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ABSTRACT

With the growing use of tropical cyclone (TC) best-track information for weather and climate applications,

it is important to understand the uncertainties that are contained in the TC position and intensity information.

Here, an attempt is made to quantify the position uncertainty using National Hurricane Center (NHC)

advisory information, as well as intensity uncertainty during times without aircraft data, by verifying Dvorak

minimum sea level pressure (SLP) and maximum wind speed estimates during times with aircraft re-

connaissance information during 2000–09. In a climatological sense, TC position uncertainty decreases for more

intense TCs, while the uncertainty of intensity, measured by minimum SLP or maximum wind speed, increases

with intensity. The standard deviation of satellite-based TC intensity estimates can be used as a predictor of the

consensus intensity error when that consensus includes both Dvorak and microwave-based estimates, but not

when it contains only Dvorak-based values. Whereas there has been a steady decrease in seasonal TC position

uncertainty over the past 10 yr, which is likely due to additional data available to NHC forecasters, the seasonal

TC minimum SLP and maximum wind speed values are fairly constant, with year-to-year variability due to the

mean intensity of all TCs during that season and the frequency of aircraft reconnaissance.

1. Introduction

Tropical cyclone (TC) postseason analysis data (i.e.,

best track) have been used for a wide variety of appli-

cations, such as forecast verification, and evaluating cli-

matological trends (e.g., Emanuel 2005; Webster et al.

2005; Rappaport et al. 2009). Until recently, few studies

have taken into account or tried to objectively estimate

the inherent uncertainties in TC position and intensity,

measured by minimum sea level pressure (SLP) or max-

imum wind speed, contained in these datasets (e.g.,

Landsea et al. 2006, 2012).

While the National Oceanographic and Atmospheric

Administration/National Hurricane Center (NOAA/

NHC) has provided a position uncertainty in each of

their advisories since 1999, there are no such estimates

of the intensity uncertainty. In most ocean basins, there

are few in situ observations of TC intensity; therefore,

this quantity is estimated using satellite-based tech-

niques. The most widely used and accepted of these

methods is the subjective Dvorak technique (Dvorak

1975, 1984), which involves determining the TC center,

evaluating the cloud structure, measuring various quan-

tities based on satellite imagery, converting these quan-

tities into a ‘‘T number,’’ and estimating the current

intensity (CI) based on a set of prescribed rules. Once a

CI score is obtained, the forecaster can translate it into

a maximum wind speed or minimum SLP based on a

predefined table that varies depending on basin and or-

ganization. The interested reader is directed to Velden

et al. (2006) for additional details and history of the

Dvorak method.

Over time, various authors have verified Dvorak-based

intensity guidance against coincident in time aircraft re-

connaissance data (e.g., Sheets and McAdie 1988). More

recently, Knaff et al. (2010) performed a comprehensive
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evaluation of Dvorak maximum wind speed estimates in

the Atlantic basin from 1989 to 2008. Their results indi-

cate that the Dvorak maximum wind speed estimates are

a function of intensity, latitude, translation speed, size,

and 12-h intensity trend, while the RMS error is primarily

a function of intensity. Previously, Kossin and Velden

(2004) documented a pronounced latitude-dependent

bias in Dvorak minimum SLP estimates.

In addition to Dvorak-based intensity estimates, sev-

eral other algorithms have been developed that estimate

TC intensity using microwave data obtained from polar-

orbiting satellites. The algorithms developed by Brueske

and Velden (2003), Herndon and Velden (2006), and

Demuth et al. (2004) use characteristics of microwave

band brightness temperature images in the vicinity of TCs,

which can measure various aspects of the TC warm core,

to estimate minimum SLP and maximum wind speed.

Later revisions of the Demuth et al. (2004) method in-

clude improved statistical techniques, more dependent

data, and quadratic predictors that are meant to reduce

errors for strong TCs (Demuth et al. 2006). The main

drawback of these methods is that microwave imagers are

located on polar-orbiting platforms, and thus they are not

always available at synoptic times like Dvorak, which is

based on geostationary images.

This manuscript extends the Knaff et al. (2010) work

and estimates the uncertainty in TC position, minimum

SLP, and maximum wind over a period of time using

data available from the NHC. These estimates could be

used to establish the expected lower bound for RMS

differences between TC intensity forecasts and best-

track estimates, provide confidence bounds to reject the

null hypothesis of no change in basin-wide TC intensity,

and provide observation error variances for data assimi-

lation systems that assimilate TC position and intensity

(i.e., Chen and Snyder 2007; Torn and Hakim 2009; Torn

2010), rather than employing vortex repositioning or

vortex reconstruction (e.g., Liu et al. 2000; Kurihara

et al. 1995).

Section 2 describes the data and method used in this

study. In section 3, we present the uncertainty in TC po-

sition and intensity, while in section 4 we present lower

bounds for TC intensity forecasts and mean intensity as a

function of year. A summary and concluding remarks are

found in section 5.

