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ABSTRACT

The Dvorak satellite technique is a relatively accurate, reproducible method for operationally
estimating tropical cyclone intensity and position. We study the accuracy and potential biasesetfidie
for Northern Atlantic and East Pacific storms from 2009 to 2016 as developed by two different agencies (the
Tropical Analysis and Forecast Branch and the Satellite Analysis Branch), as well as one objective technique
(the Automated Dvorak Techniqudhe products of each agency contribute significant skill to a-guatip
consensus. The combination of the three groups helps lower mean absolute error of the consensus, which is
found to be 2.63%, 20.6%, and 35.9% smaller than TAFB, SAB, and ADT ctieshe This implies that
using a consensus average of Dvorak estimates is generally better than using any one individual group. The
Dvorak Technique needs modification for cases when storms are weakening. Taking the average of the Current
Intensity numbeand the Thumber for weakening storms only improves the predictive skill of the Dvorak
Technique for weakening systems for TAFB. This work affirms that, as a whole, theyrouit Dvorak
consensus is improved by each constituent part, and that maxecheskould focus on modifying the

technique to better suit current understandings of tropical cyclone development.
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Chapter 1

Introduction

The Dvorak satellite technique (DT), originally developed in Dvorak (1975), is a satellite pattern
recognition schemesed operationally by numerous tropical weather forecasting centers to estimate the
intensity of tropical cyclones. For several decades, hurricane specialists and researchers have been
improving methods of quantifying tropical cyclone intensity (Knafflet2903; Gall et al., 2013). Being
able to accurately quantify tropical cyclone intensity is vital for initializing numerical weather prediction
models and making more reliable forecasts, which both heavily rely on DT estimates (Velden et al.,

2006). Whik aircraft reconnaissance, buoy observations, and scatterometer data are often more accurate
than DT for estimating tropical cyclone intensity, DT still remains arguably the best alternative when
other data are unavailable (Velden et al., 2006).

DT, whichworks as a decision treBigurel), uses only visible and infrared satellite imagery to
estimate tropical cyclone intensity. The fundamental steps in this decesgoare to locate the system,
estimate its intensity, choose the best intensity estimate, apply constraints, and derive a final intensity
estimate from these constraints. Based on satellite imagery, one chooses various pattern types related to a
particulars t or mds ficentral featureso and Aouter banding
stormbébs intensity. Some examples of pattern types
patterns Figure2). Picking certain patterns within the DT pattern recognition decision tree eventually
results in a set of fAtropical numberso (Tnums) r a
Tnum, called th®ataT number, is solely based on cloud patterns noted in satellite imagery. However,
the DataT number is not always the best estimate of tropical cyclone intensity, as maximum surface

winds in some weakening storms often remain higher than what satebijery suggests (Velden et al.,



2
2006). Thereforesnuambi@eModée MEEypaowatseddted to the de

account for any intensity trends (Vernon, 1984jhird approach is the Pattefhnumber, which simply

matches the satelliimagery to idealized casd3epending a what the analyst concludes is most
representative of the convect inwmber)sstchoseo tetweeathe a 0 Fi
DataT, MET, and PatterT. Next, specific constraintsoted inTablel are appliedo the T-numberthat

limit the maximum amount the storm can intensify or weaken in a given time period based on an expected
tropical cyclone decay/strengtheningmodiebr st eady st ate or strengtheni
number is used as Ithenuwmuer enwhil ot einsi myroe (rCepr es ¢
in terms of maximum surface wind speEdr weakening systems, the Cl number is a blend ofthe T

number and the 12 hour oldiumber.Table2 details these specific wind speeds for e@thHntensity

and position estimates wusing DT are often called

estimates of intensity and position.

Table 1. Dvorak intensity constrain{seproducedrom Dvorak, 1984).

Time Interval Intensity Change
(hours) (T-numbers)
6 1.0
12 15
18 2.0
24 2.5




Table 2. Dvorak intensity ins (reproducedrom Dvorak 1975. The Cl number is associated
with acalibratedmaximum surface wid speed. Calibration is based on aircraft measurements in the
Northwest Pacific anBlorthernAtlantic basins.

