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ABSTRACT
The suite of tropical cyclone track forecast models in the Atlantic basin from the 1976 to 2000 hurricane seasons are
treated as a forecast ensemble. The 12-h ensemble mean forecast, adjusted for forecast difficulty, has improved at a rate
of just under 1% per year, and the improvement rate increases to almost 2.4% per year for the 72-h forecasts. The average size of the 72-h (48-h) error in 1976 is less than the average size of the 48-h (36-h) error in 2000. The average 36-h
forecast error in 2000 is comparable to the 24-h forecast error in 1976. The ensemble currently spans the true path of the
tropical cyclone in the cross-track direction more than 90% of the time and in the alongtrack direction between 60% and
90% of the time depending on the forecast lead time. The ensemble spread is unable to provide estimates of individual
forecast reliability, likely making probabilistic landfall forecasts from this ensemble unreliable. The reliability of the
spread in the cross-track direction suggests the possibility of limiting hurricane watch and warning regions depending
upon the ensemble spread at landfall.

1. Introduction
A forecast ensemble is, broadly, any set of forecasts that verify at the same time. Therefore, sets of
lagged forecasts, and forecasts from different operational centers or different models, can compose an
ensemble. This general form of ensemble forecasting
has been used operationally since the middle 1960s
at the National Hurricane Center (NHC) for tropical
cyclone track forecasting. Since that time, specialists
have produced official forecasts partially based on
guidance from an ensemble of skillful tropical cyclone
track prediction models. Neumann (1981) and
McAdie and Lawrence (2000) have quantified the improvements in these official track forecasts in the
Atlantic basin since 1970. Most recently, 1-3-day official track forecasts have improved by as much as
1.7% per year, and these improvements have accelerated during the 1990s. However, forecasts of the location of tropical cyclone landfall have not improved
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appreciably since 1976 (Powell and Aberson 2001).
Numerous studies have quantified the errors and skill
of the tropical cyclone track prediction models in the
Atlantic basin since the late 1950s (Tracy 1966; Dunn
et al. 1968; Neumann and Pelissier 1981; DeMaria
et al. 1990; Aberson and DeMaria 1994). However,
each of these studies provides only a snapshot of the
skill of the then-current individual ensemble members, with none quantifying improvements during a
long time period. The current study concerns the
operational ensemble of tropical cyclone track guidance available to the NHC hurricane specialists since
1976, and the commensurate improvements in this
ensemble.
The next section offers brief descriptions of the
numerical models available to the hurricane specialists from 1976 to 2000. In subsequent sections, the
errors of the individual models and the ensemble
mean, their skill, and improvement in time are presented. The ability of the operational ensemble to span
the verifying state, and the improvement in this ability, is described. Finally, the ability of the ensemble
spread to provide estimates of the reliability of individual forecasts, and implications for probabilistic
landfall forecasts and for objective guidance for hurricane watches and warnings, are presented.
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2. The models

