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Abstract
Groundwater systems frequently behave in ways that challenge intuitive interpretation. Environmental
assessments, numerical models, and hydrogeological investigations often rely upon assumptions that
appear reasonable but may not accurately represent system behaviour. Positive groundwater inflow does
not necessarily imply groundwater recovery, hydraulic connectivity does not automatically imply
environmental impact, and stable groundwater levels do not necessarily indicate groundwater-system
equilibrium. Similarly, engineered seepage controls may redistribute groundwater movement rather than
eliminate it.

This paper examines a series of recurring misconceptions encountered in hydrogeological investigations
and groundwater modelling. Through analysis of groundwater budgets, particle tracking, hydraulic
gradients, groundwater recovery, seepage assessment, uncertainty evaluation, and receptor sensitivity,
the study demonstrates why groundwater systems frequently respond differently from stakeholder
expectations. The paper proposes a practical interpretation framework for improving hydrogeological
understanding and reducing misinterpretation of groundwater-model outputs.

The findings highlight the importance of process-based interpretation and demonstrate that
groundwater assessment requires integration of conceptual understanding, numerical analysis, and
environmental context. The paper argues that many apparent groundwater anomalies are not failures of
groundwater systems but failures of human interpretation.

1. Introduction
Groundwater systems are among the most complex environmental systems routinely evaluated by
scientists, engineers, regulators, and decision-makers. Unlike rivers, reservoirs, or surface-water
systems, groundwater processes are largely hidden from direct observation and must be inferred from
limited measurements, conceptual understanding, hydrogeological investigations, and numerical
modelling.

As a consequence, groundwater systems frequently appear to behave in ways that challenge intuition.
Positive groundwater inflow may occur without groundwater recovery. Hydraulic connectivity may exist
without environmental impact. Travel times may be short while environmental consequences remain
negligible, and conversely, impacts may emerge decades after the original source has disappeared.
Groundwater systems often continue to respond long after the original disturbance has ceased, creating
outcomes that appear counterintuitive when interpreted through simplified assumptions. Climate–
groundwater studies similarly demonstrate that delayed responses, storage effects, and recharge
propagation frequently create lagged groundwater behaviour that differs substantially from stakeholder
expectations (Cuthbert et al., 2020; Rodell et al., 2023).

Many of these apparent contradictions are not failures of groundwater systems themselves. Similar
observations have been reported in recent groundwater-system and Earth-system studies where
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groundwater behaviour was shown to respond to complex interactions among storage, connectivity,
climate variability, and human pressures rather than simple hydraulic relationships (Famiglietti, 2023;
Cuthbert et al., 2020). Rather, they arise because groundwater behaviour is frequently interpreted using
assumptions more appropriate for surface-water systems, engineering systems, or short-term
observations. Groundwater systems store water, dissipate hydraulic disturbances slowly, respond over
long timescales, and operate within interconnected flow networks that are not always apparent from
groundwater-level observations alone (Anderson et al., 2015; Barthel et al., 2023; Borzì, 2025).

Modern groundwater assessments increasingly rely on numerical modelling, groundwater budgets,
particle tracking, travel-time analysis, connectivity assessment, and environmental risk evaluation. While
each of these tools provides useful information, they also create opportunities for misunderstanding
when interpreted in isolation. A groundwater level, groundwater flux, or travel time rarely tells the
complete story.

This paper examines a series of recurring misconceptions encountered in hydrogeology and
groundwater modelling. Particular attention is given to situations where groundwater behaviour appears
inconsistent with stakeholder expectations and where interpretation errors create confusion regarding
groundwater recovery, environmental impact, seepage behaviour, connectivity, and model reliability. This
challenge is increasingly recognised worldwide, with studies showing that groundwater-system
behaviour often reflects complex interactions among storage dynamics, climate influences, and human
pressures that are not immediately apparent from observations alone (Scanlon et al., 2023; Famiglietti,
2023; Mukherjee et al., 2022; Scanlon et al., 2023).

The relationship between groundwater observations, interpretation, assumptions, and decision-making is
illustrated in Fig. 1. Contemporary groundwater research increasingly highlights the importance of
distinguishing observed data from conceptual interpretation, particularly where management decisions
rely on incomplete understanding of aquifer-system processes (Taylor, 2020; MacDonald et al., 2021;
Villholth et al., 2021).