2. Data and methods

This study utilizes both subjective uncertainty esti-

mates from the NHC and objectively derived estimates.

The climatological TC position uncertainty is estimated

by extracting the ‘‘position accurate within’’ value from

NHC forecast advisories for both Atlantic and eastern

Pacific Basin TCs from 2000 to 2009. This value is sub-

jectively determined by an NHC forecaster based on

a number of factors related to the difficulty in finding

a center. The lowest position uncertainty values should

be associated with times when the satellite image is char-

acterized by a well-defined eye or aircraft reconnaissance

data are available. It should be noted that these values

apply to the real-time advisory position, not the best-

track value. It is likely that the uncertainty in best-track

positions is smaller by some unknown factor relative to

the advisory value since the position can be retroactively

corrected in the best track based on future data. This

often occurs for positions determined during the night

when only infrared imagery is available to the forecaster.

During the period considered here, NHC issued ad-

visories 3 h after the standard synoptic time (0300,

0900, 1500, and 2100 UTC). In addition, special advi-

sories were issued at 3-h intervals for systems threaten-

ing land. If NHC issued an advisory at the synoptic time,

the position was assigned the uncertainty from that ad-

visory; otherwise, it was assigned the value from the

advisory issued 3 h later (i.e., the 0000 UTC position has

the 0300 UTC advisory uncertainty) since the later ad-

visory was based on data from the previous synoptic

time. Any best-track entry that did not have an advisory

issued within 3 h was not considered in this study. This

often occurs when NHC adjusts the time of genesis fol-

lowing the season.

In addition to the subjective uncertainties for position

given in the NHC advisories, we will also consider ob-

jective estimates of uncertainty. In a statistical sense,

uncertainty in a variable x given some estimator x̂ is

typically defined as the standard deviation of the esti-

mator’s error:

s 5 fE[(x 2 x̂)2]g1/2, (1)

where E(�) indicates an expectation over the distribution

of x. If, in addition to x̂, the true value of x (or at least

another, highly accurate estimator) is known by other

means, the standard deviation can be approximated by

replacing the expectation in (1) by an average over many

times and cases. For example, most synoptic times do not

contain aircraft reconnaissance observations of intensity

and it is therefore likely that the best-track intensity

during those times reflects satellite-based estimates of

intensity. For those times, the uncertainty in TC intensity

is estimated by computing the error in Dvorak intensity

estimates during times when aircraft observations are

present, and then averaging over many times to approx-

imate (1). While the best track may contain errors, as long

as the best-track values themselves are not significantly

biased, the difference between the best track and satellite-

based estimates during these times should reflect the
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uncertainty in best track without reconnaissance data. It

is worth noting that Powell et al. (2009, 2011) suggest

that the best-track maximum wind speed is character-

ized by a high bias due to how the flight-level wind is

adjusted to the surface (cf. their Fig. 15); however, this

finding is in dispute (Franklin 2011). Nevertheless, this

study proceeds under the assumption that the bias in

the best-track maximum wind speed is not significant

during these times.

When multiple estimates of a quantity are available at

a given time, as is sometimes the case for satellite-based

estimates of intensity, the estimator x̂ can be taken as the

ensemble mean and an objective estimate of s is given by

ŝ 5
h
(N 2 1)21 �

N

i51

(xi 2 x̂)2
i1/2

, (2)

where N is the ensemble size and xi is an ensemble

member. This is the standard deviation as approximated

by an average over the ensemble of estimates (i.e., the

sample standard deviation). Since the ensemble mem-

bers are typically not fully independent, we also perform a

posteriori tests to check whether the ensemble is rep-

resentative of the uncertainty, the simplest of which is

to compare the RMS error of the ensemble mean to the

RMS ŝ, where both are averaged over many times and

cases (e.g., Murphy 1988).

The errors in the Dvorak intensity estimates from the

National Environmental Satellite, Data, and Information

Service’s (NESDIS) Satellite Analysis Branch (SAB) and

the NHC Tropical Analysis and Forecasting Branch

(TAFB) are estimated against best-track values (Davis

et al. 1984; Jarvinen et al. 1984; Blake et al. 2006; McAdie

et al. 2006) for those times with aircraft reconnaissance

data during 2000–09. The translation between CI and

minimum SLP and maximum wind speed (in kt, where

1 kt = 0.514 m s21) is given in Table 1.1 In addition, this

study also considers microwave-based intensity estimates

based on the Demuth et al. (2006) (hereafter CIRA, for

Cooperative Institute for Research in the Atmosphere)

and Brueske and Velden (2003) (hereafter CIMSS, Co-

operative Institute for Mesoscale Meteorological Studies)

methods. All satellite estimates are obtained from fix

files archived at NHC. Only those satellite intensity

estimates that occur within 2 h of an aircraft fix are ver-

ified against the best-track intensity, which should strongly

reflect the in situ measurements from the aircraft. This

time criterion results in 938 Dvorak cases to verify, which

is roughly 25% of all best-track fixes during this 10-yr

period. This particular period was chosen because it

provided a large number of cases, had a similar satellite

resolution, and had a consistent flight-level to surface wind

reduction (Franklin et al. 2003).