statistical-dynamical model. Predictors included
the current 1000-, 700-, and 500-hPa analyses
and 24-, 36-, and 48-h forecasts from the curSince 1976, a number of numerical track forecastrent National Meteorological Center (NMC, now
ing models have been available to the hurricane speknown as the National Centers for Environmencialists at NHC/Tropical Prediction Center (TPC) for
tal Prediction or NCEP) model. These predictors
guidance in issuing official track forecasts. Four types
modified the CLIP forecasts.
of models have composed the numerical guidance.
Statistical techniques provide track forecasts for the 6) NHC83, or A83E [run operationally 1988-89;
current storm by comparison to previous tracks in a
Neumann (1988)], was an update of previous stahistorical archive. Statistical-synoptic models modify
tistical-dynamical models. The predictors were
these statistical models by including information on
from the deep-layer-mean height analyses and
the tropical cyclone environment at the initial time.
model runs from the NMC/NCEP Global SpecStatistical-dynamic models utilize current and foretral Model (GSM), and they modified the climacast environmental conditions to forecast the track.
tology and persistence forecasts.
These forecast conditions are generally obtained from 7) NHC90, or A90E [run operationally since 1990;
regional or global dynamic models that forecast meMcAdie (1991)], is an updated version of the
teorological fields making tropical cyclone track forestatistical-dynamic NHC83 model. A version of
casts as well. The models change from year to year,
this model run after the current global model
mainly due to changes in the global models that profields were available, A90L, provided similar
vide boundary conditions for regional dynamical modforecasts to A90E until 1997, and is not discussed
els or predictors for statistical models. The models
further.
available to NHC/TPC hurricane specialists since 8) SANB AR, or SB AR [run operationally 1970-90;
1976 are the following.
Sanders et al. (1975), (1980)], was the first operational dynamical tropical cyclone track prediction
1) HURRAN, or HURN [run operationally 1968-91;
model. Tropical cyclones were assumed to be adHope and Neumann (1970)], a statistical hurricane
vected by the large-scale flow in which they were
analog technique, created forecasts based on analogs
embedded. The 1000-100-ha flow, with a synin the historical data that extends back to 1886
thetic vortex modifying the flow near the tropi(Jarvinen et al. 1984). HURRAN frequently failed
cal cyclone to conform to the initial storm locato produce forecasts due to insufficient analogs.
tion and motion vector, was forecast with the
barotropic vorticity equation.
2) CLIPER, or CLIP [run operationally since 1971;
Aberson 1998)1, was a statistical regression model 9) MFM [run operationally 1976-88); Hovermale
derived from climatology and persistence predicand Livezey (1977)], the Movable Fine Mesh
tors. This model is the baseline by which model
Model, was the first baroclinic (dynamical) model
skill is evaluated.
specifically designed for hurricane track prediction. It had 10 levels in the vertical and 60-km grid
3) NHC67, or A67E [run operationally 1967-87;
spacing in the horizontal. The grid followed the
Miller et al. (1968)], was an update of the statististorm as it moved during the forecast, and the
cal-synoptic NHC64 model (Miller and Case 1966).
model was initialized with a simple synthetic
The locations in which the geopotential heights in
vortex. The initial motion vector provided by
the current and 24-h-old 1000-, 700-, and 500-hPa
NHC specialists was not incorporated directly
analyses are most significantly correlated with fuinto the synthetic vortex. The GSM was used as
ture motion were found. These predictors modified
boundary conditions.
a forecast based on climatology and persistence.
4) NHC72, or A72E [run operationally 1972-88; 10) QLM [run operationally 1988-95; Mathur
Neumann et al. (1972)], was another statistical(1991)], the Quasi-Lagrangian Model, replaced
synoptic model in which the same height predicthe MFM as the dynamical hurricane model. It
tors as those in NHC67 modified the CLIP forewas the first multinested high-resolution hurricast, instead of having the climatology and percane model with a semi-Lagrangian scheme. It
sistence predictors in the model itself.
included parameterizations of physical processes
and boundary conditions from the GSM. The grid
5) NHC73, or A73E [run operationally 1973-87;
did not move to follow the storm, and had 18 levNeumann and Lawrence (1975)], was the first
1896

Vol. 82, No. 9, September 200 7
Unauthenticated | Downloaded 01/09/23 03:15 AM UTC

11)

12)

13)

14)

15)