1.1 Study Objectives
The objectives of this study are to:

identify common misconceptions in hydrogeology and groundwater modelling;

explain the hydrogeological mechanisms responsible for these misconceptions;

distinguish between observation and interpretation;

demonstrate the importance of integrated hydrogeological assessment; and

develop a practical framework for improving groundwater-system understanding and decision-
making.
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The novelty of this paper lies in bringing together a series of recurring hydrogeological misconceptions
and showing that many apparent groundwater anomalies arise not from failures of groundwater systems
themselves, but from the way groundwater behaviour is interpreted (Irvine et al., 2024; Dwivedi et al.,
2025). By integrating examples from groundwater recovery, seepage assessment, groundwater
connectivity, travel-time interpretation, uncertainty assessment, and conceptual modelling, the paper
provides a unifying framework for understanding why groundwater systems frequently behave differently
from stakeholder expectations. Reliable interpretation requires consideration of groundwater-surface
water interactions, hydraulic connectivity, uncertainty, and regional flow-system behaviour rather than
reliance on individual observations in isolation (Yang et al., 2025; Scanlon et al., 2023; Zipper et al.,
2021).

2. Misconception 1: Positive Groundwater Inflow Means Recovery
One of the most common assumptions in groundwater assessment is that positive groundwater inflow
automatically implies groundwater recovery.

In reality, groundwater inflow represents only one component of the groundwater budget. Positive inflow
may occur while storage continues to decline if groundwater outflow, evaporation, or other losses
exceed incoming groundwater volumes.

The possible outcomes associated with positive groundwater inflow are summarised in Table 1.

Table 1
Positive groundwater inflow does not

necessarily imply groundwater recovery or
groundwater-level rise.

Observation Possible Reality

Positive inflow Recovery occurring

Positive inflow Outflow larger

Positive inflow Evaporation offsets gains

Positive inflow Storage still declining

As shown in Table 1, identical inflow observations may correspond to several very different
hydrogeological outcomes. Similar conclusions have been reported in groundwater-budget studies
where water-level behaviour could not be explained using inflow information alone (Yihdego & Khalil,
2017).

3. Misconception 2: Connectivity Means Impact
Groundwater connectivity:
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� pathway exists

Environmental harm:

� receptor affected

These are not the same.

The distinction between hydraulic connectivity and environmental consequence is illustrated in Fig. 2.
Hydraulic connectivity simply demonstrates that groundwater movement between two locations is
physically possible. Contemporary groundwater-connectivity studies increasingly demonstrate that
pathways and connectivity establish the potential for interaction but do not independently determine
environmental significance (Brunner et al., 2009; Barthel & Banzhaf, 2016; Yang et al., 2025).

Contemporary connectivity reviews similarly demonstrate that pathway existence, groundwater
movement, and environmental significance should be considered separately because environmental
consequence depends strongly on receptor characteristics and environmental context (Dwivedi et al.,
2025).

4. Misconception 3: Recovery Means Equilibrium
Groundwater recovery and groundwater equilibrium are often assumed to represent the same condition.
Long-term groundwater-storage studies indicate that groundwater-level recovery may occur while
groundwater-system adjustment continues through storage redistribution, delayed recharge propagation,
and groundwater exchange processes (Rodell et al., 2023; Cuthbert et al., 2020).

Recovery generally refers to:

groundwater-level rebound;

storage replenishment;

reduction of hydraulic disturbance.

Equilibrium refers to:

balanced groundwater budgets;

stable groundwater exchange;

limited storage change.

Many groundwater systems recover for years or decades before equilibrium develops. Similar behaviour
has been documented in groundwater hydrograph analyses where groundwater levels stabilised while
groundwater-system processes continued adjusting (Yihdego et al., 2017).
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Consequently, groundwater recovery should not be interpreted as proof that groundwater-system
adjustment has finished.

The relationship between calibration performance and predictive reliability is illustrated in Fig. 3.

5. Misconception 4: Liners Eliminate Seepage
A common engineering assumption is that low-permeability liners eliminate seepage.

In reality, liners frequently modify groundwater movement rather than eliminate it.

The actual behaviour of lined systems is summarised in Table 2.