Current Intensity | Maximum Surface
(CI) Number Wind Speed
(knots)

15 25
2.0 30
2.5 35
3.0 45
3.5 55
4.0 65
4.5 77
5.0 90
5.5 102
6.0 115
6.5 127
7.0 140
7.5 155
8.0 170




Locate system

Estimate intensity

Data T No. Model Expected T No.

1. Cloud system

measurements 2. 24 hour changes
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Figure 1. The basic steps of the Dvorak Technique visualized as a decision t
describing how to estimate the intensity of a tropical cyclone (reproduced from Veld
al., 2006).
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CF4 BFO

971
“Large Eye”

CF6 BF2

CF6 BFO  CF7 BFO  CFT BFI
COMMON DEVELOPMENTAL
PATTERNS

EACH SUCCESSIVE T-NUMBER IS ACCOMPA-
NIED BY ONE OR MORE OF THE FOLLOWING:

1. System center becomes defined in
rounder, tighter, or more dis-
tinctly curved banding.

. Dense overcast and system center
become more closely associated.

3. CDO becomes rounder or larger.

4. More overcast banding encircles

the central feature.

Figure 2. Dvorak satellitgpattern types associated with each respectimaniber (reproduced

from Dvorak, 1975).

Despite the overall accuracy and reproducibility of DT, notable, systematic errors still exist

within the technigue. One major source of error in the DT is due ittéissity change constraints. An

example of a DT constraint is that a storm may only weaken or strengthemarfber over a period of

6 hours, as noted ifiablel. However, a storm could theoretically intensify or weaken more than what the

constraints allow in a given time period; this is called breaking constraints. While only 2% of storms tend

to break such constraints (Cangialosi et al., 20153¢thare cases are still likely a significant reason for

the original DTdéds mean absol

1993). There is also a degree of forecaster subjectivity in utilizing DT, even though DTsigaeeddo

ute intensity

errors

be internally stable and consistent (Shewchuk and Weir, 1980). NtewshDT errors have decreased

over the years due to subsequent modifications of the technique. Currently, inteaitabsolute error

is estimated at around 624 knots (Kaff et al., 2009)Additionally, about 50% of DT intensity



6
estimates f all within 5 knots of the National Hur

estimates supported by aircraft reconnaissance (Brown and iRy&tid4).

Toimprove DT,researher s have consi dered changing some o
developing new methods to better fit modern understandings of tropical cyclone development.
Knaff et al. (2009) and Velden et al. (2006) proposed a mdtnaohproving the technique by using a
multi-group consensus consisting of different analysts. Researchers have shown that combining analyses
and forecasts from a variety of sources to form a consensus estimate is more skillful than using individual
produwcts (Sanders, 1973; Bosart, 1975; Gyakum, 1986; Vislocky and Fritsch, 1995). However, there have
been limited irdepth statistical analyses of DT consensus estimates of cyclone intensity and position.
Another concern with the DT approach is how the metiautles rapidly weakening tropical cyclone
cases. Based on Brown and Franklin (2004), we can apply the consensus approach to the Cland T
number experimental average for the DT, as well. Then we can compare the control and experimental
techniques for botthe individual and consensus groups. The plan for this research is to develop a
database of DT estimates of tropicatloyne intensity and positici develop a DT consensus. For this
study we choose to examine DT estimates from the Tropical Analysisoaecest Branch (TAFB), the
Satellite Analysis Branch (SAB), and the Advanced Dvorak Technique (ADT). TAFB and SAB Dvorak
data can be accessed with the National AGCF)y i cane
s y s t datadastonly accessiblat the National Hurricane Cen}ewhile ADT data is located at the
Uni versity of Wisconsinbs Cooperative Institute f

page http://tropic.sec.wiscedu/misc/adt/info.html Preliminary results on indigdual storm cases

showed promiseBased on this background literature and preliminary insight, we hypothesize that by 1)
using a multigroup consensus and 2) changing the constraints for wegkeytlones, we can improve

the relative skill of DT.


http://tropic.ssec.wisc.edu/misc/adt/info.html

Chapter 2

Data and Methods

Based on the previously discussed background literature, we were motivated to gather the proper
data and apply specific methods to complete the analysis necessary to quantify any improvement in the
Dvorak technique (DT) when using a consensus approachiardusing a modified DT for weakening
storms. In section 2.1, we review thi@tabases used for this project &y we chose whicHata to
include In section 2.2, we review the methods and equations relevant to quantifying the skill of the

consensus conaped to the individual DT groups for estimating tropical cyclone intensity and position.

