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Objective: Groundwater resources in arid and semi-arid regions of Iran, including the
Ghazvin Aquifer, are increasingly affected by overexploitation and climate change. This
study aims to provide a spatial multivariate assessment of contamination in the Ghazvin
Aquifer by using the Groundwater Quality Index (GWQI) in 28 pizometers and Copula
functons.

Method: Text. Text. Authors are encouraged to use Al for grammar checking to enhance
derived from eleven hydrochemical parameters: Na*, K*, Mg?*, Ca?', SO+*", Cl", HCOs",
pH, TDS, EC, and TH. Six copula families—Gaussian, Student’s t, Clayton, Frank, Joe,
and Ali-Mikhail-Haq (AMH)—were applied. The dataset included observations from 28
piezometers distributed across the Ghazvin Plain over the period 2006-2022. Using data
from multiple piezometers, copula functions were employed to investigate the
spatiotemporal characteristics of the contamination index across the study area.

Results: The results showed that the AMH, Clayton, and Frank copulas provided the best
performance. The joint return periods, Tano=11.11 years and Tor=1.73 years, showed a
6.4-fold difference, confirming that univariate approaches systematically underestimate
risk.

Conclusions: The findings suggest that conditional copula functions can be effectively
used for probabilistic spatiotemporal assessment of groundwater contamination risk in
aquifer systems
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Introduction
Increasing pressures from agricultural activities, urbanization, over-extraction, and anthropogenic
pollution have intensified concerns about groundwater quality (Noori et al., 2023). Water quality
indices, such as the Groundwater Quality Index (GWQI), are widely used to aggregate multiple
parameters and classify aquifer conditions. However, conventional index-based assessments often
assume independence among monitoring wells and neglect the spatial and statistical dependence
inherent in aquifer systems (Mirabbasi et al., 2012; Seifian et al., 2026). To address this limitation,
multivariate probabilistic approaches likr Copula fanctions have been increasingly adopted. Copula-
based models enable estimation of joint and conditional probabilities of high-risk index values across
multiple piezometers. Despite recent advances, the integrated application of GWQI, copula functions,
conditional probability, and joint return periods for monitoring-network-based groundwater risk
assessment remains limited. Therefore, this study aims to (1), (2), and (3) estimate joint probabilities
and return periods under AND and OR scenarios to support sustainable aquifer
management.implications.

o compute GWQI for 28 piezometers in the Qazvin Plain.

o identify appropriate marginal distributions and best-fitting copulas.

o estimate joint probabilities representing the simultaneous contamination of each pair of
piezometers.
o estimate return periods under AND and OR scenarios to support sustainable aquifer.

Method
Groundwater quality index

The Groundwater Quality Index (GWQI) is one of the most widely used quantitative tools for
the integrated assessment of groundwater quality status. This index is a time-varying variable,
which was extracted as a 16-year time series (2006-2022) for each of the 28 piezometers using
below equation:
1/,

2.(1/s,)

where C; is the measured concentration of the i-th parameter (mg/L), Si is the permissible standard value
of the same parameter according to WHO guidelines, w; is the normalized weight, with the sum of all

weights equal to 1, and q; is the quality rating of the i-th parameter. Here, 11 time-varying groundwater
quality parameters (Na* K* Mg* La*" SO+ ClI- HCOs™ pH .TDS EC ,TH), were used to calculate

the GWQI.

GWQI = > w; q;[%jxloo; W, =

Copula method framework

Copula theory provides a flexible framework for modeling the dependence structure between random
variables independently from their marginal distributions (Sklar, 1959; Nelsen, 2006). According to
Sklar’s theorem, the joint distribution of two variables can be expressed as a copula function that links
their marginal cumulative distribution functions (CDFs). For two variables X and Y with marginal
distributions Fx(x) and Fy(y), the joint distribution is written as:

Fe (X, ¥)=C(Fy (x),F, ()
where C(-) is the copula function describing the dependence structure between the variables.

Conditional copula functions were used for the spatial analysis of GWQI. These functions make it
possible to describe the relationship between GWQI values in different wells in a probabilistic
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framework. This analysis indicates the probability that, if the GWQI of piezometer i exceeds a threshold
a, the GWQI of piezometer j will also reach or exceed the same threshold. Conditional probability was
therefore applied to evaluate the spatial dependence of risk among the 28 piezometers. The conditional
probability that variable Y exceeds a threshold y given that X exceeds a threshold x can be derived from
the copula function as:

1-F (%) -F (y)+C(F (). K (¥))
1- I:x (X)

This formulation allows researchers to quantify how the occurrence of a critical condition at one
location influences the likelihood of a similar condition at another location. In groundwater monitoring
networks, conditional copulas help identify strongly connected piezometers and reveal spatial
propagation patterns of contamination risk.

