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Introduction

Modeling spatial dependence in large datasets is challenging, as nearby ob-
servations are correlated and classical independence assumptions fail. Gaus-
sian processes are flexible but limited by cubic computational costs. Among
scalable alternatives, the Vecchia approximation is attractive due to its con-
ditional likelihood formulation. We propose a Bayesian grouped Vecchia
method for complex, nonstationary spatial dependence with replicated data.
By partitioning locations into approximately independent blocks, we induce
a sparse, block-structured precision matrix, enabling fast, accurate inference
via conjugate regression. This reduces computational burden and improves
uncertainty quantification for large spatial problems.

Material and Methods

We consider multiple independent replications of a spatial process observed
at a set of ordered spatial locations. Each replication is modeled as a real-
ization from a zero-mean multivariate Gaussian distribution with a spatial
covariance matrix that captures the dependence structure among locations.
To enable scalable inference for large spatial datasets, the joint likelihood
is approximated using the Vecchia framework, which represents the joint
distribution as a product of conditional distributions based on a fixed num-
ber of nearest previously ordered neighbors. This approximation induces
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sparsity in the associated precision matrix and yields a modified Cholesky
representation, enabling the model to be reformulated as a sequence of inde-
pendent Bayesian linear regression problems. A fully Bayesian approach is
adopted, assigning conjugate normal—inverse-gamma priors to the regression
coefficients and the conditional variances. This formulation enables efficient
posterior inference through closed-form updates, while the remaining hyper-
parameters are estimated using an adaptive Metropolis—Hastings algorithm.
To further enhance computational efficiency and approximation accuracy, a
grouping strategy is employed that partitions spatial locations into disjoint
blocks and defines neighbor sets at the group level. By jointly computing
likelihood contributions within each group, the proposed grouped Vecchia
approximation reduces computational and memory costs while preserving
the conditional dependence structure, making it well-suited for large-scale
spatial covariance estimation.

Results and Discussion

The performance of the proposed approach was assessed through simulation
studies and real data analysis. Simulation results showed that the group-
ing strategy substantially reduced computational time while achieving lower
Frobenius norm errors in covariance and precision matrix estimation. In ad-
dition, posterior credible intervals obtained from the grouped approach were
consistently narrower, indicating more concentrated posterior distributions
and improved uncertainty quantification. These findings were further con-
firmed by analyses of real data using climate model outputs.

Keywords: Bayesian linear regression, Spatial covariance estimation, Condi-
tional independence, Grouping strategy, Vecchia approximation
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