ 
Low Error 

High Spread/ 
High Error 

Mean Julian 
Day 251 241 253 253 
Mean Calendar 
Day Sept 7 Aug 28 Sept 9 Sept 9 

St Dev (days) 33 35 24 33 
95% 
Confidence  
Interval 249-252 240-242 251-256 252-254 
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Table 3.3: Percentage of forecasts in the specified region with the specified spread/error 
combination.  For example, 17.42% of all forecasts in Region 1 are characterized by low 
spread/high error.  The remaining forecasts contain medium spread and/or medium error.  
 

Spread/Error Group Region 1 Region 2 Region 3 Region 4 Region 5 

Low Spread/High Error 17.42 9.18 5.74 2.71 0.78 

High Spread/Low Error 0.00 0.21 1.72 0.73 3.89 

High Spread/High Error 3.79 9.85 23.61 26.37 15.24 

Low Spread/Low Error 34.47 27.62 7.79 13.78 22.89 

Remainder 44.32 52.51 61.14 56.41 57.20 
 
 

Table 3.4: Percentage of total simultaneous TC forecasts that fell within each of the specified 
spread/error groups. (For example, given that there are simultaneous TCs, 19.21% of the time the 
forecast will be characterized by low spread/high error.) 
 

 Low Error  High Error  

High Spread 0.00% 2.43%  

Low Spread  6.22%  19.21%  

 
 
Table 3.5: Percentage of total forecasts of a given spread error group that were within less than 
2000 km of a second TC (characterized by having simultaneous TCs). (For example, a low 
spread/high error forecast will be characterized by simultaneous TCs 3.93% of the time.) 
 

 Low Error  High Error  

High Spread 0.00%  0.09%  

Low Spread  0.31%  3.93%  
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Figure 3.1: Location of low spread/high error forecasts.  Each storm is marked by a unique 
color/shape combination.  Each colored mark represents a different ensemble mean forecast from 
a different model run.  The boxed regions denote Regions 1, 2, and 3—locations where low 
spread/high error forecasts have a high population density. 
 
 
 

Region 1 

Region 3 

Region 2 
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Figure 3.2: As in Figure 3.1 except for high spread/low error forecasts and for the boxed area 
denotes Region 4—the mid-latitudes along the U.S. east coast where there is a low population 
density of high spread/low error forecasts. 
 
 
 
 

Region 4 
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Figure 3.3: As in Figure 3.1 except for high spread/high error forecasts. 
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Figure 3.4: As in Figure 3.1 except for low spread/low error forecasts and for the boxed area 
denotes Region 5—where low spread/low error forecasts have a high population density, and low 
spread/high error forecasts have a low population density. 
 
 

 

 

 

 

