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T rends in the accuracy of tropical cyclone track
forecasts issued by the National Hurricane
Center (NHC) have been the subject of recent

studies by McAdie and Lawrence (2000) and Powell
and Aberson (2001). McAdie and Lawrence found
that official NHC track forecasts over the period
1970–98 improved at an annual average rate of 1.0%,
1.7%, and 1.9% for the 24-, 48-, and 72-h forecast
periods, respectively, for the Atlantic basin as a whole.
They also found that each of these trends was statisti-
cally significant at the 95% confidence level. Powell
and Aberson, noting that “although these trends
(were) promising, neither forecast landfall position

nor time error trends (had) been quantified,” exam-
ined inferred landfall forecasts at time periods roughly
12, 24, 36, 48, and 60 h prior to landfall. They showed
that none of the NHC landfall location error trends,
and only the 24-h landfall timing error trend, showed
a statistically significant improvement. Powell and
Aberson attributed the overall apparent lack of im-
provement in landfall forecast errors to a “conserva-
tive least-regret” forecast philosophy for storms
threatening to make landfall, or to deficiencies in
numerical models or the observing network in the
Caribbean and Central America.

It would be tempting to conclude from the results
of Powell and Aberson that the accuracy of NHC fore-
casts close to the United States has not followed the
basinwide trends reported by McAdie and Lawrence.
However, differences in verification methodology
between the two studies make such a conclusion prob-
lematic. The present study attempts to bridge the gap
between these two verification methodologies by pos-
ing two questions: what are the long-term trends of
NHC forecast errors for storms threatening the coast-
line, and are these forecast trends detectably differ-
ent from basinwide trends?
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Although Powell and Aberson restricted their
analysis to forecast tracks making landfall or passing
within 75 km of the coastline, we prefer to take a
broader view and consider tropical cyclones threat-
ening land, whether or not a landfall is specifically
forecast. This is motivated by the recent example of
Hurricane Michelle, an extremely dangerous 120-kt
hurricane in the northwestern Caribbean during
November 2001. NHC official forecasts for Michelle
called for the hurricane to turn away after approach-
ing to within 140 km of the Florida Keys. Due to the
anticipated close approach, and the extent of hurri-
cane force winds from the center, a hurricane warn-
ing was issued for the Keys. Interest on the part of
emergency managers and the general public was ex-
tremely high for this event, and evacuations were or-
dered, even though no (U.S.) landfall was ever
forecast.

To identify tropical cyclone threats, one could use
a “distance to land/direction of motion” threshold.
This would be extremely complex computationally,
especially if one wanted to include the effects of storm
size. A simpler method that implicitly includes these
effects is to consider those periods when watches or
warnings (either hurricane or tropical storm) were
in effect.1 Although inadequate for some purposes,
the watch/warning process is one of the primary
mechanisms through which the meteorology of the
official forecast triggers actions on the part of the
general public. For the remainder of this discussion
then, we will define a “land-threatening” tropical
cyclone as one for which watches or warnings are in
effect.

Although we focus later on the accuracy of NHC
forecasts issued during the watch/warning period, one
can just as well evaluate forecasts that verify during
the watch/warning period. Both sets of forecasts are
reasonably described as representing land-threaten-
ing storms, but the two datasets are not equivalent.
Forecasts issued during the watch/warning phase are
typically made under intense media scrutiny and pres-
sure, when the landfall threat is imminent and psy-
chological factors that could potentially influence the
forecast process would most come into play. However,
the longer-range portions of forecasts issued during
the watch/warning phase will often not be relevant to
coastal areas. This is because the 48- and 72-h datasets

consist only of forecasts for which a storm was ex-
pected to threaten land at an earlier projection, and
these forecasts may or may not represent a longer-
range threat. Therefore it is necessary to also consider
those forecasts verifying during the watch/warning
phase. This strategy has the advantage of capturing the
landfall threats, regardless of whether the threat is
short or long range. The disadvantage is that many
of these forecasts will have been issued for storms still
far from shore, up to 4–5 days from landfall, when
threat levels, media attention, and public interest, that
is, those factors that might induce a conservative fore-
cast philosophy, are relatively low. Because of this, our
interest lies primarily with forecasts issued during the
watch/warning period; however, we will show that the
conclusions to be drawn are similar regardless of
which set of forecasts are considered.

