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Introduction

Spatio-temporal data arise in fields such as climatology, air pollution, epi-
demiology, and environmental sciences. These data typically exhibit com-
plex dependence structures, nonstationarity, and skewness, which challenge
conventional statistical models. While Gaussian random fields are widely
used for spatio-temporal dependence, their symmetry and light-tailed as-
sumptions make them inadequate for asymmetric data. In addition, fully
Bayesian inference based on sampling methods can be computationally in-
tensive in high-dimensional settings. To overcome these limitations, we pro-
pose a novel framework that combines Bayesian Neural Fields (BNF) with
the Flexible Closed Skew-Normal (FCSN) distribution to model asymmet-
ric spatio-temporal data, improving predictive performance, flexibility, and
computational scalability within a coherent Bayesian framework.

Material and Methods

The proposed model follows an additive structure, decomposing the spatio-
temporal response into a nonlinear mean component and a stochastic resid-
ual process. The mean is modeled via a BNF, capturing complex nonlinear
relationships between spatial-temporal coordinates and covariates using a
Bayesian neural network with Gaussian priors on the weights. The residuals
are assumed to follow an FCSN distribution to accommodate skewness and
asymmetric variability. Spatial-temporal dependence is modeled through a
separable Matérn covariance function. Bayesian inference is performed us-
ing variational inference by maximizing the Evidence Lower Bound (ELBO),
with MCMC estimation implemented in simulation studies for benchmark-
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ing. The neural network includes two hidden layers with hyperbolic tangent
activation functions, balancing flexibility and computational stability.

Results and Discussion

Simulation studies under moderate and high skewness show that the pro-
posed BNF-FCSN model, estimated via variational inference, achieves lower
prediction error, near-nominal 95% credible interval coverage, and substan-
tially reduced computation time compared to the classical FCSN model es-
timated by MCMC. These advantages become more pronounced as skew-
ness increases. In the real-data application using ozone measurements, ex-
ploratory analysis reveals positive skewness and departures from Gaussianity.
Comparing the Gaussian BNF model with the FCSN-based BNF model indi-
cates that incorporating skewness improves predictive accuracy and enhances
predictive interval coverage. Overall, the results underscore the importance
of explicitly modeling asymmetry in environmental spatio-temporal data.

Conclusion

This study proposes a scalable Bayesian framework for asymmetric spatio-
temporal data by integrating Bayesian Neural Fields with the FCSN distribu-
tion. By decomposing the response into a nonlinear mean component and a
skewed stochastic process, the model maintains interpretability while increas-
ing flexibility. Variational inference enables efficient and stable parameter
estimation, reducing the computational cost associated with sampling-based
methods. Results from simulations and real data demonstrate improved
predictive accuracy and uncertainty quantification compared with Gaussian
and MCMC-based models. The framework applies to environmental, clima-
tological, and epidemiological studies and can be extended to nonseparable
covariance structures and time-varying skewness mechanisms.
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