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Future modeling must better integrate climate, hydrology, and crop growth, particularly in data-scarce,
climate-vulnerable regions. A review of climate-hydrological-crop modeling for Indonesian rice production
highlighted critical gaps in long-term observations, local cultivar data, and systematic calibration/validation, as
well as limited use of fully coupled multi-model frameworks. Bayesian multi-model ensemble methods applied to
Chinese rice regions showed that statistically combining multiple climate models can reduce bias in temperature,
radiation, and wind projections and provide more robust estimates of future yield, evapotranspiration, and
irrigation requirements. There is also strong scope for hybrid approaches linking process-based models with
machine learning and explainable AI. A recent study in China coupled DSSAT with random forests and SHAP
analysis to project rice yields under multiple SSP scenarios and to rank the relative influence of variables such as
growing degree days, shallow versus deep soil moisture, and precipitation regimes on yield. Global
meta-modeling across 8,703 process-model simulations similarly used machine learning to map yield change as a
function of climate and adaptation, revealing that for rice, cultivar choice is a dominant lever for avoiding large
losses, and demonstrating how statistical emulators can synthesize complex multi-model ensembles for risk
analysis.

Rice yield formation under changing temperature and water regimes is governed by interacting physiological
processes and management decisions that are only partially resolved in current models. Meta-analyses show that
rising temperature and altered precipitation generally reduce rice yields, but that elevated CO2 and adaptive
practices, including improved management, can offset part of these losses; however, the magnitude and direction
of impacts vary widely across models and regions. Probabilistic assessments and global meta-models further
indicate that without adaptation, most rice-growing areas face significant yield declines as global mean
temperature rises, while adaptation-particularly through cultivar choice and irrigation strategies-substantially
narrows projected losses. Going forward, credible prediction and decision support will require to reduce structural
and parametric uncertainty in ecophysiological models; embedding them in integrated climate-hydrological-crop
frameworks; and exploiting machine learning and ensemble techniques to quantify risk and design robust
adaptation portfolios. By explicitly representing temperature and water interactions, and by using improved data
and hybrid modeling strategies, next-generation rice yield models can more reliably guide climate-smart water
management, cultivar deployment, and policy for sustainable rice production under a warming and
water-constrained climate.
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