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ABSTRACT 

 

 

 

 As understanding of tropical cyclone (TC) evolution both during and beyond the tropical 

phase improves, forecasting and analysis techniques are adjusted accordingly.  While these 

changes hopefully lead to more accurate forecasts, they introduce inconsistencies into best track 

datasets.  The tropical cyclone reanalysis project was started in an attempt to remove such 

inconsistencies and biases (Landsea et al. 2004).  It is important to understand biases within best 

track datasets before studies of long term trends can be meaningfully completed.  Here, the 

strengths and limitations of the ECMWF reanalysis data (ERA40; Uppala 2005) are examined 

within the cyclone phase space (CPS; Hart 2003). 

 This process included using the CPS to quantify biases and evolving trends in North 

Atlantic TC representation within the ERA40.  It is found that TCs are poorly resolved even 

beyond what is expected given the ERA40’s grid size.  By binning data into three temporal 

groups it is found that the introduction of satellite data results in a drastic improvement in the 

representation of ERA40 TCs.  Not surprisingly, TC size seems to have the most profound effect 

since the ERA40 grid size is 1.125° (Uppala 2005).  It is also found that location (specifically 

longitude) also has a marked effect on TC representation within the ERA40, but it should be 

noted that location is linked to data density.   

 Despite these inconsistencies, the ERA40 CPS can be used to scrutinize historical 

structural classification of some TCs, provided that the TCs are represented much better than the 

mean (usually by more than one standard deviation).  Within this study, it is found that some 

TCs may require refined timing of extratropical transition.  Others may need refined structural 

classification at the beginning or in the middle of their HURDAT tracks.  Finally, there are some 

for which the ERA40 and HURDAT classifications agree throughout the duration of the TC’s 

lifecycle.  Within the study, cases from each of these subsets of TCs are presented and three 

potential additions to the best track dataset are examined.  It should be noted that no potential 

revisions are suggested only when evidence outside of the ERA40 CPS can be obtained since no 

singular source should be the basis of revisions to the best track dataset.   

 



CHAPTER 1 

INTRODUCTION 

 

 

The understanding and diagnosis of tropical cyclone (TC) structural evolution has 

increased tremendously through various satellite-based (Velden 1998; Klein et al. 2000), 

dropsonde-based (Franklin et al. 2003), and gridded model analysis-based (Hart 2003; Evans and 

Hart 2003) classifications.  As understanding has increased, analysis techniques used at the 

National Hurricane Center and other tropical prediction centers have evolved.  While these 

changes (and those that came before) hopefully lead to more accurate forecasts and analyses, it 

also leads to inconsistency within the historical databases (Landsea et al. 2004).  In an attempt to 

remove such biases, the reanalysis of historical storms in the context of present day 

understanding has begun (e.g. Landsea et al. 2004; Dunion et al. 2003; Cobb 2004).  Such 

reanalysis is essential not only to update and refine existing datasets such as the National 

Hurricane Center’s best track (Jarvinen et al. 1984; Neumann et al. 1993), but also to improve 

the understanding of evolving biases within those same datasets (Manning and Hart 2007; 

hereafter MH07). 

 One of the many tools available for use during reanalysis is the cyclone phase space 

(CPS) developed within Hart (2003). The CPS utilizes three individual parameters describing a 

cyclone’s structure to illustrate the evolution of that cyclone.  The first parameter (B) measures 

the storm-motion-relative thickness asymmetry of the cyclone to determine its approximate 

frontal nature.  This thickness gradient is calculated in the 900-600 hPa layer and is defined by 

Equation 1.  In the equation, h is a hemispheric adjustment; ΔZR is the thickness in the 500 km 

semicircle to the right of storm motion; and ΔZL is the thickness in the 500 km semicircle to the 

left of storm motion (Hart 2003). The 500 km radius was chosen since it is consistent with the 

4°-6° average radius over which cyclonic, convergent inflow was observed for tropical cyclones 

(Hart 2003).  Tropical cyclones (TCs) are typically “symmetric” meaning they contain little or 

no storm-relative thermal asymmetry across the center, while extra-tropical (or subtropical) 

cyclones are typically “asymmetric,” possessing a (relatively) strong and asymmetric thermal 

gradient across the center (Figure 1.1).  
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 The other two parameters used within the CPS are measures of the thermal wind in the 

lower troposphere (–VT
L
) and upper troposphere (–VT

U
).   Equations 2 and 3 define the scaled 

magnitudes of –VT
L
 and –VT

U
, respectively, where ΔZ is a measure of the height perturbation 

(cyclone strength) and is calculated by Equation 4.  Computed in this way, ΔZ approximates the 

height gradient on an isobaric surface and is proportional to the magnitude of the geostrophic 

wind as shown in Equation 5.  Here, d is the distance between extrema; g is the acceleration due 

to gravity; f is the coriolis parameter; and Vg is the geostrophic wind speed (Hart 2003).  The 

values of –VT
L
 and –VT

U
 quantify the warm vs. cold-core magnitude of the cyclone within each 

layer, providing a gross sense of how “tropical” or “extratropical” a cyclone is as well as 

ensuring that the cyclone phase space is not independent of cyclone intensity (Hart 2003).  

 When calculated at multiple times throughout a cyclone’s life cycle, these three 

parameters can be plotted against one another in a three-dimensional cyclone phase space as seen 

in Figure 1.2.  Though there are many other dimensions that characterize a cyclone’s structure, 

these three are assumed to represent the majority of the variability among synoptic-scale 

cyclones (Hart 2003).  The CPS allows a clear visualization of the structural evolution of the 

cyclone (whether the cyclone is tropical, extratropical, or hybrid).  Though the three-dimensional 

CPS provides a complete illustration of a cyclone’s evolution, it can at times be difficult to 

understand and analyze.  Thus, in order to produce a more straight-forward illustration, cross-

sections as seen in Figure 1.3 are used.     

 In this study, the inherent strengths and limitations of the ECMWF reanalysis dataset 

(ERA40; Uppala 2005) within the cyclone phase space will be tested.  It will be shown that, just 

as with any singular source, the ERA40 CPS should not be used as the sole reason for 
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reclassification of an existing HURDAT TC, nor should it be used as the sole reason for addition 

of “new” TCs to the HURDAT dataset.  It will also be shown that at this time, there is no single 

way to ascertain historical intensity from the ERA40 CPS without first attempting to account for 

evolving representation through post-processing.  In spite of these limitations, the ERA40 CPS 

proves to be particularly useful in helping to refine structural classification of historical TCs, e.g. 

diagnosing the timing of extratropical transition (ET), or tropical transition.   

The ERA40 CPS can also be utilized to study the evolution of TC representation within 

the gridded ERA40 dataset.  Quantifying variations in TC representation within historical 

datasets is of utmost importance in light of recent discussions on the role of global warming in 

trends of TC frequency and intensity (Emanuel 2005; Webster et al. 2005; Klotzbach 2006; 

Pielke et al. 2006; Elsner et al. 2006).  Intuition would suggest that as observation quality and 

density improve, TC representation within gridded datasets should also improve.  Here, the CPS 

parameters, along with mean sea level pressure will be used to test the aforementioned 

hypothesis regarding TC representation within the ERA40, while also acknowledging that 

evolving dataset biases and long term physical trends may be acting simultaneously.   Though 

reanalysis datasets have been used extensively over the past decade, leading to increased insight 

on climate and climate variability, these datasets have yet to be proven as a means for analyzing 

evolving TC structure over long time periods based on their resolution (1.125° in the ERA40).   

To that end, one goal of this study is to determine whether the intensity and structural 

representation of documented TCs in the ERA40 is sufficiently distinct and consistent with best 

track estimates to be used for TC trend studies as was done by Sriver and Huber (2006; MH07). 

 The results of the study are divided into three main sections.  The first section (Chapter 3) 

discusses the general representation of TCs within the ERA40 dataset by examining the mean 

thermal structure and intensity of each Saffir-Simpson category.  The mean track error as 

determined by comparing the ERA40 TC track to the track of its HURDAT counterpart is also 

discussed.  The second section (Chapter 4) focuses on the evolving TC structural biases within 

the ERA40.  The effects of ship and satellite data, TC size, and TC location will be thoroughly 

investigated and some of the dataset’s limitations will be determined.  Finally, the third section 

(Chapter 5) addresses the utility of the ERA40 CPS as a reanalysis tool.  Several documented 

cases will be presented and a few potential changes to HURDAT will be suggested.  In addition, 

three previously undocumented cyclones will be examined as potential additions to HURDAT. 
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Figure 1.1- Example 900-600 hPa thickness (shaded) across a (a) thermally symmetric 

(nonfrontal) tropical cyclone (Hurricane Floyd on 14 Sep 1999; 1° NOGAPS analysis) and (b) 

thermally asymmetric (frontal) extratropical cyclone (“Cleveland superbomb” on 26 Jan 1978; 

2.5° NCEP-NCAR reanalysis).  Cyclone center is labeled within the 500 km radius circle and the 

bisecting equator indicates direction of motion.  The solid semi-circle lies to the right of motion 

and dotted semicircle lies to the left of motion.  The mean thickness for each semicircle is 

labeled, along with the difference between the semicircles, parameter B (Equation 1). (Hart 

2003).
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Figure 1.2 – The three-dimensional cyclone phase space containing an example of cyclone 

evolution.  (from http://moe.met.fsu.edu/cyclonephase/help.html). 

