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Abstract
Decision-makers require correct and adequate information on groundwater flow systems in a basin in order to formulate 
sustainable water resources development strategies. However, the practicality and realism of groundwater flow system models 
depend on the validity, reliability and availability of quality data and information, and how they are used in model devel-
opment and calibration. This goes hand in hand with how the underlying theories, tenets and assumptions are understood, 
interpreted and applied. The more uncertain and contentious the information is, the wider are the knowledge and theoretical 
gaps, and thus the less useful the model results are for decision-making. The understanding of water table types in groundwa-
ter basins has become one of the additional factors for an in-depth understanding and modeling of nested groundwater flow 
systems. The classification of water table types using a water table ratio provides that if the ratio is more than 1, this depicts 
a topography-controlled area and a ratio of less than 1 depicts a recharge-controlled terrain. Log transformation of the water 
table ratio proved the same interpretation. This paper therefore reviews the evolution of groundwater flow systems theory, 
the prevailing knowledge and theoretical gaps by specifically pinpointing the theoretical and conceptual contentions and 
additional factors which can possibly limit the application of groundwater flow theories in regional groundwater modeling 
studies. The implications of how the conceptual and theoretical contentions affect groundwater modeling for decision-making 
in groundwater development and management are also pinpointed in this paper.

Keywords State of knowledge · Conceptual and theoretical contentions · Contemporary applications · Groundwater flow 
modeling

Background information

The interest of modeling nested groundwater flow systems 
has grown rapidly over the last decade (Havril et al. 2017). 
The application of numerical simulations to identify organi-
zation, pattern, hierarchy and controls on different types of 
groundwater flow systems in two- and three-dimensional 
models is increasingly becoming useful to evaluate poten-
tial groundwater management strategies and to simulate 

groundwater budget component changes with time in large 
complex basins. This approach is also used for optimizing 
groundwater development scenarios (Zhou and Li 2011). 
Acceptably, groundwater flow systems modeling is equally 
important for exploring options for sustainable groundwater 
resources management. With the use of groundwater flow 
models therefore, the effects of climatic and non-climatic 
factors on groundwater availability and balance can be 
accurately predicted. Numerical flow modeling replaces to 
a large extent the analytical approach.

However, owing to frequent and erratic changes, decision-
makers require updated, adequate and correct information on 
groundwater flow systems in a basin in order to formulate 
sustainable water resources development strategies. Thus, 
research on groundwater flow systems, including their char-
acterization as a function of internal and external processes, 
is of great importance for enhancing conceptualization of 
groundwater flow systems and to improve the understanding 
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of groundwater flow hierarchy, patterns and organization 
(Huizar-Alvarez et al. 2016). This also serves to improve 
numerical groundwater modeling. To that effect, there is an 
extensive use of the groundwater flow theories owing to a 
paradigm shift from a mere understanding of the ground-
water basin characterized by local flow systems, and aerial 
recharge as the main water input mechanism, rather tak-
ing groundwater basin as a function of nested groundwater 
flow systems affected by climate, geology, topography and 
groundwater basin geometry.

Therefore, the appropriateness and practicality of the 
groundwater flow system models hugely depend on the 
availability, validity and reliability of quality data and 
information, and how they are used in model development 
and calibration. This also depends on how the underlying 
theories, principles, tenets and assumptions are conceptual-
ized, understood and interpreted. The more uncertain and 
contentious the information is, the wider are the knowledge, 
conceptual and theoretical gaps, and thus the less reliable the 
model results are to decision and policymakers. Neverthe-
less, there exist feeble and inadequate assessment of the state 
of knowledge, theoretical and conceptual contentions on the 
major theories and principles governing groundwater flow 
modeling and how this affects the ensuing modeling results 
and their application. Equally so, the assessment on how rel-
evant some of these theories are in the contemporary appli-
cations in numerical groundwater flow modeling is hugely 
scanty. This is irrespective of the fast-growing utilization of 
numerical groundwater flow models to inform policy and 
decision-making around the world.