Our analysis follows that of McAdie and Lawrence,
except that we have updated their period of study
(1970–98) to include the subsequent years through
2001. NHC official track forecast errors for the 24-,
48-, and 72-h forecast periods are compiled into an-
nual averages, and then adjusted for forecast difficulty
by comparing the average annual official forecast er-
rors to forecast errors from a climatology/persistence
model, CLIPER (Neumann 1972). The adjustment
process follows both McAdie and Lawrence and
Powell and Aberson. As in the aforementioned stud-
ies, forecasts are not included in the verification if the
initial or verifying intensity was below tropical storm
strength. The adjusted forecast errors for each sample
are given in Table 1.

A linear trend of the adjusted errors was com-
puted, in which each annual average error was
weighted by the number of forecasts from that par-
ticular year. Analysis of long-term trends was first
performed for the full sample of forecasts (essentially
repeating the analysis of McAdie and Lawrence). A
second analysis was then performed for just the land-
threatening storms, that is, for those forecasts issued
when U.S. mainland watches or warnings were in ef-
fect. The resulting trend lines are shown in Fig. 1 and
the results are summarized in Table 2.

For the sample of all Atlantic basin forecasts, trend
lines at each forecast period indicate improvements,
with annual average percentage improvements of 1.3,
1.9%, and 2.0% at 24, 48, and 72 h, respectively. These
trend lines explain roughly 60%–70% of the variance
in annual adjusted forecast error and are significant
beyond the 99% level. Due to relatively low forecast
errors during 2000 and 2001, these improvement rates
are slightly larger than those reported by McAdie and
Lawrence. Interestingly, these improvement rates for

1 A hurricane (tropical storm) watch means that hurricane
(tropical storm) conditions are possible within the watch area
within 36 h. A hurricane (tropical storm) warning means that
hurricane (tropical storm) conditions are likely within 24 h.
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1970 101.8 34 104.7 17 157.1 13 194.2 3 62.4 3 0

1971 125.7 183 97.9 17 268.7 137 172.4 6 383.1 118 124.0 2

1972 102.8 57 56.1 6 213.7 38 144.5 2 322.5 25 349.6 1

1973 100.1 84 124.5 7 203.9 54 271.5 3 320.4 29 648.5 1

1974 113.6 89 88.7 6 268.1 64 282.1 2 458.8 42 0

1975 109.6 121 113.9 5 253.4 92 424.7 1 417.6 68 0

1976 109.2 143 75.6 10 223.5 113 181.9 4 350.7 85 0

1977 98.5 30 77.9 11 205.5 14 174.3 6 242.4 5 222.1 2

1978 120.6 101 128.6 8 266.7 59 320.9 8 396.7 33 589.0 7

1979 107.3 138 69.9 23 224.4 98 181.8 17 326.0 83 191.9 8

1980 110.0 188 102.2 9 254.0 140 232.1 5 378.4 109 175.2 1

1981 120.8 190 70.1 6 233.2 146 116.3 6 360.9 106 247.0 6

1982 118.6 45 171.7 2 235.8 29 0 335.2 21 0

1983 92.8 34 97.9 8 187.7 18 131.6 3 337.2 10 0

1984 117.4 157 87.1 16 207.8 122 129.4 16 307.0 89 267.0 10

1985 90.4 151 85.0 50 181.1 106 198.4 33 314.3 69 348.3 16

1986 112.5 66 111.7 8 254.5 42 338.7 6 391.5 27 437.3 3

1987 103.2 119 83.1 4 190.2 95 0 261.5 67 0

1988 88.4 133 75.7 13 193.1 109 182.8 5 293.6 90 0

1989 107.5 215 56.5 9 221.5 166 191.5 1 329.4 129 0

1990 110.7 209 85.8 8 214.6 157 65.5 4 319.9 114 0

1991 88.2 55 66.4 10 152.3 31 60.4 5 238.4 17 79.8 1

1992 91.7 124 82.4 16 152.0 99 121.4 9 186.9 76 132.5 5

1993 91.4 82 64.2 7 150.1 60 123.2 7 224.8 41 186.0 7

1994 60.3 83 115.6 17 125.0 62 275.2 12 291.7 50 409.2 11

1995 94.7 408 103.7 34 177.0 341 172.0 22 270.5 278 240.7 17

1996 87.7 260 88.3 36 157.1 217 155.6 22 203.5 183 198.5 12

1997 92.7 75 66.8 9 179.0 51 132.1 5 237.0 38 161.3 1

1998 89.7 286 92.7 44 163.1 233 173.8 34 248.6 191 313.6 25

1999 80.1 267 68.2 74 165.4 223 119.2 55 247.5 182 172.4 39

2000 79.1 202 64.5 8 140.4 164 83.6 6 224.8 136 79.6 4

2001 63.5 183 54.2 21 116.1 134 136.8 15 174.8 100 225.4 10

TABLE 1. NHC average annual official forecast errors, adjusted for forecast difficulty (Err) and number of
cases (N) at 24, 48, and 72 h, for the period 1970–2001. Units are nautical miles (n mi). Errors are given
for all forecasts (All), and separately for those forecasts issued when watches or warnings were in effect
for the mainland United States (W/W).

