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Index Value Drought condition
GRI>2 Extreme wet
1.5<GRI<2 Sever wet
1<GRI<1.5 Slight wat

-0.99 <GRI<0.99 Normal
-1.5<GRI<-1 Slight dry
-2<GRI<-15 Sever dry
GRI<-2 Extreme dry
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Fig. 8. Spatio-temporal changes of groundwater drought in the study area
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Table 2. The area of each of the groundwater drought classes and its changes during the study period

Year/Class Exterm Sever dry | Slightdry | Normal Slight wet Sever wet | Exterm
dry (km?) | (km? (km?) (km?) (km?) (km?) wet (km?)

1993 0.00 0.00 0.00 99.68 226.05 72.37 12.54
1994 0.00 0.00 0.00 52.44 302.21 56.03 0.00
1995 0.00 0.00 0.00 3741 373.28 0.00 0.00
1996 0.00 0.00 0.00 65.40 345.30 0.00 0.00
1997 0.00 0.00 0.00 65.29 342.55 2.84 0.00
1998 0.00 0.00 0.00 268.09 142.60 0.00 0.00
1999 0.00 0.00 0.00 354.10 56.58 0.00 0.00
2000 0.00 0.00 0.00 0.30 410.41 0.00 0.00
2001 0.00 0.00 0.95 409.75 0.00 0.00 0.00
2002 0.00 0.00 1.14 409.55 0.00 0.00 0.00
2003 0.00 0.00 0.00 410.66 0.00 0.00 0.00
2004 0.00 0.00 0.00 407.12 3.52 0.00 0.00
2005 0.00 0.00 0.00 410.64 0.00 0.00 0.00
2006 0.00 0.00 0.00 407.18 3.45 0.00 0.00
2007 0.00 0.00 3.13 401.26 6.18 0.00 0.00
2008 0.00 0.00 3.10 401.22 6.02 0.31 0.00
2009 0.00 0.00 2.95 406.49 1.25 0.00 0.00
2010 0.00 0.00 1.05 409.47 0.00 0.00 0.00
2011 0.00 0.00 8.55 402.08 0.00 0.00 0.00
2012 0.00 0.49 25.21 384.93 0.00 0.00 0.00
2013 0.00 4.50 39.44 366.72 0.00 0.00 0.00
2014 0.00 0.00 59.23 351.42 0.00 0.00 0.00
2015 0.00 3.84 226.23 180.51 0.00 0.00 0.00
2016 0.00 177.66 210.85 22.15 0.00 0.00 0.00
2017 0.34 198.06 197.39 14.88 0.00 0.00 0.00
2018 4.74 213.62 157.58 34.66 0.00 0.00 0.00
2019 11.56 297.58 70.47 30.93 0.00 0.00 0.00
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Abstract

A sharp drop in groundwater level as a result of indiscriminate extraction over a long period of
time leads to the drying up of groundwater flows, which is called the phenomenon of groundwater
drought. In this regard, this research aims to investigate the process of change and reduction of
groundwater level, which is characterised by the phenomenon of groundwater drought. Based on
this, the Groundwater Resource Index (GRI) was used to evaluate the drought condition of
groundwater and analyse its spatial and temporal patterns based on groundwater level data of 21
observation wells between 1993 and 2019. ArcGIS software was used to create zone maps. The
results of the research show that certain areas of the study area have experienced moderate to
severe drought since 2001. In addition, the GRI zonation maps show that the southern and south-
eastern regions of the aquifer have been more sensitive to drought than other parts of the aquifer
during the defined period. The spatio-temporal pattern of groundwater drought in the aquifer
shows that after a period of moderate drought from 2001 to 2003, the condition of the aquifer
improved slightly, and generally stable conditions were established from 2001 to 2010, but since
2011, the occurrence of drought has intensified and the aquifer has been in severe to very severe
drought conditions. These conditions highlight the need for careful attention and implementation
of management measures. One of the study's recommendations is to use satellite data on
groundwater levels to assess the progress of the drought, and compare it with the findings of this
study.