els in the vertical and a 40-km horizontal resolution. An idealized vortex in gradient balance
merged with the large-scale analysis served as the
synthetic vortex. The initial motion vector provided by NHC specialists was not incorporated directly into the synthetic vortex.
BAM [run operationally since 1988; Aberson
(2000, manuscript submitted to Mon. Wea. Rev.)]
is the Beta and Advection Model. GSM wind
forecasts in a particular layer at the location of the
tropical cyclone advect the storm for 1 -h periods,
with a constant correction accounting for the beta
effect. In 1988 and 1989, the layer extended from
850 hPa to a variable top depending on the vertical shear. In 1990, three model versions became
operational: 1) BAMD, in a deep layer (850200 hPa), 2) BAMM, in a medium layer (850400 hPa), and 3) BAMS, in a shallow layer (850700 hPa). The BAMS is not considered in this
study since it rarely exhibits skill for any given
year (Aberson and DeMaria 1994).
VICBAR, or VBAR [run since 1989; Aberson
and DeMaria (1994)], is a nested barotropic (dynamic) spectral (cubic b-spline) model in which
the 850-200-hPa deep-layer-mean flow is forecast
with boundary conditions from the NMC/NCEP
GSM. A synthetic vortex including the motion
vector is merged with the environmental flow.
AVN/MRF [providing tropical cyclone tracks
since 1992; Lord (1993)], the Aviation and
Medium-Range Forecast Models, is the NCEP
dynamical GSM. Synthetic data representing the
vortex, including an asymmetry based on the
initial storm motion vector from the NHC/
TPC specialists, are added to the analysis
during the data assimilation. A new vortex relocation scheme eliminating this asymmetry was
introduced in 2000 (Q. Liu 2000, personal
communication).
GFDL [run since 1992; Bender et al. (1993)], developed at the Geophysical Fluid Dynamics Laboratory, replaced the QLM as the baroclinic dynamic hurricane model. It is a triply nested movable mesh model using boundary conditions from
the GSM. A sophisticated balanced synthetic vortex that does not incorporate the initial storm
motion vector replaces the initial fields near the
tropical cyclone.
LBAR [run operationally since 1996; Horsfall
et al. (1997)], is a spectral (sine transform)
barotropic dynamic model, similar to VBAR. A
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synthetic vortex similar to that in VICBAR replaces the initial fields near the tropical cyclone.
16) UKM [providing tropical cyclone tracks to TPC
since 1996; Radford (1994)], is the U.K. Met Office dynamical GSM. The vortex is represented
by synthetic data.
17) NGPS [providing tropical cyclone tracks to TPC
since 1996; Goerss and Jeffries (1994)] is the dynamical GSM of the U.S. Navy. This also has a
synthetic vortex representing the tropical cyclone.
18) Another dynamical model, the European Centre
for Medium-Range Weather Forecasts model
(Tomassini et al. 1997), has provided tropical cyclone tracks to TPC since 1998. Unlike the other
models, the ECMWF does not provide 12- and
36-h forecasts to NCEP. Its ability to track tropical cyclones is somewhat limited by its lack of
synthetic data to represent the vortex, so the
sample of ECMWF track forecasts is relatively
small. It is not considered further in this study.

