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Abstract

Statistical significance tests can inform whether differences between two samples are real
or due to sampling error. Forecasts are serially correlated because the first guess for each
model cycle is a forecast from the previous one, and this must be accounted for in statistical
tests on the impact of new observing systems or model system techniques. Prior studies
showed that tropical cyclone track forecasts created every 24 h or 12 h were serially
correlated so that only every other forecast was independent of the others. Forecasts are
now initialized more frequently than those used in the earlier studies (every 6 h), requiring
a reassessment of the serial correlation. The current study calculates the effective time
between independent samples based on two distinct techniques for both tropical cyclone
track and intensity forecasts. The calculated effective time varies by storm, forecast, and
technique, though it appears that the separation times for both track and intensity are about
12 h/18 h/24 h from lead times 12-36 h/42-96 h/102-120 h, respectively. These
calculations may be used to best calculate whether differences between tropical
cyclone track and intensity forecasts from various models are statistically significant,
and to inform the efficient design of tests of new systems.
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1. Introduction

An important research thread in the literature during the
last few decades is whether various types of observations
improve forecasts. Such studies can be done within the
framework of an Observing System Experiment (OSE)
for data types that already exist, or an Observing System
Simulation Experiment (OSSE) for proposed data types.
In both types, model forecasts are run both with and
without the observations in question. After a sufficient
number of forecasts are made, they are verified versus the
truth (the real atmosphere for OSEs and the nature run for
OSSEs).

If forecasts are improved by the assimilation of the new
data types, regular observations from these new platforms
are then added to the mix. For example, Burpee et al.
(1996) showed that dropwindsonde observations in the
environments of tropical cyclones improve forecasts
of their ultimate track in an OSE; Atlas et al. (2001)
performed an OSSE for scatterometer data, and this study
informed the requirements and characteristics for new
scatterometers, and also techniques to assimilatethe data
into numerical models. Potential issues with these studies
are the number of cases utilized and whether the impacts
shown are real or based on sampling error. Statistical
significance tests can inform whether these impacts are
important. Since, in modern data assimilation systems,
model forecasts serve as the first guess for subsequent
analyses, series of forecasts may be correlated, limiting
the usefulness of individual elements of the sample. This
must be taken into account for the best assessment of the
impact of observations from OSEs and OSSEs.

Hurricane forecasting centers such as the National
Hurricane Center, the Central Pacific Hurricane Center,
and the Joint Typhoon Warning Center all provide via their
websites annual verification statistics for their forecasts
and for the numerical modeling systems which help in
their preparation. The Hurricane Forecast Improvement
Program tracks the progress of numerical tropical cyclone
guidance to assess whether its goals have been met.
Declarative statements as to how various models perform
compared to others, whether new systems are better than
older ones, or whether forecasting metrics have been
reached must be based on careful and correct statistical
calculations.
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The literature on how to account for serial correlation
in tropical cyclone forecasts began with Neumann
et al. (1977), who adapted a general procedure from
Siegel (1956), and found that track forecasts with their
initial conditions separated by less than 30 h are serially
correlated. The forecast models tested were statistical,
using predictors from a dynamical model and a linear
regression technique to forecast the subsequent track.
Aberson and DeMaria (1994) used that technique to
calculate the serial correlation of a barotropic track
forecast model (VICBAR) initialized every 12 h and
found that forecasts whose initializations were separated
by more than 15-21 h were uncorrelated. These results
suggested that calculating statistical significance using
no more than one forecast per day is optimal, which cuts
the sample size by three quarters for models that are run
four times daily. Such calculations have not since been
updated in the literature since forecasts became regularly
available four times daily and from full physics dynamical
models, nor have they been attempted for other forecasts
such as for intensity. This study discusses techniques to
calculate serial correlation and separation times between
uncorrelated forecasts of tropical cyclone track and
intensity from the best models currently available and
from official forecasts provided by the National Hurricane
Center. Values for the serial correlation and separations
times are updated for the first time in the literature since
1994.

2. Data

A large sample size is necessary for accurate assessment
of the serial correlation between forecasts. Tropical
cyclones generally have short lifetimes. Since 2012, only
three tropical cyclones have lasted longer than three weeks
globally: Hurricanes Nadine (2012), Kilo' (2015), and
Jose (2017), and the next longest-lived tropical cyclone
had a lifetime of just more than two weeks. Forecasts
from these tropical cyclones are used in this study.

IKilo moved from the Central Pacific into the Western Pacific on
1 September, and was redesignated a typhoon.
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Forecasts from the two National Oceanic and Atmospheric
Administration (NOAA) operational dynamical forecast
models that predicted tropical cyclone track and intensity
at the time (the Hurricane Weather Research and Forecast
[HWRF] and the Global Forecast System [AVNOY]), and
the Official (OFCL) forecasts, are gathered; intensity
forecasts from the Statistical Hurricane/Typhoon Intensity
Prediction Systems (DSHP) are also collected?. Forecasts
are verified against best tracks produced by NOAA’s
National Hurricane and the Central Pacific Hurricane
centers. OFCL forecasts were only available during the
time that Kilo was east of the dateline; therefore, the
sample size is small, and these results are not presented
in this study.