Err N Err N Err N Err N Err N Err N

24 h 48 h 72 h

Year All W/W All W/W All W/W
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NHC forecasts are very
close to improvement rates
for the ensemble of opera-
tional model guidance
found by Aberson (2001)
for the period 1976–2000
(1.3%, 1.8%, and 2.4% for
24, 48, and 72 h, respec-
tively.)

For the sample of tropi-
cal cyclones threatening
land, trend lines at each
forecast period indicate
that NHC official forecasts
also have been improving,
with annual average per-
centage improvements of
0.7%, 1.6%, and 1.9% at 24,
48, and 72 h, respectively.
Improvement trends at 48
and 72 h are about as large
as those for the Atlantic ba-
sin as a whole, while the
24-h trend is about half as
large as for the basin as a
whole. Note that there is
considerably more scatter
among the annual average
errors for this relatively
small sample of forecasts
issued under watches or
warnings; the variance ex-
plained by the trend lines is
roughly 10%–20%. Never-
theless, the 48-h trend line
is significant at the 95%
level, while the 24- and
72-h trend lines exceed the
90% level of significance
but fall just below the 95%

24 h 4512 1.3 61 *** 519 0.7 11 *

48 h 3427 1.9 72 *** 323 1.6 19 **

72 h 2614 2.0 70 *** 189 1.9 17 *

TABLE 2. Average annual percentage improvement (Imp), variance explained (Var), and statistical
significance (Sig) of trend lines shown in Fig 1. Level of statistical significance is indicated by (*) for the
90% level, (**) for the 95% level, and (***) for the 99% level.

All forecasts Issued under watches/warnings

N Imp (%) Var (%) Sig N Imp (%) Var (%) Sig
Forecast period

FIG. 1. Annual average NHC official track forecast errors, adjusted for fore-
cast difficulty, over the period 1970–2001 for the Atlantic basin. Errors are
given for the (top) 24-, (middle) 48-, and (bottom) 72-h forecast periods (left
column) for all forecasts and (right column) those forecasts issued when ei-
ther hurricane or tropical storm watches or warnings were in effect.
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level. One should recall that failure of the 24-h trend
line to reach the 95% significance level does not mean
that there has been no long-term improvement in of-
ficial 24-h NHC forecasts for storms threatening
land. What the test tells us, in fact, is that the likeli-
hood of finding a relationship this strong by chance
where none exists is rather low (between 5% and
10%). The more reasonable conclusion to be drawn
collectively from these three regressions is that NHC
forecasts for land-threatening storms do show a long-
term improvement trend.

The second question noted above was whether
forecast trends near land are different from those for
the basin as a whole. The Chow (1960) test can be used
to evaluate the equivalence of regression parameters
(slope and intercept) of a sample split into
subsamples—for example, the sample of all forecasts
split into those made near land and those made away
from land. However, this test cannot be applied to the
annual average error trend lines computed above; in
order to use the Chow test we must perform regres-
sions on the individual forecasts themselves.

We have repeated the analysis of long-term fore-
cast trends for the period 1970–2001, this time con-
sidering each forecast individually. Three regressions
are performed: one for those forecasts issued when
watches and warnings were in effect, one for those
forecasts issued when watches and warnings were not
in effect, and one for the entire sample of forecasts.
As before, forecast errors are adjusted for difficulty,
except that the adjustment is made to each individual
forecast. It is no longer necessary to do a weighted
regression to determine trend lines from individual
forecasts; however, it is necessary to consider serial
correlation in the significance tests, since Neumann
et al. (1977) and Aberson and DeMaria (1994) sug-

gested that independence may not be fully attained
between forecasts separated by less than 24–30 h.
Following Franklin and DeMaria (1992), an effective
sample size is calculated (using the more conserva-
tive 30-h criterion) and used to compute the F and
Chow statistics as well as the degrees of freedom.

Results of these regressions are summarized in
Table 3. Not surprisingly, improvement rates for the
watch/warning forecast errors are nearly the same as
those computed previously from the annual average
errors (Table 2). However, because of the larger
sample size associated with the individual forecasts,
the level of significance of the trend lines has in-
creased: the 24-h trend line is now significant at the
95% level and the 48-h trend line is significant at the
99% level. Repeating this analysis for forecasts veri-
fying during the watch/warning phase gives similar
results (Table 4). This increases confidence in our
earlier conclusion that NHC forecasts for land-threat-
ening storms are improving.

