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Abstract

Aiming at groundwater quality modeling, in the current study a method is
proposed to calculate the spatial structure of data within the modeling process.
This method incorporates the distance between observation points and the
estimation point as one of the model inputs. GBR, GPR, KNN, MLP, SVM, and
RF models were utilized. The models were trained and tested using groundwater
quality data obtained from 3058 wells for 4 neighboring observation wells, 2724
wells for 5 neighboring observation wells, 2080 wells for 6 neighboring
observation wells, 1364 wells for 7 neighboring observation wells, and 631 wells
for 8 neighboring observation wells, in a region covering the entire Qazvin
province in northwestern Iran. Two separate datasets were used comprising
information from the first and second six months of the year. The Mean Absolute
Error (MAE), R-squared (R?), Pearson correlation coefficient, and Root Mean
Square Error (RMSE) for models with four, five, six, seven, and eight
neighboring wells indicated the satisfactory performance of the Random Forest
(RF) model. This model performed exceptionally well in both training and
testing phases, exhibiting the lowest error and highest correlation. Although the
complexity and execution time of this model may be higher, its high accuracy
compensates for these drawbacks. Numerical results from the modeling showed
that the Random Forest (RF) model outperformed other models in most of the
examined scenarios. For instance in the scenario using four adjacent wells, the
model achieved an R? = 0.915, a correlation coefficient of 0.957, an MAE =~
156, and an RMSE ~ 326 during the testing phase. Furthermore, in the scenario
with five adjacent wells the RF model recorded an R? = 0.935and an RMSE ~
316, demonstrating its stability and high precision. The Gaussian Process
Regression (GPR) model, as the second most accurate model, achieved R?values
ranging from approximately 0.904 to 0.934 and RMSE values from
approximately 350 to 318 across the two six-month periods, showing relatively
stable performance. In contrast, the KNN and GBR models, despite providing
acceptable results, had higher errors compared to RF and GPR. For example, the
RMSE value for the KNN and GBR models in the four-adjacent-well scenario
was calculated respectively at around 407 and 461, indicating the relative
weakness of these models in reconstructing the spatial structure of electrical
conductivity. Overall, the average values of MAE, RMSE, R-squared, and
Pearson correlation coefficient demonstrated that the RF model offered the
lowest error and highest correlation in both training and testing stages. In the
best-case scenario, this model achieved an R? higher than 0.95 in the training
phase and an RMSE less than 270, indicating its high capability in modeling the
spatiotemporal patterns of electrical conductivity in the aquifer in the study
region. Although the computational complexity of this model is relatively higher,
the substantial accuracy and stability of the results fully compensate for this
downside.
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Fig. 1- Location of Qazvin province in Northwestern
Iran
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Table 1- Summary of groundwater quality parameters in Qazvin plain
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Table 2- Comparing the performance of models with 4, 5, 6, 7 and 8 neighboring wells in the first and second half of
the year in Qazvin province

Jl.w ©93 9 «Jﬁ‘ d&dﬁl&;’ ) G-ilb)-; bl> aals A 9 Y& b dlﬁd.&o D)SJA-C M&o -y JQJ«?

R-squared L earsen MAE RMSE  R-squared  Lcarson MAE RMSE Wells
Model correlation correlation

(Testing) (Testing) (Testing) (Testing) (Training) (Training) (Training) (Training)

MLP 0.873855761  0.935458731  234.2302694 401.4935318  0.905924227  0.952160621  208.4991646  350.8140232

KNN  0.872505221  0.93689659  198.1963206 406.9572488  0.89615763  0.949562431 173.9116161  367.4299735 4WFirst
RF 0915414152 0.957368654  155.8033001  326.3417902  0.942467967  0.970824048  135.0378161  274.4581239

GBR  0.835625719  0.918657566  294.2649975 461.1418344  0.867026313  0.935537322  275.2508975  417.6322367

GPR  0.904200194  0.951790591  157.5258192  349.5533518 0.945114432  0.97216743  130.8630756  268.1533679

MLP 0.873855761  0.935458731  234.2302694 401.4935318 0.905924227 0.952160621 208.4991646  350.8140232

KNN  0.872505221  0.93689659  198.1963206 406.9572488  0.89615763  0.949562431 173.9116161  367.4299735 4WSecond
RF 0915414152  0.957368654  155.8033001  326.3417902  0.942467967  0.970824048  135.0378161  274.4581239

GBR  0.835625719 0918657566  294.2649975 461.1418344  0.867026313  0.935537322 2752508975  417.6322367

GPR  0.904200194  0.951790591  157.5258192  349.5533518 0.945114432  0.97216743  130.8630756  268.1533679

MLP 0906163834  0.952992273  190.2349697  359.7736106  0.934077305  0.966587089  166.8246904  302.1278605
KNN  0.861477653  0.932287347  207.4170343  436.5750703  0.895591487  0.948786035 178.9636412  379.3436258
RF 0915801299  0.957891634  160.0150398  340.2879657  0.942177768  0.970670038  137.654738  282.9696737 SWFirst
GBR  0.867484668 0.9355358 268.2839747  427.7779961  0.893544579  0.948747803  250.121005 384.003974
GPR  0.903692867 0951551454  162.4779578 361.7848881  0.944554749  0.971881321  133.4008377 277.0731185

