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Extended Abstracthttps:
Introduction
Groundwater resources play a vital role in sustaining socio-economic development, particularly in arid and semi-

arid regions where surface water is scarce. In recent decades, these resources have come under increasing stress
due to climate change, prolonged droughts, and unsustainable abstraction. The vulnerability of aquifers to drought
has therefore become a central issue in water resources management and policy-making. The resilience, reliability,
and vulnerability (RRV) framework provide a robust means to assess the performance and sustainability of
groundwater systems under hydrological stress. This study focuses on evaluating the groundwater resources of the
Dehgolan plain, located in Kurdistan Province, Iran, to determine their vulnerability, reliability, and resilience in
the face of recurrent droughts. The Dehgolan plain is one of the most important agricultural zones in the region,
yet it has experienced significant groundwater decline over the past few decades. Continuous extraction for
irrigation, coupled with reduced precipitation and recharge, has led to critical drops in groundwater levels and
deterioration in aquifer storage. Using long-term hydrological and meteorological data, this research aims to (1)
quantify the temporal and spatial variations of drought intensity and duration, (2) assess groundwater system
behavior during drought events, and (3) evaluate overall aquifer performance through the RRV indices. The results
provide a scientific foundation for improving groundwater management strategies in drought-prone regions.

Materials and Methods
The study area encompasses the Qorveh—Dehgolan plain in eastern Kurdistan Province, bounded by latitudes

34°56' to 35°02' N and longitudes 47°07' to 47°24' E. The region is characterized by a cold semi-arid climate with
an average annual precipitation of approximately 350 mm and average temperatures ranging from —23°C to 41°C.
The study utilized data from seven meteorological stations and 54 observation wells covering the 1977-2022
period. Drought assessment was performed using two major indicators: The Standardized Precipitation Index (SPI)
for meteorological drought and the Groundwater Resource Index (GRI) for hydrogeological drought. SPI values
were calculated for 6- and 12-month timescales using gamma probability distribution fitting. GRI was derived by
standardizing deviations of monthly groundwater levels from their long-term means, thereby reflecting
groundwater storage anomalies. Reliability (Rel) represents the probability of the system being in a satisfactory
state, Resiliency (Res) measures the speed of recovery after a drought, and Vulnerability (Vul) quantifies the
magnitude of failure when the system departs from acceptable conditions.

Results and Discussion

The SPI analysis revealed alternating wet and dry cycles, with severe droughts during 1977-1981, 1987-1992,
and 1997-2001. SPI values ranged from —1.8 to +1.8, indicating alternating meteorological extremes and a general
decline in precipitation after 1990. The GRI results showed continuous groundwater depletion, particularly in the
central and eastern zones of the plain, where water-level declines exceeded 20 m. Average drought duration varied
between 1.5 and 3.5 months, while 16-32% of the observation wells experienced recurrent droughts. RRV
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indicators quantified system performance under drought stress. Reliability values ranged from 0.91 to 0.94 (mean
0.92), showing that the aquifer remained in a satisfactory state most of the time. Resilience ranged between 0.72
and 0.95 (mean 0.82), reflecting moderate recovery capacity after drought. Vulnerability values varied from 0.23
to 0.39 (mean 0.31), signifying moderate failure magnitude. The composite RRV index averaged 0.62 based on
SPI data and 0.68 using GRI data, representing a moderately stable yet declining system. Spatially, higher RRV
values occurred in northern sectors, while central and southern zones exhibited reduced resilience and higher
vulnerability. Overall, the findings indicate that although the Dehgolan aquifer retains moderate reliability, its
recovery capacity has weakened due to prolonged overexploitation and limited recharge. These results align with
previous research in western Iran, confirming that unsustainable groundwater abstraction combined with persistent
droughts is reducing aquifer stability and resilience.

Conclusion
The integrated analysis of meteorological and groundwater droughts in the Dehgolan plain demonstrates that the

aquifer system is under increasing pressure, primarily driven by climatic variability and excessive abstraction. The
combined use of SPI, GRI, and RRV indices proved effective in identifying spatial and temporal patterns of
groundwater vulnerability and in quantifying the system’s performance under drought stress. The mean reliability
value (~0.92) indicates that the groundwater system generally maintains acceptable performance, but the moderate
resilience (=0.82) and vulnerability (=0.31) highlight limitations in recovery capacity and the potential for further
degradation if current extraction rates persist. The RRV index values (0.62—0.68) collectively suggest a moderately
stable yet increasingly fragile system. To enhance groundwater sustainability, it is essential to implement adaptive
management strategies such as controlled abstraction, artificial recharge, improved irrigation efficiency, and
continuous monitoring of groundwater levels. The results of this study provide a quantitative foundation for
policymakers and regional planners to develop drought mitigation frameworks and long-term groundwater
management plans aimed at preserving aquifer resilience and reliability under future climatic uncertainties.
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Figure 4. SPI-12 time series for stations in the
Qorveh—Dehgolan Plain over the 1377-1401 period:
(a) Dehgolan; (b) Salavat Abad.
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Figure 5. Drought characteristics of piezometric wells in the