Keywords: Zoning, Drought, GIS, GRI, Observation well

Introduction
Natural intermittent droughts are caused by water shortages over a large area and period of time. All
droughts are abnormal. Any management plan must take into account the severity, duration and
quantity of the drought, and the development of each area must be proportionate to its resources and
limitations. The intensity of the drought is the most important factor. Because of their widespread
effects, successive droughts are worse than other natural disasters (Vicente-Serrano et al., 2020;
Chamanpira, 2022; Padréon-Monedero, 2024). Thus, the timing and location of droughts are
important. Understanding and predicting this can aid drought management. Most governments
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recognise that crisis management is pointless. Risk management is being studied to reduce drought
damage to society and future droughts (Wilhite et al., 2000; Kim et al., 2024). World leaders are
adapting to and mitigating natural disasters such as drought. Crisis and risk management should be
combined to address drought. Combine this method at different times (Wilhite, 2000; Abu Arra and
Sisman, 2024). Comprehensive drought management requires regional information from many
sectors, understanding of drought risks and adverse effects, sensitivity of the area under study, and
drought damage to take appropriate actions and decisions to mitigate risks. (Fatehi). Marj and
Hosseini Hosseinabadi (2017); Jedd and Smith (2023); Abu Arra and Sigman (2024). Drought risk
zoning and vulnerability maps are needed for comprehensive drought management. Quantitative
descriptive drought analysis requires precise indicators (da Silva, 2004; Zhang et al., 2022; Behfar,
2024). A quantifiable indicator that clearly shows the duration, severity and extent of drought is
useful. Hydrologists and meteorologists have developed drought indicators. Hydrological and
meteorological drought indicators are more important because they cause agricultural and socio-
economic drought. Vicente-Serrano et al. (2010) recommend Palmer's Drought Intensity Index
(PDsSI; calculated from precipitation and temperature data), McKee et al.'s Standardised Precipitation
Index (SPI), Byun and Wilhite's Effective Drought Index (EDI) and Standard Reservoir Supply Index
(SRSI) as important indices for drought assessment. Groundwater is one of the most important water
resources in the world and is severely affected by drought (Chamanpira et al., 2014; Kang and Sridhar,
2019; Abduljaleel, 2024), yet it has been ignored in many drought studies. Indiscriminate
groundwater extraction in various countries has drastically lowered groundwater levels (Peters et al.,
2006; Kaznowska, 2024). This decline is causing long-term groundwater deficits (Li and Rodell,
2015; El Bouazzaoui et al., 2024). Groundwater drought occurs when prolonged drought stress
damages this vital water supply (Huang et al., 2021; Petersen-Perlman, 2022; Chung, 2023).
Groundwater recharge, reservoir levels and groundwater discharge all decline during drought. The
most recent groundwater drought indicator is the GRI by Mendicino et al. (2008). This index uses
groundwater. Since the creation of this indicator, other studies have assessed groundwater deficits,
including Mohebbi Tafreshi et al. (2017). Spatial and temporal aridity and GRI of the Torbet Jam
Freeman Plain were determined using groundwater levels from 19 wells from 1995 to 2010. GRI has
been negative across the plain since 2008. Farzin et al. (2022) proposed to merge drought and
groundwater projections in Chaharmahal and Bakhtiari. Groundwater levels were simulated using
ANN, SARIMA and ARIMA. Finally, GRI was used to assess the drought. Over five years, the
drought would worsen, according to the statistics. In the Najaf Abad aquifer in Iran, Kamali and
Asghari (2023) used an SVM model to study the impact of drought on groundwater storage.
Meteorological and hydrological drought indices were used. The best indicators for aquifer modelling
were GRI and RDI drought index. SP1 and GRI were used by Sarkar and Chinnasamy (2023) for the
West Bengal aquifer in India. Over 85% of the wells were vulnerable to severe drought between 1996
and 2020.

Groundwater drought in a tiny low groundwater zone is studied here. Newly, GIS is used to study the
spatio-temporal trend of groundwater drought and the depth of monitoring wells.
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Materials and Methods
study area

