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1. Introduction 

In January 2013, the Hurricane Forecast Improvement Program (HFIP) established the 

Reconnaissance Data Impact Tiger Team (RDITT) to conduct a systematic investigation of the 

impact of aircraft reconnaissance (recon) data from the inner core of tropical cyclones on 

numerical guidance provided by regional tropical cyclone forecast systems.  In particular, a 

better understanding of the importance of tail Doppler radar (TDR) data is desired given the cost 

to equip the nation’s hurricane hunter fleet with TDRs is on the order of $300M.  Table 1 

contains a list of the RDITT members and their affiliations. 

Table 1:  RDITT members and their affiliations. 

Members Affiliation 

James Franklin (co-lead) National Hurricane Center 

Vijay Tallapragada (co-lead) NCEP’s Environmental Modeling Center 

Fuqing Zhang Pennsylvania State University 

Altug Aksoy Atlantic Oceanographic and Meteorological Laboratory 

Sim Aberson Atlantic Oceanographic and Meteorological Laboratory 

Kathryn Sellwood Atlantic Oceanographic and Meteorological Laboratory 

Mark DeMaria 
National Environmental Satellite, Data, and Information 

Service 

Louisa Nance National Center for Atmospheric Research 

Ryan Torn State University of New York - Albany 

Christopher Williams National Center for Atmospheric Research 

David Zelinsky National Hurricane Center 

Yonghui Weng Pennsylvania State University 

 

2. Test Plan 

2.1 Model Configurations 

The RDITT developed an experimental plan to test the impact of aircraft recon data in three 

regional tropical cyclone forecast systems: 

1. The Pennsylvania State University (PSU) Ensemble Kalman Filter (EnKF) Advanced 

Research WRF (ARW) hurricane analysis and prediction system, hereafter referred to as 

PSU-ARW. 

2. NCEP’s 2013 operational Hurricane WRF (HWRF) system, hereafter referred to as 

HWRF. 

3. AOML’s Hurricane Research Division (HRD) HWRF Ensemble Data Assimilation 

(HEDAS) system run with HWRF v3.2, hereafter referred to as HEDAS-HWRF. 

The experimental plan required each modeling group to provide retrospective forecasts for three 

configurations of their forecast systems: 



2 
 

1. Control: forecast system configured identically to the system used to assimilate aircraft 

recon data, but run without assimilating any inner-core recon data 

2. Standard Recon: forecast system identical to the control configuration except 

conventional recon data (flight-level data, dropsondes, and Stepped Frequency 

Microwave Radiometer - SFMR) are assimilated. 

3. All Recon: forecast system identical to control configuration except conventional recon 

data and TDR data are both assimilated. 

In addition, HWRF and HEDAS-HWRF forecasts were delivered for a fourth configuration. 

4. TDR only: forecast system identical to the control configuration except TDR data are 

assimilated. 

The test plan focused on evaluating track and intensity errors, so each modeling group was asked 

to deliver Automated Tropical Cyclone Forecast (ATCF) format files for their retrospective 

forecasts.  The ATCF ids used to identify the different configurations delivered for the three 

modeling systems are summarized in Table 2. 

Table 2: ATCF ids for the model configurations used for the RDITT test plan, number of 

forecasts delivered for each configuration that passed quality control, and number of delivered 

forecasts with direct impact from aircraft recon data relevant to that configuration.  

Parenthetical number for PSU-ARW forecast system under direct impacts indicates number of 

cases for which TDR data were available for initialization.  

Model Configuration ATCF id 
# of forecasts 

delivered 

# of direct 

impact cases 

PSU-ARW 

Control APCT 577 - 

Standard Recon APRC 498 332 

All Recon APAR 225 189 (98) 

HWRF 

Control HWCT 836 - 

Standard Recon HWRC 754 448 

All Recon HWAR 258 189 

TDR only HWDR 258 86 

HEDAS-HWRF 

Control HECT 236 - 

Standard Recon HERC 240 233 

All Recon HEAR 87 84 

TDR only HEDR 86 84 

 

For the test plan, the control configuration from each modeling system would serve two 

purposes: a) establish the level of skill/accuracy of the regional tropical cyclone forecast system, 

and b) serve as a baseline for evaluating the impact of the various types of aircraft recon data.  

To evaluate the inherent skill of each control configuration, the control forecasts would be 
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converted to “early” models1 using the National Hurricane Center (NHC) interpolator and then 

compared to the standard operational suite: early version of operational Geophysical Fluid 

Dynamics Laboratory (GFDL) tropical cyclone model (GHMI), Statistical Hurricane Intensity 

Prediction Scheme with inland decay (DSHP) and Logistic Growth Equation Model (LGEM).  

For this portion of the plan, DSHP and LGEM were rerun by Mark DeMaria for the selected 

cases using the current versions. 

While the original test plan called for assimilating SFMR data as part of the conventional recon 

data, the PSU-ARW standard and all recon configurations did not assimilate SFMR data.  