 

 

 

 

   
 

Figure 1.3 – Cross-sections of the CPS used to visualize cyclone structural evolution more easily.  

The typical locations of some common synoptic-scale cyclones are marked.  (from 

http://moe.met.fsu.edu/cyclonephase/help.html). 
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CHAPTER 2 

DATA AND METHODOLOGY 

 

 

 The ECMWF reanalysis dataset (ERA40; Uppala 2005) was used for this study and was 

chosen because of its higher resolution (1.125°) than the NCEP/NCAR reanalysis data (2.5° 

resolution; Kalnay et al. 1996).  The ERA40 reanalysis covers a 45 year period from September 

1957 through August 2002 and was created as an extension and improvement of the ERA15 

(Uppala 2005).  Improvements over the ERA15 include both higher horizontal and vertical 

resolution within the boundary layer and stratosphere as well as the addition of more 

observations.  For example, the ERA40 uses satellite data in a much more comprehensive way 

utilizing re-processed raw measurements when possible.  Other data sources used as input for the 

ERA40 include archived operational data from the ECMWF, NCEP and the Japan 

Meteorological Agency (Uppala 2005).  Figure 2.1 displays a limited chronology of the types of 

observations that were assimilated into the ERA40, with the daily number of each type of 

observation included in Table 2.1.  A more comprehensive list and chronology of assimilated 

data types is available in Appendix A. 

 The synoptic quality of the ERA40 in capturing both mid-latitude and tropical cyclones 

has been tested and has shown that the ERA40 version of the analysis performed much more 

satisfactorily than the ERA15, and that tracks of African easterly waves are much more coherent 

in the ERA 40 (Uppala 2005).  Further, using an objective comparison of the ERA40 to the best-

track dataset (Neumann 1993), it was found that the ERA40 has a detection rate of more than 

90% for documented Northern Hemisphere tropical cyclones (Uppala 2005).  This latter point is 

especially important in the context of the current study since North Atlantic TCs within the 

ERA40 are the subject of the investigation. 

 The North Atlantic basin was chosen due to the more regular use of aircraft 

reconnaissance within this basin compared to the others.  Since the use of reconnaissance data is 

more consistent, the National Hurricane Center’s “best track” dataset (HURDAT; Jarvinen et al. 

1984, Neumann et al. 1993) is assumed to be more homogeneous than best track datasets for 

other basins.  All documented tropical cyclones occurring between 1957 and 2001 were 
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manually tracked within the ERA40 data (except for the first two TCs of 1957 which occurred 

before the start of the ERA40 data).  The 2002 season was excluded because the ERA40 analysis 

stopped before the peak of the North Atlantic hurricane season.  The process of manually 

tracking the TCs consisted of using start and end times from the HURDAT dataset and then 

manually selecting the location of the ERA40 TC’s center of circulation as determined by an 

ERA40 MSLP minimum contoured at 0.5 mb.  When a TC lacked a closed MSLP contour, 

vorticity maxima were used to determine the location of the center of circulation.  While 

significant discrepancies between the ERA40 and HURDAT tracks do exist in a few cases (as 

will be shown in Chapter 3), the ERA40 tracks were used since the intensity and structure of the 

TCs within the ERA40 are the subjects of the study (MH07).  These track errors will be 

quantified and discussed at length in the Chapter 3.  From the track files created during this 

process, ERA40 MSLP was recorded and the CPS parameters were calculated for every six 

hours during the TC’s existence so that analysis could begin.  

 Before discussion of the analysis method is considered, it should be noted that manually 

tracking the TCs introduces a potential error since the operator subjectively chooses the center of 

the storm instead of using a program that objectively determines the center.  The former method 

was chosen, however, because of the auto-tracker’s tendency to “jump” from one system to 

another (especially in the cases of a TC undergoing extratropical transition in the vicinity of a 

stronger extratropical cyclone or in the case of a weak TC with an unclear center).  The 

subjective determination of a TCs center was most likely to be problematic when tracking TCs 

that were poorly resolved with broad circulations.  The error attributed to this subjectivity is 

small and will be discussed further in Chapter 3. 

 After all tracks had been created, analysis began by initially focusing on general TC 

representation within the ERA40.  First, the mean ERA40 intensity (MSLP) for each Saffir-

Simpson (SS) category was computed and compared to the mean HURDAT intensity (as 

determined by MSLP) for each category.  Mean ERA40 structural representation (–VT
L
 and        

–VT
U
) was also studied.  Track errors for each storm were computed by comparing the ERA40 

TC tracks to those of their HURDAT counterparts.  It is acknowledged that some errors likely 

exist within the HURDAT dataset with regards to both track and intensity (e.g. Landsea 1993).  

However, due to the impossibility of a “perfect” dataset, the HURDAT data was used as a 

baseline for all comparisons.    
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 Once the general representation of TCs had been sufficiently examined, focus was 

switched to TC intensity trend evolution within the ERA40 data.  In order to quantify trend 

evolution, the effects of satellite data, TC location, and TC size were studied.  Means and 

standard deviations of –VT
L
, –VT

U
, and MSLP were calculated for each subset of TCs and 

student t-tests were used to determine whether differences were statistically significant.  It should 

be noted that the distributions of these parameters were not completely normal.  Rather they were 

closer to Gaussian, and for this reason, F-tests were also performed in some instances.  These 

tests resulted in comparable p-values to the t-tests.  It should also be noted that while some of the 

ERA40 cyclones likely underwent extratropical transition (ET) before their best track 

counterparts (Evans and Hart 2003), no attempt was made to correct for those points at which a 

best track TC may have begun ET in the ERA40.  Further, based upon the results of Evans and 

Hart (2003), any resulting contribution to the statistics is argued to be small above SS category 

one (MH07).   

 Following the quantification of trend evolution within the ERA40, reanalysis of the 

HURDAT dataset began.  The CPS diagrams for each TC were created using the previously 

discussed ERA40 tracks.  It should be noted that the CPS diagrams presented within this study 

contain the 24 hour running mean of each CPS parameter rather than the raw values for 

smoothing purposes.  However, all statistics were calculated using raw values.  The ERA40 CPS 

was then used (along with other sources when available) to scrutinize the structural classification 

of documented tropical cyclones in the Atlantic basin.  This process included examining the 

timing of extratropical transition as well as attempting to distinguish subtropical or hybrid 

cyclones from truly tropical cyclones.   TCs were then divided into five categories based on their 

ERA40 CPS representations: TCs represented well, TCs that may need a refined ET time, refined 

genesis stage, or refined structure in general, and TCs that were clearly not captured well. 

 In addition to scrutinizing the structural classification of TCs within HURDAT, the 

ERA40 CPS was used to examine a number of previously undocumented cyclones as potential 

additions to the HURDAT dataset.  These potentially “new” TCs were found by searching for 

persistent low pressure centers that developed south of 40° North within the ERA40 that had not 

been previously named.  Tracks for these “new” TCs were created and the CPS parameters were 

calculated.  It should be noted that the existence of a potential tropical cyclone (e.g., symmetric 

with a deep warm core) in the ERA40 data does not necessarily indicate a needed addition to 
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HURDAT since no revisions should be based on the information contained within any singular 

data source or analysis method. 
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Table 2.1- Average daily counts of various types of observations supplied to the ERA40 data 

assimilation for five selected periods. (Uppala 2005) 

 

 

 

 

 

 

 

Figure 2.1- Condensed chronology of the types of data assimilated into the ERA40. (Uppala 

2005) 
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CHAPTER 3 

MEAN REPRESENTATION OF TCS WITHIN ERA40 

 

 

 Before the ERA40 TC dataset could be used for reanalysis of the HURDAT dataset, it 

was necessary to study the ERA40 TC representation itself.  The general representation of TCs 

within the ERA40 was examined by calculating means of intensity (MSLP), –VT
L
 and –VT

U
 for 

1957-2001 and for each year.  These means were produced, in part, to be used as a baseline for 

all other analyses.  In addition to mean intensity and structural representation, mean track errors 

were calculated by comparing the ERA40 TC tracks to those of their HURDAT counterparts.  

Track errors were calculated for each individual storm and multiple time periods, and potential 

sources of these errors were examined.   

 

a. Structure and Intensity Representation 

 

 The representation of TC structure and intensity was quantified by calculating the whole- 

period means of –VT
L
, –VT

U
, and MSLP for all SS categories.  Figure 3.1 shows that ERA40      

–VT
L
 and –VT

U
 increase with increasing SS intensity as expected.  These means can be plotted 

within the CPS in order to visualize the evolution more easily as seen in Figure 3.2a.  Due to the 

under-representation of a TC’s warm core in the ERA40, the markers used often overlap.  Thus, 

in order to alleviate this problem, the scale of the CPS plots comparing mean representation will 

be changed to highlight the differences (Figure 3.2b).  From the CPS plot, note that as SS 

intensity increases, the mean representation of a TC’s becomes deeper which is encouraging 

since more intense hurricanes should have stronger warm cores, on average. 

 Additional analysis was done using MSLP to describe the representation of ERA40 TC 

intensity.  Figure 3.3 displays the mean HURDAT and ERA40 MSLP for each SS category.  

From this figure, it becomes quite obvious that the ERA40 TCs are significantly weaker than 

their best track counterparts.  This is not surprising given the spatial resolution of the ERA40 

grid.  However, the intensity representation remains considerably below what is expected 

compared to operational models with similar resolution (Figure 3.4).  It should also be noted that 

the difference in representation between an SS category one and an SS category five is only six 
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millibars.  This result is quite revealing given that the real spread is closer to 60 mb (Figure 3.3).  