This work therefore reviews the evolution of groundwa-
ter flow systems theory, the prevailing knowledge and theo-
retical gaps. This review paper also sought to pinpoint the 
theoretical and conceptual contentions, highlighting on how 
the scientific, conceptual and theoretical contentions limit 
the application of groundwater flow theories. Moreover, the 
implications of how the conceptual and theoretical conten-
tions affect groundwater flow modeling for decision-making 
in groundwater development and management are identified 
in this paper. Just like what has been done previously by 
other researchers in other fields (e.g., Ahmaruzzaman and 
Gupta 2011, Gupta et al. 2013, Saleh and Gupta 2014), this 
review also attempts to compile relevant knowledge on the 
prominent groundwater flow theories, their application and 
limitations, taking into account the evolution of new knowl-
edge in the field.

This paper is divided into four main subsections, begin-
ning with a review on the evolution and application of 
groundwater flow theories. This is followed by a succinct 
review of the prevailing scientific and conceptual conten-
tions in the classification of water tables into topography-
controlled and recharge-controlled types. The state of knowl-
edge and conceptual and scientific gaps in groundwater flow 

modeling are highlighted thereof in the third subsection, 
culminating with conclusions and brief insights on future 
research direction based on the observed theoretical, scien-
tific and conceptual contentions.

The evolution and application 
of groundwater flow theories

The literature refers the genesis of groundwater flow theories 
back in the era of Toth (1962) and Toth (1963). However, 
Dupuit (1863) and Forchheimer (1886) are said to possi-
bly be the first to address issues around regional ground-
water flow by developing an approach for flow in uncon-
fined aquifers bounded by a free surface. This approach was 
later advanced by Forchheimer (1930), which is generally 
grounded on the following main assumptions: (i) Flowlines 
are assumed to be horizontal and equipotential lines are ver-
tical, (ii) the hydraulic gradient is assumed to be equal to the 
slope of the free surface, and it is invariant with depth, (iii) 
no vertical flow, (iv) there is a relatively flat water table, (v) 
under all those preceding conditions, the water table should 
not be perched. These assumptions combined form, what is 
literally known as the Dupuit–Forchheimer theory of free-
surface flow.

The Dupuit–Forchheimer theory proposed to ignore the 
vertical flow so as to simplify the problem into one- and 
two-dimensional horizontal flows. By neglecting the ver-
tical flow components, it culminates in reducing the two-
dimensional system to one dimension just for the sake of 
simplifying the analysis. In another development however, 
Hubbert (1940) contributed to the topic by constructing a 
conceptual groundwater model catering for the flow between 
parallel streams which also featured resistance to vertical 
flow borrowing some ideas from the Dupuit–Forchheimer 
approximation.

Nonetheless, the most prominent and contemporary theo-
retical artifact of regional groundwater flow systems dwells 
on the theoretical exposition of Toth (1962) and Toth (1963), 
utilizing synthetic basins, dubbed the Tothian basins. From 
there on, the understanding of basin-scale groundwater flow 
patterns has been based on Toth’s findings of a single flow 
system in a unit basin (Toth 1962) and nested flow systems 
in a complex basin (Toth 1963). In the latter, local, subre-
gional and regional groundwater flow systems are differ-
entiated on the basis of the length of groundwater travel 
between recharge and discharge locations (Toth 1963). In 
local systems, groundwater recharges and discharges in 
the same drainage basin, whereas in subregional systems 
groundwater discharges in a drainage basin down-gradient 
from that in which it recharges (Toth 1963). In regional 
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systems, groundwater recharges in the uppermost basin and 
discharges in the lowermost basin (Toth 1963).

