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Research Topic: Evaluation of climate change in saltwater intrusion.

Objective: In this study, the assessment of climate change adaptation strategies in
the Sari-Neka coastal aquifer was analyzed using the qualitative sustainability
index.

Method: The results of the climate simulation showed that the temperature and
precipitation in the region have increased. Given the characteristics of the region,
increasing temperature is effective in increasing the humidity of the region and
increasing precipitation. Quantitative simulation of the aquifer was performed
using the MODFLOW model, and to simulate the effect of saltwater intrusion in
the outlet section of the aquifer, quantitative and qualitative simulations were
performed simultaneously. Accordingly, the MT3DMs qualitative model was
used to simulate the chloride concentration at the surface, and the SEAWAT
model was used to simulate the concentration at the depth of the aquifer.

Results: The results obtained showed that in the current situation, there is
saltwater intrusion of 660 meters. The results of the aquifer simulation,
considering 3 release scenarios, showed that in the SSP 126 scenario, the invasion
rate was estimated to be 710 meters, in the SSP 245 scenario, the invasion rate
was 740 meters, and in the SSP 585 scenario, the invasion rate was estimated to
be 820 meters. Due to the increase in saltwater intrusion in the aquifer, 8
adaptation strategies were examined in the form of two issues: reducing aquifer
exploitation and increasing recharge to the aquifer. The results showed that the
strategies related to the outlet section of the aquifer had the most effects due to
the short distance, and the two strategies of reducing 30% of withdrawal from the
aquifer in the outlet section and artificial recharge in the outlet section had the
most effects compared to other strategies.

Conclusions: The results showed that the strategy of reducing 30% of withdrawals
in the outlet section of the aquifer led to a 53% improvement in the quality
sustainability index.
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Introduction
Water supply in Iran faces major challenges due to climate stress and unplanned development,

especially in coastal regions. Over-extraction of groundwater has disrupted aquifer balance, leading to
seawater intrusion. Climate change worsens the situation by reducing recharge and increasing water
demand. Effective coastal aquifer management under future climate scenarios is crucial.

Method
This study was defined and analyzed in five main steps:

Step 1: Study Area Assessment: The Sari-Neka aquifer in northern Iran, known for its agricultural
potential, has also seen significant industrial growth. In recent years, planned developments have
created challenges in meeting water demands for various uses.

Step 2: Development of a Numerical Groundwater Flow Model Using MODFLOW: A quantitative
simulation of the aquifer was performed using the MODFLOW model under both steady-state and
transient conditions.

Step 3: Groundwater Quality Modeling: Based on the concentration of quality parameters over
different periods, qualitative simulation was conducted using the MT3DMS model. Considering the
density difference between saline and fresh water, the three-dimensional SEAWAT model was used to
simulate the impact of density on groundwater quality behavior.

Step 4: Climate Change Simulation and Its Effects on Saltwater Intrusion: Based on existing studies, a
suitable climate model was selected. Downscaling was performed using data from the Sari synoptic
station to analyze future trends in precipitation and temperature.

Step 5: Remedial Strategies and Effectiveness Evaluation: After developing the quantitative and
qualitative models and assessing the impacts of climate change, remedial strategies were proposed and
analyzed to control saltwater intrusion.

Simulation of groundwater
A conceptual model of the Sari-Neka aquifer was developed as the first step in quantitative

groundwater simulation using MODFLOW in GMS v10. The model domain was discretized into
250%250 m grids with 5 vertical layers, and calibrated under steady and transient conditions from 2016
to 2020. Validation was done using groundwater level data from 2020-2021. For saltwater intrusion
simulation, SEAWAT requires prior MODFLOW and MT3DMS models. The qualitative model
focused on chloride concentration, with initial conditions based on field data and sea boundary values.
Parameters such as hydraulic conductivity, porosity, and dispersion were adjusted during calibration.
Chloride was selected as the key parameter for groundwater quality simulation due to its relation to
salinity changes in the coastal zone. The MT3DMS model was used for solute transport, and
SEAWAT was applied to simulate density-driven saltwater intrusion. SEAWAT combines
MODFLOW and MT3DMS to model 3D variable-density groundwater flow. The governing equation
considers freshwater head, salinity, porosity, and fluid density. Based on field data, the average saline
water density was 1013 kg/m* with 33 kg/m? salt concentration, resulting in a density—concentration
slope of 0.39.