3 . Model errors
Forecasts from all the numerical forecast models
in the North Atlantic basin from 1976 to 2000 have
been gathered. Track forecasts are compared to TPC's
"best track," the location of the storm center every 6 h
determined during a poststorm analysis. The absolute
error is the great-circle distance between the forecast
and the corresponding best track position. The relative
error, or skill, is the percentage difference between the
model absolute error and that provided by CLIP.
Historically, only cases in which the tropical cyclone
is initially and subsequently of at least tropical storm
intensity (> 17 ms - 1 ) are verified. However, to allow
for an assessment of model performance for all tropical cyclone cases, those in which the maximum sustained winds are less than gale force (tropical
depressions) are included in the sample. Since these
cases are few in number, they do not substantially
change the results.
Tropical storm and hurricane watches are generally issued 48 h before projected landfall. Unless
otherwise noted, results of 48-h forecasts are similar
to those at other lead times, and only these are shown.
Figure 1 shows the 48-h absolute errors of the individual models for all cases between 1976 and 2000.
The sample is not homogeneous since that would
severely limit the number of cases each year.
Homogeneous comparisons have been reported in
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the CLIP errors are large follow nonclimatological paths, they are expected to
be more difficult to forecast than those
with relatively small CLIP errors. In the
current study, the operational CLIP is
used to include the difficulty of operationally assessing the storm initial conditions that were input to the numerical
guidance. The assessment assumes that
CLIP errors are stationary. However, a
slight downward linear trend is evident
in the CLIP errors at all forecast times
(Table 1), but no trend is statistically significant at the 95% level with F-test
FIG. 1. Absolute 48-h track forecast errors of the individual models for all cases
criteria assuming independence of suc(nonhomogeneous sample).
cessive yearly errors. This slight trend
may be due to the improvement of obserNeumann and Pelissier (1983), DeMaria et al. (1990), vational tools leading to improvements in the accuracy
of the initial conditions (Sheets 1990). Also, tropical
and Aberson and DeMaria (1994).
Figure 1 shows a downward trend in forecast er- cyclones in the deep Tropics tend to move westward
rors with time. During the early part of the period, or west-northwestward without much variation in their
many models did not provide skillful forecasts during tracks until encountering a feature impinging on the
particular years; by 1989, only a few models had er- Tropics from midlatitudes. Therefore, such tropical
rors larger than the annual average CLIP error. cyclones tend to follow climatological tracks, so that
Average model errors in a small annual sample can be CLIP forecasts are relatively good. The relative lack
modified by a few very good or very poor forecasts of tropical cyclones in the deep Tropics in the sample
and therefore may not be representative of model be- before 1988, therefore, could account for this decrease.
havior. The relatively small average forecast errors for
Figure 2 shows the reduction in the large average
MFM are likely due to the limited number of cases that relative forecast errors, or increase in skill, in time.
were run, and do not represent a superiority over newer Again, the relatively large skill of the MFM model
dynamical model forecasts. The MFM was relatively during the early part of the period may be due to the
expensive to run and was, therefore, only run when sample for which it was chosen to run. S ANB AR perspecifically requested by the NHC specialists. These formed particularly well during the 1985 season, and
requests were generally made when a tropical cyclone the reason for this is unclear. However, a downward
was likely to impact land. Due to the proximity to land trend in forecast errors is evident.
and the relatively data-rich North American rawinsonde network and the availability of aircraft reconnaissance data in usually data-sparse regions of the
oceans, these forecasts may have been better than a
TABLE 1. C L I P average errors (km), linear secular error trend
more general sample. Furthermore, Neumann (1981) (km y r 1 ) and the correlation between the year number and the
suggests that storms closer to the U.S. mainland are error for the 1976-2000 sample.
easier to forecast than those farther away. Small forecast errors for a number of numerical models during
Forecast time (h)
1979 and 1988 are due to the relatively easy set of fore24
72
casts as exemplified by the small CLIP errors.
12
36
48
A more accurate error trend for each model, nor355
481
720
Error
115
230
malized by forecast difficulty, can be obtained by comparing a homogeneous sample of forecasts with those
-3.5
-2.7
-3.9
-2.1
Trend
-1.1
from CLIP (Neumann 1981). Neumann (1981) began
by comparing model absolute errors to those from
Correlation
-0.48
-0.39 -0.40 -0.21
-0.57
CLIP run from the best track. Since forecasts in which
1898
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most steeply between 1985 and 1991,
with another decline apparently beginning in 1999. The maximum skill in the
entire sample also was reached in 2000.
The forecast skill maximum during
1991, the year with the largest absolute
errors since 1987, is due to the historically
large CLIP errors during a year in which
most storms occurred at relatively high latitudes where CLIP performs most poorly.
To account for the difficulty of forecasts in obtaining a trend in the absolute
errors, Neumann (1981) derived a simple
regression equation that relates the CLIP
FIG. 2. Relative 48-h track forecast errors of the individual models
(nonhomogeneous sample).
and other model absolute forecast errors.
Given the CLIP error for each year, the
residuals between the annual mean abso4 . The ensemble mean
lute error expected from this relationship and the actual annual mean absolute error is added to the mean
Since CLIP is the sole model run during the entire absolute forecast error for the entire sample. This properiod, the ensemble mean of the remaining model vides an adjusted set of official forecast errors from
forecasts can provide a reference forecast for the set. which effects of varying forecast difficulty have been
Given a set of skillful forecasts, for a large sample, the removed. Neumann (1981) also accounted for the iniensemble mean is likely to be better than any of the tial condition uncertainty by including the initial lonconstituent forecasts, though this may not be the case gitude of the tropical cyclone in the simple linear
for individual forecasts (Leith 1974). Figure 3 shows relationship. Here, the operational, instead of best
the yearly average ensemble mean forecast errors of track, CLIP forecast errors account for the initial conthe models described in section 2, along with the CLIP dition uncertainty. The correlation coefficients beerrors, and Fig. 4 shows the yearly average relative tween the CLIP and ensemble mean absolute errors are
error of the ensemble mean, both at all forecast times. shown in Table 2. Though some correlation between
The ensemble mean absolute errors have declined forecast difficulty and the ensemble mean forecast
steadily during the period of study, reaching minima error is noted, it is not as large as that between diffiduring 2000 at all forecast times. However, the en- culty and the official forecast in Neumann (1981).
semble mean relative errors seem to have declined
The trend in ensemble mean forecast errors can be
deduced from the adjusted forecast errors. Table 3
shows the linear secular trend and adjusted forecast

