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Abstract

The Philippines endures an average of 20 tropical cyclones per year, and track prediction errors beyond
48 hours remain above 200 km for most operational models. This research extended the highest posterior
density (HPD) credible interval framework to multivariate typhoon trajectory data, providing probability
regions for 24 h, 48 h, and 72 h forecast positions that account for non-Gaussian, skewed posterior
distributions. Mixed-effects models with random intercepts for typhoon identity separated systematic
forecast bias from storm-specific variability. Order statistics of track errors provided nonparametric
percentile benchmarks. Free probability theory characterised the spectral distribution of the forecast error
covariance matrix under the hypothesis that errors from different lead times are asymptotically free.
Fixed-point iteration solved the posterior mode, and Kaplan-Meier estimation tracked the survival
function of forecast “usefulness’ (defined as track error below 300 km). HPD intervals were 12-18%
narrower than equal-tailed intervals for the same 95% credibility, reflecting the positive skewness of
tropical cyclone track errors.

Keywords: Mixed models, order statistics, free probability, fixed point theory, Kaplan-Meier, Bayesian
credible intervals, highest posterior density, typhoon trajectory, Philippine

Introduction

When Typhoon Haiyan struck Leyte in November 2013, the official 72-hour track forecast
placed landfall 34 km from the actual point an unusually accurate prediction that masked the
average 72-hour error of 220 km for Philippine typhoons M. Quantifying the uncertainty
around such forecasts is essential for evacuation planning, yet most agencies report only a
‘cone of uncertainty’ that assumes circular, symmetric errors 2. In reality, track errors are
elongated along the direction of motion and positively skewed, making the highest posterior
density (HPD) region the smallest credible region containing a specified probability mass a
more appropriate uncertainty descriptor than the traditional equal-tailed interval &1,

Bayesian HPD intervals require the full posterior distribution, which for multivariate trajectory
data is not analytically tractable and must be approximated by Markov chain Monte Carlo
(MCMC) ™. This research fitted a Bayesian hierarchical model to track errors from 312
typhoons affecting the Philippine Area of Responsibility (PAR) between 2005 and 2023, with
random effects for each typhoon to capture storm-specific forecast skill. The work was
conducted at the Guntur Research Institute of Data Sciences, Andhra Pradesh, India, between
November 2022 and August 2024 [5 61,

Theoretical framework

Let 6 be the parameter vector (forecast position at lead time t) and 7(0]y) the posterior density
given observed track data y. The 100(1-a)% HPD region is the set Co = {6 : n(6]y) > ka},
where ka is chosen so that P(6 € Ca | y) = 1-a. For unimodal, symmetric posteriors, HPD and
equal-tailed intervals coincide; for skewed posteriors, the HPD region is shorter (or smaller in
area for bivariate data) because it concentrates probability mass where the density is highest 1.
In the multivariate case (along-track and cross-track errors jointly), the HPD region becomes
an ellipse-like contour of the posterior density, and its area provides a natural
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measure of forecast uncertainty '), Free probability theory,
developed by Voiculescu, describes the limiting spectral
distribution of sums of large random matrices that are
asymptotically free ®l. Applied to the covariance matrices of
track errors at different lead times, the free convolution
predicts the spectrum of the aggregated error matrix without
requiring independence a useful property given that 24 h, 48
h, and 72 h errors for the same typhoon are strongly
correlated.

Material and methods

Material

Best-track data and official forecast positions at 24 h, 48 h,
and 72 h lead times were obtained from PAGASA (Philippine
Atmospheric, Geophysical and Astronomical Services
Administration) for 312 tropical cyclones entering the PAR
between January 2005 and December 2023. Track errors were
decomposed into along-track (AT) and cross-track (CT)
components relative to the observed motion vector. Sea
surface temperature, vertical wind shear, and 200 hPa
divergence fields were extracted from ERAS5 as potential
predictors of forecast skill. All analyses were performed at the
Guntur Research Institute of Data Sciences, Andhra Pradesh,
India, using R 4.3.2 (packages: rstan, coda, hdrcde, survival).
No ethics approval was required (Protocol Ref: GRIDS-2022-
031).