Qorveh—Dehgolan Plain during the 1377-1402 period: (a)
duration; (b) frequency.
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Figure 6. RRYV index at meteorological stations across the
Qorveh—Dehgolan Plain over the 1377-1402 statistical
period.
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Table 2. Results of the RRV analysis for meteorological
stations in the Qorveh—Dehgolan Plain over the 1377-1402

period.
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Figure 9. Vulnerability analysis of piezometric wells across
the Qorveh—Dehgolan Plain over the 1377-1402 statistical
period.
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Figure 10. RRYV analysis of piezometric wells across the
Qorveh—-Dehgolan Plain over the 1377-1402

o8 s > Jlo Y8 b RRV asls o+ S5 b
Gl & xe oyl & gy Cglate +/AV L /YA M
B3 g bawgie Bblie (S > ml cubs Gblie (B
IEA das s> S sl bawgie yobo 4 RRV .ol YL 5blie
ST oo 8BS (5o yiog5es 41 bogspo RRV (3 it 092
Fogin 4 by RRV Jlde (565 55Ul 0555 (sl
3 (S3STy ol g obl Jle g 5y 05 ( JB cologl slo
GIsb 3 e gl ib Yiisl RRV asls

ol iy 5 (Sidgione Jolss b Gl 5 o)

ol Cabd Calisee bl (0 Suojpms

& 35 ot €

slo Sig ¢GRI ¢SPL clo jo3ls ool cowd 4 @l
P Sl plEl cer oo )lKal, s RRV (sl 5 JluSis
Do oo D)l oS Ly 4y MRad—0g,8 Caid

4 WY g WAS gla Jlo 0 SPI polie (i 9 cppipS —
dixio mBy wad o Ll g Cunl 039 VA 5 VOO sy
9y Soll 0)9> Jgb p> calisee (clacsnis g laoygd b  JluSiis
3 )5 b cov 1y O glio Wlg o g sl 03l

SSid p 7YY dawgio JuSid > b jrogi 51 745/0 d9an —
S0 oS wilanly )18 s s JWSis 37 V/A 390 g bk
Cudd bz slaizy p JSds Gglie cud g (SuSTy
G

Oliebol Colils 3 YU s dilate plos SPI adls yoluwl y3—
JAY cund JS elp o nhe g AT B /ANy amd o oL ],



Y U YA Olbxio ‘\ZOOJL\» Al b)LowS At 0,93 /Jlbgui L—gﬁ_.}agd)udé& Ag,aw.' /0‘)&0&5 lg_a’b"o 9

References

Abbasi, F., Farzadmehr, J., Chapi, K., Bashiri, M. &
Azarakhshi, M. (2016). Spatial and Temporal
Variations of Groundwater Quality Parameters in
Qorveh- Dehgolan Plain and Its Relationship
with Drought. Hydrogeology, 1(2), 11-23. [In
persian]. doi: 10.22034/hydro.2016.5002.

Babaousmail, H., Ayugi, B. O., Hammad, Z., Alupot,
D., Posset, K. R., Mumo, R., & Rajasekar, A.
(2024). Quantifying drought impacts based on
the reliability—resiliency—vulnerability
framework over East Africa. Climate, 12(7), 92.
doi: 10.3390/cli12070092.

Behboudian, M., Anamaghi, S., Mahjouri, N., &
Kerachian, R. (2023). Enhancing the resilience
of ecosystem services under extreme events in
socio-hydrological systems: a spatio-temporal
analysis. Journal of Cleaner Production, 397,
136437. doi: 10.1016/j.jclepro.2023.136437.

Booysen, F. (2002). An overview and evaluation of
composite indices of development. Social
indicators research, 59(2), 115-151. doi:
10.1023/A:1016275505152.

Cutter, S. L., Barnes, L., Berry, M., Burton, C., Evans,
E., Tate, E., & Webb, J. (2008). A place-based
model for understanding community resilience to
natural disasters. Global environmental change,
18(4), 598-606. doi:
10.1016/j.gloenvcha.2008.07.013.

Faragher, T. P., & Carden, K. (2023). Groundwater
governance for improving city water resilience in
Cape Town, South Africa. Frontiers in
Sustainable  Cities, 5, 1062661. doi:
10.3389/frsc.2023.1062661.

Hashimoto, T., Stedinger, J. R., & Loucks, D. P.
(1982). Reliability, resiliency, and vulnerability
criteria for water resource system performance

evaluation. Water resources research, 18(1), 14-
20. doi: 10.1029/WR018i001p00014.