3. Uncertainty climatology

a. Position

In a climatological sense, the uncertainty in TC position

has an inverse relationship with the intensity of the TC.

Figure 1 shows histograms of advisory position uncertainty

values for individual Atlantic basin advisories stratified

by the best-track Saffir–Simpson category (Simpson 1974).

The eastern Pacific results are qualitatively similar and

thus are not shown. The tropical depression histogram is

characterized by a skewed distribution, with a peak at

30 n mi (1 n mi 5 1.852 km) with a broad tail that extends

to 90 n mi, but also a number of times where the un-

certainty is less than 10 n mi (Fig. 1a). In contrast, the

major TC (category 3 and above, maximum wind speed

greater than 49.4 m s21) histograms are sharper and peak

at 20 n mi (Figs. 1e–f). The larger uncertainty for weaker

systems is likely due to difficulties in identifying a low-level

circulation center under nondescript cirrus canopies. In

contrast, more intense TCs often contain a well-defined

eye in both visible and satellite imagery, which simplifies

the identification of the TC center. In addition, we also

stratified the average uncertainty by advisory time (not

shown). The 0900 UTC advisories are characterized by

1 n mi greater uncertainty relative to other advisory times

(statistically significant at 95%confidence), which could

TABLE 1. The lookup table for Dvorak CI vs tropical cyclone

minimum SLP and maximum wind speed, taken from Dvorak

(1984).

Dvorak CI Max. wind speed (kt) Minimum SLP (hPa)

1.0 25 —

1.5 25 —

2.0 30 1009

2.5 35 1005

3.0 45 1000

3.5 55 994

4.0 65 987

4.5 77 979

5.0 90 970

5.5 102 960

6.0 115 948

6.5 127 935

7.0 140 921

7.5 155 906

8.0 170 890

1 Beginning in 2010, NHC adopted a Knaff–Zehr–Courtney

pressure–wind relationship (Knaff and Zehr 2007; Courtney and

Knaff 2009) to determine the minimum SLP based on the maxi-

mum wind speed. As a consequence, there can be large differences

in this pressure–wind relationship compared to previous Dvorak-

based estimates.
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result from not having visible imagery to identify the

center, though this idea would need to be evaluated more

extensively.

The decrease in position uncertainty with increasing

intensity is evident when computing the RMS uncertainty

over all cases (Fig. 2). For both the Atlantic and eastern

Pacific basins, the uncertainty decreases almost linearly

from 43 n mi for tropical depressions (TDs) to 16 n mi for

category 4 and 5 TCs. Moreover, the Atlantic and eastern

Pacific are statistically indistinguishable from each other;

therefore, even though these numbers are subjectively

determined by NHC forecasters, the values are consistent

between the two basins, lending support to the idea that

these climatological uncertainty values could be applied

to any ocean basin.

One potential drawback of using the NHC advisory

uncertainties for this kind of study is that these criteria

are subjective and could change depending on forecaster,

procedure, etc. To evaluate how appropriate these posi-

tion uncertainties are, the difference between the center

position used in the SAB and TAFB Dvorak classifica-

tions are computed for all Atlantic basin synoptic times

where both are available. This calculation should provide

an estimate of the uncertainty in position over a large

number of storms and synoptic times.

In general, the histograms in Fig. 3 look similar to

those in Fig. 1, with weaker storms characterized by

greater probability for larger differences, though there

are some notable exceptions. In nearly all categories,

the SAB position differences are peaked at 10 n mi

with longer tails in the distribution for weaker systems,

FIG. 1. Histogram of TC position uncertainty obtained from NHC forecast advisories for Atlantic basin TCs from 2000 to 2009 stratified by

best-track intensity.

FIG. 2. RMS of NHC position uncertainty estimates from 2000

to 2009 as a function of TC best-track intensity. The top row of

numbers shows the number of Atlantic basin cases, while the

bottom row is for eastern Pacific cases.
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while the NHC estimates are peaked around 20 n mi.

The RMS of the SAB–TAFB position differences is

roughly 5 n mi less than the RMS of the NHC uncertainty

when stratified by TC category (Table 2), which suggests

that the NHC is overestimating the position uncertainty.