P(Y>y|X >x)=

Joint Return Period
Return period is commonly used in hydrology to describe the expected time interval between
occurrences of events exceeding a specified threshold. In multivariate analysis, joint return periods are
used to evaluate the recurrence of simultaneous extreme events involving two or more variables. Using
copula functions, joint return periods can be defined under different scenarios. For two variables X and
Y, the AND joint return period represents the expected time interval between events where both
variables simultaneously exceed their thresholds:

1
P(X>xY>y)

TAND =

This measure reflects the severity of simultaneous occurrences, such as contamination exceeding
critical levels in two piezometers at the same time.

In contrast, the OR joint return period represents the expected interval between events where at least
one of the variables exceeds its threshold:

T 1
FOP(X>xUY >y)

The OR case is often used for early warning purposes because it captures the occurrence of critical
conditions in at least one monitoring point. By combining copula-based dependence modeling with joint
return period analysis, it becomes possible to better assess the spatial risk of groundwater contamination
and support more effective monitoring and management strategies.

Best Copula selection

For selecting the best-fit copula functions for bivariate, trivariate, and multivariate groundwater quality
analysis, the optimal marginal distribution was first determined for each groundwater quality variable.
Then, several types of copula functions were considered to link the corresponding marginal
distributions. The copula parameters were estimated using the Inference Functions for Margins (IFM)
method proposed by Joe (1997). Subsequently, the best-fit copula functions were identified using the
maximum likelihood method, along with several goodness-of-fit criteria, including the Akaike
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Information Criterion (AIC), Nash—Sutcliffe Efficiency (NSE), Root Mean Square Error (RMSE), and
Bayesian Information Criterion (BIC).

AIC =-2InM L+ 2k
n 2

Z(Cpi _Cei)
NSE :1—'?1—
—\2
Z(Cei _Ce)

i=1

RMSE =4/

BIC:kIn(n)—ZIn(L)

where n is the number of samples, C, represents the calculated values obtained from the parametric

copula, Ce denotes the observed probability values derived from the empirical copula, C. is the mean
of the observed probability values obtained from the empirical copula, In ML is the maximum value of
the log-likelihood function, and k is the number of fitted parameters for C; and C;. The most appropriate
copula function is the one with the lowest RMSE value, AIC and BIC values closest to zero, and an NSE
value closest to one.

Results
Based on the results, the Clayton, Frank, and AMH copulas were selected as the best-fit models. The

conditional probability results reveal a significant statistical dependence between GWQI values across
the aquifer. The mean conditional probability is 62%, indicating that when contamination risk occurs in
one piezometer, the probability of observing a similar risk condition in the corresponding piezometer
exceeds half on average. Joint return period analysis shows that the mean return period under the OR
condition is 1.77 years, while under the AND condition it is 9.14 years. The considerable difference
between these values arises from the distinct definitions of the two cases. In the OR case, the occurrence
of contamination in at least one of the two piezometers is sufficient, leading to a higher probability of
occurrence and therefore a shorter return period. In contrast, the AND case requires simultaneous
contamination in both piezometers, resulting in a lower probability and thus a longer return period.
Under the OR condition, return periods range narrowly between 1.71 and 1.85 years. The minimum
value (1.71 years) corresponds to the W6-W10 pair, indicating that contamination in at least one of
these wells occurs relatively frequently. The maximum value (1.85 years) is associated with W2-W22.
The small variation in this range suggests relatively similar behavior among pairs when considering
non-simultaneous events. In the AND case, return periods vary more substantially, ranging from 8.05
to 11.11 years. The shortest simultaneous return period belongs to W6-W10, indicating more frequent
joint contamination events. Conversely, the longest return period (11.11 years) is observed for W2—
W22, suggesting rarer simultaneous contamination despite their relatively high conditional probability.
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Conclusions
o Revision of design standards:
All water treatment facilities, storage reservoirs, and transmission pipelines designed for the Qazvin

aquifer should be evaluated based on the design return period Tanp, rather than Tor. For areas near
piezometers W2 and W22, Tanp=11.11 years should be considered as the baseline design return period.
This revision may require an increase in the capacity of the related facilities.

o Integrated monitoring system:
Instead of monitoring piezometers separately, an integrated monitoring system should be designed based

on A/B/C grouping. Within each group, a lead piezometer should be identified as the monitoring point
that responds earlier than others to groundwater quality changes. This piezometer should be monitored
with higher frequency. For Group A, W6 can be considered a candidate lead piezometer.

o Integration into the Integrated Water Resources Management Plan:
The ratio Tano/Tor should be incorporated into the Integrated Water Resources Management Plan of

the Qazvin Plain as a systemic risk index. This index should be recalculated every five years using
updated data to monitor changes in the dependence structure of the aquifer over time.
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