Ismayilov, R., & Suleymanov, F. (2024). Water
Resilience Under Climate Change in Azerbaijan.
Geo Journal of Tourism and Geosites, 53(2),
677-686. doi: 10.30892/gtg.53231-1243.

Izady, A., Davary, K., Alizadeh, A., Moghaddam Nia,
A., Ziaei, A. N., & Hasheminia, S. M. (2013).
Application of NN-ARX model to predict
groundwater levels in the Neishaboor Plain, Iran.
Water Resources Management, 27(14), 4773-
4794. doi: 10.1007/s11269-013-0432-y.

Keys, P. W., Porkka, M., Wang-Erlandsson, L., Fetzer,
L., Gleeson, T., & Gordon, L. J. (2019). Invisible
water security: Moisture recycling and water
resilience. Water Security, 8, 100046. doi:
10.1016/j.wasec.2019.100046.

Lu, Y., Cai, H., Jiang, T., Sun, S., Wang, Y., Zhao, J.,
. & Sun, J. (2019). Assessment of global
drought propensity and its impacts on
agricultural water use in future climate scenarios.
Agricultural and Forest Meteorology, 278,
107623. doi: 10.1016/j.agrformet.2019.107623.

Mafakheri, O., Sh, K., Shamsipour, A. A., & Kermani,
A. (2015). Drought analysis using NDVI index
in Qorveh and Dehgolan plains. Journal of
Applied Research in Geographical Sciences,
41(16), 94-717. [In Persian]. doi:
20.1001.1.22287736.1395.16.41.4.7.

McKee, T. B., Doesken, N. J., & Kleist, J. (1993,
January). The relationship of drought frequency
and duration to time scales. In Proceedings of the
8th Conference on Applied Climatology (Vol. 17,
No. 22, pp- 179-183). URL:
https://climate.colostate.edu/pdfs/relationshipof
droughtfrequency.pdf.

Mendicino, G., Senatore, A., & Versace, P. (2008). A
Groundwater Resource Index (GRI) for drought
monitoring and forecasting in a Mediterranean
climate. Journal of Hydrology, 357(3-4), 282-
302. doi: 10.1016/j.jhydrol.2008.05.005.

Mishra, A. K., & Singh, V. P. (2010). A review of
drought concepts. Journal of hydrology, 391(1-
2), 202-216. doi: 10.1016/j.jhydrol.2010.07.012.

Nasrnia, F., & Ashktorab, N. (2021). Sustainable
livelihood framework-based assessment of
drought resilience patterns of rural households of
Bakhtegan basin, Iran. Ecological
Indicators, 128, 107817. doi:
10.1016/j.ecolind.2021.107817.

Peters, E., Torfs, P. J. J. F., Van Lanen, H. A., & Bier,
G. (2003). Propagation of drought through
groundwater—A new approach using linear
reservoir theory. Hydrological
processes, 17(15), 3023-3040. doi:
10.1002/hyp.1274.

World Water Assessment Programme (United
Nations). (2009). The United Nations world
water development report (No. 3). UNESCO
Pub. ISBN: 978-92-3-104095-5, 978-1-84407-
840-0, 978-89-8225-791-9.



ay e b dglge )3 (Foj 5 O qalie (5 y9I0U 5 (liaeb! Clild (g iyl (o

Sadeghi, S. H., Hazbavi, Z., & Gholamalifard, M. the Standardized Precipitation
(2019). Interactive impacts of climatic, Evapotranspiration Index (SPEI). Water and
hydrologic and anthropogenic activities on Soil, 37(3), 473-486.doi:
watershed health. Science of the Total 10.22067/jsw.2023.81322.1257.
Environment, 648, 880-893. doi:
10. 1016/j.scit0tenv.2018.08.004. Vrba, J., & Verhagen, B.T. (201 1) Groundwater for
emergency situations: a methodological guide.
Scanlon, B. R., Fakhreddine, S., Rateb, A., de Graaf, URL:
L., Famiglietti, J., Gleeson, T, ... & Zheng, C. https://unesdoc.unesco.org/ark:/48223/pf000019
(2023). Global water resources and the role of 2182.
groundwater in a resilient water future. Nature ) )
Reviews Earth & Environment, 4(2), 87-101. Yousefi, M. E.., & Zandifar, .S. (2023). Zoning of
doi: 10.1038/s43017-022-00378-6. changes in the decreasing groundwater table and
temporal monitoring of drought in the Ghorove-
Torabinezhad, N., Zarrin, A., & Dadashi-Roudbari, A. Dehgolan plain. doi:
A. (2023). Analysis of different types of 20.1001.1.24235970.1402.11.1.2.8.

droughts and their characteristics in Iran using