Climate change
Climate change significantly affects the hydrological cycle, impacting groundwater recharge and

levels. Using IPSL-CM6A-LR and CNRM-CM6 climate models, temperature and precipitation were
simulated for 19902015, then downscaled with the Delta Change Factor method. Adjusted climate
data were projected for 2020-2040 to evaluate future impacts. These changes were incorporated into
MODFLOW by updating recharge and boundary conditions. The groundwater table response was then
assessed under different climate scenarios.
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Results

Future Climate Assessment: Climate models IPSL-CM6A-LR and CNRM-CM6 project increased
temperature and precipitation in the Sari-Neka region from 2021 to 2040 under three scenarios,
potentially impacting the hydrological cycle.

Quantitative Groundwater Simulation: MODFLOW modeling of the aquifer’s coastal outlet showed
groundwater flow from south to north toward the sea, with good calibration accuracy (RMSE < 1m).
Hydraulic conductivity and specific yield decrease toward the coastal area, where high permeability
supports significant flow. Qualitative Simulation and Saltwater Intrusion: MT3DMS and SEAWAT
simulations indicated chloride concentration increased notably in the aquifer center, with saltwater
intrusion extending 660 m over 5 years due to heavy groundwater extraction.

Climate Change Effects on Groundwater: Simulations considering climate impacts predicted
groundwater table declines of 0.57 m to 1.89 m, enhancing saltwater intrusion risks and salinity
increases in the coastal zone. Saltwater Intrusion under Climate Scenarios: Saltwater intrusion length
increased from 660 m (current) up to 820 m in the most severe climate scenario (SSP 5.8.5),
threatening water quality and well usability. Adaptation Strategies: Reducing groundwater withdrawal
by 5-30% and implementing artificial recharge (2-6.6 million m?*/year) were evaluated. Results show
that withdrawal reduction near the coastal outlet combined with recharge provides the greatest
improvement in saltwater intrusion control, increasing the quality stability index up to 53.5%.

Conclusions

Saltwater intrusion has significantly increased in coastal areas due to intensified development and
groundwater exploitation. This disrupts subsurface flow gradients, reducing and sometimes reversing
hydraulic gradients, which enhances saltwater intrusion. This study investigated saltwater intrusion in
the Sari-Neka coastal aquifer and climate change impacts through numerical modeling. Results
showed groundwater level declines between 0.57 m and 1.89 m under various climate scenarios, with
increased precipitation and temperature affecting recharge. Saltwater intrusion was simulated up to
660 m currently, extending to 710-820 m under future climate scenarios, threatening groundwater
quality and usability. Eight adaptation strategies focused on reducing withdrawals and increasing
recharge were evaluated, revealing that a 30% reduction in extraction at the aquifer outlet can reduce
saltwater intrusion by up to 53%, highlighting the critical sensitivity of the coastal zone for
management.
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Model Scenarios JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Annual
SSP1.2.6 794 724 956 425 312 30.1 268 361 72.1 110.8 1234 902 810.6
CNRM-CM6 SSP2.4.5 751 688 924 468 348 30.6 252 352 702 1083 119.7  88.1 795.2
SSP585 732 641 912 497 372 312 245 344 699 1069 1166 843 783.2
Base (2000-2019) 718 675 829 471 29 265 262 338 646 1078 114 799 7511
0C —o1,] 593 (gl IPSL-CMGA-LR Jo cilisco (slags jliw ot dilalo awgio polio ¥ Joio
Model Scenarios JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Annual
SSP1.26 39 46 7.3 109 166 207 239 237 209 158 10 6 13.7
IPSL-CM6A-LR ~ SSP2.4.5 4 4.8 7.4 11 16.7 208 241 238 21 159 10.1 6.1 13.8
SSP5.85 42 49 7.5 112 168 209 243 239 21.1 161 10.2 6.2 13.9
Base (2000-2019) 37 45 7.5 112 167 209 233 235 209 156 9.5 5.4 13.55
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Error index Steady model Un steady model Verfication model
Mean Error -l 4,Sike 0.37 0.56 0.71
Abs M Error -l lhs ,Sils 0.45 0.65 0.8

RMSE s layyo 55ike 0.61 0.72 0.85
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Scenarios JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SSP12.6 -734 735 736 -734 -132 73 728 -727 727 125 -122 -7.24
SSP24.5 738 739 741 74 738 -735 731 -732 73 <727 724 -729
SSP5.85 742 744 746 745 742 74 74 741 74 735 734 2737
Baseperiod -7.28 -7.29 731 73 727 724 723 722 722 721 -7.19 -7.21
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