3. Techniques

3.1 Laurmann and Gates (1977)

Laurmann and Gates (1977; hereafter LG) devised a
technique to check whether an adequate amount of time
had been used to calculate a climatic mean from a time
series, assuming the data were stationary. Thi¢baux and
Zwiers (1984) and Zwiers and von Storch (1995) derived
and used the same equations, though with different naming
conventions. The equation for the standard deviation (o)
of the mean of a variable (x,)

o’(x;) = o’(x,) /N

is valid only if all the values are statistically independent.
If the values are not statistically independent, the sample
size N must be replaced with N, the number of independent
samples in the time series. The LG technique calculates
N' or the effective time (7},) between independent
samples. Though the time series of errors from short
tropical cyclone tracks are unlikely to be stationary, their
technique may provide some guidance as to the serial
correlation in those errors.

2Model designations used herein are consistent with those used at
the National Hurricane Center. Descriptions of these designations
and models, and official verifications back to 1970, are available at
https://www.nhc.noaa.gov/verification/.
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They start by calculating the serial correlation coefficient
(p) for various lag time counts (v),

N-v
1 (% — ;) (X4 — X;)
Pe =N —1?); a2 (x)

where x; are the sample variables, N is the total sample
size, o° represents the variance, and the overbar denotes
the mean. If the samples are equally spaced in time, as in
the current datasets, then the effective time is related to

the serial correlation by

N-1
T T Z 1—|v|
O_N N .IGV

v=—(N-1)

where T is the sampling time, and thus the effective
sample size is given by

N'=N ((1-p,) /(14p))
and

Ty=T/N ((1+py) /(1=py)).

3.2 Aberson and DeMaria (1984)

The calculation of stable p values from small samples
(the result of short tropical-cyclone lifetimes) is difficult.
A different technique that overcomes this problem by
using a Runs Test was taken from Neumann et al. (1977)
and based on Siegel (1956). Aberson and DeMaria (1984,
hereafter AD) used this technique to calculate the effective
sample size. Instead of calculating the serial correlation
directly, this technique uses the number of times that the
ordered values change from one class to another; in this
case, the two classes are cases in which the error is above
or below the sample mean. The lower the number of runs
of cases with values either above or below the sample
mean is, the higher the serial correlation will be.

The number of independent observations (V,) depends on
the number of runs of occurrences of a particular class, in
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this case whether the forecast errors are above or below
the sample mean. In this case

N,=N(R,+R,)/E,

where R and R, are the numbers of groups of consecutive
forecasts in which the errors are above or below the
sample mean, respectively, and £ is the expected sum of
R, and R, given a random sample. In large samples, this
can be approximated by

E=1+2NN,/(N,+N,),

where N, and N, are the numbers of cases in which the
forecast errors are above or below the sample mean,
respectively. Therefore,

T,=TN/N,

4. Results

Values of 7|, for track and intensity forecasts from the
two techniques are provided in Table 1. Despite the long
lifetimes of the three hurricanes, the total dataset for
each is small, and therefore the values are not consistent
between different hurricanes. The AD technique suggests
that the effective time between independent track and
intensity forecasts is about 12 h for 12-h forecasts,
increasing to about 24 h by 120 h; 7}, for the Jose AVNO
intensity forecasts is a notable outlier. Jose was more
intense and remained intense longer than the other two
tropical cyclones; because AVNO was run at a lower
resolution than currently, all intensity forecasts had a low
bias that was serially correlated.

The LG values vary more than those from the AD
method, though the general trend is also for the effective
time between independent forecasts to increase with lead
time. The large variations are likely due to the difficulty
of calculating accurate serial correlation coefficients with
small samples.

There is a tendency for the effective time for OFCL
forecasts to be larger than those from individual
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models except AVNO intensity forecasts which are
serially correlated due to model bias. This is expected
since operational protocol is to slowly nudge forecasts
toward new model solutions so as to avoid the so-called
windshield-wiper effect in which forecasts shift rapidly
between multiple solutions; numerical models themselves
have no such artificial constraint.

The values shown here are applicable to these particular
models and tropical cyclones. A large sample size would
be ideal to get reliable statistics across multiple systems,
but tropical cyclones have short lifetimes. Similar
calculations with shorter-lived tropical cyclones show
large variations due to small sample sizes and are therefore
not considered reliable estimates of serial correlation.

5. Implications

Due to serial correlation between tropical cyclone track
and intensity forecasts, the behavior of any particular
model run is related to that of the immediately previous
one. For example, in predicting the performance of tropical
cyclone track forecasts, the most effective predictor of the
model performance is its performance in the previous
forecast (Aberson, 1997). Statistical tests must take this
into account for the greatest accuracy.