Table 2
Common assumptions regarding liners and the hydrogeological realities

of groundwater redistribution.
Assumption Reality

Reduce seepage everywhere Often redistribute flow

Eliminate risk Typically reduce specific pathways

Remove groundwater movement Modify groundwater movement

As shown in Table 2, engineering controls frequently alter hydraulic gradients and groundwater
pathways. Similar observations have been reported in studies of groundwater-pathway modification
where engineering controls changed flow directions and connectivity patterns rather than eliminating
groundwater movement entirely (Barthel & Banzhaf, 2016). Consequently, evaluation of seepage-control
measures should focus on groundwater-system behaviour as well as seepage magnitude.

Similar groundwater-flow redistribution behaviour has been documented in hydraulic barrier and
groundwater mound studies where engineering controls altered flow patterns rather than eliminating
groundwater movement (Yihdego, 2016).

6. Misconception 5: Calibration Means Prediction
Groundwater models may:

calibrate well;

reproduce groundwater levels;

achieve acceptable statistical performance;

yet still produce unreliable predictions.

The relationship between calibration and prediction is illustrated in Fig. 3.
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Calibration demonstrates consistency with observations under known conditions. The well-known
concept of equifinality demonstrates that multiple model structures can reproduce the same
observations while implying different interpretations of groundwater-system behaviour and future
outcomes (Beven, 2006). Recent groundwater uncertainty studies continue to demonstrate that
predictive reliability is frequently constrained more by conceptual understanding and geological
interpretation than calibration performance alone (Delottier et al., 2023; Fienen et al., 2025). Prediction
requires confidence in system behaviour under unknown future conditions.

Consequently, calibration should be viewed as a necessary but insufficient condition for reliable
prediction (Hill & Tiedeman, 2007; Doherty, 2015). Recent groundwater-model evaluations continue to
emphasise that prediction reliability depends on conceptual understanding and model purpose rather
than calibration performance alone (Konikow & Bredehoeft, 2020). Similar conclusions have emerged
from contemporary groundwater-model evaluation studies where multiple conceptual representations
produced comparable calibration outcomes but substantially different forecasts of future groundwater
behaviour (Hugman & Doherty, 2022).

7. Why These Misconceptions Persist
Groundwater systems are inherently difficult to observe directly. Unlike rivers and surface-water systems,
groundwater movement occurs beneath the surface and often over long timescales. Consequently,
interpretations frequently rely upon incomplete observations and simplified assumptions.

Several factors contribute to persistent misunderstanding:

groundwater processes occur out of sight;

environmental assessments often focus on outcomes rather than processes;

groundwater budgets are underutilised;

uncertainty is poorly communicated;

stakeholders frequently seek simple answers to complex hydrogeological questions;

numerical model outputs are sometimes interpreted without adequate conceptual context.

Recent groundwater-system investigations increasingly argue that many interpretation errors arise
because hydrogeological observations are evaluated independently rather than within the broader
context of connectivity, storage behaviour, environmental interaction, and system dynamics (Irvine et al.,
2024; Dwivedi et al., 2025).

Similar observations have been reported within environmental modelling where uncertainty
communication often proves more challenging than numerical simulation itself (Refsgaard et al., 2007).

In addition, groundwater practitioners often communicate model results in terms of groundwater levels,
seepage rates, or travel times without explaining the physical processes controlling those outcomes.
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This can lead to situations where technically correct conclusions are misunderstood or challenged
because the underlying hydrogeological reasoning has not been communicated effectively.

Many apparent inconsistencies therefore arise from interpretation failure rather than hydrogeological
failure. Understanding groundwater requires moving beyond individual observations and considering the
behaviour of the groundwater system as a whole.

8. A Framework for Better Interpretation
The examples described throughout this paper demonstrate that no single groundwater metric is
sufficient for understanding groundwater-system behaviour.

Reliable interpretation requires integration of:

groundwater observations;

conceptual models;

groundwater budgets;

connectivity analysis;

travel-time assessment;

receptor sensitivity;

environmental consequence.

Contemporary groundwater-assessment frameworks increasingly emphasise integration of pathways,
connectivity, environmental receptors, and consequence evaluation rather than reliance on individual
hydrogeological indicators alone (Benavides Höglund et al., 2025; Yang et al., 2025).

The proposed framework is illustrated in Fig. 4.