Another difference of note is the HEDAS-HWRF forecasts did not contain 0-h guidance, so the 

evaluation for HEDAS-HWRF started with the 6-h guidance.  Due to the cycled nature of their 

data assimilation systems, PSU-ARW and HWRF were run for all initialization times associated 

with the selected storms regardless of whether aircraft recon data were available for assimilation.  

Hence, differences between the forecasts produced by the control and experimental 

configurations for these modeling systems will stem from the direct impact of recon data when 

it’s available at the initial time and the indirect impact of recon data from earlier synoptic times. 

2.2 Retrospective cases 

A list of retrospective cases for Atlantic tropical cyclones from 2008 to 2012 was compiled by 

James Franklin of NHC based on the following criteria: 

 System was a tropical or subtropical cyclone 

 An aircraft center fix (i.e., vortex message) occurred within 180 minutes of the synoptic 

time. 

Based on these criteria, a total of 554 cases were possible for direct impact of standard recon 

data, whereas a total of 101 cases were possible for direct impact of TDR data.  Table 3 contains 

a list of the storms for which these criteria were met, as well as an indication of which modeling 

groups provided retrospective forecasts for each particular storm.  Note that no modeling group 

delivered retrospective forecasts for some of the selected storms and the samples vary between 

modeling groups.  The number of cases delivered for each model configuration that passed 

quality control checks is indicated in Table 2, along with the number of forecasts for which recon 

data was available to directly impact the inner core initialization of the tropical cyclone forecast.  

As noted earlier, due to the cycled nature of the PSU-ARW and HWRF data assimilation 

systems, forecasts delivered for these two forecast systems also included initializations without 

direct impact from recon data, which is the underlying reason for the significant decrease in the 

sample size between all cases and direct impact cases.  Given the storm classification criteria 

listed above is based on the initialization time and the HEDAS-HWRF forecasts did not include 

initial storm properties (t = 0 h), the HEDAS-HWRF sample sizes at the earliest available lead 

time are slightly less than those reflected in Table 2 because some cases did not meet the 

verification criteria by t = 6 h. 

  

                                                           
1 NHC characterizes forecast models as early or late depending on whether their numerical guidance is available to 

the forecaster during the forecast cycle.  Models that are available shortly after they are initialized are referred to as 

early models.  Models with run times such that the numerical guidance is not available until after the forecaster 

needs to release their forecasts are considered late models.  Early versions of late models are generated through an 

objective adjustment process provided by an “interpolator” program. 
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Table 3:  List of storms included in the test plan for standard recon, storms that also include 

TDR data and which modeling groups delivered retrospective forecasts for each particular 

storm. 

Storm TDR PSU EMC HRD 
AL022008   ●  
AL032008   ●  
AL042008 ● ● ●  
AL052008   ●  
AL062008 ● ● ●  
AL072008 ● ● ● ● 
AL082008   ● ● 
AL092008 ● ● ● ● 
AL112008 ● ● ● ● 
AL132008     
AL152008   ●  
AL162008     
AL172008 ● ● ● ● 
AL032009 ● ● ● ● 
AL042009     
AL052009 ● ● ● ● 
AL062009   ●  
AL112009   ●  
AL012010 ● ●  ● 
AL022010 ●   ● 
AL032010     
AL042010     
AL062010     
AL072010 ● ● ● ● 
AL082010   ● ● 
AL102010    ● 
AL112010   ●  
AL132010 ● ● ● ● 
AL152010   ● ● 
AL162010    ● 
AL182010     
AL192010 ● ●  ● 
AL202010     
AL212010 ● ●  ● 
AL012011   ● ● 
AL022011    ● 
AL042011   ● ● 
AL052011   ● ● 
AL072011   ● ● 
AL082011   ● ● 
AL092011 ● ● ● ● 
AL122011     
AL132011 ● ● ● ● 
AL142011   ● ● 
AL152011   ● ● 
AL162011 ● ● ● ● 
AL182011 ● ● ● ● 
AL192011     
AL012012     
AL022012   ●  
AL042012   ● ● 
AL052012   ● ● 
AL072012    ● 
AL092012 ● ● ● ● 
AL122012 ● ● ● ● 
AL162012    ● 
AL172012 ● ● ● ● 
AL182012 ● ● ● ● 
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3. Evaluation Methodology 

In consultation with NHC, the initial analysis undertaken by the Tropical Cyclone Modeling 

Team (TCMT) at the National Center for Atmospheric Research (NCAR) focused on evaluating 

the impact of the recon data by comparing each modeling system’s recon configurations with 

their corresponding control configuration without transforming the forecasts into early model 

guidance.  In addition, this initial evaluation focused on those forecast initializations for which 

recon data (standard or TDR) was available for assimilation in the inner core of the tropical 

cyclone.  The errors associated with each forecast (recon and control configurations) were 

computed relative to the Best Track analysis2 using the Model Evaluation Tools – Tropical 

Cyclone (MET-TC) package (http://www.dtcenter.org/met/users/docs/overview.php).  All 

aspects of this evaluation focused on homogeneous samples between the control (or baseline) 

and the recon configuration being evaluated.  In addition, the evaluation applied standard NHC 

verification rules that require the storm classification must be tropical or subtropical in the Best 

Track (BT) at the forecast initialization time and at the verification time for the case to be 

included.  All aspects of the evaluation include an assessment of statistical significance (SS) 

based on 95% confidence intervals (CIs).  Only lead times for which the distribution contained at 

least 11 samples were considered in the statistical significance discussions because the error 

distribution parameters cannot be accurately estimated for sample sizes less than 11 (Hoaglin et 

al. 1983). 