Region 5 
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Figure 3.5: Plot of the mean 300 hPa winds in knots (shaded) and height field in meters (red 
contours) for all times at which a low spread/high error forecast lies within Region 1 (90°W - 
100°W, 20°N - 30°N), highlighted by the green box. The white contours show the standard 
deviation of 300 hPa heights.  The analysis consists of 326 individual six-hourly forecasts (Nf) 
and 19 different storms (Ns) that fell within Region 1. 
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Figure 3.6: As in Figure 3.5 except for high spread/high error forecasts and except for the 
analysis consists of 71 individual six-hourly forecasts (Nf) and 11 different storms (Ns) that fell 
within Region 1. 
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Figure 3.7: As in Figure 3.5 except for low spread/low error and except for the analysis consists 
of 645 individual six-hourly forecasts (Nf) and 16 different storms (Ns) that fell within Region 1. 
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Figure 3.8: Plot of the mean 300 hPa winds in knots (shaded) and height field in meters (red 
contours) for all times at which a low spread/high error forecast lies within Region 3 (65°W - 
75°W, 20°N - 30°N), highlighted by the green box. The white contours show the standard 
deviation of 300 hPa heights.  The analysis consists of 160 individual six-hourly forecasts (Nf) 
and 17 different storms (Ns) that fell within Region 3. 
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Figure 3.9: As in Figure 3.8 except for high spread/low error and except for the analysis consists 
of 48 individual six-hourly forecasts (Nf) and 9 different storms (Ns) that fell within Region 3. 
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Figure 3.10: As in Figure 3.8 except for high spread/high error and except for the analysis 
consists of 658 individual six-hourly forecasts (Nf) and 25 different storms (Ns) that fell within 
Region 3. 
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Figure 3.11: As in Figure 3.8 except for low spread/low error and except for the analysis consists 
of 217 individual six-hourly forecasts (Nf) and 17 different storms (Ns) that fell within Region 3. 
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Figure 3.12: Plot of the mean 300 hPa winds in knots (shaded) and height field in meters (red 
contours) for all times at which a low spread/high error forecast lies within Region 4 (>35°N, 
60°W - 75°W), highlighted by the green box. The white contours show the standard deviation of 
300 hPa heights.  The analysis consists of 48 individual six-hourly forecasts (Nf) and 9 different 
storms (Ns) that fell within Region 4. 
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Figure 3.13: As in Figure 3.12 except for high spread/low error and except for the analysis 
consists of 13 individual six-hourly forecasts (Nf) and 7 different storms (Ns) that fell within 
Region 4. 
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Figure 3.14: As in Figure 3.12 except for high spread/high error and except for the analysis 
consists of 467 individual six-hourly forecasts (Nf) and 27 different storms (Ns) that fell within 
Region 4. 
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Figure 3.15: As in Figure 3.12 except for low spread/low error and except for the analysis 
consists of 244 individual six-hourly forecasts (Nf) and 18 different storms (Ns) that fell within 
Region 4. 
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Figure 3.16: Plot of the mean 300 hPa winds in knots (shaded) and height field in meters (red 
contours) for all times at which a low spread/high error forecast lies within Region 5 (75°W - 
80°W, 27°N - 37°N), highlighted by the green box. The white contours show the standard 
deviation of 300 hPa heights.  The analysis consists of 12 individual six-hourly forecasts (Nf) and 
4 different storms (Ns) that fell within Region 5. 
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Figure 3.17: As in Figure 3.16 except for high spread/low error and except for the analysis 
consists of 60 individual six-hourly forecasts (Nf) and 5 different storms (Ns) that fell within 
Region 5. 
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Figure 3.18: As in Figure 3.16 except for high spread/high error and except for the analysis 
consists of 235 individual six-hourly forecasts (Nf) and 15 different storms (Ns) that fell within 
Region 5. 
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Figure 3.19: As in Figure 3.16 except for low spread/low error and except for the analysis 
consists of 353 individual six-hourly forecasts (Nf) and 10 different storms (Ns) that fell within 
Region 5. 
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a)                                                   b) 

 

 

 

 

 

 

c)                                                    d)                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.20: Plots of the mean 300 hPa winds in knots (shaded) and height field in meters (red 
contours) at four evenly spaced time intervals (a – d).  This is an analysis of hurricane Noel—a 
storm with low spread/high error forecasts in Region 5 (75°W - 80°W, 27°N - 37°N), highlighted 
by the green box. The storm’s position at the given time is indicated by the black dot. 
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 a)                                                  b) 

 

 

 

 

 

 

 c)                                                    d)                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.21: As in Figure 3.20 except for T.S. Cristobal 
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 a)                                                  b) 

 

 c)                                                    d)                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.22: As in Figure 3.20 except for hurricane Hanna. 
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 a)                                                  b) 

 

 

 

 

 

 

 c)                                                    d)                                                   

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

 

Figure 3.23: As in Figure 3.20 except for T.S. Danny. 
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CHAPTER FOUR 

CONCLUSION AND FUTURE WORK  

4.1 Statistical and Synoptic Conclusions 

The forecast track spread among ensemble members tends to be used as a proxy for the 

amount of confidence a forecaster has in the guidance.  A forecaster typically feels more 

confident in the guidance when there is low spread among ensemble member track forecasts.  

However, there are instances where a low spread forecast results in high error.  A forecaster 

following this common way of thinking and relying on these ensembles is likely to get the 

forecast wrong.   

The first goal of this research was to quantify the relationship between forecast track 

spread and error, to determine if spread is a good proxy for confidence.  Additionally, we sought 

to determine how often these troublesome low spread/high error forecasts occur, as well as other 

combinations of spread and error.  To determine this, the GFS was used to analyze the forecast 

track spread and error for 2004-2011 Atlantic TCs.  Error and spread were evaluated first for the 

storm as a whole, second as a function of forecast hour for each TC, and third for each six-hourly 

forecast segment for each storm.  For each of the three analyses, terciles of both spread and error 

were determined, giving nine error/spread combinations.   