Reportedly, Freeze and Witherspoon (1966) were possi-
bly among the first authors to develop a steady-state regional 
groundwater flow model using hypothetical layered aquifer 
systems, applying the Tothian concepts (Zhou and Li 2011). 
In tandem with that, Freeze and Witherspoon (1967) deter-
mined the effect of topography and geologic structures of 
differing permeabilities upon groundwater flow pattern by 
simulating groundwater flow systems in 2D-vertical geo-
logic cross sections under homogeneous and isotropic con-
ditions. Notwithstanding, Vandenberg (1980) applied and 
improved the work of Toth (1962) by developing transient 
model in a unit basin and studied flow field distortion under 
a periodically changing water table. Additionally, Zhao et al. 
(2018) extended the work of Toth (1963) by deriving a tran-
sient solution under a periodically changing water table in a 
complex basin and examined the transient behavior of nested 
flow systems, which was an extended application of Van-
denberg (1980) method. Nevertheless, the Tothian theories 
of groundwater flow in unit basin (Toth 1962) and complex 
basins (Toth 1963) in most cases assume that water table 
is always a subdued replica of topography (Haitjema and 
Mitchell-Bruker 2005).

Haitjema and Mitchell-Bruker (2005) pointed out that 
the theories of Toth and Dupuit–Forchheimer, which are 
seemingly the two prominent theories on groundwater 
flow, are somehow contradicting. Toth (1963) apprehends 
both horizontal and vertical flow components in the nested 
flow systems while the Dupuit–Forchheimer theory ignores 
the vertical flow component especially on the regional 
flow. Despite all this, the literature is vehemently silent 
on the take of Dupuit–Forchheimer theory on the vertical 
components in local and intermediate flows. Moreover, 
Haitjema and Mitchell-Bruker (2005) demonstrated that the 
Dupuit–Forchheimer approximation is applicable in areas 
where there are usable aquifers. The classification of usable 
and non-usable aquifers has been provided by Haitjema and 
Mitchell-Bruker (2005) and is critically discussed in the 
subsequent subsections. Hitherto, it suffices to say that the 
fact that the Dupuit–Forchheimer approximation is appli-
cable in areas where there are usable aquifers; it implies 
that the Dupuit–Forchheimer approximation is applicable in 
recharge-controlled water table areas. This argument is still 
scientifically hovering and needs further investigation since 
the concepts and tenets behind the classification of water 
tables into topography-controlled and recharge-controlled 
are still scientifically contentious as it is discussed later in 
this paper. Moreover, despite some agreements between 
Tothian and Dupuit–Forchheimer theories, there is a sci-
entific caveat that the Dupuit–Forchheimer approximation 
is mainly applicable when the distance between hydrologi-
cal boundaries is comparatively larger than the effective 

aquifer thickness (Haitjema and Mitchell-Bruker 2005). 
Furthermore, anisotropy invalidates the Dupuit–Forch-
heimer approximation by affecting groundwater mounding, 
remarked (Haitjema and Mitchell-Bruker 2005).

Generally, unlike the hypothetical Tothian basins, most 
groundwater basins are located in areas that are made up 
of diverse hydrologic and geologic landscapes, having dis-
tinctive 3D features (Welch and Allen 2012). Worman et al. 
(2007, 2015) added that those environments have complex 
topography and geology which can result in more complex 
groundwater flow patterns and hierarchy. The scientific, 
theoretical and conceptual paradoxes behind the classifica-
tion of water tables into topography-controlled and recharge-
controlled are discussed in detail in the following subsection.

Scientific and conceptual contentions 
in the classification of water 
tables into topography‑controlled 
and recharge‑controlled

Recently, the idea of distinguishing water table types has 
been thought of being imperative for studying how regional 
groundwater flow systems are conceptualized and under-
stood (Gleeson et al. 2011). Therefore, any scientific and 
conceptual contentions in the classification and subsequently 
mapping of water tables at any scale have a huge implica-
tion on studying, understanding and modeling of groundwa-
ter flow systems. This has not been explored much and the 
reviews on this subject are hugely inadequate if not missing 
at all. According to Haitjema and Mitchell-Bruker (2005) 
and Gleeson et al. (2011), water tables can be identified 
and classified distinctively into topography-controlled and 
recharge-controlled. In simple definition, the former closely 
mimics topography while the latter is particularly discon-
nected from the topography.