3.1 Mean error comparisons 

The errors for some cases were substantial.  Such outliers and/or large variability in the error 

distributions increase the likelihood the confidence intervals (CIs) for the mean errors of two 

model configurations will overlap even if one configuration is actually consistently performing 

better than the other.  By comparing the error differences, rather than the errors themselves (i.e., 

using a paired test rather than a two-sample test), the variability due to difficult forecasts and 

large errors is removed.  Hence, a pairwise technique was used to address the question of 

whether the differences between the recon and control forecasts are statistically significant (SS).  

For this technique, the absolute error of a given quantity (e.g., intensity error) for the 

experimental forecast is subtracted from the same metric for the control.  This subtraction is done 

separately for each lead time of each case, yielding a distribution of forecast error differences.  

Knowing whether substantial error differences more often favor one model or scheme over the 

other is a valuable piece of information when selecting numerical guidance to be included in the 

operational forecast process.  When negative or positive error differences occur at approximately 

the same frequency, the median of the error difference distribution will be insensitive to the size 

of the differences, whereas the mean error difference is somewhat sensitive to both the direction 

and size of the error differences.  Hence, the mean error difference was used in this study to 

assess SS.  A SS difference between the forecast verification metrics of the experimental 

configuration and the control was noted when it was possible to ascertain with 95% confidence 

that the mean of the pairwise differences was not equal to zero.  CIs on the mean error difference 

were computed using a parametric method with a correction for first-order autocorrelation 

(Chambers et al. 1983, McGill et al. 1978).  The pairwise method enables the identification of 

                                                           
2 Best Track analysis was obtained from the NOAA Web Operations Center (ftp://ftp.nhc.noaa.gov/atcf). 

ftp://ftp.nhc.noaa.gov/atcf
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subtle differences between two error distributions that may go undetected when the mean 

absolute error (MAE) or root mean square error (RMSE) of each distribution is computed and 

the overlap of the CIs for the mean is used to ascertain differences (e.g., Lanzante 2005, 

Snedecor and Cochran 1980).  Positive (Negative) mean error differences and percent 

improvement values indicate the errors associated with the recon configuration are smaller 

(larger) on average than the control.  These results are summarized in SS tables developed in 

consultation with NHC.  Figure 1 illustrates the basic properties of these summary tables. 

Table entry definitions   Color scheme 

 

mean error difference 

 

 

 

% improvement (+) / degradation (-) 

 

 

probability of having an error difference 

closer to zero than the mean error 

difference 

  Track Intensity 

 

S
S

 

%  ≤ -6 % ≤ -10 

 -6 < % ≤ -4 -10 < %  ≤ -5 

 -4 < % < 0 -5 < % < 0 

 0 < % < 4 0 < % < 5 

 4 ≤ % < 6 5 ≤ % < 10 

 % ≥ 6 % ≥ 10 

 
N

o
t 

S
S

 diff < 0 diff < 0 

 
diff > 0 diff > 0 

Figure 1: Description of entries in summary tables and color schemes.  Each cell in the summary 

tables contains three numbers corresponding to the mean error difference (top), percent 

improvement or degradation (middle) and the probability of having an error difference closer to 

zero than the mean error difference (bottom).  A blank for the probability entry means the 

effective sample size was such that no meaningful probability statistic can be computed.  Color 

shading is used to highlight the mean error differences that are SS, where green is used for mean 

error differences favoring the experimental scheme and red is used for mean error differences 

favoring the operational baseline.  The darkness of the shading is used to highlight the size of the 

percent improvement or degradation.  Colored fonts are used to distinguish which scheme has 

smaller errors for those mean error differences that do not meet the SS criteria. 

3.2 Error distributions 

In addition to assessing whether the mean error differences were SS, properties of the full error 

distributions were compared and noteworthy differences highlighted.  Boxplots are used to 

display the various attributes of the error distributions in a concise format.  Figure 2 illustrates 

the basic properties of the boxplots used in the report.  The mean of the distribution is depicted 

as a star and the median as a bold horizontal bar.  The 95% CIs for the median are shown as the 

waist or notch of the boxplot.  Note that the notches or CIs generated by the R boxplot function 

do not include a correction for first-order autocorrelation.  The outliers shown in this type of 

display are useful for obtaining information about the size and frequency of substantial errors or 

error differences. 

  



7 
 

 

 

Figure 2: Description of the boxplot properties. 