Finally, it should also be noted that MSLP actually increases from an SS category three to an SS 

category four.  This result is perhaps the most intriguing, indicating that the ERA40 

representation of a best track category three hurricane is more intense than the ERA40 

representation of a best track category four hurricane.  The cause of this discrepancy has not yet 

been determined.   

  

b. Track Representation 

 

 The accuracy of the ERA40 TC tracks was examined by calculating the difference 

between the track of each ERA40 TC and its HURDAT counterpart.  These differences were 

found at every six hour period during the TC’s existence.  The average latitudinal error was 97 

km, and the average longitudinal error was 104 km. This led to an average error of 157 km at 

each point.  The average error per full TC lifecycle was 159 km using a total of 450 TCs.  

Further examination revealed that out of a total of 13,846 TC positions, 75% were within one 

latitudinal grid point and 72% were within one longitudinal grid point, which led to a combined 

total of 52% within one grid space of their best track counterparts.  The vast majority points were 

within two grid spaces (93% within two latitudinal grid spaces, 92% within two longitudinal grid 

spaces and 84% within two absolute grid spaces).  These percentages are displayed graphically 

in Figure 3.5. 

 Further analysis of track representation was done by examining error with respect to 

location and time.  Figure 3.6a displays all locations at which the ERA40 TC was more than two 

degrees (latitude and longitude combined) from the HURDAT TC at the same time.  Note that 

the majority of the points lie over the open Atlantic east of 60° West, including nearly all of the 

points with an error greater than six degrees.  Similarly, the largest mean values of track error per 

2° by 2° box are found in the same locations (Figure 3.6b).  One explanation for this distribution 

may be revealed by Figure 3.7.  As seen in the first panel, there is no satellite wind data ingested 

into the ERA40 east of about 60° West for much of the period (and a startling lack of satellite 

wind data from 1979-1990).  The second panel shows that there is also a significant decrease in 

ship observations ingested into the ERA40 east of 60° West (especially within the tropical 
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Atlantic).  As will be shown in Chapter 4, these results are consistent with the suggestion that 

data density plays an important role in the structural representation of TCs within the ERA40.   

 Also included in Chapter 4 will be a discussion on the effect of satellite data on TC 

representation.  Track accuracy also appears to be affected by the inclusion of satellite data. 

When the dataset is broken into three groups, the mean track errors for the first (1957-1971), 

second (1972-1987), and third periods (1988-2001) are 165 km, 155 km, and 145 km, 

respectively.  Though a ten kilometer difference between the periods does not seem to be very 

impressive, student t-tests were performed and the resulting p-values were less than 0.01 in all 

cases indicating a statistical significance at or above the 99% confidence level. 

 Additionally, the track error was also examined by looking at the top and bottom decile 

groups of individual TC mean error (with 45 TCs in each group) and counting the number of 

occurrences from each period (Table 3.1). It was found that the top ten percent of TCs included 

five TCs from the first period, eighteen TCs from the second period and twenty-two TCs from 

the late period.  The lower decile included seventeen TCs from the early period, eighteen TCs 

from the second period, and 10 TCs from the late period.  In summary, as more satellite data are 

included in the ERA40 assimilation, TC tracks that are well-represented increase in number and 

TC tracks that are poorly represented decrease in number. 

 

c. Sensitivity to Track Subjectivity 

  

 As mentioned in Chapter 2, there is potential error contained within the ERA40 TC tracks 

since the author subjectively chose each TC’s center point at each time step.  Since the analyses 

used to track the TCs included MSLP contoured every 0.5 mb, the subjectively chosen center 

and associated central pressure would vary from the “real” ERA40 central pressure by no more 

than 0.5 mb.  Nevertheless, sensitivity to the chosen center point was tested on three years of 

cases by creating new ERA40 TC tracks that were approximately one to two grid spaces in any 

random direction (to avoid the introduction of a systematic bias) from the previously created 

tracks.  The CPS parameters were then re-calculated based on these new tracks and comparisons 

were made (Figure 3.8).  The clustering of B near zero in both cases is expected since the most 

of the points pertain to tropical cyclones.  As previously discussed, tropical cyclones should have 

little or no thermal gradient across their centers.  Since the tracks were created for the entire TC 
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lifecycle, the points with large values of B correspond to those points at which a TC had already 

undergone ET.  It should also be noted that –VT
L
 seems to be most sensitive and is more likely to 

be under-represented due to subjective track error.  This result is not surprising since clicking 

exactly in the center of the cyclone should result in the largest values of –VT
L
 for a TC.  Finally, 

the newly calculated mean absolute error (MAE) was compared to the standard deviations of the 

CPS values that were calculated using the original ERA40 tracks. It was found that in all cases, 

the MAE was less than one fifth of each of the standard deviations.  Thus it is argued that the 

errors due to subjectively choosing the center of circulation are small enough to be ignored. 
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Table 3.1- The number of TCs from each period that were in the top and bottom ten percentile of 

ERA40 TC track error. 

Top 10% Bottom 10 % 

Early 5 Early 17 

Middle 18 Middle 18 

Late 22 Late 10 

 

 

 

 

 

 

 
Figure 3.1- Mean upper and lower tropospheric thermal wind (scaled; in m/s) for each Saffir-

Simpson category within the ERA40. 
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a) 

           

b) 

Figure 3.2- CPS representation of Figure 3.1 plotted on the same scale as (a) normal CPS plots 

and (b) zoomed in to enhance differences.  
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Figure 3.3- Mean ERA40 and HURDAT MSLP for each Saffir-Simpson category. 

 

 

 
 

Figure 3.4- Comparison of TC representation within two operational models (AVN and NGP) 

and two reanalysis datasets (NCAR/NCEP and ERA40). 
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Percentage of ERA40 TC Locations with Track Error 

of Given Magnitudes

53%

32%

9%

6%

<1° of error

1-2° of error

2-3° of error

>3° of error

 
Figure 3.5- Percentage of ERA40 TC locations located within a given number of degrees of the 

best track TC location at the same time. 

 

 

     

a) 

     

b) 

Figure 3.6- (a) All locations at which an ERA40 TC was more than two degrees from its 

HURDAT counterpart at the same time. (b) Mean ERA40 track error per 2° by 2° box. 
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a) 

 

b) 

Figure 3.7- Data distribution of (a) satellite winds and (b) ship observations assimilated into the 

ERA40. 
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a) 

       

b) 

       

c) 

Figure 3.8- Comparison of original CPS parameters and those calculated from ERA40 tracks that 

were purposely created with one to two grid spaces of error. 
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CHAPTER 4 

ERA40 CPS CLIMATOLOGY AND BIASES 

 

 

 Once the mean representation of TCs within the ERA40 had been thoroughly studied, it 

was necessary to examine the evolving biases contributing to the mean representation.  Sriver 

and Huber (2006) found that an upward trend in the power dissipation index (PDI; Emanuel 

2005) exists within the ERA40 data, apparently confirming the results of Emanuel (2005).  

While it has been suggested that the PDI trend is partly an artifact of the evolving or poor data 

quality and density (Maue and Hart 2007), the PDI trend is not disputed here.  However, the 

evolution of the TC representation will be scrutinized, potential causes of this evolution will be 

suggested, and the utility of the ERA40 in long-term physical trend diagnosis will be examined.  

To accomplish this task, biases were studied in three ways.  Initially, the effect of satellite 

data was considered by dividing the data first in half, and then into three temporal groups that 

were nearly equal in size and based on the amount of satellite data available (as previously 

described in Table 2.1).  Means and standard deviations were calculated and then student t-tests 

were performed to determine the statistical significance of the results. Next the effects of varying 

TC size were examined using three different size parameters.  Finally, the effect of TC location 

was studied by binning the TCs into four groups based on longitudinal location. While these 

three sources of biases surely do not account for all of the variance in the representation of North 

Atlantic TCs in the ERA40 data, it is assumed that they are certainly contributors.   

 

a. Effect of Satellite Data 

 

 At first glance, satellite data appears to play a rather important role in TC representation 

within the ERA40.  Figure 4.1 displays the ERA40 CPS representation of Hurricanes Esther 

(1961) and Gabrielle (1989).  These TCs both peaked at SS category four intensity in the best 

track.  However, Esther’s warm core is represented as significantly weaker than that of Gabrielle.  

It should also be noted that even after the addition of satellite data, cyclones remain grossly 

under-represented due to the ERA40 grid resolution of 1.125° (about 125 km at the equator).   
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 To determine whether the effect of satellite data on ERA40 TC representation required 

further study, analysis began by dividing the dataset in half temporally (based upon the 

bifurcation in Figure 3.5) and comparing the two periods.  As seen in Figure 4.2, there is, on 

average, a two SS category difference between the first and second halves of the data, (MH07).  

In other words, an SS category five (three) in the early period is represented structurally roughly 

the same as an SS category three (one) in the late period (MH07).  These values of –VT
L
 and       

–VT
U
 can be plotted within the CPS in order to visualize the evolution more easily as seen in 

Figure 4.3. It should be noted that during the earlier period, a TC as represented in the ERA40 

data does not contain a low to mid-level warm core (-VT
L
 > 0) until SS category two, and an 

upper-level warm core (-VT
U
 > 0) does not appear until SS category four, suggesting that the 

ERA40 is not adequately resolving the thermal characteristics of most TCs.  This is true even 

when accounting for resolution, since TCs within operational models of the same resolution are 

represented more accurately (Figure 3.4).  Finally, it should be noted that the use of satellite data 

in the ERA40 assimilation began in the late 1970s (Fig 3.5), roughly at the split of these two 

periods.  The timing of this data discontinuity suggests that the improving data (with respect to 

both quality and density) may be a contributing factor to the improved representation over time 

(MH07). 