These calculations do support the notion, implied
by Powell and Aberson and shown earlier in Fig. 1,
that forecasts for nonland-threatening storms im-
proved more rapidly than those for storms threaten-
ing land, at least at 24 and 48 h. Examination of the
trend lines in Fig. 1 shows that forecast accuracy is
currently comparable for the land-threatening and
nonland-threatening samples, but that this was not
the case in the 1970s. In our view, changes in observ-
ing systems over time, in particular the increasing use
of satellite observations in numerical models over
data-sparse oceanic regions (which would preferen-
tially improve the analysis of the hurricane environ-
ment in these regions), could account for this more
plausibly than a “conservative” forecast philosophy on
the part of the NHC.

24 h 170 0.8 3 ** 1048 1.6 7 *** ***

48 h 111 1.7 6 *** 821 2.2 13 *** ***

72 h 66 1.9 5 * 645 2.3 14 ***

TABLE 3. Results of trend analysis based on regressions of all individual forecasts during the period 1970–
2001. Average annual percentage improvement (Imp), variance explained (Var), and level of significance
(Sig) for the trend line are given for those forecasts issued when watches or warnings were in effect and
for those forecasts issued when no watches or warnings were in effect. The “N*” represents the effec-
tive sample size after the serial correlation of individual forecasts is taken into account; actual sample
sizes are roughly 3–5 times larger. Results of the Chow test for equivalence between the two regres-
sions are given in the column labeled “Diff.” Level of statistical significance is indicated by (*) for the 90%
level, (**) for the 95% level, and (***) for the 99% level.

Issued under watches/warnings Not issued under watches/warnings Diff

period N* Imp (%) Var (%) Sig N* Imp (%) Var (%) Sig Sig
Forecast
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The different improvement rates found for the
land-threatening versus nonthreatening forecasts is
consistent with Powell and Aberson. However, our
finding of improvement trends for land-threatening
storms appears to contradict their assessment of a
lack of improvement in landfall forecasts; indeed it
is hard to accept the notion that NHC forecasts near
land are improving but the specific landfall points
contained within these forecasts are not. While the
sample of forecasts that contain a landfall is clearly
distinct from those forecasts that are issued when
watches and warnings are in effect, the two samples
should be quite similar in terms of forecaster philoso-
phy, data availability, and model performance. The
apparent contradiction in results could simply reflect
the different methodologies and samples between our
study and Powell and Aberson; however, another
possibility is that there have simply been too few land-
falls (an average of 5 yr-1 at 24 h and only 3 yr-1 at 48 h
over the period 1976–2000, or only about 3% of the
total number of forecasts issued) to extract meaning-
ful and robust long-term trends in the accuracy of
landfall forecasts.

We would like to close with some thoughts on the
attention that is often attached to the precise location
and timing of forecast landfall. The average official
24-h track error over the period 1992–2001 was
81 n mi (149 km). Precisely because of the errors as-
sociated with tropical cyclone forecasts, the NHC tries
to focus attention away from the precise forecast track
of the center. Coastal residents under a hurricane
warning are risking their property and lives if they fail
to respond adequately because they see an official
forecast indicating landfall in some community other
than their own. The “strike” probabilities, in combi-
nation with the forecast storm size and peak inten-
sity, can be used to help those not directly in the fore-
cast path of a hurricane assess their particular level of
risk. While the timing and location of landfall of the
center are important, particularly to the news media,
it is not clear that given the current state of the art,

these “forecast” parameters are of any more practical
importance than, say, the 24–36-h forecast positions,
which help determine the coastal warning zones, or
the 36–48-h forecast positions, which help determine
the location of the watch zones. Adding to the impor-
tance of the prelandfall portion of the forecast is that
many preparedness activities cease with the arrival of
tropical storm force winds along the coast. For a storm
with a 150 n mi (278 km) radius of tropical storm
force winds traveling at 5 kt (2.6 m s−1), this could
occur 30 h in advance of landfall.

While the most severe hazards generally occur
fairly close to the center, dangerous conditions asso-
ciated with tropical cyclones cover a large area and
may last for a day or more. In fact, a majority of the
600 U.S. deaths directly associated with tropical cy-
clones or their remnants for the period 1970–99 were
associated with inland flooding (Rappaport 2000).
This distribution of hazards is difficult to assess from
the official forecast track alone. The current level of
uncertainty in tropical cyclone track forecasts, and the
distribution of hazards, dictate that actions to protect
life and property should be more closely tied to threats
defined by the tropical storm or hurricane watches
and warnings.
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