It is also possible that the SAB–TAFB difference under-

estimates position uncertainty because both SAB and

TAFB operators use the same data sources to derive po-

sition; thus, they could have too similar of a position, par-

ticularly for weak systems or at night.

b. Intensity

Prior to describing the error in satellite intensity es-

timates, a brief summary of the aircraft fixes used in this

verification is presented. Figure 4a shows the best-track

locations of TCs where there was aircraft reconnaissance

within 2 h of the satellite intensity estimate. Most of the

fixes were west of 608W where reconnaissance aircraft can

reach a TC. Moreover, the less numerous microwave fixes

are fairly well distributed among the larger set of Dvorak

verification locations. Figure 4b shows the probability

distribution function (PDF) of TC intensity for the times

used here and the PDF of all Atlantic basin TCs during

the same period. It appears there are comparatively more

(fewer) times with aircraft data for category 4 and 5 TCs

(TDs) relative to the Atlantic basin climatology, though

other categories appear to be of similar frequency. This

bias toward more frequent fixes for category 4 and 5 TCs is

likely a consequence of their potential impact on human

population; thus, they are sampled frequently by aircraft

in this area. Furthermore, category 4 and 5 TCs are more

likely to occur in this portion of the basin, which is within

reach of aircraft.

Similar to previous Dvorak verification studies, the

error in maximum wind speeds estimated via the Dvorak

technique is a strong function of TC intensity. Figure 5

shows that for most categories, the individual differ-

ences between the SAB maximum wind speed estimate

and the best-track value exhibit a normal distribution,

with a peak value near zero (the TAFB distribution is

TABLE 2. Homogeneous comparison between the RMS difference between the SAB and TAFB Dvorak positions and the RMS NHC

position uncertainty stratified by best-track intensity for Atlantic basin TCs during 2000–2009 (n mi).

TD TS Category 1 Category 2 Category 3 Categories 4 and 5

SAB–TAFB 38 29 22 16 12 11

NHC 45 34 29 22 20 15

FIG. 3. Histogram of the difference between the SAB and TAFB Dvorak position estimates for Atlantic basin TCs from 2000 to 2009

stratified by best-track intensity.
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qualitatively similar; not shown). The lone exception is

category 3 TCs, which is characterized by a lower number

of cases (76 over 10 yr; Fig. 5e). The lower number of

cases is likely the result of a lack of intensity resolution in

the Dvorak method at this Saffir–Simpson category. One

notable difference between the different category histo-

grams is the sharpness of the distribution, where more

intense TCs are characterized by a broader distribution

and are more likely to have large errors, or uncertainty in

the intensity estimate. It should be noted that while more

intense storms have larger absolute uncertainty, category

3 TCs actually have a smaller uncertainty than tropical

storms (TSs) when considering the uncertainty as a per-

centage of the value itself (12%for category 3 TCs versus

20%for TSs). Nevertheless, this figure suggests that the

Dvorak method does fairly well for a vast majority of

storms; 90%of the fixes are within 10 kt of the best-track

value.

The relationship between TC intensity and Dvorak

error is clearly evident when comparing the RMS errors

in the SAB and TAFB estimates (Fig. 6a). The RMS

error in both the SAB and TAFB estimates increases

from 7 kt for TD to 12 kt for category 4 and above TCs.

In addition, the biases suggest that the Dvorak technique

underestimates the intensity of TSs and category 4

and above TCs and overestimates the intensity of cate-

gory 3 TCs. Although this study uses a smaller sample of

cases, the RMS error and bias are quite similar to the

Knaff et al. (2010) results (cf. their Fig. 3). Given this

similarity, the interested reader is directed to Knaff et al.

(2010) for a more detailed analysis of the biases sources

observed here.

As noted by Knaff et al. (2010), one of the reasons that

more intense TCs have larger intensity errors is the

relative lack of precision in Dvorak CI numbers at those

intensities (cf. Table 1). This idea is tested here by re-

peating the SAB and TAFB verification processes where

the best-track maximum wind speed is converted into a CI

number via linear interpolation of the values in Table 1.

Indeed, Fig. 6b indicates that the RMS error in SAB and

TAFB CI is approximately 0.55 T numbers at all cate-

gories, while the sign of the bias is similar to the maximum

wind speed. Again, these results are similar to those of

Knaff et al. (2010) and support their conclusion as to why

there is greater error or uncertainty in Dvorak estimates

for more intense TCs.

Similar to maximum wind speed, the error in Dvorak

estimates of minimum SLP is a strong function of TC

intensity. For all categories, the histogram of individual

time errors has a Gaussian-like shape, with a peak near

zero (Fig. 7). Moreover, more intense TCs are charac-

terized by broader tails to the distribution, which sug-

gests greater possibility of larger error and thus higher

uncertainty. This idea is confirmed in the RMS error,

which shows a linear increase with TC category (Fig. 6c).

Finally, the distributions for category 2 and greater TCs

are more skewed toward positive errors, meaning that

the actual storm has a lower minimum SLP relative to

the Dvorak estimate. Although the source of this bias is

beyond the scope of this study, it could be related to the

breakdown of the linear relationship between pressure

and wind for more intense TCs (e.g., Knaff and Zehr

2007; Holland 2008; Courtney and Knaff 2009).

During most synoptic times, both SAB and TAFB

produce separate Dvorak intensity estimates. We con-

sider these two values to be an ensemble of two members

and take the ensemble mean as a consensus intensity

estimate and the sample standard deviation given by (2)

as a predictor of the magnitude of that estimate’s error.