 To examine the effect of satellite data further, the ERA40 TCs were then binned into 

three groups (terciles) that were nearly equal in temporal size and based on the amount of 

satellite data available for assimilation.  During the early period (1957-1971) no satellite data 

was available, while the transitional period (1972-1987) marked the beginning of satellite data 

assimilation with only some satellite observations available such as the vertical temperature 

profile radiometer, TIROS operational vertical sounder, and cloud motion winds.  By the late 

period (1988-2001), most frequent assimilation of the satellite observations was underway (as 

shown in Table 2.1; Uppala 2005).   

 Figure 4.4 displays the mean –VT
L
 and –VT

U
 for each SS category during the three 

terciles.  The four bars represent the early period excluding Hurricane Carla (1961), the entire 

early period, the transitional period, and the late period, respectively. Carla was removed from 

the early period to illustrate the extent to which the anomalous TC (whether as a result of ERA40 

representation or actual intensity) affects the tercile mean for SS categories three, four and five 

(MH07).  Similar to the previous results, there is a two to three SS category difference between 
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the early and late periods.  The transitional period generally falls between the two, but closer to 

the early period than the late period.  When the means are placed within the CPS, the structural 

evolution becomes clearer (Figure 4.5).  Note that the addition of satellite data into the ERA40 

assimilation resulted in the representation of a low to mid-level warm core (-VT
L
 > 0) even in the 

weakest hurricanes (category one on the SS scale) during the transitional period and beyond 

(MH07).  However, as seen in the same figure, even in the late period, SS category one TCs still 

contain an upper-level cold core in the ERA40 data (MH07). 

   In addition to the notable discontinuities that resulted from the addition of satellite data, 

through student t-tests, it has been shown that that the ERA40 does not distinguish between at 

least two sets of SS categories during each period (MH07).  P-values comparing all SS categories 

to all other SS categories are contained in Table 4.1.  It is argued that as a minimum requirement, 

the ERA40 should distinguish between all SS groups with at least 99% significance in order to 

be used for long term physical trend diagnosis (MH07).  While 99% significance may seem to be 

a stringent requirement, it should be remembered that the best track itself is not a perfect dataset, 

and therefore in order to be used for trend analyses, the ERA40 representation must be held to a 

high standard in order to account for potential error within the best track. 

 While the magnitudes of –VT
L
 and –VT

U
 ultimately play a role in determining the surface 

intensity of the TC (Hart 2003), in order to ensure that the TC structural evolution is consistent 

with the TC intensity evolution within the ERA40, further analysis was done using minimum 

ERA40 MSLP for each SS category (MH07). As expected, Figure 4.6 shows that with the 

addition of satellite data, TC intensity increases (i.e., MSLP decreases).  Note however, that only 

seven millibars of central pressure separate the weakest from the strongest.  Further, and perhaps 

more revealing, is the fact that during each period there is at least one SS category for which 

MSLP increases with increasing intensity.  This problem likely requires further study since there 

is no obvious physical explanation behind it.  Again, student t-tests were performed to reveal 

statistical significance (or lack thereof) between these MSLP differences.  The resulting p-values 

(shown in Table 4.2) indicate that, similar to the results using –VT
L
, there are at least two pairs of 

SS categories that are not statistically different within each tercile when MSLP is used for 

intensity.   
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b. Effect of TC Size 

 

 It has been suggested (within MH07) that size plays an important role in the ERA40 

representation of individual TCs.  For example, consider Hurricanes Carla (1961) and Andrew 

(1992) as depicted in Figure 4.7.  Hurricane Carla was an unusually large storm with hurricane 

force winds that affected nearly the entire Texas coast at the time of landfall (Dunn et al. 1992) 

and tropical storm force winds extending more than 550 km from the center of circulation 

(Licheblau 1961). Carla’s unusually large size likely plays an important role in its representation 

as the most intense ERA40 Atlantic TC (with respect to MSLP).  Conversely, Hurricane Andrew 

was a small storm with hurricane force winds extending less than 50 km from the center of 

circulation and a tropical storm force wind radius of less than 175 km at the time of peak 

intensity (Demuth et al. 2006) and is represented as an open wave during the same time period 

(Figure 4.8).  In fact, during the time of peak intensity, Andrew is represented within the ERA40 

with a weak cold core (–VT
L
 < 0; MH07).   

 For this portion of the study, only TCs that occurred during the late period (1988-2001) 

were considered.  Using only this subset of storms served a twofold purpose.  First, since all of 

the TCs occurred during the late period, it is assumed that the data quality and density are 

roughly consistent throughout the period (Figure 3.5).  Second, TC size data was needed from 

the extended best track (Demuth et al. 2006), which only includes TCs from the 1988 season and 

onward. 

 The extended best track contains wind-related radii such as the extent of winds exceeding 

34 kt (tropical storm force; SF), 50 kt (50K), and 64 kt (hurricane force; HF).  Statistics were 

calculated using all three of these size parameters as it was not known which definition of size 

would yield the most revealing results.  TCs were binned into four groups based on the mean and 

standard deviations of each radius measure for the period.  The first group was comprised of TCs 

that were smaller than the mean by more than one standard deviation.  The second group 

included TCs that were smaller than the mean, but within one standard deviation. Similarly, the 

third group included TCs larger than the mean, but within one standard deviation, and the final 

group included storms larger than the mean by more than one standard deviation.   

 The results for SF size, 50K size, and HF size were all similar, and for that reason, only 

the results for SF size are considered here.  The means for each size and SS category are 
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displayed in Figure 4.9.  As expected, –VT
L
 and –VT

U
 increase with increasing size indicating 

that the representation of the warm core becomes more robust with increasing size.  As before, 

the means were plotted within the CPS in order to illustrate the changes more easily (Figure 

4.10).  Student t-tests were performed to compare the differences with the resulting p-values 

displayed in Table 4.3.  It is important to note that as size increases, the differences between the 

different SS categories become more significant.  However, there are still at least three sets of SS 

categories for which the differences are not statistically significant.   

 Further analysis was done by binning the TCs by SS category and then varying size.  The 

resulting p-values are listed in Table 4.4.  Note that for SS categories three, four, and five nearly 

all of the differences are statistically significant.  This result may be due to the fact that more 

intense TCs tend to be larger (though there is no physical requirement as such) and therefore are 

more accurately resolved than weaker TCs.  Though this tendency was not addressed within the 

analysis per se, the effects are assumed to be minor since comparisons were made within each SS 

category.  In other words, all TCs of the same SS category should have roughly the same 

intensity no matter how large (or small) they are.  This problem will be addressed further later in 

the chapter. 

 

c. Effect of TC Location 

 

 The final parameter that was examined was TC location.  The effect of location is 

suggested visually in Figure 4.11.  Note that the warmest colors (highest values of –VT
L
) are 

located mainly in the Gulf of Mexico and near the East coast of the United States.  To test the 

hypothesis that TC representation will improve with proximity to land, the data was binned into 

four groups based on longitudinal location.  Location one included all storms located in an area 

from 20° West to 40° West, while locations two, three and four included all storms from 40° 

West to 60° West, 60° West to 80° West, and 80° West to 100° West, respectively.  The means 

and standard deviations of –VT
L
, –VT

U
 and MSLP were calculated, and student t-tests were used 

to compare the differences. 

 As expected, Figure 4.12 shows that for the whole period (1957-2001), both –VT
L
 and     

–VT
U
 increase (and MSLP decreases) from East to West, as the TCs move closer to the United 

States coastline and into the Gulf of Mexico for all SS categories.   Again, the means were 
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plotted within the CPS to make comparisons easier (Figure 4.13).   These differences were 

compared and Table 4.5 includes the resulting p-values.  Note that as intensity increases, the 

number of statistically significant differences decreases.  This result may be an attribute of many 

factors.  As previously mentioned, more intense best track TCs are generally larger than weaker 

best track TCs.  Since size seems to play such an important role based on the previously 

discussed results, it is likely that the size parameter is outweighing location in the representation 

of more intense TCs within the ERA40.  Though the p-values are not shown, there are also fewer 

statistically significant differences after the addition of satellite data than there are before the 

addition of satellite data.  This result indicates that the ERA40 is likely relying less on the 

sporadic ship observations in the later periods due to the increased data density over the open 

ocean after the addition of remotely sensed observations (e.g. satellite observations). 

 Finally, it should be also noted that there are inherent differences between the TCs that 

occur in each of the four longitudinal bands, and that these differences may also account for 

some of the variance.  For instance TCs in locations two and three are typically larger than those 

in locations one and four.  This difference is most likely skewed by the number of TCs in these 

regions that undergo a wind field expansion before ET.  Moreover, TCs in location four are on 

average much more intense than those located in the other three longitudinal bands, likely due to 

the deep warm eddies located in the Gulf of Mexico and the fact that they’ve had more time to 

intensify.  Though these differences were not considered per se in the study, remember that the 

correlation between MSLP in the ERA40 is much stronger than the correlation in HURDAT 

(Table 4.1).  Therefore it is assumed that the relationship between longitude and ERA40 TC 

representation is stronger than the relationship between longitude and the HURDAT TC 

classification.  Further, since comparisons were made only within the same SS category, any 

residual effects of this relationship are assumed to be minimal. 