 

3.3 Frequency of superior performance 

To provide a quick summary of whether one configuration consistently outperformed the other 

for cases associated with error differences exceeding the precision of the input data, the number 

of cases for which the error differences for intensity (track) equaled or exceeded 1 kt (6 nm) 

were tallied for each lead time, keeping track of whether the error difference favored the 

experimental configuration or the control.  This information is displayed in terms of percent of 

cases with respect to lead time.  CIs for these plots are calculated using the standard interval for 

proportions (Wilks 2006).  This analysis categorizes the errors; thus the size of each error has no 

effect on the results once the category is determined.  Furthermore, by examining the frequency 

rather than the magnitude of the errors, different information can be obtained.  Forecasts may 

have similar average errors even though one forecast is frequently better than another.  

Conversely, forecasts may have very different average errors even though each is best on a 

similar number of cases.  Typically, the frequency analysis confirms the conclusions from the 

analysis of the magnitudes of the errors.  When it does not, it is important to understand the 

forecast behavior.  In this way, the frequency analysis complements the pairwise analysis and 

provides additional information. 

4. HWRF Configurations (EMC) 

4.1 Track 

The outcomes of the pairwise difference tests for the HWRF recon configurations are 

summarized in Tables 4-6.  The tests for track errors led to one SS degradation for HWRC (0 h) 

and HWAR (12 h), four SS improvements for HWRC (96-114 h), and no SS differences for 
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HWDR.  The SS differences for HWRC correspond to 6-7% improvements in track errors.  Note 

that the non-SS mean track error differences for all three recon configurations are predominately 

negative out to at least 66 h with the exception of the TDR only configuration between 0-24 h.  

An initial SS degradation in storm location for HWRC leading to SS improvements in location at 

the longest lead times is somewhat counterintuitive given the premise that improved initialization 

should lead to better forecasts.  Two important factors need to be considered when interpreting 

these results.  First, the recon data can affect properties of the storm that go beyond its initial 

location, which could have a significant influence on the evolution of the storm.  Second, the 

cases included in the sample for each lead time are not the same.  A comparison of the track error 

distributions for HWRC and HWCT (see Fig. 3) reveals large outliers for lead times of 54-90 h 

that do not show the expected error growth for lead times beyond 90 h.  Given the sample size 

decreases with lead time, the cases associated with these outliers are presumably not part of the 

sample for the longer lead times.  The error difference distributions for the HWCT-HWRC 

comparison (see Fig. 4) indicate most differences are fairly small and tend to be equally 

distributed between positive and negative.  The large negative outliers between 36-90 h, which 

correspond to the recon data degrading the forecasts, are not found at longer lead times, pointing 

to cases with the largest degradation likely not being part of the sample at the longer lead times.   

To further investigate this interesting behavior for the HWRC-HWCT comparison, pairwise tests 

for only those cases with forecasts for all lead times out to 120 h were also considered (see Table 

7).  It is interesting to note that while keeping a consistent sample across all lead times does not 

lead to more SS improvements in track errors, the initial mean error difference no longer 

corresponds to a SS degradation and the non-SS differences for this sample are consistently 

positive for all lead times greater than 12 h.  Hence, it is important to keep in mind that at least a 

portion of the variations in performance with lead time stems from changes in the sample since 

the cases are not, for the most part, uniform across all lead times.  The transition from positive 

non-SS differences between 18-66 h for the consistent sample across all lead times to mostly 

negative non-SS differences for the full sample raises the question of whether the longer-lead 

time improvements for HWRC are actually a robust result or simply an artifact of the sample at 

these lead times corresponding to a special subset of storms.   

The error distributions for HWCT and HWRC (Fig. 3) reveal two other interesting properties not 

obvious from only considering the mean error differences.  HWCT produced one case with 

rather large track errors out to 120 h for which the HWRC error distributions do not have a 

corresponding large outlier.  This difference indicates the standard recon data was able to 

substantially decrease the track errors for this particular case.  Another interesting aspect of these 

error distributions is the differences between the bounds of the central 50% of the distributions.  

The 75th percentile (top of box) for HWRC tends to be associated with smaller errors than that 

for HWCT, especially for longer lead times, which corresponds to a positive impact of the recon 

data.  And yet, the same cannot necessarily be said for the 25th percentile (bottom of box).  This 

relationship, which was also found for HWAR and HWDR (not shown), points to lack of 

consistent improvement across all cases. 

The frequency of superior performance (FSP) assessment for these comparisons (see Fig. 5) 

revealed a large number of “ties” for the shorter lead times, indicating the difference in storm 

location was, for the most part, not really distinguishable at the initial time.  Scatter plots 

comparing HWCT and HWRC track errors at 0 h (not shown) indicated the standard recon data 

can reduce the initial location error for cases where the control exhibited the largest initial 
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location error, but the opposite is also true, the recon data increased the initial location error for 

some cases where the control exhibited small initial location error.  In contrast to the pairwise 

difference test, the FSP approach does not lead to any statistically distinguishable differences 

between the performance of the HWRF recon configurations and the control.  This result is 

consistent with the fact that while the mean error difference is statistically distinguishable from 

zero, the median of the distribution is not (see Fig. 4). 