The second goal of this research was to identify factors associated with unique 

spread/error combinations.  Climatological, synoptic, and physical characteristics were examined 

for four of the nine combinations: high spread/high error, low spread/low error, high spread/low 

error, and low spread/high error. 

 Mean track forecast error increased with higher GFS ensemble forecast track spread.  In 

Analysis 1—where storm average values of error and spread were considered—we found a 
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significant positive correlation between error and spread with an r2 value of 0.61 (p < 0.01).   In 

Analysis 2—where the storm average spread/error relationship evolution as a function of forecast 

hour was observed—a statistically significant positive correlation was found for all forecast 

hours analyzed (12 – 120) with r2 values ranging from 0.31 to 0.63.  In Analysis 3—where 

individual forecast segments as a function of forecast hour were considered—a generally 

statistically significant positive correlation existed.  Random sampling within the gamma 

distribution revealed statistical significance in 86% of the 21 spread/error comparisons.  

Therefore, the GFS ensemble spread may often serve as a good indicator of the eventual 

forecast error.  However, ensemble spread alone does cannot completely depict what the GFS 

error will  be.  Further, these results do not suggest what the sign of the error (whether the 

eventual track is likely to be left or right of the forecast) even when the spread/error relationship 

is strong.  For example, although rare, forecasts with low spread/high error occur 4.4% of the 

time and those with high spread/low error occur 1.4% of the time.  By considering 

climatological, physical, and synoptic factors, a forecaster might have a better understanding of 

the error that will  result from a particular GFS model forecast in certain instances.  

For instance, there is a higher likelihood of a low spread/high error forecast when two 

tropical cyclones exist simultaneously within less than 2000 km.  One in five times, the track 

forecast of simultaneous TCs will be characterized by low spread and high error. 

Three regions were identified where troublesome low spread/high error forecasts tend to 

occur: Region 1) the Western Gulf of Mexico along the coast of Texas and Mexico, Region 2) 

the Western Caribbean along the coast of Nicaragua and Costa Rica, and Region 3) the Western 

Atlantic near the Bahamas.  The east coast of the U.S. from north Florida to the mid-Atlantic 
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(Region 5) was identified as a region where there is an even stronger positive correlation 

between error and spread. 

In Region 1, whenever the forecast was characterized by high ensemble spread, there was 

never resulting low error in the forecast.  Thus, if a forecaster sees high spread among the GFS 

ensembles in this region, the forecast is likely to have high error (with respect to the GFS 

ensemble mean position).  Additionally, TC/trough interaction in this region is likely to lead to a 

high spread/high error forecast.  

Regions 1 and 2 border rugged mountain ranges that extend through Mexico, Nicaragua, 

Costa Rica, and Guatemala.  Steep topography has been shown to impact TC track.  Thus, the 

frequent occurrence of low spread/high error forecasts in these regions may be due to the 

inability of the GEFS to account for the impacts of mountainous terrain stretching from Mexico 

to Costa Rica on TC motion.  

The mean 300 hPa height and wind field distinguishes the low spread/low error from the 

low spread/high error forecasts in Region 3.  The mean trough axis in low spread/high error 

forecasts in Region 3 extends from the Canadian Maritimes, to the southwestern Atlantic—

which is approximately 1250 km further west of the low spread/low error mean trough axis.  The 

trough interaction is a likely a common cause of the low spread/high error forecast in Region 3.    

  These findings are based on observations of the mean synoptic setup.  Individual cases 

may not be represented by the mean.   Many of the synoptic findings in this research merely 

serve as a starting point in identifying the various factors that contribute to a forecasts’ defining 

spread/error combination.   
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4.2 Future Work 

It should be noted that past studies found models other than the GFS—such as the 

Canadian Meteorological Centre (CMC), the United Kingdom Meteorological Office (UKMO) 

(Hamill 2011), and a consensus of models (Hauke 2006)—to have a stronger positive correlation 

between error and spread.  Thus, future research could identify the spread/error relationship of, 

for example, a consensus of models so that unique climatological and synoptic factors can be 

identified among the spread/error groups. 

Additional climatological, synoptic, physical, and sub-synoptic analyses and comparisons 

among the various spread/error groups could help a forecaster determine if high or low error will 

result in a particular GFS ensemble forecast.  More specifically, by considering factors 

including—but not limited to—vorticity, moisture, and motion vector, it may be possible for a 

forecaster to better understand when a low spread forecast will result in high error.  Statistical 

tests are needed to test for significance in the synoptic analysis findings.    
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