The Hashtgerd aquifer is located in the middle of the Hashtgerd Plain in Alborz Province with UTM
zone 39N coordinates 452516-485208 north and 3984252-3962587 east with an area of 410 square
kilometres. The Hashtgerd aquifer receives 250 mm of precipitation annually (Nakhaei et al., 2024).
The gradient of the aquifer decreases from north to south, while surface and subsurface flows trend
from northeast to southwest (Bakhtiare Enayat et al., 2015; Nakhaei, 2023). From north to south,
sediments become finer and aquifer depths decrease (Sharifi et al., 2009; Rajaeian, 2024). Wells in
the southern aquifer are less efficient than those in the northern and eastern aquifers due to fine-
grained sediments (Shemshaki et al., 2011; Shahbazi, 2020). The study area is transferable from 100
to 3000 square metres per day (Qasemi and Balorchi, 2015; Ghodrati and Saeedpanah, 2019). The
Hashtgerd alluvial aquifer in the alluvial cone area is a free aquifer, which becomes a closed
multilayer aquifer towards the south. The lower confining layers have better groundwater quality than
the free layer. Miocene evaporite deposits in the southern plains have degraded surface water quality,
making it unsuitable for cultivation and drinking (Khoshlahjeh Azar et al., 2022). Hashtgerd has 1907
deep and 4754 semi-deep wells. 204 highland springs are studied. Figure 1 shows 21 observation
wells used by the Alborz Regional Water Organisation (ALBRW) to record groundwater levels on a
monthly basis. ALBRW also investigated 33 typical groundwater quality sources to assess chemical
quality. 24 deep wells, four semi-deep wells, two springs and three aqueducts are indicative of
groundwater quality. Most are alluvial and located on the plains of the region.

Input Data
As mentioned in the Study Area section, the average monthly groundwater level for 27 years (1993-
2019) in 21 observation wells was used to assess the groundwater drought of the aquifer.

Groundwater Resource Index (GRI)
The GRI technigue of Mendicino et al. (Mendicino et al., 2008) can identify groundwater droughts
and assess their severity (Azimi et al., 2019; Mobarhan and Zandifar, 2023). In equation 1, the average
groundwater level for the analysed period is subtracted from the groundwater level at a given time.
This number is then divided by the standard deviation of the groundwater level data throughout the
study period. Finally, the time-specific groundwater source index is calculated. Like the SPI index, it
has seven risk classifications and ranges from +2 to -2. High GRI values indicate excessive moisture,
while low GRI values indicate severe drought. This categorisation is centred on zero, the normal
condition.
Results and Discussion

The observation wells were examined to produce the GRI map for groundwater drought assessment
and spatio-temporal zoning. The variation of piezometers in the northern highlands is shown in
Figures 2 and 3. From 1993 to 2019, observation wells P1, P2, P7, P11 and P15 showed a decline of
almost 20 metres due to their depth (Lachassagne et al., 2011; Addisie, 2022). The piezometer depth
of the Hashtgerd aquifer is shown in Figure 3. After analysing the groundwater level data, the GRI
index of each piezometer was calculated using equation 1. Figure 4 shows the GRI range of each
piezometer throughout the investigation using box plots. These plots show the median as the centre
horizontal line of the box and the upper and lower limits as the halves of the bars. During the
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investigation, p6 with -2.47 and p19 with +2.49 had the lowest and highest GRI values of all the
monitoring wells. The piezometric groundwater drought variations are shown in Figure 5. All wells
have decreasing GRI values, indicating groundwater scarcity. This figure shows all observation wells
from 1993-2000 as damaged to normal. Since 2013, all observation wells have experienced moderate
to severe drought. This and more shows that p6 in 2019 and p19 (the last piezometer at the aquifer
outflow) in 1993 had the lowest and highest GRI values of all observation wells. ArcGIS 10.8 was
used to create spatial zoning maps of GRI using kriging (Figure 6). The southern regions of the aquifer
have better early wet conditions than other locations. Since 2001, the GRI trend has gradually shifted
from normal to drought, although it accelerated in the central and mostly eastern peak years of 2011-
2013 and 2014-2019. The drought has accelerated since 2011. Climate change and reduced rainfall
have accelerated the change. Nakhaei et al. (2024) confirm this.

Conclusions

Some areas of the aquifer have experienced moderate groundwater difficulties since 2001. Since
2013, the GRI of the plain has been negative due to drought. The GRI zone maps show that drought
risk is increasing in the southern and south-eastern parts of the plain. This suggests that drought risk
is significant in the arid regions, and without good management, the target areas may not recover or
may deteriorate. Example: Reviewing the basics. After the 2001-2003 drought, the plains stabilised
between 2001 and 2010. Dryer plains since 2011. The study area needs to effectively conserve and
use this region. This 10-year management plan predicts groundwater levels in the study area using
mathematical modelling. GRI should study and anticipate droughts. Others advise the use of satellite
groundwater data to analyse drought.
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