 

d. Discussion 

 

In order to verify that these variables do, in fact, account for much of the variance in the 

ERA40 TC representation, Pearson Correlation (r) was calculated between ERA40 MSLP and 

year, size, and latitude.  These values were compared to the correlations between HURDAT 

MSLP and the same variables.  The calculations were done comparing every six hour period, and 
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the R-values are contained in Table 4.6.  First, note that the ERA40 MSLP and best track MSLP 

are not well-correlated.  This result alone suggests that factors outside of the actual TC must be 

affecting the ERA40 TC representation.  Further, note that in most other cases there are 

significant differences between the ERA40 and HURDAT correlations indicating that ERA40 

representation may be influenced by those variables. 

Pearson correlation values were also calculated for means of varying bin sizes for the 

different variables to elucidate the broad relationships over a long-period (tercile) mean.  These 

values are contained in Table 4.7.  Note that the relationship to longitude becomes more apparent 

in this way.  Note also that as time progresses the differences between the ERA40 correlation 

and the best track correlation become smaller.  This indicates that as data quality and density 

increase the ERA40 MSLP and HURDAT MSLP are more closely related.  The most striking 

example is found in the longitude comparison.  Note that the early period correlations differ by 

nearly 0.6 while the late period correlations differ by about 0.1.  This difference indicates a 

striking improvement and is a testament to the effect of satellite data on the quality of the ERA40 

reanalysis dataset. 

 One important artifact of this result is the suggestion that a CPS MOS of sorts may be 

possible.  The National Weather Service defines MOS (model output statistics) as a technique 

used to objectively interpret numerical model output and produce site-specific guidance. Applied 

to ERA40 TC representation it is taken to suggest that if the results discussed here account for 

enough of the variance in representation, it may be possible, using multiple linear regression, to 

approximate the actual intensity of a given TC (within a rather large set of error bars) by using 

the ERA40 representation of a TC and information about the period of occurrence (e.g. before or 

after satellite), size, and location.  It should also be noted that there are likely other factors that 

can account for more of the variance and that the MOS will be most accurate if all of the 

variance is explained.  Finally, producing such CPS MOS is beyond the scope of this research 

but should be pursued in future study. 

 27



Table 4.1- P-values comparing the mean ERA40 lower tropospheric thermal wind for each 

Saffir-Simpson category during three different terciles.  Shading indicates that differences are 

statistically significant to the 95% confidence level. 

Early Period (1957-1971, all storms) 

SS Cat 2 3 4 5 

1 0.1505 <.0001 <.0001 0.0016 

2  <.0001 0.0009 0.0035 

3   0.7883 0.0021 

4    0.0046 

 

Early Period (1957-1971, no Carla) 

SS Cat 2 3 4 5 

1 0.1585 <.0001 0.0003 0.0929 

2  0.0012 0.0069 0.1570 

3   0.9106 0.2667 

4    0.1723 

 

Transitional Period (1972-1987, all storms) 

SS Cat 2 3 4 5 

1 0.0893 0.1114 0.2664 0.0008 

2  0.4829 0.6732 0.0002 

3   0.9147 0.0021 

4    0.0114 

 

Late Period (1988-2001, all storms) 

SS Cat 2 3 4 5 

1 0.0004 <.0001 <.0001 <.0001 

2  <.0001 <.0001 0.0014 

3   0.3117 0.2362 

4    0.1024 
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Table 4.2- P-values comparing mean ERA40 MSLP for each Saffir-Simpson Category during 

three different terciles.  The number in parentheses indicates the number of cases and shading 

indicates that differences are statistically significant to the 95% confidence level. 

Early Period (1957-1971, all storms) 

SS Cat 2(327) 3(256) 4(153) 5(19) 

1(923) 0.0009 0.2432 0.0455 0.0034 

2(327)  0.0005 0.0003 0.1199 

3(256)   0.2510 <0.0001 

4(153)    <0.0001 

 

Early Period (1957-1971, no Carla) 

SS Cat 2(325) 3(246) 4(149) 5(16) 

1(918) 0.0009 0.0179 0.0031 0.2688 

2(325)  <0.0001 <0.0001 0.8793 

3(246)   0.1640 0.0103 

4(149)    0.0004 

 

Transitional Period (1972-1987, all storms) 

SS Cat 2(240) 3(75) 4(43) 5(21) 

1(570) <0.0001 0.9913 0.0030 0.0007 

2(240)  0.0003 <0.0001 <0.0001 

3(75)   0.0009 <0.0001 

4(43)    0.0802 

 

Late Period (1988-2001, all storms) 

SS Cat 2(308) 3(167) 4(160) 5(14) 

1(884) 0.0912 <0.0001 0.0002 <0.0001 

2(308)  <0.0001 0.0773 0.0020 

3(167)   0.0279 0.1187 

4(160)    0.0082 
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Table 4.3- P-values comparing the mean ERA40 lower tropospheric thermal wind for each 

Saffir-Simpson category for four different sizes of TCs.  The number in parentheses indicates the 

number of cases and shading indicates that differences are statistically significant to the 95% 

confidence level. 

SF Size 1 Hurricanes 

SS Cat 2 (22) 3 (8) 4 (11) 5 (1) 

1 (164) 0.4975 0.2038 0.4566 N/A 

2 (22)  0.2288 0.7309 N/A 

3 (8)   0.1794 N/A 

4 (11)    N/A 

 

SF Size 2 Hurricanes 

SS Cat 2 (173) 3 (51) 4 (49) 5 (6) 

1 (398) 0.0148 0.1064 0.0025 0.1368 

2 (173)  0.9540 0.1469 0.3493 

3 (51)   0.1484 0.4538 

4 (49)    0.6952 

 

SF Size 3 Hurricanes 

SS Cat 2 (69) 3 (70) 4 (70) 5 (3) 

1 (170) 0.0632 0.0001 0.0029 0.0259 

2 (69)  0.0001 0.3008 0.0443 

3 (70)   0.0017 0.0001 

4 (70)    0.0719 

 

SF Size 4 Hurricanes 

SS Cat 2 (34) 3 (34) 4 (29) 5 (4) 

1 (129) 0.1468 0.0001 0.0001 0.0026 

2 (34)  0.0953 0.0043 0.0656 

3 (34)   0.0387 0.0253 

4 (29)    0.2305 
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Table 4.4- P-values comparing the mean ERA40 lower tropospheric thermal wind for each storm 

force size TC for each Saffir-Simpson category.  The number in parentheses indicates the 

number of cases and shading indicates that differences are statistically significant to the 95% 

confidence level. 

SS Cat 1 

SF Size 2 (398) 3 (170) 4 (129) 

1 (164) 0.5745 0.0001 0.0369 

2 (398)  0.0001 0.0555 

3 (170)   0.2462 

 

SS Cat 2 

SF Size 2 (173) 3 (69) 4 (34) 

1 (22) 0.0886 0.0007 0.0520 

2 (173)  0.0006 0.0607 

3 (69)   0.7319 

 

SS Cat 3 

SF Size 2 (51) 3 (70) 4 (34) 

1 (8) 0.0088 0.0001 0.0001 

2 (51)  0.0001 0.0001 

3 (70)   0.1662 

 

SS Cat 4 

SF Size 2 (49) 3 (70) 4 (29) 

1 (11) 0.0207 0.0055 0.0001 

2 (49)  0.0127 0.0001 

3 (70)   0.0008 

 

SS Cat 4 

SF Size 2 (6) 3 (3) 4 (4) 

1 (0) N/A N/A N/A 

2 (6)  0.0399 0.0086 

3 (3)   0.1768 
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Table 4.5- P-values comparing the mean ERA40 lower tropospheric thermal wind for TCs 

occurring four different locations for each Saffir-Simpson category.  The number in parentheses 

indicates the number of cases and shading indicates that differences are statistically significant to 

the 95% confidence level. 

SS Cat 1 

Location 2 (896) 3 (945) 4 (302) 

1 (205) <0.0001 <0.0001 <0.0001 

2 (896)  <0.0001 <0.0001 

3 (945)   <0.0001 

 

SS Cat 2 

Location 2 (333) 3 (351) 4 (124) 

1 (66) 0.0584 <0.0001 <0.0001 

2 (333)  <0.0001 <0.0001 

3 (351)   0.0067 

 

SS Cat 3 

Location 2 (103) 3 (280) 4 (105) 

1 (10) 0.5052 0.1244 0.0066 

2 (103)  0.0282 0.0005 

3 (280)   0.0593 

 

SS Cat 4 

Location 2 (98) 3 (163) 4 (87) 

1 (8) 0.1242 0.0859 0.0280 

2 (98)  0.4098 0.0660 

3 (163)   0.2401 

 

SS Cat 5 

Location 2 (3) 3 (15) 4 (36) 

1 (0) N/A N/A N/A 

2 (3)  0.1804 0.0089 

3 (15)   0.0002 
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Table 4.6- Pearson Correlation (R) between ERA40 TC Minimum MSLP (Best track MSLP) and 

the variable in the first column.   Shaded boxes indicate a difference in R between the two of at 

least 0.25, suggesting a fundamental change in the relationship described by BT vs. ERA40.    