To use the standard deviation in this way, the RMS error

and RMS standard deviation should match each other

when averaged over a large number of cases (e.g., Murphy

1988). Figures 8a,b show that the maximum wind speed

and minimum SLP consensus error is roughly twice as

large as the RMS standard deviation at all categories,

which indicates that the standard deviation of these

FIG. 4. (a) Location of satellite-estimated verification points that

come within 62 h of aircraft reconnaissance during 2000–09. The

gray dots are points with only TAFB and SAB estimates, while the

black dots are points with TAFB, SAB, and microwave-based es-

timates from CIRA and/or CIMSS. (b) Probability distribution

function of all best-track maximum wind speed (solid line) and

satellite-estimated verification times (dashed) during 2000–09.
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two estimates cannot be used to predict the intensity

uncertainty. This is likely because the errors in the

SAB and TAFB estimates are not independent; other

studies have shown that Dvorak estimates are not

overly sensitive to the individual doing the analysis

(e.g., Mayfield et al. 1988).

An ensemble of estimates including other satellite-

based algorithms could potentially provide a better rep-

resentation of the intensity uncertainty. This possibility

is assessed by repeating the consensus calculation above,

but for times where there is a SAB, TAFB, and CIRA

intensity estimate within 2 h of an aircraft reconnais-

sance fix from 2004 to 2009 (microwave estimates were

not present in fix files prior to that). The relative in-

frequency of microwave estimates reduces the number

of verification times by 84%compared to the SAB and

TAFB verifications.

The addition of CIRA intensity estimates to the

SAB1TAFB ensemble leads to a better match between

the RMS error and standard deviation at several different

intensity categories (Figs. 8c,d). This result is obtained

because the RMS standard deviation in minimum SLP

and maximum wind speed is nearly twice as large as the

SAB1TAFB values at similar categories. It is noteworthy

that the RMS error in the SAB1TAFB1CIRA consen-

sus is much larger than the SAB1TAFB consensus for

category 4 and 5 TCs. The degradation of the consensus

for category 4 and 5 TCs comes from a well-documented

bias in the CIRA algorithm (Demuth et al. 2006; Walton

2009); thus, the increased spread at this category is the

result of a bias, rather than random error. In addition,

category 3 TCs are characterized by relatively small

RMS minimum SLP errors compared to the standard

deviation.

Another measure of whether the sample standard

deviation usefully represents the uncertainty is to com-

pare the error magnitude against the standard deviation

at individual times (Figs. 9a,b). If the standard deviation

is appropriate, then times with larger standard devi-

ations should be characterized by a greater probability

of having a large error. Although the slope of the re-

gression line between the error and the standard de-

viation is less than one, suggesting that the standard

deviation is lower than the error, times with larger error

are typically characterized by relatively larger standard

deviations. Figure 9 suggests that one could use the

standard deviation among satellite-based intensity esti-

mates as a crude estimate of the uncertainty at indi-

vidual times.

Finally, introducing the CIMSS algorithm into the

ensemble does not qualitatively change the relation-

ship between the error and the sample standard

FIG. 5. Histogram of SAB maximum wind speed errors (forecast 2 observations) stratified by best-track intensity for those times when

aircraft reconnaissance data are available within 2 h from 2000 to 2009.
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deviation at any particular category. The RMS error

and RMS standard deviation are roughly equivalent for

maximum wind speed for up to category 4 TCs, while

the minimum SLP RMS standard deviation is too large

for category 2 and 3 TCs (Figs. 8e,f). In addition, the

regression line between standard deviation and error at

individual times is less than one for both minimum SLP

and maximum wind speed (Figs. 9c,d).

4. Application to intensity forecasting

Because of the uncertainty in best-track information,

even a forecast that agrees perfectly with reality will, in

general, differ from the best-track position and intensity.

Thus, when forecast error is defined as the difference

between the forecast and best-track information, the

best-track uncertainty gives an estimated lower bound

on forecast error. These estimates can be used as an-

other benchmark of forecast skill, similar to how NHC

uses the Climatology and Persistence (CLIPER; Aberson

1998) and Decay Statistical Hurricane Intensity Forecast

(SHIFOR; Knaff et al. 2003) models (e.g., Beven et al.

2008), and in determining whether year-to-year changes

in forecast skill are statistically significant.

The following procedure is used to determine the

lower bounds in forecast TC position, minimum SLP,

and maximum wind speed error for a particular season.

Since the uncertainty in these quantities is a function of

storm and time, this calculation requires a more so-

phisticated method than a simple arithmetic mean over

the desired times. For each synoptic-time best-track fix

characterized by TD or greater intensity, we generate

an error in that position, minimum SLP, and maximum

wind speed by independently sampling (i.e., no serial

correlation) from a normal distribution with mean zero

and a time- and storm-dependent standard deviation

determined from the following procedure. The posi-

tion uncertainty is taken from the NHC advisory

closest to the best-track time. In contrast, the uncer-

tainty in minimum SLP and maximum wind speed is

assigned based on whether there was aircraft recon-

naissance within 2 h of the best-track time. If this

condition was met, the uncertainty in minimum SLP is

set to 2 hPa based on Willoughby et al. (1989); how-

ever, it is difficult to assign an uncertainty to the maxi-

mum wind speed when aircraft observations are present.