2.1 Data

We first developed a database containing 889 independent Dvorak estifigues3)
representing 212 unique tropical cyclones between 2009 and 2016 from the Northern Atlantic and East

Pacific basingdatabase is availabég Penn State Scholatsere:doi:10.18113/S1CS7HRaw data

include the date and time of each storm, the NationalHi c ane Ce ntmaximdmsufiaeest Tr a c k
wind in knots and latitude/longitude coordinates, DT intensity esggrarovided by TAFB, SAB, and

ADT, and lastly, position estimates from TAFB and SA&Rjure4 shows arexample of a casgormin

our databaseADT position estimates were excluded, as they are considered unreliable. DT estimates are

only listed if there are supporting aircrdtitaused for Best Track intensity scatterometer datesed up

to 50 knot intensity in the Best Traekthin two hours of gjiven DT estimate, aest Tracks most

reliable within this time constraint (Landsea and Franklin, 2@&3t Trackverification data were

retrieved from the HURDAT 2latabaséhttp://www.aoml.noaa.gov/hrd/hurdatrdat21851-2016



https://scholarsphere.psu.edu/concern/generic_works/28049g505c
http://www.aoml.noaa.gov/hrd/hurdat/hurdat2-1851-2016-apr2017.txt
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apr2017.t. The Automated Tropical Cyclone ForecgST CF) system(only accessiblat the National

Hurricane Centgmprovided TAFB and SAB DT estimateshile ADT estimates were taken from the

University of Witps/tcopimssec.wise.edu/@ibciiSi&htnf). Microsoft Excel was

utilized to crete the database; the Analysis ToolPak-addas used to perform regression analyses.

Python was used for developing tistributions and statistical analyses.

UNITED STATES

Figure 3. 889 independent samplespresenting 212 unique tropical cyclompéstted over the
NorthernAtlantic and East Pacifibasins from 2009 through 20Hest Track position data taken

from the National Hur r i c (Gtps/w@enhd neaa.§os/datd/bur)Bt/A



http://www.aoml.noaa.gov/hrd/hurdat/hurdat2-1851-2016-apr2017.txt
http://tropic.ssec.wisc.edu/misc/adt/info.html
https://www.nhc.noaa.gov/data/hurdat/
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Figure 4. A case example of Dvorak satellite imagery. Depicted above is Hurricane Isaa
GOES13 visible satellite (top left) and Dvorak infrared satellite imagery (top right), valid August
2012 at 1745 UTC (available dittps://199.9.2.143/tcdat/tc12/ATL/09L.ISAACHurricane
specialists use this type of imagery in DT to produce both intensity and position estimates of trc
cyclones.

2.2 Methods

Mean absolute errprelative error, standadkviation and root mean square ervegre
calculated for all DT ClI intensity fixes from TAFB, SAB, and ADT usBept Trackas ground truthit is
important to note that the Best Track data is dependent on Dvorak fixes. However, the scatterometer and
aircraft reconnaissance observations are typically used over DT when available. Since we require
scatterometer and reconnaissance within 2 hours of a DT estimate, independence betegtenalEs
andthe Best Track is better preservegl. numbers from TAFB and SAB were converted to maximum
surface wind speeds in knots usifgple2 so we can directly compare wiBest Trackdata. ADTraw
data are already in units of knots, so no conversion is necelSkzy.absolute intensity errandroot
mean square erravere also calculated for TAFB and SAB distance errors, again Bsisigiraclkdata as

verification. The data were also divideda specific intensity bins based on characteristic strengths of the


https://199.9.2.143/tcdat/tc12/ATL/09L.ISAAC/
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storms Table3). To determine position errors, distances betwest TrackandDT latitude/longitude

coordinates were converted to nautical miles (nm). Latitude error is calculated as follows:

DGO 1 €10 MO GO e T (1)

whered @i 1 i§ the latitudinal error component in ntn,wis the DT estimated latitude coordinate,

and0d @ 0is theBest TracKatitude coordinate.ongitudinal error is calculated in a similar manner using

the following:

DEOI 1 £€i10£680¢¢ weRAT BDHO, (2)

whereb € ©i € lis the longitudinal error component in ning i the DT estimated longitude

coordinate, an@ ¢ ¢ isthe Best Trackongitude coordinateThe absolut®® "V 'Qi o & @ hm is

then calculated as follows:

O"0'Qi 6QIvE do £ W0 £O1 1 £ 10 OO1 1 € i (3)

A consensus average was taken between TAFB, SAB, and ADT for all intestiitatesonly
TAFB and SAB were used for the position consenshs. TAFB SAB two-group consensus is referred
to as Casensus A, while the TARBABI ADT threegroup consensus is referred to as ConseBsus
UsingBest Trackas verificationmean absolute intensity erroelative erroy andstandard deviatiowere
calculated for the intensity consensus, as wath@anabsolute intensity err@andstandard deviatiofor
the position consensus. To quantify any improvement in using the conssaeaplied several

statistical analyseg$-irst,we usedinear reyressiorwith Best Trackas the independent variable and DT
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estmates including the consensus, as the dependent variables.?doefRcient of determination was

compared between each regression analysis, where higlaalugs imply better skill.

Table 3. Beg Tracksampledata divided byintensity bins corresponding with the following IC
values Bins were chosen to reflect a broader categorization of tropical cyclone strength. Cl numbers of 1.0,
1.5, and 2.0 are affiliated with tropical depressions and weak tropical storms, 2.5 agdi8/@&snedium
strength tropical storm, 3.5 is a strong tropical storm, 4.0 andré.5veakhurricanes, 5.0 and 5.5 are
medium strength hurricanes, and 6.0 through 8.0 are strong hurridanegpresents thBest Trackwind
used to slice through the dat

Cl Numbers Characterization Bin Range Sample Size
(knots)
1.0,15,20 Tropical Depression 25 wQ 35 82
/ Weak Tropical
Storm
2.5,3.0 Medium Tropical 35 wR50 390
Storm
35 Strong Tropical 50 O60n < 190
Storm
4.0,4.5 Weak Hurricane 65 Q85w 115
5.0,5.5 Medium Hurricane 8 5 w& 105 51
6.0, 6.5,7.0,7.5,8.0 | Strong Hurricane 105 O w 61
Total 889

To test for statistical significance, we usederies of hypothesis tests utilizing the sample
Kolmogorow Smirnov Ki S) test. Each DT group distribution was compared to the consensus
distribution. The null hypothesis states that the difference between each distribution and the consensus
distribution is negligible, while the alternative hypothesis states that the consesigmsficantly
different than each of the individual distributions. Wetftralculate the critical valugy , using the

following:

Y o — (4)
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wheret is the size of the observed sample groupdans the size of the exgeted sample groufthe

function®| is given by:

w| -1 1= . (5)

An| of 0.05 was used, which correspondsito  p& ¢@Giventhat & @ y,ave calculate a
"Y of 0.064. We will use this critical value to test whether the consensus is significantly improved by
each group.
For the second research question we asked: can we improve DT by modifying the constraints for
weakening storms by averaging the Cl andufmbkers? Weakening systems are defined wherethe T
number is less than the CI for any particular estimate. Because maximum winds tend to stay higher than
what satellite imagery may imply, thenimber often underepresents current maximum intensity, and
suggst s the ClI is more representative of a given cy
weakening systems, the ClI may stil]l be too high a
decaying winds (Velden et al., 2006). Therefore, we @eetiae Cl and Fhumbers to develop a new,
experimental modification to DT that may improve the estimate of current intensity for weakening
storms. We only consider TAFB and SAB when developing the experimental technique because ADT
data only includes the aimum surface wind data without the appropriate Tnums. We use the same error
statistics applied to the consensus approach to quantify the error of both the experimental group, which
uses the average of the-Qimber and Fhumber, and the control group, ieh only uses the Cl number.
The new dataset, which consists of 184 total Dvorak estimates, is also divided into specific intensity bins
based on characteristic storm strerggiscribed inrable4. We then use the two samplé &test to
further determine how significant the experimental DT group may improve the control DT. The new null

hypothesis states that eac hlowsihd same diswitautionagth®e up 6 s e x
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control. For example, TAFBOs experiment al di strib

that the’Y changes to 0.142, asandd are now equal to 184 with this smaller sample size.