MLP 0918134744  0.958405808  180.2265057  353.7549092  0.946723209  0.973128859  153.0237222  287.1930086
KNN  0.871644291 0.935380331  207.711333  443.8696933  0.916602414  0.957859208  168.7589357  359.3208103
RF 0.934922418  0.967095796  148.6528325 316.2795661  0.952902619  0.976194669  127.4101156 269.9814702 5SWSecond
GBR  0.881285938  0.942029107  282.7124203  428.1931013  0.902353613  0.953374673  262.0262696  388.7970737
GPR 0933597326 0.966451901  146.7428737 317.7368121  0.955497241 0.977494986  122.872939  262.4565861

MLP  0.883911726  0.94156607 195.712522  418.9245854  0.93856061  0.968835974  163.1430729  311.5694506
KNN 0.8643339 0934176744  211.3524256  456.156165  0.907141002  0.954049156  179.7892435  383.0677407
RF 0.916242656  0.957463893  165.3668708  359.8945837  0.94241059  0.970797522  141.0829831  301.645121 6WFirst
GBR  0.890631707  0.945645658  244.1749527 413.0121551 0916721953  0.959481898  222.1998247  362.7748401
GPR  0.906126591  0.95248461 168.0409251  379.2806415  0.945976294  0.972610571  136.0288775  292.1130268

MLP 0909185566  0.955002743  195.3600487  394.4529868  0.945585766  0.97248522  166.0108278 309.7637
KNN  0.888381902 0.943894217 2053088714  443.3074197 0.909767496  0.955119504  175.7715166  398.593709
RF 0.931718691  0.965797187  153.4589533  344.8071327 0.952730113  0.976118077  130.5004024 288.7373718  6WSecond
GBR  0.901383102 0.951713171  253.7238999  414.814687  0.924210913  0.963369634  231.6169044  365.7314627
GPR  0.929860399  0.965001086  151.8254632 349.7128 0.955865741  0.977682896  125.7763093  279.0364394

MLP  0.895678968 0.947355114  184.1728298  398.1921501 0.923507752 0.961015973  158.7059467  342.5876525
KNN  0.798779213  0.910994594  228.5520917  545.6428855 0.858912105 0.937708423  193.4169848  463.5459623
RF 0.899697169  0.949728462  168.6563213  390.2625415  0.927577709  0.963119353  142.8324768  333.3564959 TWFirst
GBR  0.895456978  0.947464162  201.5573842 398.1633972  0.919632564  0.959392583  179.5264691 351.14814
GPR  0.892612594  0.946226241 169.5168766  403.163604 0.92949208  0.964098398  138.4151691  328.8756317

MLP  0.895678968 0.947355114  184.1728298 398.1921501 0.923507752  0.961015973  158.7059467  342.5876525
KNN  0.798779213  0.910994594  228.5520917  545.6428855 0.858912105 0.937708423  193.4169848  463.5459623
RF 0.899697169  0.949728462  168.6563213  390.2625415  0.927577709  0.963119353  142.8324768  333.3564959 7WSecond
GBR  0.895456978  0.947464162  201.5573842  398.1633972  0.919632564  0.959392583  179.5264691 351.14814
GPR  0.892612594  0.946226241 169.5168766  403.163604 0.92949208  0.964098398  138.4151691  328.8756317

MLP 0.826172719 0.912881999  259.5234715 542.4176813  0.88695363  0.941813452  211.1966972  453.7440229

KNN  0.726600038  0.898033492  317.875873  682.3643697 0.777108259  0.914378996  277.3436508  635.4189937 8WFirst
RF 0.838741344  0.920909384  239.2140559  526.047036  0.888667655  0.942692611  199.3999061  450.0860262

GBR 0.839919516  0.921225141 245.3056186  524.3930698  0.890882103  0.943917006  202.9426841  445.6858504

GPR  0.827864973  0.915401182 2355742559  543.2867012  0.892554545 0.944737143  189.924158  442.2702565

MLP 0.84938249  0.928105085  224.8396736  487.9222244  0.902731424  0.950154948  173.5337773  406.0312687
KNN  0.721139734  0.892183888  315.8907191  664.2698723  0.805186127  0.915962314  254.8661183  573.8160002
RF 0.862973223  0.934735055  207.9093099  469.9617812  0.901867167  0.949705112  171.6081757  407.9053833  8WSecond
GBR  0.866253763  0.935979052  210.1878015 463.5149262 0.905422314  0.951597477  172.3586583  400.3591924
GPR  0.838414102  0.92328085  214.1785001  505.2193836  0.906761951  0.952232812  162.5919365 397.5308084
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