Figure 4 emphasises the importance of progressing from observation to interpretation rather than
treating individual groundwater metrics as definitive answers. The framework also highlights why many
apparent groundwater anomalies arise when one component of the system is considered in isolation.
Groundwater modelling literature has repeatedly warned against mistaking numerical outputs for
understanding and highlighted the risks of over-interpreting model results without adequate conceptual
context (Voss, 2011a; Voss, 2011b). Similar integrated approaches have been recommended in recent
groundwater decision-support studies where environmental significance emerged from interactions
among pathways, receptors, and management objectives rather than groundwater behaviour alone
(Benavides Höglund et al., 2025).

9. Conclusions
Groundwater systems rarely behave according to simple intuition.
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The conceptual relationships illustrated in Figs. 1–4 and the examples summarised in Tables 1–2
demonstrate that many commonly accepted assumptions regarding groundwater recovery, connectivity,
travel time, seepage, and model reliability are incomplete when considered in isolation.

This study demonstrates that:

positive groundwater inflow does not necessarily imply recovery;

groundwater connectivity does not automatically imply environmental harm;

travel time alone does not define consequence;

recovery is not the same as equilibrium;

liners frequently redistribute rather than eliminate groundwater movement;

successful calibration does not guarantee reliable prediction.

The principal contribution of this paper is the recognition that many apparent groundwater anomalies are
not failures of groundwater systems but failures of interpretation. Improved groundwater understanding
requires integration of conceptual models, groundwater budgets, pathway analysis, travel times,
receptors, and uncertainty communication.

By focusing on groundwater-system behaviour rather than individual observations, practitioners can
develop more transparent, defensible, and scientifically robust groundwater assessments.

Declarations
Author Contributions

Y.Y. conceived the study, developed the conceptual framework, conducted the analysis and literature
synthesis, prepared the figures and tables, interpreted the findings, wrote the manuscript, revised the
manuscript, and approved the final version.

Funding

No specific funding was received for this research.

Competing Interests

The author declares no competing interests.

Data Availability

Not applicable.

Ethics Approval

Not applicable.

Page 9/15



Consent to Participate

Not applicable.

Consent for Publication

Not applicable.

Conflict of Interest

The author declares that there are no competing interests, financial interests, or personal relationships
that could have influenced the work reported in this manuscript.

Clinical Trial Registration

Not applicable. This study does not involve human participants, patient data, animals, clinical trials, or
clinical interventions.

Acknowledgements

The author acknowledges the contribution of previous hydrogeological investigations, groundwater
modelling studies, environmental assessments, and professional groundwater-engineering experience
that helped shape the concepts discussed in this paper.

References
1. Anderson MP, Woessner WW, Hunt RJ. Applied Groundwater Modeling: Simulation of Flow and

Advective Transport. Academic; 2015.

2. Barthel R, Banzhaf S. Groundwater and surface water interaction at the regional scale. Hydrogeol J.
2016;24:249–56.

3. Barthel R, Foster S, Villholth KG, Custodio E. Conventional and emerging challenges in hydrogeology.
Hydrogeol J. 2023;31(1):3–20.

4. Benavides Höglund N, Sparrenbom C, Barthel R, Haraldsson E. Groundwater modelling for decision-
support in practice: Insights from Sweden. Ambio. 2025;54(1):105–21.

5. Beven K. (2006). A manifesto for the equifinality thesis. Journal of Hydrology, 320(1–2), 18–36.

6. Borzì I. Modeling Groundwater Resources in Data-Scarce Regions for Sustainable Management:
Methodologies and Limits. Hydrology. 2025;12(1):11.

7. Brunner P, Simmons CT, Cook PG, Therrien R. Hydrogeologic controls on river–groundwater
interaction. Hydrogeol J. 2009;17:203–14.

8. Cuthbert MO, Gleeson T, Moosdorf N, Befus KM, Schneider A, Hartmann J, Lehner B. Global patterns
and dynamics of climate–groundwater interactions. Nat Clim Change. 2020;10:663–9.

Page 10/15



9. Doherty J. Calibration and Uncertainty Analysis for Complex Environmental Models. Watermark
Numerical Computing; 2015.

10. Dwivedi D, Poeppl RE, Wohl E. Hydrological connectivity: A review and emerging strategies for
integrating measurement, modeling, and management. Front Water. 2025;7:1496199.