Table 4. Bin sizes for the weakening storm cagekthe 889 samples, 184 were determined to be
in a weakening state (roughly 20.7%).

Cl Numbers Characterization Bin Range Sample Size
(knots)
1.0,15, 2.0 Tropical Depression 25 Ow < 35 24
/ Weak Tropical
Storm
2.5,3.0 Medium Tropical 35 wR 50 67
Storm
35 Strong Tropical 50 O60n < 37
Storm
4.0,4.5 Weak Hurricane 65 08w < 24
5.0,5.5 Medium Hurricane 8 5 w® 105 11
6.0,6.5,7.0,7.5,8.0 Strong Hurricane 105 O w 21
Total 184
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Chapter 3

Results

After applying the data analysis methods described in Chapter 2, we develop results that provide
insight on our research question concerning how much the Dvorak technique (DT) is improved using a
consensus approach and a modified technique for weakening systems. We initially address the first part of
the research question regarding the consensus approach by providing results of simple error metrics and
then discuss the nature of data distributidis.then provide the results of the linear regression analyses
and the two sampleikS hypothesis tests. Results of the second part of the research question regarding the
modified technique are provided next in a similar mamaselone forthe consensus apyach.

After estimating tropical cyclone intensity and position using the fgutip consensus
approach, we find a strong decrease in error based on initial error meatdss). This appears first in
the lowermean absolute intensity errasing Consensus A (6.39 knots) and Consensus B (6.51 knots)
when compared tmean absolute intensity erreailues for TAFB, SAB, and ADT. Thmean absolute
intensity erroifor Consensus B in particular was 2.63%, 20.6%, and 35.9% smaller than TAFB, SAB, and
ADT, respectively. Overall, the consensus groups had lower standard deviations (5.73 and 5.41 knots for
A and B, respectively). From this, we see less variability and magistency in the consensus groups.
Position error andtandard deviation decreased, as well, with the consensus average distance error being
2.8 nm lower than TAFB and 2.0 nm lower than SABble5). Because thatrecision is 0.1°, or 6 nm
we can say that the position consensus improves upon TAFB and SAB around 1/3 to 1/2 of their error
margins.Figure5 andFigure6 providefrequencydistribution plots of both intensity and position error
for TAFB, SAB, ADT, and the mukgroup consensus. From them, we $ed the datare positively
skewed and follova Poisson distributior-igure 7 andFigure8 display cumulative distributioruhctions

of intensity and position error for TAFB, SAB, ADT, and the mgtoup consensus. From them, we see
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that nostmean absolute intensity err@se generally less than 10 knots: 65.2% of TAFB, 58.0% of SAB,

and 61.5% of ADT, and 76.8% of the ConaenB. Similarly, position errors were generally within 10
nm: 47.8% of TAFB, 47.9% of SAB, and 56.7% of Consensus A. For both intensity and pbsited,
on the consensus groups, we foansizable increada samples with smaller errors, effectivelyfthg

the error distributions toward the left.
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Table 5. AverageDvorak intensity erors Notable improvement imean absolute intensity error
relative errorandstandard deviatigras well agostion errorandstandard deviatigns seen using both
Consensuses A and Bf note intensitymean absolute errof Consensus As lower tharfor Consensus
B. Also, TAFB generally hatowerintensity errorcompared to SAB and ADT.

Consensus A Consensus B
(TAFB + SAB) (TAFB + SAB + ADT)

Mean Absolute
Intensity Error 6.69 7.86 8.86 6.39 6.51
(knots)

Mean Absolute | 12.7% | 15.0% | 17.2% 12.1% 12.4%
Intensity Error
(%)

Intensity 1020 | 1492 | T 0.85 T 2.56 T 1.99
Relative Error
(knots)

Intensity 102% |7 97% | 1T 0.6% T 4.9% T 3.5%
Relative Error
(%)

Intensity
Standard 5.99 6.69 7.18 5.73 541
Deviation
(knots)

Position Error 14.4 13.9 N/A 12.2 N/A
(nm)

Position 13.6 12.8 N/A 10.8 N/A
Standard
Deviation (nm)
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Figure 5. Frequency distributions of intensity error for TAFB (blue), SAB (red), ADT (gree
and the thregroup consensus (purple).
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Figure 6. Frequency distribution of distance errors for TAFB (bl&AB (red), and the two
group consensus (purple).