All comparisons are for 6-h value to 6-h value, except for the YEAR variable in which case the 

annual mean of MSLP is compared. 

 1957-2001 1957-1971 1972-1987 1988-2001 

     

YEAR 0.031 (0.566) 0.148 (0.702) -0.017 (0.362) -0.360 (-0.220) 

BTMSLP 0.402 (1.000) 0.341 (1.000) 0.396 (1.000) 0.423 (1.000) 

BTWIND -0.226 (-0.921) -0.211 (-0.895) -0.247 (-0.920) -0.226 (-0.931) 

ERA40LAT -0.451 (-0.080) -0.376 (-0.078) -0.422 (-0.089) -0.487 (-0.096) 

ERA40LON -0.002 (0.036) 0.199 (0.119) -0.002 (-0.004) -0.030 (0.007) 

 

 

Table 4.7- Pearson Correlation (R) between ERA40 TC Minimum MSLP (Best track MSLP) and 

the variable in the first column averaged over a bin with a width defined by the second column.   

Shaded boxes indicate a difference in R between the two of at least 0.2, suggesting a significant 

change in the relationship described by BT vs. ERA40.    
Variable Bin size 1957-2001 1957-1971 1972-1987 1988-2001 

      

YEAR 1year 0.031 (0.566) 0.148 (0.702) -0.017 (0.362) -0.360 (-0.220) 

BTMSLP 5mb +0.898 (+1.000) +0.697 (+1.000) +0.881 (+1.000) +0.852 (1.000) 

BTWIND 5kt -0.811 (-0.982) -0.689 (-0.989) -0.859 (-0.986) -0.780 (-0.986) 

BTSFSIZE 25nm N/A N/A N/A -0.938 (-0.458) 

ERA40LAT 5deg -0.914 (-0.741) -0.921 (-0.754) -0.834 (-0.726) -0.904 (-0.734) 

ERA40LON 5deg -0.599 (-0.357) -0.233 (0.336) -0.518 (-0.060) -0.615 (-0.495) 
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a) 

b) 

Figure 4.1- Comparison of the CPS representation of (a) SS Category four Hurricane Esther 

(1961) and (b) SS category four Hurricane Gabrielle (1989).  Both –VT
L
 and –VT

U
 are scaled and 

displayed in units of m/s. 
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Figure 4.2- Comparison of the mean ERA40 lower (left) and upper (right) tropospheric thermal 

wind for each SS category during two halves of the ERA40 data. Both –VT
L
 and –VT

U
 are scaled 

and displayed in units of m/s. 

 

 
Figure 4.3- CPS representation of Figure 4.2 
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Figure 4.4- Comparison of the mean lower (left) and upper (right) tropospheric thermal wind for 

each SS category during three periods of the ERA40 data.  Both –VT
L
 and –VT

U
 are scaled and 

displayed in units of m/s. 

 

 
Figure 4.5- CPS representation of Figure 4.4 
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Figure 4.6- Mean ERA40 MSLP for each SS category during three periods of the ERA40 data.  

 

      

a) 

      

b) 

Figure 4.7- Comparison of the CPS representation of (a) SS category five Hurricane Carla (1961) 

and (b) SS category five Hurricane Andrew (1992).  Both –VT
L
 and –VT

U
 are scaled and 

displayed in units of m/s. 

 37



 

 

 
 

Figure 4.8- (a) ERA40 representation of SS category five Hurricane Andrew as an open wave.  

(b)  ERA40 representation of SS category five Hurricane Andrew as a 1012.5 mb closed low 

around the time of its best track landfall in Florida.  Contours are of ERA40 MSLP (in mb).
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Figure 4.9- Comparison of the mean ERA40 lower (left) and upper (right) tropospheric thermal 

wind for each SS category and four different sizes.  Both –VT
L
 and –VT

U
 are scaled and 

displayed in units of m/s. 

 

 

 
Figure 4.10- CPS representation of Figure 4.9 
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a) 

 

b) 

 

Figure 4.11- (a) Locations of all ERA40 TCs. Color indicates the magnitude of ERA40 –VT
L
 at 

each point. (b) Mean ERA40 –VT
L
 per 2° by 2° box. 
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Figure 4.12- Comparison of mean ERA40 lower (left) and upper (right) tropospheric thermal 

wind for each SS category occurring in four different locations. Both –VT
L
 and –VT

U
 are scaled 

and displayed in units of m/s. 

 

 

 
Figure 4.13- CPS representation of Figure 4.12 
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CHAPTER 5 

UTILITY OF THE ERA40 CPS IN TC REANALYSIS 

 

 

 As understanding of cyclone structural evolution increases and new tools are introduced, 

reanalysis of best track datasets becomes necessary to account for biases within the historical 

record (e.g. Landsea et al. 2004).  The ERA40 CPS is one tool that can be used during reanalysis 

along with satellite imagery, surface and upper air analyses, and written reports.  As previously 

discussed, the ERA40 contains biases and trends that evolve with time and for this reason, the 

ERA40 CPS should at no point be used as the sole reason for reclassification.  In addition, it 

should be noted that no singular data source should be used as the sole reason for 

reclassification.  In accordance with this limitation, the only cases presented here are those for 

which further evidence could be obtained outside of the ERA40 CPS.  When considering the 

CPS plots that will be presented in this chapter, it should be remembered that a 24 hour running 

mean was applied to all CPS parameters in order to smooth the plots and make them easier to 

visualize. 

 

a. Refined ET Timing 

 

 The ERA40 CPS is especially useful in helping determine the timing of extra-tropical 

transition (ET; Evans and Hart 2003; Hart 2003).  ERA40 ET is defined as the point at which the 

cyclone’s structure crosses into the asymmetric and cold core portion of the CPS (Hart 2003).  

This ET is usually accompanied by a wind field expansion and followed by deepening pressure 

(Evans and Hart 2007), though the deepening in the ERA40 may be partially due to increased 

size resulting in a more accurate portrayal of the cyclone’s structure on the coarse ERA40 grid.  

Before discussion of individual cases is considered, it should be remembered that the thermal 

characteristics of ERA40 TCs are poorly represented and that many SS category one and two 

TCs contain both upper and lower cold cores.  This fact leads to the question of whether the 

ERA40 can correctly diagnose ET if the tropical portions of a cyclone’s track are too weak.  Due 
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to this problem, only TCs that are represented exceptionally well compared to their respective 

period means are considered here. 

i. Hurricane Faith (1966) 

 For instance, the ERA40 representation of Hurricane Faith contains a deep warm core 

with–VT
L
 equal to 71 m/s and –VT

U
 equal to 66 m/s as an SS category one hurricane on August 

24.  These values are both more than one standard deviation from the respective period means of 

-4.4 m/s and -38.2 m/s (Figure 4.4).  Hurricane Faith (1966) has the longest track in the North 

Atlantic best track dataset as seen in Figure 5.1.  Faith formed from an African Easterly Wave 

(AEW) and moved westward through the tropical Atlantic (Sugg 1967).  Faith was named on 

August 22 near 14° North and was classified as a tropical cyclone until 12z on September 6.  At 

that time, Faith was located near 60° North, which is an unusually high latitude for a tropical 

system, making Faith a case requiring a reexamination of ET timing.  As seen in Figure 5.2, the 

ERA40 CPS suggests that Faith likely underwent ET on September 3 when it was located near 

37° North, which is a much more likely location for a TC to undergo ET (Hart and Evans 2001).  

Note also that in addition to the acquisition of a cold core and asymmetric thermal structure, ET 

is suggested by the rapid pressure falls after ET and the expansion of the gale force wind radius 

as indicated by the size of the marker on the CPS plot. 

ii. Hurricane Gordon (2000) 

 Another case for which the timing of ET can likely be improved is Hurricane Gordon 

(2000).  Gordon also formed from an AEW that tracked westward across the tropical Atlantic.  

The wave became more organized in the Caribbean and was called a tropical depression on 

September 14 once it was located in the Gulf of Mexico (Franklin et al. 2001).  Gordon peaked at 

SS category one intensity before making landfall on the west coast of Florida as a tropical storm.  

Gordon is listed as tropical until 18z on September 18.  The ERA40 CPS (Figure 5.3), however, 

suggests that ET was actually complete 18 hours earlier by 00z on the 18
th

 when Gordon became 

cold core and asymmetric.  Note, however, that the deepening after ET is not as pronounced as 

Faith’s was, and that there is very little evidence of a wind field expansion.  In fact, the wind 

field actually contracts slightly after Gordon becomes asymmetric and cold core.  For this reason, 

further evidence is needed to solidify the case for a refined ET time.  Satellite imagery provides 

some of the necessary evidence.  Figure 5.4 shows that by late on the 17
th

, Gordon had lost its 

symmetric cloud structure and taken on the classic comma-shape of an extra-tropical cyclone.  
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Using the satellite imagery to supplement the ERA40 CPS, it becomes clear that the CPS 

suggested ET time of 00z on the 18
th

 is probably closer to reality than the HURDAT timing. 