When testing the impact of model system changes or of
new observing platforms on those model systems, the
models are generally run to mimic operational procedures.
Most global and regional hurricane models are now run at
least four times daily (every 6 h or more often). The results
presented here suggest that model runs during such tests
could be completed less frequently than in operations.
If serially correlated forecasts are not run, but a similar
sample size of runs is conducted, the variety of forecasts
in the dataset will be increased. This would assume that
the cycled data assimilation systems continue as before,
but without the running of the deterministic forecasts from
each analysis. If the test is over a set period of time, then
less frequent model forecasts would allow such tests to
be conducted faster and more efficiently than is currently
done. This suggestion necessarily neglects other reasons
that serially correlated forecasts should be run, such as the
search for outlying forecasts, bugs in computer code, or
other issues related to the running of operational models.
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Table 1. Effective time (T,) between independent samples in h for the two techniques, for the two parameters (i is
intensity, t is track), tropical cyclone name (TC name), model, and forecast lead time.

T P TCname model 12-h 24h 36-h 48-h 60-h 72-h 84-h 96-h 108-h 120-h
AD i Jose AVNO 284 202 295 122 787 214 237 277 163 200
AD i Jose DSHP 68 157 167 248 187 433 339 335 347 184
AD i Jose HWRF 53 88 150 102 109 1.7 109 92 1.1 99
AD i Jose OFCL 78 97 154 344 36.7 17.2 14.7
AD i Kilo AVNO 129 123 126 176 134 147 145 137 198 202
AD i Kilo DSHP 74 89 102 126 120 139 119 132 213 148
AD i Kilo HWRF 64 101 137 125 112 132 187 184 210 246
AD i Nadine AVNO 112 87 88 123 10 91 143 84 86 121
AD i Nadne DSHP 83 104 114 159 152 181 104 78 113 8.1
AD i Nadne HWRF 64 103 116 107 115 130 104 146 166 14.8
AD i Nadine OFCL 81 101 109 183 18.2 20.1 16.6
LG i Jose AVNO  69.0 1203 2094 167.7 2244 2251 1839 1201 957  93.0
LG i Jose DSHP 182 509 883 1735 2933 2639 1953 121.9 1181 1014
LG i Jose HWRF 121 128 261 230 268 318 360 311 282 254
LG i Jose OFCL 99 231 505 102.8 116.1 113.6 78.7
LG i Kilo AVNO 444 841 1004 1228 1961 1327 161.3 1609 1322 1704
LG i Kilo DSHP 181 289 480 933 1289 1572 1719 1985 1782 197.0
LG i Kilo HWRF 135 265 331 508 493 496 561 862 619 896
LG i Nadine AVNO 300 409 576 555 649 467 526 457 489 575
LG i Nadine DSHP 309 465 708 950 827 638 546 505 383 335
LG i Nadine HWRF 159 403 554 270 211 203 234 425 368 536
LG i Nadine OFCL 239 457 507 80.5 108.7 121.9 148.5
AD t Jose AVINO 68 82 71 108 1141 123 103 142 179 174
AD t Jose HWRF 76 110 83 91 75 89 103 93 127 115
AD t Jose OFCL 87 91 107 98 12.9 13.4 11.6
AD t Kilo AVNO 97 74 98 129 129 184 155 190 249 148
AD t Kilo HWRF 93 87 85 163 205 133 167 175 257 164
AD t Nadine AVNO 70 75 1041 1041 105 1141 119 112 115 109
AD t Nadne HWRF 94 130 104 129 162 131 102 94 86 84
AD t Nadne OFCL 101 133 149 159 1.2 18.1 17.1
LG t Jose AVNO 104 132 101 113 141 161 174 278 326 337
LG t Jose HWRF 126 183 165 196 263 414 361 342 268 18.1
LG t Jose OFCL 9.8 131 177 237 2238 25.6 38.3
LG t Kio AVNO 282 186 197 182 210 241 311 315 285 31.1
LG t Kio HWRF 183 176 293 294 218 220 332 508 730 687
LG t Nadine AVNO 128 103 162 214 212 188 191 173 182 185
LG 't Nadine HWRF 192 353 466 498 500 421 380 239 176 140
LG t Nadine OFCL 162 416 536 87.6 56.4 53.5 58.1
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Study of the serial correlation of tropical cyclone
forecasts is limited by the short lifetimes of individual
tropical cyclones. Similar calculations using global or
regional weather patterns will not have this problem
(e.g., Hering and Genton, 2011; Gilleland et al., 2018),
and they may show different levels of serial correlation
for such phenomena or regions. Other techniques to deal
with serial correlation between forecasts, largely from
economics, include a variance inflation factor (Kutner et
al., 2004). Diebold and Mariano (1995) proposed a series
of tests of whether two forecasts are statistically different
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while accounting for serially correlated errors. Their tests
are different in that they do not calculate an effective time
between independent samples or an effective sample size,
but directly allow forecast errors to be non-Gaussian
and serially and contemporaneously correlated. These
techniques may be usefully applied to tropical cyclones
forecasts, but this is beyond the scope of this study. The
current study was done to update the effective sample
size or time between independent forecasts so that current
operational verification techniques can be updated.
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