Knaff and Zehr (2007) found that using the measured

central pressure to estimate the maximum wind speed

via the Dvorak pressure–wind relationship resulted

in a 12-kt RMS error against the best track; however, this

value was 50%smaller when using their revised pressure–

wind relationship. Powell et al. (2009) determined an

RMS error of 6 and 12 kt between common flight-level

wind speed reductions to the surface and Stepped

Frequency Microwave Radiometer (SFMR) measure-

ments. Given the wide range of values, the uncertainty

in maximum wind speed is set to 9 kt; the sensitivity

to this assumption will be explored later. When air-

craft data are not present, the uncertainty value is set

to the SAB RMS error as a function of intensity (cf.

Fig. 6a,c).

Once each best-track position, minimum SLP, and

maximum wind speed error has been computed by this

sampling method, the mean-absolute or RMS uncer-

tainty is calculated for that set of best-track fixes. For

example, one could consider all best-track fixes for

a season, or the subset of best-track fixes that was used

to validate a particular forecast lead time. To ensure

that this procedure does not produce unrealistically

high or low mean-absolute or RMS uncertainties due to

the sampling procedure, the above process is repeated

10 000 times for the same set of best-track fixes, where

the same time- and storm-dependent standard devi-

ations are used to sample from a normal distribution,

but the random number is different; this results in dif-

ferent estimates of the error in the best-track values

at one time. For each of the 10 000 realizations of

FIG. 6. RMS error (thick line) and bias (thin line) in SAB (solid

line) and TAFB (dashed line) for (a) maximum wind speed, (b) CI

values, and (c) minimum SLP with respect to best-track data for

those times when there is aircraft reconnaissance within 2 h of the

estimate for Atlantic basin TCs from 2000 to 2009.
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the errors for that set of best-track times, the mean-

absolute and RMS uncertainties are computed. Each of

the 10 000 RMS uncertainty values are then averaged

together to obtain a mean RMS uncertainty for that set

of best-track fixes.

Figure 10 shows the mean-absolute error in NHC

official forecasts and the lower bound on forecast

error (i.e., uncertainty) as a function of lead time for

the 2005 Atlantic season, which is notable for the to-

date record number of TCs and the severity of the

FIG. 7. As in Fig. 5, but for minimum SLP.

FIG. 8. RMS error (solid) and RMS standard deviation (dashed) in TC (a) maximum wind speed and (b) minimum SLP based on the

SAB1TAFB consensus for synoptic times with aircraft reconnaissance within 2 h for Atlantic basin TCs as a function of best-track

intensity from 2000 to 2009. (c),(d) As in (a),(b), but for the SAB1TAFB1CIRA consensus. (e),(f), As in (a),(b), but for the

SAB1TAFB1CIRA1CIMSS consensus. The numbers along the bottom of (a), (c), and (e) give the number of times used in the veri-

fication.
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damage to the United States (Beven et al. 2008). Whereas

the track error increases from 15 n mi at 0 h2 to 260 n mi

during the 5-day forecast, the uncertainty is roughly

32 n mi at all lead times. Given that the mean-absolute

error is larger than the uncertainty, this figure suggests

that there is potential for improvement in position fore-

casts, even at 12 h. For TC maximum wind speed, the

mean-absolute error saturates at 20 kt for 72-h forecasts

and beyond, which is similar to statistical models, such

as the Statistical Hurricane Intensity Forecast model

(SHIFOR; Knaff et al. 2003), while the uncertainty in

maximum wind speed is roughly 7.8 kt at all lead times

(Fig. 10b). Moreover, this figure indicates that it might

be difficult to improve 12-h forecasts, while lead times

beyond 72 h could be improved by up to 65%. Although

NHC does not issue a minimum SLP forecasts, the un-

certainty in this metric is 3.9 hPa for all lead times (Fig. 10c).

Recalculating these quantities for other TC seasons

suggests that the uncertainty in TC position and inten-

sity has some variance from season to season. During

2000–09, the uncertainty in TC position decreased at

a rate of 1 n mi yr21 (Fig. 11a). It is not clear why this

might have occurred, though it could be related to

NHC forecasters having greater access to scattero-

meter winds, land-based radars outside of the conti-

nental United States, and passive microwave imagery

FIG. 9. Standard deviation vs error in TC (a) minimum SLP and (b) maximum wind speed from a

SAB1TAFB1CIRA consensus for synoptic times with aircraft reconnaissance within 2 h for Atlantic basin TCs from

2000 to 2009. The solid line gives the best fit to the data. (c),(d) As in (a),(b), but for the SAB1TAFB1CIRA1CIMSS

consensus.