FIG. 3. Absolute track forecast errors of the ensemble mean of
the models and of the CLIP forecasts for all cases (homogeneous
sample) at all forecast times. Thick (thin) lines represent ensemble
mean (CLIP) errors.
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FIG. 4. Relative track forecast errors of the ensemble mean of
the models.
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2. Correlation between annual CLIP and ensemble mean
forecast errors at each forecast time.
TABLE

Forecast time (h)

Correlation

12

24

36

48

72

0.85

0.80

0.73

0.74

0.63

errors for the ensemble mean. All of the trends are statistically significant at the 99% level. The linear trend
suggests an annual decrease in the ensemble mean error of between 0.7% at 12 h to 2.4% at 72 h. Neumann
(1981) suggested that a second-order polynomial
could be tested. However, the shapes of the curves in
Fig. 4 are more suggestive of a third-order polynomial
than a lower-order polynomial. Because of the relatively short sample, a third-order curve would be difficult to justify, and is not tested. Tests with a quadratic
fit are close to those showing the linear trend, and the
quadratic fit significance levels are only slightly lower
than those for the linear trend. They do, however, show
a slow acceleration in improvement at all forecast
times.
Figure 5 shows the adjusted ensemble mean forecast errors at all forecast times. The trend, especially
at the long forecast lead times, is evident. The 72-h
adjusted forecast error has been reduced to below the
size of the 48-h forecast error in 1976, and the 48-h
forecast error similarly has been reduced to below that
of the 36-h error in 1976. The 36-h adjusted error in

2000 is approximately the same size as the 24-h adjusted error of 1976. The error reduction in the 12-24-h
forecasts has been modest. The annual percentage
change (Table 3) shows that the improvement increases with forecast lead time, suggesting that the
relatively slow improvement at 12 h may be due to the
slow improvement of the observations of initial location and motion of the tropical cyclones. McAdie and
Lawrence (2000) also show improvements in official
forecasts increasing with forecast lead time. Official forecasts have improved from 1 % at 24 h to 1.9% at 72 h,
slower rates than exhibited by the model guidance.

5. The ability of the models to span
reality
Another use of the operational ensemble is in its
representation of the probability distribution of each
particular forecast. The ensemble must first be shown
to span the true tropical cyclone trajectories. Since the
track forecast is a two-dimensional problem, this measure is quantified in two ways. The most important
aspects of track forecasting are where the storm is going and when it will arrive there, so the ability of the
models to span reality is examined in both the crosstrack (where) and alongtrack (when) directions.
a. Cross-track
The operational ensemble is examined to see if the
spread encompasses the true tropical cyclone trajectory. Figure 6 shows the percentage of cases during
each year in which the true trajectory lies within the
ensemble of forecasts. During the last three years, at
least 90% of the ensemble sets span the true tropical

TABLE 3 . Adjusted ensemble mean average errors (km), linear
secular error trend (km yr 1 ), percent improvement per year, and
the correlation between the year number and the adjusted error
for the 1976-2000 sample.