 

b. Refined Structure in Middle of Track 

 

 Many times a cyclone will take on subtropical characteristics before becoming extra-

tropical, or will acquire subtropical characteristics and never become extra-tropical (Hart 2003; 

Guishard et al. 2007).  In these cases, the subtropical portion of the track is often misclassified as 

tropical.  Part of this problem is due to the lack of a consistent policy regarding the treatment of 

subtropical storms (Guishard et al. 2007).  Using the ERA40 CPS (in addition to satellite 

imagery when available), it is possible to distinguish the subtropical or hybrid portions of a 

cyclone’s lifecycle from those that were purely tropical or extratropical. 

i. Tropical Storm Amy (1975)  

Tropical Storm Amy (1975) is a good example of a named tropical cyclone that was 

probably subtropical for portions of the HURDAT track.  Figure 5.5 shows that by June 29, Amy 

had become asymmetric, indicating the acquisition of some frontal characteristics.  At the same 

time, the wind field was starting to expand and the warm core was becoming shallower.  These 

characteristics are all typical of subtropical cyclones (Hart 2003; Guishard et al. 2007).  Though 

there is not much archived satellite data available online to support this classification, the NHC 

end of season report on Amy suggests that trough interaction did indeed result in Amy acquiring 

subtropical characteristics.  The report states, “while the system occasionally approached 

hurricane strength and made attempts to reacquire tropical characteristics, it remained 

predominantly subtropical in nature.  However, the name was retained because of the close 

proximity to land in order to avoid confusion in public releases” (Hebert 1976).  Further, the 

report claims “no attempt has been made to delineate the subtropical portions of the storm on the 

track charts” (Hebert 1976).  Given the evidence presented in the ERA40 CPS representation of 

Amy accompanied by the NHC end of season report, it is possible that portions of Amy’s track 

should be reclassified as subtropical. 

ii. Hurricane Gabrielle (2001) 

 Similar to Amy, it appears that Hurricane Gabrielle (2001) also became subtropical 

before undergoing ET.  Gabrielle developed from a cutoff low in the Gulf of Mexico and reached 
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tropical storm intensity on September 13 (Beven et al. 2003).  Shortly thereafter, Gabrielle 

interacted with an upper level trough that resulted in acceleration to the northeast before landfall 

on the Florida peninsula.  After crossing the peninsula Gabrielle reached hurricane strength 

despite having “an atypical structure for a TC” (Beven et al. 2003).  The ERA40 CPS 

representation of Gabrielle agrees with the end of season assessment that Gabrielle had “a 

structure more resembling a hybrid storm” (Beven et al. 2003). Figure 5.6 shows that Gabrielle 

had become asymmetric after interacting with the upper-level trough on the 13
th

.  Further, 

Gabrielle had only a shallow warm core for most of the same period and was undergoing a wind 

field expansion.  Though a shallow warm core is typical of ERA40 TCs of SS category one 

intensity during the late period, it should be noted that Gabrielle’s warm core is significantly 

shallower than the mean (previously shown in Figure 4.5) by the 16
th

.  Finally, Figure 5.7 

contains infrared satellite images of Gabrielle during the time in question. It should be noted that 

by the 15
th

, the convection associated with Gabrielle was removed from the center of circulation 

and Gabrielle had lost the classic symmetric cloud form typically associated with tropical 

cyclones.  With the ERA40 CPS, the NHC end of season report, and satellite imagery all in 

agreement, Gabrielle is another possible candidate for reclassification as a subtropical or hybrid 

storm during portions of its track. 

 

c. Refined Genesis Structure 

 

 The ERA40 CPS also allows the reclassification of cyclones at the start of their track (or 

their genesis stage).  Refinements at the start of a track are most likely when an extra-tropical or 

subtropical cyclone undergoes tropical transition to become a tropical storm or hurricane.  For 

example, Hurricane Frieda (1957) formed from the remnants of a frontal low and acquired 

tropical characteristics after a certain amount of time (Moore et al. 1957).  However, it appears 

as though tropical transition occurred later than indicated in the HURDAT data (i.e. Frieda was 

likely still extra-tropical at the start of its best tracks). 

 Like most HURDAT TCs, Hurricane Frieda (1957) is listed as tropical from the start of 

the track on September 20.  However, the ERA40 CPS (Fig 5.8) shows that Frieda had an 

asymmetric and deep cold core structure until late on September 22, indicating that Frieda may 

have been an extra-tropical cyclone at the start of its track, even when considering the biases 
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discussed in Chapter 3.  While the deep cold core structure is not uncommon for TCs occurring 

during the early period (previously shown in Figure 4.5), the asymmetry is uncommon of TCs in 

the ERA40. Nonetheless, other evidence should be acquired before suggesting revisions to 

HURDAT.  For that reason, the end of season report was consulted.  The NHC report states 

“Frieda formed under conditions not clearly tropical,” and continues to describe the formation of 

Frieda from “a cold front [that pushed] southward to the rear of Hurricane Carrie” (Moore et al. 

1957).  Given the ERA40 CPS representation and the fact that it is supported by the NHC end of 

season report, it is possible that Frieda was actually an extra-tropical cyclone at the start of its 

track. 

 

d. Storms Captured Well 

 

 Up to this point, the focus has been on cases that likely need to be refined; however, there 

are many cases for which the ERA40 representation and the HURDAT best track agree quite 

well.  These cases are usually large, long-lived and intense tropical cyclones that form from 

African easterly waves (AEWs) and either do not undergo ET or remain symmetric and warm 

core until the point at which they undergo ET (i.e. they lack a hybrid phase and transition 

directly from symmetric and warm core to asymmetric and cold core). 

i. Hurricane Carla (1961) 

 Hurricane Carla (1961) is represented exceptionally well in the ERA40 data.  Unlike 

many of the TCs that are captured well, Carla formed from a disturbance on the intertropical 

convergence zone in the Western Caribbean Sea and moved northwestward through the Gulf of 

Mexico making landfall on the Texas coast (Dunn 1962).  As mentioned earlier, Carla is the 

strongest North Atlantic hurricane as represented in the ERA40 data with an ERA40 minimum 

central pressure of 981mb.  The ERA40 CPS representation (Fig 5.9) of Carla depicts a tropical 

cyclone with a symmetric and impressive deep warm core structure.  During Carla’s tropical 

phase its warm core is represented extremely well for the ERA40 data with –VT
L
 greater than 

200 and –VT
U
 greater than 100.  It should also be noted that the structural classification in the 

best track and the ERA40 are the same for the whole track (meaning the timing of ET in both the 

best track and the ERA40 is the same, occurring at 12z on September 13).  It is likely that 

Carla’s unusually large size played an important role in its representation (Figure 4.9; Table 4.7), 
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but Carla’s location in the Gulf of Mexico as a category five hurricane (Figure 5.10) was likely 

important as well.  As there was no satellite data available in 1961, the ERA40’s reliance on the 

higher density ship observations (Figure 5.11) in the Gulf of Mexico would have been important.  

ii. Hurricane Betsy (1965) 

 Like Carla, Hurricane Betsy (1965) was another intense hurricane located in the Gulf of 

Mexico.  Betsy formed from an AEW that was first discovered on August 23 in the eastern 

tropical Atlantic.  It was upgraded to a tropical depression on August 27 and was named later 

that day (Sugg 1966).  Betsy crossed the Florida peninsula and entered the Gulf of Mexico where 

it strengthened to a category four on the SS scale before making a second landfall in 

Southeastern Louisiana.  Figure 5.12 indicates that Betsy, like Carla, had a symmetric and deep 

warm core structure.  While the magnitude of –VT
L
 (less than 100) is not as large as Carla’s, note 

that both TCs had –VT
U
 greater than 100.  Not only is Betsy’s warm core captured well, but the 

track of Betsy’s ERA40 counterpart has an average error of less than one grid space (with only 

nine of sixty-two points outside of one grid space) compared to a mean error for the period of 1.2 

grid spaces (as discussed in Chapter 3).  Further, since Betsy occurred before the availability of 

satellite data, the hurricane’s location in the Gulf of Mexico (where there was a higher density of 

ship reports; Figure 5.13) likely played a roll in the impressive representation. 

iii. Hurricane Gert (1999) 

 A final example of a TC captured well is category four Hurricane Gert from the 1999 

Atlantic Hurricane season.  Gert developed from an AEW and traveled westward across the 

tropical Atlantic before recurving out to sea as seen in Figure 5.14.  As seen in Figure 5.15, Gert 

contained a deep warm core with –VT
L
 and –VT

U
 greater than 100.  Comparing these values to 

the averages of–VT
L
 and –VT

U
 for the late period (as shown in Figure 4.5) reveals that Gert’s 

ERA40 –VT
L
 is more than one standard deviation from the mean.  More impressive, however, is 

the fact that Gert’s ERA40–VT
U
 is nearly three standard deviations from the mean. It should also 

be noted that the Gert’s track was quite accurately captured in the ERA40 data with average error 

of less than 125 km compared to a period average of almost 150 km per TC.  Further, the ERA40 

and HURDAT timing of ET are the same (12z on September 23) indicating that the structural 

evolution of Gert is also well-represented.   
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e. Previously Undocumented Storms 

 

 In addition to refining structural classification of existing TCs, it is equally as important 

to study potential additions to the HURDAT dataset.  This process is a bit more difficult since 

actual intensity cannot be drawn from the ERA40 at this time (as previously mentioned in 

Chapter 1).  For this reason, the only storms considered here are those for which evidence 

outside of the ERA40 representation could be obtained (e.g. end of season reports, archived 

observations, and personal communication with hurricane specialists at NHC).  This process 

started by examining loops of ERA40 MSLP and searching for persistent low pressure systems 

in the North Atlantic basin south of 40° North that had not been previously named. These closed 

circulations were manually tracked within the ERA40 (using the same process as was used to 

track documented cases) and CPS plots were created.  When the CPS plots indicated a 

potentially tropical or subtropical storm (i.e. a cyclone with a deep or shallow warm core), other 

resources were used in an attempt to determine the intensity.  In some cases, no conclusive 

evidence could be found, and for those cases, more analysis will be necessary to determine 

whether the cyclone should be included in HURDAT or not. 

i. “New” TC 1 (1999) 

 The first case is a closed low pressure system that formed between Hurricanes Floyd and 

Gert in 1999. This cyclone was not classified as anything more than a tropical wave at the time.  