2 The nonzero difference at 0 h is due to the difference between

the advisory and best-track positions.
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on polar-orbiting satellites (J. Beven and C. Landsea

2011, personal communication). The hypothesis that

the decrease in position uncertainty is associated with

increasing data available to NHC forecasters is sup-

ported by Fig. 12, which shows the average number of

independent position fixes in the NHC fix files within

2 h of each synoptic time. During this period, the num-

ber of fixes increased from less than three per synoptic

time in 2000 to five fixes per synoptic time at the end of

the period.

In contrast to position, the uncertainties in maximum

wind speed and minimum SLP are not characterized by

a statistically significant trend over this 10-yr period

(Figs. 11b,c). For maximum wind speed, the uncertainty

during any one particular season is within 18%of the

mean value of 7.8 kt, while minimum SLP is within

22%of the mean of 4.6 hPa. Much of the year-to-year

variability can be explained by the differences in the

percentage of times with aircraft reconnaissance during

each season, with years with more aircraft times having

lower uncertainty (Fig. 13a). The results are fairly in-

sensitive to the uncertainty value used when an aircraft

is present. Increasing or decreasing the maximum wind

speed uncertainty by 3 kt [consistent with the uncer-

tainty range discussed in Knaff and Zehr (2007) and

Powell et al. (2009)] results in a 0.8-kt change in the

uncertainty (12% of its value). Moreover, increasing

the minimum SLP uncertainty associated with aircraft

times by 2 hPa leads to a 0.6-hPa increase in the uncer-

tainty in minimum SLP over the season. As a means of

comparison, Landsea et al. (2012) estimated a position and

intensity uncertainty of 60 n mi and 12 kt, respectively, for

landfalling TCs during the 1886–1930 period; thus, the

values obtained here seem appropriate given the sub-

stantial increase in observation density during this period.

The uncertainty in Eastern Pacific TC position and

uncertainty show similar trends to their Atlantic basin

counterparts. Eastern Pacific position uncertainty de-

creased at a similar rate, though the values themselves are

roughly 2–3 n mi larger than for the Atlantic (Fig. 11d).

Whereas the average maximum wind speed uncertainty

is similar to the Atlantic basin, the minimum SLP is

0.8 hPa higher than for the Atlantic (Figs. 11e–f). More-

over, the apparent upward trend is not statistically sig-

nificant at a reasonable confidence interval, though it

could be related to the slight upward trend in season-

average maximum wind speed during this period (Fig.

13b). Unlike the Atlantic, the year-to-year variability in

intensity uncertainty appears to be related to changes in

the mean intensity of all TCs during that season (Fig. 13b).

Moreover, the eastern Pacific results are fairly insensitive

to the choice of maximum wind speed uncertainty at

those times when aircraft observations were present

FIG. 10. Mean-absolute error (solid) in NHC official (a) position,

and (b) maximum wind speed and (c) minimum SLP forecasts as

a function of forecast hour for all storms during the 2005 season.

The dashed line is the lower bound in the best-track quantities

determined using the method outlined in section 4.
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due to the relative infrequency of aircraft reconnaissance

in this basin.

5. Summary and conclusions

Although TC best-track data are widely used in

a number of weather and climate applications, there have

been few attempts to document the uncertainty in TC

position and intensity. Here, we quantify the uncertainty

in these quantities using subjectively defined position

uncertainties contained in NHC advisories and by veri-

fying satellite-based intensity estimates against best-track

data during times with reconnaissance data over a 10-yr

period. The latter is used to define intensity uncertainty

because a majority of TC intensity estimates are obtained

from satellite-based algorithms and NHC does not pro-

vide estimates of intensity uncertainty.

In general, TC position uncertainty decreases as the

TC becomes more intense. Moreover, TDs, TSs, and

weaker TCs are characterized by greater variability in

position uncertainty between different storms and times

relative to major TCs, even though the modes of each

distribution are within 10 n mi. The lack of variability

for major TCs is likely due to the emergence of an eye in

satellite images, which make it much easier to identify

the circulation center. There is remarkable consistency

in the mean TC position uncertainty for both the At-

lantic and eastern Pacific basins, even with less frequent

aircraft reconnaissance in the eastern Pacific. This sug-

gests that although these individual position uncertain-

ties are subjective and only apply to advisories, NHC

forecasters have been consistent in the aggregate. It also

appears that these estimates are 5 n mi greater than the

difference between SAB and TAFB Dvorak positions;

therefore, the NHC values are too large, or there is too

much agreement between SAB and TAFB position es-

timates since they use the same data to define position.

Similar to TC position, the errors in satellite-based TC

estimates, which are used as a proxy for the TC intensity

uncertainty, are a function of the intensity itself. With a

few exceptions, the SAB and TAFB Dvorak error dis-

tribution is nearly Gaussian at all intensities, with a peak

around zero and longer tails for more intense TCs.