4.2 Intensity 

The absolute intensity error pairwise difference tests for the HWRF recon configurations (Tables 

4-6) resulted in four SS degradations for HWRC (0-18 h) and three for HWAR and HWDR (0-12 

h), and no SS improvements for any of the recon configurations.  Limiting the sample to over 

water only did not change the basic overall properties of these results.  A comparison of the 

absolute intensity error distributions for HWCT and HWRC (see Fig. 6) indicates the SS 

degradations for the shorter lead times stems from notably larger outliers associated with 

HWRC, as well as larger errors for the overall error distribution.  These same properties were 

also found for the HWAR and HWDR distributions (not shown).  The mean intensity errors (see 

Fig. 7) reveal that HWCT has a small initial low bias that transitions to an over-prediction bias 

for most lead times.  Assimilating the standard recon data increased the initial low bias, followed 

by what appears to be a “spin-down” of the vortex over the first six hours of the forecast.  This 

behavior leads to a rather large under-prediction bias at the shorter lead times that gradually 

decreases with lead time.  The intensity bias for HWAR and HWDR (not shown) exhibited the 

same basic properties.  The intensity error distributions (not shown) revealed that assimilating 

recon data can produce positive initial intensity errors greater than that found in the control.  

Hence, recon data weakening the initial storm intensity is not always the case, but is definitely 

the dominant signature.   

Pairwise difference tests were also generated for three sub-category aggregations based on the 

Best Track storm classification at the initial time of each forecast: 1) subtropical depressions, 

tropical depressions, subtropical storms and tropical storms, 2) category 1 and 2 hurricanes, and 

3) major hurricanes (category 3 and above).  The outcome of these pairwise tests for HWAR is 

shown in Tables 8-10.  While all three sub-categories produced SS degradations for intensity 

forecasts at the shortest lead times, the signature for the major hurricanes is the largest in terms 

of both magnitude and duration.  It is interesting to note that aggregations for the two sub-

categories associated with weaker storms actually produced SS improvements for intensity 

guidance at some intermediate lead times.  The general properties for the over water only sample 

are the same as those for the land and water sample.  Sub-category aggregations for HWRC and 

HWDR (not shown) also showed a stronger signature of degradation for major hurricanes, but 

the SS improvements for weaker storms at intermediate lead times did not necessarily carry over 

to those samples. 

In contrast with the track errors, the FSP assessment for the absolute intensity error comparisons 

(see Fig. 8) produced a small number of ties at the initial time.  Hence, initial intensities were 

distinguishable between the HWRF recon configurations and the control.  Similar to the pairwise 

tests, the FSP approach showed that the HWRF control configuration outperformed the HWRF 

recon configurations at the shorter lead times.  In contrast with the pairwise tests, HWAR 

produced SS improvements over HWCT in terms of FSP at lead times 36-48 h.  These SS 

improvements did not carry over to the over water only sample (not shown). 
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Table 4: Inventory of statistically significant (SS) pairwise differences for track and intensity stemming from the comparison of the 

HWRF standard recon (HWRC) and control (HWCT) configurations.  Sample size varies from 448 at 0 h to 116 at 120 h. 

HWRF Standard Recon Configuration 

 

Table 5: Same as Table 4 except for the comparison of the HWRF all recon (HWAR) and control (HWCT) configurations.  Sample 

size varies from 189 at 0 h and 46 at 120 h. 

HWRF All Recon Configuration 

 

Table 6: Same as Table 4 except for the comparison of the HWRF TDR only (HWDR) and control (HWCT) configurations.  Sample 

size varies from 86 at 0 h to 17 at 120 h. 

HWRF TDR Configuration 
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Figure 3: Track error distributions with respect to lead time for HWCT and HWRC. 

 
Figure 4: Pairwise difference track error distributions with respect to lead time for HWCT and HWRC. 
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Table 7: Inventory of statistically significant (SS) pairwise differences for track and intensity stemming from the comparison of the 

HWRF standard recon (HWRC) and control (HWCT) configurations for only those cases with forecasts for all lead times out to 120 h.  

Sample size is 116 for all lead times. 

HWRF Standard Recon Configuration 
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Figure 5: Frequency of superior performance (FSP) with 95% confidence intervals for track 

error differences stemming from comparisons of HWCT with HWRC (top), HWAR (middle), and 

HWDR (bottom) with respect to lead time.  Ties are defined as cases for which the difference was 

less than 6 nm. 
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Figure 6:  Same as Fig. 3 except for absolute intensity error distributions. 

 
Figure 7:  Mean intensity errors with 95% confidence intervals with respect for lead time for 

HWCT and HWRC. 
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Table 8: Same as Table 5 except sample includes only those cases for which the storm was classified as a subtropical depression, 

tropical depression, subtropical storm or tropical storm in the Best Track analysis at the initial time.  Sample size varies from 72 at 0 

h to 37 at 120 h. 

HWRF All Recon Configuration – subtropical/tropical depressions, subtropical/tropical storm 

 

Table 9: Same as Table 8 except sample includes only those cases for which the storm was classified as category 1 or 2 hurricane in 

the Best Track analysis at the initial time.  Sample size varies from 82 at 0 h to 6 at 120 h. 

