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In recent years, the occurrence of drought has grown significantly in many countries. There is
a close relationship among different types of drought (meteorological, hydrological, and
hydrogeological), which involves their mutual influence and transformation. Groundwater is of
great importance for combating drought, drinking water supply, food production, and other
uses. In arid and semi-arid regions of the world, including Iran, the preservation and
management of groundwater resources are of paramount importance. Groundwater drought can
cause substantial damage to society and the economy and is usually closely related to
meteorological droughts. Investigating the dynamic propagation and the influencing factors in
the transition from meteorological drought to groundwater drought is useful for monitoring and
assessing groundwater drought risk. Therefore, understanding and examining drought
propagation is crucial for early drought warning. The aim of this study is to calculate the
propagation time between different types of drought using the Pearson correlation method in
Iran. In this research, meteorological, hydrological, and hydrogeological drought indices were
calculated using satellite data over a 20-year period. The results showed that meteorological
drought intensifies with increasing temperature and potential evapotranspiration in the central
region of Iran, leading to a stronger impact of meteorological drought on hydrological drought.
In high mountainous areas, the propagation time from meteorological to hydrological drought
is longer, which can be attributed to the phase change of precipitation from rain to snow during
winter and spring. Additionally, the propagation time from meteorological to hydrogeological
drought is noticeably longer than that from meteorological to hydrological drought, which is
due to the delayed response of groundwater resources to precipitation changes.
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Introduction

In recent decades, drought occurrence has grown significantly in many countries, emerging as one of the most devastating natural
phenomena with impacts on agriculture and the environment surpassing those of other natural disasters. Droughts are broadly classified
into four main categories: meteorological, agricultural, hydrological, and socio-economic, with close interrelationships enabling
transformation from one type to another. Groundwater resources are critically important for combating drought, supplying drinking water,
ensuring food production, and supporting economic development. In arid and semi-arid regions, including Iran, where average annual
precipitation is insufficient to meet water demands, sustainable groundwater management is paramount. Groundwater drought can cause
substantial socioeconomic damage including land subsidence, seawater intrusion, and permanent loss of storage capacity, and is closely
linked to meteorological drought. Understanding the dynamic propagation and influencing factors in the transition from meteorological to
groundwater drought is essential for monitoring, risk assessment, and early warning systems. Despite the recognized importance of drought
propagation, research on this phenomenon in Iran remains limited. The propagation from meteorological to hydrological drought involves
complex hydrological processes including evapotranspiration, soil moisture dynamics, and runoff generation, while the transition to
groundwater incorporates additional delays associated with infiltration, percolation, and aquifer storage. Various factors including climate
conditions, topography, geological characteristics, and land use influence propagation times. The identification of propagation patterns can
enable timely drought prediction, reduce agricultural losses, and support integrated water resource management. This study aims to
calculate the propagation time from meteorological drought to hydrological and hydrogeological drought across Iran's major watersheds,
employing satellite-derived data and Pearson correlation analysis to characterize spatial and temporal patterns and provide essential
information for drought monitoring and early warning systems in Iran's diverse climatic zones.

Methodology

This study utilized satellite-derived data from the Google Earth Engine platform over a 20-year period (2003-2022), with precipitation
data at 5-day temporal resolution and groundwater storage and surface flow data from GLDAS reanalysis products. Data were
converted to monthly time scales using MATLAB and overlaid using ENVI software. The Standardized Precipitation Index (SPI) was
calculated for meteorological drought based on the deviation of monthly precipitation from the long-term mean divided by the standard
deviation. Hydrological drought was assessed using the Streamflow Drought Index (SDI), calculated from cumulative streamflow
volumes across different hydrological periods. Hydrogeological drought was quantified using the Standardized Groundwater Index
(SGI) derived from groundwater storage anomalies. Drought propagation times were determined using Pearson correlation analysis
between drought indices across various time lags in 6 major watersheds and 6 climatic zones of Iran. The correlation coefficient method
was applied to quantify the relationship between SPI and SDI, and subsequently between SDI and SGI, generating spatial maps of
propagation time using ArcMAP software. This systematic approach enabled comprehensive analysis of drought propagation across
Iran's diverse physiographic and climatic regions.

Results and Discussion

The spatial analysis of drought propagation from meteorological to hydrological drought revealed distinct regional patterns across Iran.
The central region, encompassing the largest watershed with extensive plains and low-precipitation desert areas, exhibited the shortest
propagation time (2 months), where intense, short-duration rainfall events rapidly convert to surface runoff with minimal infiltration,
accelerating drought onset. Conversely, high mountainous regions showed significantly longer propagation times, attributed to
precipitation phase change from rain to snow during winter and spring, delayed snowmelt, and enhanced soil infiltration and baseflow
contributions. Analysis across six climatic zones demonstrated that propagation time from meteorological to hydrological drought was
shortest in very dry regions (approximately 2 months) and progressively increased in wetter climates, reflecting greater water storage
capacity and diverse hydrological pathways. The propagation from meteorological to hydrogeological drought was consistently longer
than the meteorological-hydrological transition across all regions, averaging 4-6 months due to the delayed response of groundwater
systems to precipitation changes, controlled by infiltration rates, vadose zone thickness, aquifer properties, and groundwater flow
velocities. The combined propagation maps indicated that groundwater storage responds substantially later than surface water systems,
with 68% of hydrogeological drought variance explained by meteorological drought, suggesting that additional non-precipitation
factors including temperature, evapotranspiration, and anthropogenic activities influence groundwater drought occurrence. These
findings highlight that short-term meteorological drought indices serve as appropriate indicators for hydrological drought assessment,
while long-term indices are more suitable for predicting groundwater drought conditions.

Conclusion

This study successfully quantified drought propagation times from meteorological to hydrological and hydrogeological droughts across
Iran's major watersheds using satellite data and Pearson correlation analysis. The results demonstrate that propagation time varies
considerably across different climatic and physiographic regions, with arid central areas exhibiting the shortest propagation
(approximately 2 months) due to rapid rainfall-runoff responses, while high mountains show longer propagation due to snow storage
and groundwater contributions. The time lag from meteorological to hydrogeological drought is consistently greater than the
meteorological-hydrological transition across all regions, reflecting the inherent buffering capacity and delayed response of
groundwater systems. These findings establish that short-term meteorological drought indices are more appropriate for predicting
hydrological drought, whereas long-term meteorological drought conditions better indicate groundwater drought development.
Understanding these spatiotemporal propagation patterns is crucial for developing early warning systems, improving water resource
allocation, implementing sustainable groundwater management, and enhancing drought preparedness across Iran's diverse climatic
regions. The study highlights the value of satellite-based monitoring and correlation analysis for characterizing drought propagation,
providing essential tools for water managers and policymakers to mitigate drought impacts and ensure water security.
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