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Abstract

Background and Objective: Groundwater drought, defined as the persistent deficit in groundwater storage, is a major
subcategory of hydrological drought that directly affects drinking water, irrigation, and industry. The Central Plateau
of Iran faces chronic water stress due to climate variability and increasing.demand. Here we provide a basin-scale,
reproducible assessment of groundwater drought conditions and long-term groundwater storage anomalies (GWSA)
across the Central Plateau using the new G3P product, which integrates GRACE/GRACE-<FO gravity observations
with ancillary land-surface components. By relying on a spatially consistent 0.5% monthly dataset (April 2002—
September 2023), our analysis complements sparse in-situ monitoring and.reduces field costs, while enabling uniform
comparisons among sub-basins. Given the central role of groundwater in sustaining domestic, agricultural, and
industrial water use in this arid to semi-arid region, quantifying both trends and drought characteristics is essential for
risk-aware planning..

Materials and Methods: We analyzed monthly G3P data (0.5° resolution) for 16 April 2002—16 September 2023
from the G3P Data Portal. G3P estimates surface water storage components—soil moisture, surface water, snow/ice,
and vegetation water and computes groundwater storage by applying the tertestrial water balance to GRACE/GRACE-
FO total water storage. derived GWSA time series (mm water equivalent). for each sub-basin and calculated a
Groundwater Drought Index (GDI) by standardizing monthly GW SA.anomalies relative to a baseline climatology (z-
score). Drought classes were assigned using common thresholds (e.g., no drought to extreme drought). To quantify
trends, we estimated Theil-Sen slope; trend monotonicity and significance were tested with the non-parametric Mann—
Kendall (MK) test, reporting T and p-values. Total change (mm) was computed as slope (mm yr') times record length
(years). All processing was implemented in Python (time-series extraction, trend/GDI computation, and uncertainty
summaries).

Results and Discussion: The, Central Plateau basins of Iran exhibited statistically significant negative trend in both
GWSA and GDI during 2002-—2023Many basin time-series and GDI indicate widespread intensification of
groundwater deficit, particularly after 2016. Spatially, southern and central sub-basins—especially Abarkooh—Sirjan,
Tashk—Bakhtegan—Maharloo, and the Darreh Anjir desert—show the steepest losses, whereas northern sub-basins
(Semnan, Tehran, parts of Khorasan) display milder yet still negative trends. Seasonally, deficits peak from late winter
through spring, consistent with precipitation seasonality and increased withdrawals. Time-series GDI maps and plots
corroborate recurrent, prolonged groundwater drought episodes over the past decade. At the monthly scale, January,
February, March, April, May, June, and December show negative tendencies, with February (=~66.8 mm), March (=—
65.8 mm), and January (=54.8 mm) presenting the sharpest declines. Among basins, Salt Lake exhibits the weakest
decline (2.2 mm over the study period), while Abarkooh—Sirjan shows the strongest (~22.2 mm), consistent with
the trend table and horizontal bar-chart (Theil-Sen slopes with 95% confidence intervals). Overall Theil-Sen slope
reflecting an approximately linear, monotonic decrease with limited outlier influence—yet we emphasize Theil-Sen
+ MK for robust inference. Uncertainty is conveyed via 95% confidence intervals on slopes and MK p-values,
providing a transparent basis for comparing sub-basins. Because G3P operates at 0.5° and relies on a separation of
storage components, sub-grid pumping and leakage/partitioning errors may persist locally; nevertheless, the large-
scale, multi-basin consistency lends confidence to the regional signal.

Conclusion: Groundwater storage across the Central Plateau of Iran has declined persistentlysince 2002 , with marked
intensification after 2016 and no evidence of sustained recovery. The steepest, statistically significant losses are
concentrated in southern—central sub-basins (e.g., Abarkooh—Sirjan, Tashk—Bakhtegan—Maharloo, Darreh Anjir),



while northern basins also decline but at smaller rates. Routine use of satellite-based GWSA, complemented by a
standardized GDI and robust trend testing (Theil-Sen/MK), offers a cost-effective, reproducible framework for early
drought warning and strategic allocation in data-scarce settings. The combined table (trend statistics, uncertainties,
total change) and the horizontal bar-chart (slopes with 95% ClIs) furnish decision for prioritizing management actions,
with implications for irrigation scheduling, groundwater licensing, and drought contingency planning. Integrating this
framework with targeted well observations and abstraction records would further refine local attribution while
preserving the regional diagnostic power of G3P.
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1. GroundWater Storage Anomaly
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