HWRF All Recon Configuration – category 1 or 2 hurricanes 

 

Table 10: Same as Table 8 except sample includes only those cases for which the storm was classified as a major hurricane in the Best 

Track analysis at the initial time.  Sample size varies from 35 at 0 h to 3 at 120 h. 

HWRF All Recon Configuration – major hurricanes 
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Figure 8: Same as Fig. 5 except for absolute intensity error differences.  Ties are defined as 

cases for which the difference was less than 1 kt. 
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5. PSU-ARW Configurations (PSU) 

5.1 Track 

The outcomes of the pairwise difference tests for the PSU-ARW recon configurations are 

summarized in Tables 11-12.  The pairwise tests for track error differences indicated three SS 

improvements for APRC (0 and 114-120 h), seven SS improvements for APAR (0-30 and 120 h) 

and no SS track degradations.  These SS differences correspond to improvements in track errors 

of 9-33%.  Note that all the non-SS differences also correspond to improvements except for 

APRC at 36 h.  While the pairwise tests did not lead to SS improvements for intermediate lead 

times, a comparison of the track error distributions for APCT and APRC (see Fig. 9) reveals that 

assimilation of recon data was able to produce substantial improvements for those cases where 

the control produced the largest track errors.  The same is true for APAR (not shown).  These 

large control outliers were associated with Tomas 2010 and were predominately due to the 

control predicting the storm to propagate faster than observed (i.e., large positive along-track 

errors, not shown).   

The FSP assessment for PSU-ARW track errors (see Fig. 10) also produced SS improvements at 

shorter lead times, but these improvements extended to longer lead times for both recon 

configurations (APRC: 0-12 h, APAR: 0-66 h).  It is also interesting to note that the PSU-ARW 

recon configurations produced far fewer ties at the initial time than the HWRF recon 

configurations.  This difference likely stems from differences between the initialization schemes 

used by these two forecast systems. 

Because PSU did not deliver a TDR only configuration, an additional aggregation for the APCT-

APAR comparison was considered to address the question of how the TDR data affected the 

forecasts.  Table 13 shows the outcomes of the pairwise tests for APCT-APAR when aggregated 

for only those cases where inner-core TDR data were available for assimilation.  Considering 

only those cases with TDR data leads to more lead times with SS improvements, as well as larger 

percent improvements.  Pairwise tests were also conducted for a direct comparison of APRC and 

APAR for which APRC was considered the baseline configuration.  The results of these tests 

(see Table 14) showed that the addition of TDR led to SS improvements in track for three lead 

times (6, 24 and 36 h) of 11-14%.  Hence, TDR data had a positive impact on the track guidance 

produced by PSU-ARW above and beyond that obtained from assimilating the standard recon 

data, but this impact was limited to the shorter lead times. 

5.2 Intensity 

The pairwise difference tests for the intensity forecasts provided by PSU-ARW recon 

configurations (Tables 11-12) resulted in one SS degradation at 0 h for both APRC and APAR, 

four SS improvements for APRC (30, 60-66 and 90 h), and one SS improvement for APAR (60 

h).  For the over water only sample, APRC still produced four SS improvements but these 

improvements are now focused between 30-48 h.  Conversely, APAR did not produce any SS 

improvements for the over water only sample.  The mean intensity errors indicate PSU-ARW’s 

control configuration does not exhibit a SS intensity bias, whereas APRC is characterized by a 

strong initial positive bias that quickly transitions to a significant negative bias over the first six 

hours of the forecast (see Fig. 11).  This negative bias then gradually decreases with lead time.  

The basic properties of APAR’s mean intensity errors (not shown) are very similar to those for 

APRC.  The intensity bias trend over the shorter lead times, which is suggestive of a vortex spin-
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down, is similar to that seen for the HWRF recon configurations.  Comparisons of the Best Track 

intensity analysis and the PSU-ARW recon configuration intensity forecasts (not shown) showed 

that a number of the cases did in fact undergo a strong spin-down over the first 6 h of the forecast 

that did not correspond to an actual weakening of the storm, but not all cases exhibit this 

behavior.  Given the similarity between the HWRF and PSU-ARW recon configuration intensity 

trends for short lead times, pairwise difference tests were generated for the PSU-ARW recon 

configurations using the same three sub-category aggregations applied to the HWRF samples.  

Tables 15-17 show the results for the APAR sub-category aggregations.  Once again, the 

degradations associated with assimilating the recon data exhibit a stronger signature for the 

major hurricanes. 

Considering only the TDR cases for the APCT-APAR comparison (Table 13) led to no SS 

degradations (still degrades at 0 h but no longer SS) and maintained the SS improvement at 60 h.  

Directly comparing APRC and APAR (Table 14), led to a SS improvement at 0 h and no SS 

degradations.  The non-SS differences are mixed and predominately negative.  Hence, the TDR 

data had a positive impact on the PSU-ARW initialization, but this positive signature did not 

carry through to the forecast guidance. 