11. Famiglietti JS. The global groundwater crisis. Nat Reviews Earth Environ. 2023;4:363–4.

12. Irvine DJ, Singha K, Kurylyk BL, Briggs MA, Sebastian Y, Tait DR, Helton AM. Groundwater-surface
water interactions research: Past trends and future directions. J Hydrol. 2024;644:132061.

13. Konikow LF, Bredehoeft JD. Groundwater model reliability under uncertainty. J Hydrol.
2020;586:124138.

14. MacDonald AM, Bonsor HC, Dochartaigh BÉÓ, Taylor RG. Quantitative maps of groundwater
resources in Africa. Environ Res Lett. 2021;16(6):064009.

15. Mukherjee A, Scanlon BR, Aureli A, Langan S, Guo H, McKenzie A, et al. Global groundwater: source,
scarcity, sustainability, security, and solutions. Earth Sci Rev. 2022;229:103992.

16. Refsgaard JC, van der Sluijs JP, Højberg AL, Vanrolleghem PA. Uncertainty in the environmental
modelling process: A framework and guidance. Environ Model Softw. 2007;22(11):1543–56.

17. Rodell M, et al. Global groundwater storage trends from satellite observations. Nature.
2023;619:45–52.

18. Rojas R, Feyen L, Dassargues A. Conceptual model uncertainty in groundwater modelling. Hydrogeol
J. 2008;16:1261–74.

19. Scanlon BR, Fakhreddine S, Rateb A, de Graaf I, Famiglietti J, Gleeson T, Grafton RQ, et al. Global
water resources and the role of groundwater in a resilient water future. Nat Reviews Earth Environ.
2023;4(2):87–101.

20. Taylor RG. Groundwater and climate change revisited: informing adaptation in a warming world. Nat
Clim Change. 2020;10:259–61.

21. Villholth KG, López-Gunn E, Conti KI, Garrido A, n der Gun J. Groundwater governance and
management: opportunities and challenges in a changing world. Water Int. 2021;46(7–8):1021–41.

22. Voss CI. Groundwater modeling fantasies—Part 1: Adrift in the details. Hydrogeol J. 2011a;19:1281–
4.

23. Voss CI. Groundwater modeling fantasies—Part 2: Fantasy's end. Hydrogeol J. 2011b;19:1285–9.

24. Yang C, Condon LE, Maxwell RM. Unravelling groundwater–stream connections over the continental
United States. Nature Water; 2025.

25. Yihdego Y. Evaluation of flow reduction due to hydraulic barrier engineering structure: Case of urban
area flood, contamination and pollution risk assessment. Geotech Geol Eng. 2016;34(5):1643–54.

26. Yihdego Y, Khalil A. Groundwater resources assessment and impact analysis using a conceptual
water balance model and time series data analysis: Case of decision-making tool. Hydrology.
2017;4(2):25.

Page 11/15



27. Yihdego Y, Danis C, Paffard A. Why is the groundwater level rising? A case study using HARTT to
simulate groundwater level dynamics. Water Environ Res. 2017;89(12):2142–52.

28. Zipper SC, Gleeson T, Kerr B, Howard J, Rohde MM, Carah J, Zimmerman J. Pervasive changes in
streamflow and groundwater across the United States linked to groundwater depletion. Nat
Commun. 2021;12:1439.

Figures

Figure 1

(a) Three-dimensional conceptual hydrogeological model illustrating the distinction between physical
groundwater-system processes and their interpretation, including recharge, groundwater flow,
monitoring observations, environmental receptors, and management decisions. (b) Conceptual pathway
from groundwater observation to decision-making, showing how misunderstandings commonly arise
during the interpretation stage rather than from the observations themselves.

Page 12/15



Figure 2

Hydraulic connectivity is a prerequisite for environmental impact but does not automatically result in
environmental harm.
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Figure 3

Calibration performance does not automatically imply predictive reliability. Multiple conceptual models
may achieve similar calibration results while generating different future predictions. Conceptual-model
uncertainty remains one of the most significant sources of uncertainty in groundwater prediction and
environmental interpretation (Rojas et al., 2008).
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Figure 4

Integrated framework for interpreting groundwater-system behaviour and reducing common
hydrogeological misconceptions.
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