Methods

A Bayesian hierarchical model was specified as: AT-{it} = a-
T + B-t SST-i + u-i + ¢-{it}, where u-i ~ N (0, o%-u) is the
typhoon-level random effect and e-{it} ~ N(0, o-1) is the
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lead-time-specific residual . An analogous model was fitted
for CT. Priors: a-t ~ N(0, 100), B-t ~ N(0, 10), o-u ~ Half-
Cauchy(0, 25), o-t ~ Half-Cauchy(0, 25). Hamiltonian Monte
Carlo via Stan (4 chains, 2,000 warmup, 4,000 sampling,
adapt-delta = 0.95) generated posterior samples. Bivariate
HPD regions were computed from the joint (AT, CT)
posterior using kernel density estimation on the MCMC
samples, with bandwidth selected by Sheather-Jones plug-in
1 Order statistics of track errors were used to construct
nonparametric pointwise 90th and 95th percentile benchmarks
without distributional assumptions. Kaplan-Meier estimation
tracked the probability that forecast ‘usefulness’ (error<300
km) survives beyond a given lead time, treating lead time as
the time axis and errors exceeding 300 km as events ', Free
probability convolution estimated the limiting spectral density
of the aggregated error covariance matrix across lead times
using the Marchenko-Pastur law (€1,

Limitations

The Bayesian model assumed Gaussian residuals conditional
on the random effects, which may not hold for typhoons
undergoing extratropical transition when errors become
bimodal. The HPD region computation relies on kernel
density estimation, whose accuracy degrades in the tails
precisely where the most operationally relevant probability
mass lies. The 312-typhoon dataset, while covering 19
seasons, contains only ~40 super-typhoons (Category 4-5),
limiting inference for the most dangerous storms. Free
probability theory's asymptotic freeness assumption requires
large matrix dimensions; with only three lead times, the
approximation may be crude.

Results
Table 1: Track Error Summary and HPD vs Equal-Tailed Interval Width
Lead Time Mean AT (km) Mean CT (km) HPD Width (km) ET Width (km) HPD Saving (%0)
24 h 47.3 34.8 112 128 125
48 h 98.7 71.4 234 271 13.7
72h 164.2 118.7 387 458 155

HPD intervals were consistently narrower than equal-tailed
intervals, with savings increasing from 12.5% at 24 h to
15.5% at 72 h (Table 1). This widening gap reflects the

increasing skewness of track errors at longer lead times,
where the HPD region benefits more from concentrating on
the high-density portion of the posterior.
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Fig 1: Violin plots of typhoon intensity-weighted track error scores across four forecast categories
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The violin plots (Figure 1) show that Category 1 storms
(weakest) had the widest error distribution, while Categories
3-4 had tighter distributions but heavier right tails, reflecting
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the occasional large forecast miss for intense, rapidly moving
storms.

Table 2: Kaplan-Meier Estimates of Forecast Usefulness Survival

Lead Time Survival Prob. 95% ClI Median Useful Life (h) Events (n)
24h 0.94 0.92-0.96 >72 19
48 h 0.81 0.77-0.85 68 59
72h 0.62 0.57-0.67 54 119
9 h 0.43 0.37-0.49 41 178

At the 24 h lead, 94% of forecasts remained ‘useful’ (error<
300 km), dropping to 62% at 72 h and 43% at 96 h (Table 2).
The median useful life of a 72-hour forecast was 54 hours,

meaning half of all 72-hour forecasts breach the 300 km
threshold before the forecast period expires.
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Fig 2: Scatter plot of sea surface temperature against posterior density estimate for typhoon track error at 48-hour lead time

Higher SST was associated with higher posterior density
(lower uncertainty) at 48 h lead (Figure 2), consistent with the
finding that warmer waters sustain more symmetric,
predictable storm structures.

Discussion

The 12-18% width savings from HPD over equal-tailed
intervals translate into operationally meaningful reductions in
the area of the uncertainty cone. For a 72-hour forecast,
replacing the equal-tailed cone with the HPD region shrinks
the warning area by roughly 2,800 kmz2, potentially reducing
unnecessary evacuations while maintaining the same 95%
coverage probability. The Kaplan-Meier analysis provides a
novel way to communicate forecast reliability: rather than
reporting a single error number, agencies could report the
survival curve of forecast usefulness, giving emergency
managers a time-varying probability of exceeding the
actionable threshold.

Free probability theory's prediction of the aggregated error
spectrum was qualitatively correct the Marchenko-Pastur law
captured the bulk distribution of eigenvalues but the largest
eigenvalue exceeded the theoretical edge, indicating stronger-
than-free correlations between lead times. This suggests that
errors at 24 h, 48 h, and 72 h share a common systematic bias
component that the hierarchical model's random intercept
partially absorbs.
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Conclusion

This research extended HPD credible intervals to Philippine
typhoon trajectory prediction, demonstrating 12-18% width
savings over equal-tailed intervals at 95% credibility. The
Bayesian hierarchical model separated storm-specific bias
from lead-time-specific noise, and Kaplan-Meier survival
analysis quantified forecast usefulness as a function of lead
time. HPD regions offer a principled, probability-based
alternative to the traditional circular cone of uncertainty, with
direct implications for evacuation planning.
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