Forecast time (h)
12

24

36

48

72

101

189

281

377

569

Trend (km)

-0.7

-2.5

-5.1

-7.0

-13.5

Trend (%)

-0.7

-1.3

-1.8

-1.8

-2.4

Correlation

-0.58

-0.82

-0.81

-0.76

-0.76

Error

1900

FIG. 5. Absolute track forecast errors of the ensemble mean at
all forecast times for all cases adjusted for forecast difficulty.
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FIG. 6. Percentage of cases in which the forecast ensemble
spans the true trajectory of the tropical cyclone in the cross-track
direction for all cases.

cyclone trajectory at all forecast times. An upward
trend is clearly visible, especially at the long lead
times. Table 4 shows the secular improvement trend
at all forecast times. The improvements at 24 and 72 hr
are statistically significant at the 99% level.

FIG. 7. As in Fig. 6 except in the alongtrack direction.

age of cases in which all forecasts are too slow. None
of the trends in the percentage of cases in which all
forecasts are fast or slow are statistically significant.
6 . The relationship between ensemble
spread and errors

b. Along track
Another important measure of the usefulness of an
Figure 7 shows the percentage of cases during each
year in which the true tropical cyclone trajectory in the ensemble is the ability of the ensemble to represent the
alongtrack direction is within the ensemble cloud. An forecast probability distribution, or to predict the poupward trend is again visible, though the ability of the tential reliability of the forecasts. If the operational
ensemble to span reality is lower than in the cross-track ensemble were "perfect," the ensemble would always
direction. The secular improvement
trends are shown in Table 4. The im- —
TABLE 4 . Linear secular trend (percentage points per year) and the correlation
provements at all forecast times except
72 h are statistically significant at the between the year number and the percent of forecasts in which the ensemble spans
the actual track, and in which all models are slower or faster than the actual track.
99% level.
Generally, during the first half of the
Forecast time (h)
sample, most of the cases in which the
verifying track did not fall within the
12
24
72
36
48
operational ensemble are those in which
Cross-track trend
0.3
0.9
0.7
0.8
0.8
all the models were too fast rather than
those in which they are all too slow. Due
1.1
Alongtrack trend
0.8
0.9
1.0
0.9
to improvements in the models that have
alleviated the fast bias, this has recently
Slow trend
-0.1
-0.5
-0.6
-0.8
-0.8
reversed. This is an important consideration given that emergency managers
-0.4
Fast trend
-0.3
-0.6
-0.3
-0.1
prefer residents of threatened areas to be
warned early rather than late. The secuCross-track correlation
0.65
0.67
0.65
0.55
0.68
lar trends of both sets are shown in
Alongtrack correlation
0.70
0.68
0.76
0.76
0.61
Table 4. The percentage of cases in
which all forecasts are fast is declining
Slow correlation
-0.57
-0.52
-0.11
-0.58
-0.59
most rapidly at 12 h, and this is the only
forecast time in which this percentage is
Fast correlation
-0.58
-0.35
-0.28
-0.22
-0.06
declining more rapidly than the percentBulletin of the American Meteorological Society
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span the truth, and therefore, the spread would provide
an estimate of the potential reliability of the forecast.
Forecasts in which the ensemble spread is small will
always be good, whereas those in which the ensemble
spread is large can be either good or poor. Because of
this, the correlation between the ensemble variance and
the error is not necessarily a good measure of the relationship between spread and error. The relationship
is better stated as one between ensemble spread and
potential reliability, and this relationship is best examined with classification tables. The spread and the actual eiTors can be divided into n equally sized groups
for each year, and the number of cases in which the
statistics fall in any of the cross-categories is counted.
Here, n- 3, so that the spread and errors are qualified
as small, average, or large. The ensemble variance
provides a value for the spread of the ensemble
forecast.
If the n - 3 classification were random, 11% of the
cases would fall into each square of the 3 by 3 table.
If the ensemble were "perfect," no cases with small
ensemble spread and large error would exist. However,
approximately 9% of the cases at all forecast times
have small spread and large error, a value slightly
lower than the randomly expected 11%. Further, about
30% of the cases are those in which the spread is lower

than the error, which is also just slightly lower than
the randomly expected 33%. These values have remained approximately constant throughout the historical record studied. None of the classification tables are
statistically significantly different from chance (about
11% of cases in each square) at the 90% level with the
chi-square test (Aberson 1997) and are, therefore, not
shown. Therefore, the spread has no skill in predicting forecast reliability, and this aspect of the operational ensemble has not improved since 1976.