 
Figure 9: Same as Fig. 3 except for APCT and APRC. 
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Table 11: Same as Table 4 except for the comparison of the PSU-ARW standard recon (APRC) and control (APCT) configurations.  

Sample size varies from 332 at 0 h and 94 at 120 h. 

PSU-ARW Standard Recon Configuration 

 

Table 12: Same as Table 4 except for the comparison of the PSU-ARW all recon (APAR) and control (APCT) configurations.  Sample 

size varies from 189 at 0 h and 30 at 120 h. 

PSU-ARW All Recon Configuration 
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Figure 10: Same as Fig. 5 except for comparisons of APCT with APRC (top) and APAR 

(bottom).  
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Table 13: Same as Table 12 except for the aggregation includes only those cases for which TDR data was available for assimilation.  

Sample size varies from 98 at 0 h and 13 at 120 h. 

PSU-ARW All Recon Configuration 

 

Table 14: Same as Table 13 except the comparison is between APRC and APAR (APRC is used as baseline for pairwise differences 

instead of APCT).  Sample size varies from 98 at 0 h and 13 at 120 h. 

PSU-ARW All Recon Configuration 
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Table 15: Same as Table 8 except the comparison is between APCT and APAR.  Sample size varies from 81 at 0 h to 22 at 120 h. 

PSU-ARW All Recon Configuration – subtropical/tropical depressions, subtropical/tropical storm 

 

Table 16: Same as Table 9 except the comparison is between APCT and APAR.  Sample size varies from 76 at 0 h to 6 at 120 h. 

PSU-ARW All Recon Configuration – category 1 or 2 hurricanes 

 

Table 17: Same as Table 10 except the comparison is between APCT and APAR.  Sample size varies from 32 at 0 h to 2 at 120 h. 

PSU-ARW All Recon Configuration – major hurricanes 
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Figure 11:  Same as Fig. 7 except for APCT and APRC. 

6. HEDAS-HWRF Configurations (HRD) 

6.1 Track 

The outcome of the pairwise difference tests for the HEDAS-HWRF recon configurations are 

summarized in Tables 18-20.  These tests led to five SS track improvements (6-30 h) and no SS 

degradations for all three recon configurations. The improvements ranged from 10-20% for the 

standard recon configuration, 14-37% for the all recon configuration and 13-30% for the TDR 

only configuration.  The track error distributions (not shown) indicated the additional data led to 

a reduction in the magnitude of outliers, as well as the errors associated with the central portion 

of the distribution for shorter lead times.  It is interesting to note that 75% of the distribution for 

the track error differences at 6 h correspond to the standard recon data providing improvements 

to the location guidance, indicating a fairly consistent impact across the sample (see Fig. 12).  

The percent of the sample corresponding to improvements (percent above the zero line) 

gradually decreases with lead time.  The same is true for the track error difference distributions 

for HEAR and HEDR (not shown). 

The samples for HEAR and HEDR were the same, so there was no need to consider a separate 

aggregation for HEAR to obtain the direct TDR impact cases.  A direct comparison of HERC 

and HEAR, where HERC was used as the baseline, was performed to assess the benefit of adding 

TDR data to the standard recon data.  This comparison, which is shown in Table 21, did not 

produce any SS differences for track.  Hence, TDR data did not have a positive impact on the 

track guidance produced by HEDAS-HWRF above and beyond that obtained from assimilating 

the standard recon data. 
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Figure 12: Pairwise difference track error distributions with respect to lead time for HECT and HERC. 

6.2 Intensity 

The pairwise difference tests for the intensity forecasts provided by the HEDAS-HWRF recon 

configurations (Tables 18-20) produced four SS improvements for HERC and HEDR (6-24 h) 

and five SS improvements for HEAR (6-30 h).  None of the comparisons produced SS 

degradations.  Limiting the sample to over water only had little to no effect on the overall trend 

of the results.  The absolute intensity error distributions (not shown) indicate the recon data is 

able to reduce errors associated with outliers and the central portion of the distribution at the 

shorter lead times.  This signature gradually weakens with lead time.  The mean intensity errors 

for HECT and HERC exhibit an under-prediction bias at the shorter lead times that gradually 

transitions to a positive bias at the longest lead times (see Fig. 13).  The mean intensity errors for 

HEAR and HEDR (not shown) exhibit a similar trend.  Given the lack of information before 6 h, 

it is not possible to assess whether HEDAS-HWRF forecasts experienced a spin-down issue 

when assimilating recon data similar to that found for HWRF and PSU-ARW.  The direct 

comparison of HERC and HEAR (Table 21) indicated a single SS improvement at 0 h.  Hence, 

the positive impact of TDR data on the intensity beyond that obtained by assimilating standard 

recon data was limited to the initialization. 
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Table 18: Same as Table 4 except for the comparison of the HEDAS-HWRF standard recon (HERC) and control (HECT) 

configurations.  Sample size varies from 224 at 0 h to 42 at 120 h. 

HEDAS-HWRF Standard Recon Configuration 

 

Table 19: Same as Table 18 except for the comparison of the HEDAS-HWRF all recon (HEAR) and control (HECT) configurations.  