19

Cumulative Distribution Functions of Dvorak Intensity Error
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Figure 7. Cumulative distribution functions of TAFB (blue), SAB (red), ADT (green), anc
threegroup consensus (purple) intensity errors.
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Cumulative Distribution Functions of Dvorak Distance Error
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Figure 8. Cumulative distribution functions of TAFB (blue), SAB (red), and the gwaup
consensugpurple)distance errors.



21
Figure9 shows that thendividual and consensus DT groups exhibit similar trenasgan

absolute intensity erras a function of storimtensity.In generalmean absolute intensity errioicreases

as storm strengtimcreases, with a notable digr the medium strength hurricane cases. The consensus
groups perform fairly well over the entire range of possible storm intensities, but TAFB als show
similar error values across the same ra@gmsenss A shows the loweshean absolute intensity error

for the medium strength hurricane casesijevConsensus B shows the lowastan absolute intensity
errorfor the strong hurricane cases. Both Consensus A afispiayslightly lower mean absolute

intensity errocompared tdhe individual groups for the medium strength and strong tropical storm cases.
Root mean square errdike mean absolute intensity errexhibitsa general increase in erras storm
intensity increasewith a slght dip for the medium strength hurricari@ggure10). Consensus A and B
show loweroot mean square errfar the medium strength and strong tropical storm casewell as

weak hurricanesConsensus A has the lowesbt mean square errfor thetropical depressiaweak
tropical stormsandmedium strength hurricaneshile Consensus B and TAFB both have the lowest for
the strong hurricane casddl the groups 6llow a similar trendn relative error(Figure11). Medium
strength tropical storm and weak hurricamensities are generally underestimated, whiight
overestimation is noted for the tropical depression and weak tropical sfdrems.isalsolarge spreador
theweak, medium, angtrong hurricaned'he consensus groups tend to stay between TAFB, which is on
the upper end of the envelope, and SAB, which is on the lower end of the envelope. ADT shows the
largest bias swings, as it rata a relatively high bias for weak systems, a relatively low bias for medium
strength systems, and a relatively high bias for strong systems. The most improvemlativéerror
whenusing the consensus is in the medium strength hurricane casesreldigve errois fairly close to
zero for both Consensuses A andvihiile TAFB, ADT, and SAB still exhibit significant biases.
Otherwise, TAFB generally shows the lowesative erroifor the strong tropical storms and weak

hurricanes, while ADT showseHowestrelative erroffor weak tropical storms.
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Figure12 shows position erraas a function of storm intensitiyosition error for TAFB, SAB,

and Consensus A decreasssstorm intensity increases, with the consensus htharlgwesimean
absolute error across all intensity bins except for the strong hurricanes, where TAd$nhiés mean
absolute error of appxomately6 nm.Position errordor each groumotablybegin to level out near 6 nm

as storm intensity increases.

Mean Absolute Intensity Errorvs Best Track Wind
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Figure 9. Mean absolute error of TAFB (blue), SAB (red), ADT (green), Consensus A
(purple), and Consensus B (oga) intensity estimates as a function of Best Track wiluwnber of
samples fAind is included for each point on
absolute intensity error is calculated. Bin ranges are definEable3.



23

Mean Intensity RMSE vs Best Track Wind
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Figure 10. Root mean square error (RMSE) of TAFB (blue), SAB (red), ADT (green),
Consensug (purple), and Consensus B (orange) intensity estimates as a function of Best Track
Number of samples Anod is included for each
root mean square error is calculatBoh ranges are defined Table3.
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Figure 11. Relativeerror of TAFB (blue), SAB (red), ADT (green), Consensugurple), and
Consensus B (orange) intensity estimates as a function of Best Trach\winchb e r o f s an
included for each point on the graph that represents the bin range over which relative error is calc
Bin ranges are definad Table3.



















