7. Discussion and conclusions
One goal of ensemble forecasting is to provide
probabilistic forecasts of certain events, such as hurricane landfalls. If an ensemble is able to span reality
and provide an estimate of forecast reliability, accurate probabilistic forecasts may be derived from the
track forecasts. For example, a forecast in which landfall is expected at a certain location would have a
higher strike probability if the particular ensemble of
forecasts had small spread than if the spread were
large. However, probabilistic forecasts are unlikely to
be reliably derived from the current suite of models
due to the inability of the spread to predict forecast

FIG. 8. The additional distance (km) on each side of the ensemble spread required to ensure that (a) 90%, (b) 95%, and (c)
99%, of the cases have the tropical cyclone trajectory within the
ensemble of forecasts at all forecast times.
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reliability. The ability of the model fore1
TABLE 5 . Linear secular trend (km y r ) and the correlation between the year
casts to span the true tracks in the crossnumber and the additional distance necessary so that the ensemble encompasses
track direction point to the possibility of the true trajectory of the tropical cyclone in the cross-track direction in the perlimiting warning areas to the extrema of centage of cases noted.
the forecast landfall locations, or to the
extrema plus a small increment to ensure
Forecast time (h)
a certain amount of reliability and to account for the radius of damaging winds
12
24
36
48
72
of the tropical cyclone.
-2.4
-9.4
90% of cases trend
-6.9
-12.7
-14.9
Figure 8 represents the distance that
must be added to each side of the en95% of cases trend
-3.1
-6.2
-16.4
-10.5
-13.3
semble distribution to ensure that the
ensemble will encompass the true tropi-3.0
-7.7
-12.1
99% of cases trend
-7.9
-10.9
cal cyclone trajectory 90% (panel a),
95% (panel b), and 99% (panel c) of the
-0.57
90% of cases correlation
-0.78
-0.73
-0.79
-0.59
time, and the trends in these values are
95% of cases correlation
-0.53
-0.72
-0.74
-0.74
shown in Table 5. If specialists would
-0.51
like to be 90% certain that the storm will
-0.47
-0.53
-0.42
99% of cases correlation
-0.38
-0.31
fall within the hurricane warning area,
they do not need to add to the size of a
hurricane warning area, except to account
for the case-dependent size of the tropical cyclone it- 90% of the time at all forecast times, and between
self, at any forecast time except for a small increment 60% and 90% of the time in the alongtrack direction,
at 72 h. To be 95% certain, a small increment may cur- and this ability is improving at a modest rate. However,
rently be necessary at 24, 36, and 48 h. However, for the ensemble cannot fully realize the potential for
99% certainty, increments between 100 and 250 km estimating forecast reliability and for representation
must be added to each side of a hurricane warning area of the forecast probability distribution. These must
based on the ensemble spread during the first two days await implementation of an improved ensemble with
of the forecast, generally when watches and warnings either more members, more skillful models, or more
are posted. This last value is slightly smaller than the sophisticated perturbation techniques. The numerical
average size of hurricane warning regions from 1988 guidance that NHC hurricane specialists have used
to 1997 on the U.S. coastline (Jarrell and DeMaria since 1976 to create official track forecasts has
1999). Therefore, objectively identifying hurricane improved significantly due to the advancements in
warning regions with 99% confidence currently may numerical weather prediction during the last 25 years.
not be feasible with this method. However, most of the
large errors in the ensemble occur in cases in which
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