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Research Topic: Trivariate Uncertainty Analysis of Hydro-Climatic Drought
Risk Using Bootstrap Method (Case Study: Esteghlal Dam Basin, Minab).

Objective: The main objective was to develop a trivariate uncertainty framework
for analyzing hydro-climatic drought in the Esteghlal Dam watershed (Minab),
by integrating meteorological and hydrological drought indices and predicting
conditional probabilities of drought severity under varying conditions.

Method: Monthly precipitation and runoff data (1991-2021) were standardized
using the Gamma distribution. A Joint Drought Index (JDI) was derived by
combining the Standardized Precipitation Index (SPI) and the Standardized
Runoff Index (SRI). Copula functions from Archimedean and elliptical families
were applied to capture dependence among drought variables. Maximum
Likelihood Estimation (MLE) was used for parameter estimation, and the Sn
goodness-of-fit test was employed to identify optimal copula models. Finally,
trivariate conditional probabilities of drought severity were estimated, and
bootstrap resampling was used to quantify the associated uncertainty.

Results: The Gumbel copula provided the best fit for modeling the dependence
structure between severity, duration, and magnitude. Results showed that
increasing drought duration led to higher severity, while reducing conditional
probability (longer return periods) decreased severity. For example, at a 10-year
return period (CP = 0.1), when duration = 20 months and magnitude = 0.33,
severity was 2.47; with magnitude increased to 2.87, severity rose to 17.1.
Conversely, reducing conditional probability from 0.2 to 0.005 lowered severity
from 5.1 to 0.7. The most severe recorded drought exhibited severity = 93,
duration = 31 months, and magnitude = 2.87.

Conclusions:

The study confirms that extreme droughts become less frequent as return periods
increase, yet they can be significantly more severe. The proposed trivariate
uncertainty framework, combining copula modeling and bootstrap analysis,
provides a robust tool for assessing drought risks under uncertainty. This
approach enhances understanding of drought dynamics and offers valuable
insights for water resource management and early-warning systems in arid and
semi-arid regions.
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Background and Objective

Drought is a complex hydro-climatic pnenomenon that requires comprehensive statistical approaches to
properly assess its frequency, severity, and impacts. The present study aimed to perform a trivariate
uncertainty analysis of drought risk in the Esteghlal Dam Basin, Minab, by integrating meteorological
and hydrological drought indices. The main objective was to investigate the joint behavior of drought
severity, duration, and magnitude under different return periods while quantifying the uncertainty of
predictions using the bootstrap method.

Methodology

Monthly precipitation and runoff records (1991-2021) were standardized through Gamma distribution
and used to derive the Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI).
These were integrated into a Joint Drought Index (JDI) to represent hydro-meteorological drought
conditions. Drought attributes sseverity, duration, and magnitude were extracted, and their dependence
structures were modeled using copula functions from Archimedean and elliptical families. Maximum
Likelihood Estimation (MLE) was employed for parameter fitting, and the best copula models were
selected based on the Sn goodness-of-fit test. To assess reliability, bootstrap resampling was
implemented, allowing the construction of confidence bands for conditional probabilities of drought
severity under various durations and magnitudes.

Results

The analysis confirmed significant interdependence between drought variables, with the Gumbel copula
providing the most robust fit. Results revealed that increasing drought duration consistently leads to
higher severity, while lower conditional probabilities (equivalent to longer return periods) correspond
to reduced severity levels. For instance, at a 10-year return period (CP=0.1) with magnitude = 0.33 and
duration = 20 months, severity was estimated as 2.47; increasing magnitude to 2.87 raised severity to
17.1. Similarly, reducing CP from 0.2 to 0.005 (longer return periods) decreased severity from 5.1 to
0.7 for fixed conditions. The most extreme recorded drought exhibited severity = 93, duration = 31
months, and magnitude = 2.87. Bootstrap-based uncertainty analysis indicated that confidence intervals
widened as drought intensity increased, highlighting the importance of resampling in risk quantification.

Conclusions

The study demonstrates that copula-based multivariate models, combined with bootstrap resampling,
provide a powerful statistical framework for assessing drought risk. The results emphasize that longer
droughts tend to be more severe, yet extreme droughts are rarer and associated with greater uncertainty.
The proposed approach can improve the design of drought monitoring and early-warning systems,
offering valuable insights for water resource planning in arid and semi-arid regions.

Novelty and Contribution

1. Integration of SPI and SRI into a joint drought index (JDI) to capture both meteorological and
hydrological components.

2. Application of trivariate copula functions to model severity, duration, and magnitude
simultaneously.

3. Quantification of prediction uncertainty through bootstrap-based confidence intervals.

4. Provision of practical tools for water managers to design drought preparedness strategies under
uncertain hydro-climatic conditions.
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