These longer tails translate into larger RMS errors in

minimum SLP and maximum wind speed for more in-

tense TCs. This result is qualitatively similar to that of

FIG. 11. Mean-absolute uncertainty in best-track (a) position and (b) maximum wind speed, and (c) minimum SLP for Atlantic basin TCs

as a function of year. (d)–(f) As in (a)–(c), but for the eastern Pacific Basin.
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Knaff et al. (2010) and is partially related to the lack of

resolution in Dvorak CI values for more intense TCs,

which allows the Dvorak technique to have errors of

0.5 T numbers at all intensities.

Given there are multiple satellite-based algorithms

to determine intensity, it is possible to combine them as

an ensemble, using the ensemble mean as a consensus

intensity estimate and the ensemble standard deviation

to assign an uncertainty to that estimate. Whereas the

standard deviation of a Dvorak-only ensemble was

roughly half the RMS error of the ensemble mean in all

categories, including microwave-based intensity esti-

mates from CIRA and CIMSS led to a better match

between the ensemble standard deviation and the con-

sensus error, both at individual times and averaged over

many cases. Unlike the SAB and TAFB-based Dvorak

estimates, which only differ by who is performing the

analysis and the intensity trend, the microwave-based

estimates are objective, automated, and based on a

completely different algorithm; therefore, adding CIRA

and CIMSS intensity values is more likely to add di-

versity to the ensemble of intensity estimates. In the case

of category 4 and 5 TCs, this diversity is not necessarily

beneficial because the microwave schemes contain a

significant bias. Nevertheless, this work suggests

that NHC could use the variance among Dvorak and

microwave-based intensity estimates to assign a crude

intensity uncertainty when all of these estimates are

available.

These TC uncertainty statistics determine a lower

bound for RMS differences between position and in-

tensity forecasts and the corresponding best-track in-

formation from 2000 to 2009. Over one season, the

uncertainty in position and intensity is a weak function

of forecast lead time. If forecast error is defined as the

difference from the best-track information, the un-

certainty in position is several times smaller than the

error from day 2 and beyond. The uncertainty in in-

tensity is more significant and is never less than 1/3 the

error in the NHC official forecasts. While this leaves

much room for improvement in intensity, these results

also place an important limit on how closely TC intensity

FIG. 12. Average number of independent fix positions within 2 h

of each synoptic time for Atlantic (solid) and eastern Pacific

(dashed) TCs as a function of year.

FIG. 13. Average best-track maximum wind speed (solid) and

percentage of best-track fixes where an aircraft sampled the TC

within 2 h of that time (dashed) for the (a) Atlantic and (b) eastern

Pacific basins as a function of season.
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forecasts should reproduce best-track values, given that

most TC intensity values are based on satellite esti-

mates. In particular, these results suggest it might be

difficult for the Hurricane Forecast Improvement Pro-

ject (HFIP; http://www.hfip.org) to achieve a 50%re-

duction in intensity errors over the baseline. For lead

times less than 72 h, this improvement would actually

end up below the uncertainty in maximum wind speed.

In the future, it will likely be difficult to reduce the un-

certainty in TC intensity without more frequent air-

craftlike observations, such as from unmanned vehicles

or balloons. In addition, maximum wind speed is an ill-

posed, noncontinuous metric; therefore, it will always

have uncertainties related to undersampling.

Finally, there is some year-to-year variability in TC

position and intensity uncertainty related to the fre-

quency of aircraft reconnaissance and mean intensity for

the season. For TC position, there is a steady decrease in

uncertainty both in the Atlantic and eastern Pacific ba-

sins. While it is unclear what has led to this decline, it is

likely related to NHC forecasters having access to ad-

ditional data sources that can help identify the TC po-

sition. In contrast, both TC minimum SLP and maximum

wind speed uncertainty are characterized by variability

about a mean value. The mean value in the Atlantic is

approximately 20%smaller than the in the eastern Pa-

cific, which likely results from more frequent aircraft

reconnaissance data. The Atlantic values vary by 8%

depending on the assumed uncertainty in maximum

wind speed when aircraft data are present (6–12 kt).

Although not computed here, it is likely that the un-

certainty in other ocean basins is closer to the eastern

Pacific than to the Atlantic due to the lack of in situ

observations.

Although the techniques outlined here are mainly based

on objective estimates, there is some reason to believe that

the uncertainties obtained here might be upper bounds on

the actual value. In many instances, the intensity estimates

are based on more than just the Dvorak value; it is likely

that the synthesis of many sources of data leads to lower

errors than just SAB and TAFB values. Even though it

was not considered here, the intensity uncertainty

is probably smaller than the Dvorak error value following

an aircraft reconnaissance estimate due to the autocorre-

lation in TC intensity. At this point, it is not clear how to

take this into account and it could provide a future di-

rection of study. Nevertheless, these results suggest that

the uncertainty in best-track position and intensity are not

trivial and should be accounted for regardless of applica-

tion. In the future, it may be necessary to revisit the values

presented here based on revisions to satellite-based in-

tensity estimates, new observation platforms, and revi-

sions to the best-track and observation postprocessing.
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