The CPS plots for this cyclone are shown in Figure 5.16 and indicate the presence of a 

symmetric and moderate warm core cyclone.  With a mean –VT
L
 near fifteen and a mean –VT

U
 

near negative fifteen, this cyclone fits within the mean representation of an SS category one 

hurricane during the late period (as shown in Figure 4.5).  However, the minimum MSLP for this 

cyclone during its tropical phase was steady near 1008 mb which is about 3 mb higher than the 

mean for the period (as shown in Figure 4.6).  As seen in Figure 5.17, the satellite imagery for 

this particular cyclone indicates curvature in the cloud formation as well as deep convection near 

the center of circulation.  In addition, there was a Quickscat pass over the cyclone indicating the 

existence of sustained winds of 35kt and a ship report of sustained 35 kt winds as well.  With the 

ERA40 CPS, satellite imagery, and observations in agreement, this case seems to be a potential 

addition to HURDAT. 
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ii. “New” TC 2 

 A second potential addition to HURDAT is a tropical system that formed from an AEW 

in July of 1984 and moved westward across the tropical Atlantic and into the Caribbean.  As seen 

in Figure 5.18, this cyclone contained a symmetric thermal structure for the entire period in 

question, and its warm core was becoming deeper with time.  With an average –VT
L
 and –VT

U
 of 

fourteen and twenty-six, respectively, this TC also fits within the mean representation of an SS 

category one hurricane.  Similar to the last case, however, the mean MSLP is still a bit too high 

even by ERA40 standards making a conclusion based solely on the ERA40 data unlikely.  

Satellite imagery for this system (Figure 5.19) indicates that the system was clearly organized 

with persistent convection near the center of circulation.  Further, Dvorak satellite intensity 

estimates (Dvorak 1984) and archived reconnaissance data indicate that this system had likely 

obtained tropical storm intensity on July 25.  Though a firm conclusion cannot currently be made 

about this system, based on the ERA40 CPS representation and the Dvorak intensity estimates, it 

certainly deserves another look as a potential candidate for inclusion in HURDAT (Beven 2007). 

iii. “New” TC 3 

 A third and final potential addition to HURDAT is a cyclone that formed from a cold 

core low but took on subtropical characteristics before becoming extratropical in October of 

1989.  This cyclone formed in the northern Caribbean Sea and moved northeastward past 

Bermuda.  After undergoing extratropical transition, this cyclone deepened to 932 mb and was 

named the Monster of the Month in the Mariners Weather Log (Beven 2007).  The CPS 

representation of this system (Figure 5.20) clearly shows the cold core origins of the cyclone and 

indicates that it developed a shallow warm core by 00z on Oct 24.  Note also that by the 25
th

, the 

system had become slightly asymmetric, indicating that the cyclone was likely subtropical in 

nature.  The deepening of this system after ET is also evident. Further, Dvorak intensity 

estimates (Dvorak 1984) of between 45 and 50 kts in addition to ship reports of 60 kt sustained 

winds indicate that this cyclone likely had attained storm force intensity on Oct 26 (Beven 2007), 

making this cyclone a potential candidate for inclusion in HURDAT as a subtropical storm. 
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Figure 5.1- HURDAT track and intensity of Hurricane Faith (1966) 
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Figure 5.2- CPS representation of Hurricane Faith (1966) 
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Figure 5.3- CPS representation of Hurricane Gordon (2000) 
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Figure 5.4- Infrared satellite imagery of Hurricane Gordon (2000) 
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Figure 5.5- CPS representation of Tropical Storm Amy (1975) 
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Figure 5.6- CPS representation of Hurricane Gabrielle (2001) 
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Figure 5.7- Infrared satellite imagery of Hurricane Gabrielle (2001) 
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Figure 5.8- CPS representation of Hurricane Frieda (1957) 
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Figure 5.9- CPS representation of Hurricane Carla (1961) 
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Figure 5.10- HURDAT track and intensity of Hurricane Carla (1961) 

 

 
Figure 5.11- Ship observation density assimilated into the ERA40 during September 1961. 
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Figure 5.12- CPS representation of Hurricane Betsy (1965) 
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a) 

b) 

Figure 5.13- (a) HURDAT track of Hurricane Betsy (1965) and (b) mean monthly ship 

observations assimilated into the ERA40 for the same period.  
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Figure 5.14- HURDAT track and intensity of Hurricane Gert (1999) 

 

  
Figure 5.15- CPS representation of Hurricane Gert (1999) 
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Figure 5.16- CPS representation of potentially “new” TC 1 
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Figure 5.17- Infrared satellite imagery of potentially “new” TC 1.  The TC in question is the one 

in the middle.  Hurricane Floyd is located to the left and Hurricane Gert is located to the right. 

 

 64



  

   
Figure 5.18- CPS representation of potentially “new” TC 2 
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Figure 5.19- Infrared satellite imagery of potentially “new” TC 2 
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Figure 5.20- CPS representation of potentially “new” TC 3.  This system is argued to be a 

subtropical storm that may belong in HURDAT. 
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CHAPTER 6 

CONCLUSION 

 

 

 Using the CPS as a framework, representation of TCs within the ERA40 has been studied 

by examining the evolving biases within the data and possible explanations behind the 

discontinuities have been suggested.  To that end, the effects of satellite data, TC size, and TC 

location have been examined.  The ERA40 CPS has also been used to examine the documented 

structural classification of TCs within HURDAT and potential revisions have been 

recommended.   

 The first portion of the study focused on general representation of TCs within the 

ERA40.  It was shown that ERA40 TCs are significantly weaker than their HURDAT 

counterparts and that there is less distinction between the SS categories within the ERA40 than 

in the best track.  This result is not surprising given the ERA40’s coarse resolution.  However, 

even when considering the resolution, the TCs remain underrepresented. In spite of the poor 

representation, it was also shown that ERA40 TC tracks are generally within two grid spaces 

(approximately 225 km) of the HURDAT tracks.  Further, distinct discontinuities in track error 

have been attributed to corresponding data discontinuities. 

 The second section of the analysis investigated the evolving biases within the ERA40.  

The biases were studied by examining the effects of satellite data, TC size, and TC location.  It 

was found that the addition of satellite data resulted in a marked increase in mean magnitude of 

the warm core for TCs of all SS categories within the ERA40.  The differences were tested for 

statistical significance and it was found that there were at least three sets of SS categories for 

which the differences were not statistically significant.  Similar to the effect of satellite data, TC 

size was observed to have a considerable effect on ERA40 TC representation with larger TCs 

containing more intense warm cores than smaller TCs.  The differences were tested for 

significance, and it was found that in subsets of larger TCs, nearly all of the differences were 

statistically significant to at least the 95% confidence level.  Finally, the effect of TC location 

was analyzed and it was found that TCs located farther to the west were represented as more 

intense with respect to the CPS parameters.  Possible reasons for this finding were suggested by 
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exploring spatial discontinuities in data density.  Again, the differences were tested for statistical 

significance and it was found that location seemed to play a more important role in the 

representation of weaker TCs than more intense TCs, and in earlier TCs than later TCs.  As an 

explanation of this phenomenon, it was suggested that in the case of the more intense (later) TCs, 

that the role of location was secondary compared to that of size (satellite data).  Further, it was 

argued that because not all of the differences were statistically significant, the ERA40 should not 

be used to establish long term physical trends in TC intensity without first accounting for these 

(and possibly other) biases.   

 The third and final section of the analysis used the ERA40 CPS to scrutinize the 

structural classification of historical TCs within the HURDAT dataset.  The ERA40 CPS proved 

to be particularly useful in diagnosing the timing of extratropical or tropical transition.  

Additionally, three cases were discussed as potential additions to HURDAT.  Before any 

revisions or additions were suggested, other data sources were consulted, due to the previously 

discussed limitations of the ERA40 data and in recognition that the ERA40 should not be used as 

a singular reason for revisions to HURDAT (as is the case with any individual data source). 

 Great caution should be exercised when utilizing a dataset for which the biases are not 

completely understood or well documented.  Here, the evolving biases within the ERA40 have 

been discussed with respect to North Atlantic TC representation and possible reasons for the 

biases have been suggested.  These biases should be considered during future studies in order to 

avoid the formation of misleading conclusions.  In addition it should be noted that the analysis 

performed here is for the Atlantic basin only and that different ERA40 representation trends may 

exist in the other TC basins. 
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APPENDIX A 

 

Table A.1- The suppliers of observational data for ERA40, the type of data, the original source 

where appropriate, and the period covered by the data.  (Uppala 2005)  
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APPENDIX B 

 

 

Manning, D.M. and R.E. Hart, 2007:  Evolution of North Atlantic ERA40 Tropical Cyclone 

Representation.  Geophysical Research Letters, 34, L0575. doi:10.1029/2006GL028266. 

 

 

Used with permission from the American Geophysical Union. 
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