Sample size varies from 83 at 0 h to 10 at 120 h. 

HEDAS-HWRF All Recon Configuration 

 

Table 20: Same as Table 18 except for the comparison of the HEDAS-HWRF TDR only (HEDR) and control (HECT) configurations.  

Sample size varies from 83 at 0 h to 10 at 120 h. 

HEDAS-HWRF TDR Configuration 
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Table 21: Same as Table 18 except for the comparison of the HEDAS-HWRF all recon (HEAR) and standard recon (HERC) 

configurations.  Sample size varies from 83 at 0 h to 10 at 120 h. 

HEDAS-HWRF All Recon Configuration 
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Figure 13:  Same as Fig. 7 except for HECT and HERC. 

7. Overall Summary 

The aircraft reconnaissance data had positive impacts on the track forecasts provided by 

the three regional tropical cyclone forecast systems, but how those impacts played out 

varied widely across the systems.  The HWRF system only produced SS improvements 

for its standard recon configuration and only for the longest lead times.  The non-SS 

differences were predominately negative for the HWRF recon configurations through at 

least 66 h with the exception of the TDR only configuration between 0-24 h.  Keeping the 

sample consistent across all lead times led to a more positive signature for the standard 

recon configuration at shorter lead times, raising the question of how much confidence 

should be placed on the SS improvements at longer lead times.  In contrast, the PSU-

ARW system produced SS track improvements for the shortest and longest lead times, 

but the strongest signature for this system corresponded to the configuration assimilating 

both standard recon and TDR data.  Limiting the error aggregations to those cases 

common to both the HWRF and PSU-ARW configurations (not shown) had little effect 

on the different outcomes of their evaluations against their respective controls.  The 

HEDAS-HWRF system also produced SS track improvements for all of its recon 

configurations but these improvements were limited to the shorter lead times.  

Comparisons between the standard recon and all recon configurations for PSU-ARW and 

HEDAS-HWRF documented the additional benefit of the TDR data.  Three positive SS 

differences for the PSU-ARW comparison, combined with positive non-SS differences 
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through 90 h, suggest TDR can provide added value to standard recon data, at least with 

respect to track guidance.  In contrast, the HEDAS-HWRF comparison did not produce 

any SS differences. 

The impacts of the aircraft reconnaissance data on the intensity forecasts provided by 

these three regional forecast systems varied from significant degradations to signatures of 

improvement, once again varying widely across modeling systems.  The HWRF system 

produced SS degradations at the shorter lead times regardless of what type of recon data 

was assimilated.  The evolution of the mean intensity errors over the first six hours of the 

forecast suggest HWRF has a spin-down issue when recon data is assimilated and this 

signature is most prevalent for stronger storms.  While the PSU-ARW system produced 

SS improvements for a few lead times, this system also experienced a spin-down issue 

when recon data was assimilated that was once again most prevalent for stronger storms.  

The HEDAS-HWRF system produced SS improvements, this time for intensity forecasts, 

for all three recon configurations that were limited to shorter lead times.  Assessing the 

added value of the TDR data (standard vs all recon) for intensity points to a much more 

limited impact for PSU-ARW with SS improvement being limited to the initialization.  

HEDAS-HWRF also produced a single SS improvement at 6 h with hints of meaningful 

improvements out to 30 h. 

While the standard recon data were able to produce SS improvements for track, the lack 

of consistency in the lead times improved across the three regional models tested suggest 

inner core observations offer promise for improving operational tropical cyclone track 

guidance, but work still lies ahead to make optimal use of these data.  The results for the 

intensity forecasts also showed some hints of promise for inner core observations, 

especially if improvements to the data assimilation systems can address the issue related 

to assimilating recon data for strong tropical cyclones.  And finally, the results showed 

hints of TDR data being able to add value to the standard recon data, but improvements 

to the initialization systems are apparently needed before this potential can be realized. 

Given the inconsistency of the results across modeling systems and the lack of a strong 

positive impact connected with the inclusion of TDR data in the initialization, the TCMT, 

in consultation with NHC, did not evaluate the skill/accuracy of the control 

configurations relative to the standard operational suite.  Without this aspect of the 

evaluation, it is not possible to say whether the improvements obtained by assimilating 

recon data for the PSU-ARW and HEDAS-HWRF modeling systems would lead to 

improvements in the overall operational forecast guidance.  On the other hand, HWRF is 

an operational system.  The results for this system (track: SS improvements only for lead 

times where the sample may not capture the full breath of the performance; intensity: 

only SS degradations) do not point to assimilating recon data leading to improvements in 

the overall operational guidance.  It is also important to keep in mind that this evaluation 

did not compare the performance of the three participating modeling groups.  While all 

aspects of the evaluation used homogeneous samples, the samples across modeling 

groups were not homogeneous, so assessments of relative performance of the three 

modeling systems are not recommended based on the figures and tables included in this 

report.  Regardless of which system was used, the results of this study did not point to a 

strong positive impact on the forecast guidance connected with assimilating TDR data. 
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