Toth (1963) and other subsequent works (e.g., Haitjema 
and Mitchell-Bruker 2005; Gleeson et al. 2011) discovered 
that in regions with recharge-controlled water tables, which, 
according to Haitjema and Mitchell-Bruker (2005) are found 
in dry and high-permeability terrains, regional groundwater 
flow makes up to 60% of the watershed budget. In contrast, 
regions with topography-controlled water tables, which are 
said to be found in humid areas with low-permeability ter-
rains, have less than 10% of the watershed budget coming 
from regional groundwater flow (Haitjema and Mitchell-
Bruker 2005; Gleeson et al. 2011). To further understand 
the distribution of water table types in a basin, Haitjema 
and Mitchell-Bruker (2005) introduced three simple dimen-
sionless ratios to characterize the groundwater flow regimes, 
which are (i) the recharge (R) over hydraulic conductivity 
(k), (R/k); (ii) the distance between hydrological boundaries 
(L) over the saturated aquifer thickness (H), (L/H); and (iii) 
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the distance between hydrological boundaries over the maxi-
mum terrain rise (d) (L/d). It is argued here that of these, 
the R/k ratio is the most useful and applicable, taking into 
account the two water table types. The other ratios are some-
how biased towards topography-controlled basins, which are 
seemingly humid, and the interaction between surface and 
groundwater is conspicuous unlike in dry climates character-
ized by recharge-controlled water table. On top of that, the 
water table classification by Haitjema and Mitchell-Bruker 
(2005) misses out on areas that are dry with low permeabil-
ity and those that are humid with high aquifer permeabilities. 
In addition to that, fractured aquifer systems are missing out 
in the exposition of Haitjema and Mitchell-Bruker (2005).

Moreover, recharge-controlled and topography-controlled 
water tables can be differentiated using a dimensionless 
criterion, the water table ratio (WTR) as shown in Eq. 1. 
Based on the assumptions of the Dupuit–Forchheimer 
approximation, the WTR is an extended application of the 
Dupuit–Forchheimer theory, which is only valid if the inves-
tigation of water table types is carried out either at a regional 
or continental scale.

where R is recharge, L is the distance between hydrological 
boundaries, H is the saturated aquifer thickness, k is hydrau-
lic conductivity, d is the maximum terrain rise, m is either 
8 or 16, depending on the flow problem being investigated, 
one-dimensional or radial symmetric, respectively.

WTR of > 1 depicts a topography-controlled area, 
and a WTR of < 1 depicts a recharge-controlled terrain 
(Haitjema and Mitchell-Bruker 2005). Gleeson et al. (2011) 

(1)WTR =

RL
2

mkHd
=

(

> 1

< 1

)

,

log-transformed the water table ratio, but in the interpreta-
tion the results remained the same as − log (WTR) indicates 
recharged-controlled, whereas while + log (WTR) depicts 
topography-controlled water tables. This paper reveals how 
important it is to study water table types in a basin using the 
water table ratio because it is related to water table depth and 
gives a good indication of the potential for nested ground-
water flow systems. However, a conceptual contention arises 
due to that fact that it was clearly stated that L has to be 
larger than “effective” aquifer thickness (see Eq. 2), which 
implies that WTR has to consider anisotropy, but in most 
applications, this has not been the case.

where Kh connotes a horizontal hydraulic conductivity and 
Kv represents a vertical hydraulic conductivity.

To justify the said contradiction, Haitjema and Mitchell-
Bruker (2005), for example, argued that K in Eq. 1 must 
be interpreted as horizontal hydraulic conductivity. This 
is a conceptual misunderstanding and a contention as well 
because this argument clearly emphasizes on neglecting 
aquifer anisotropy. Therefore, when does anisotropy become 
a key factor and when it does not remains a huge scientific 
gap. It therefore raises some scientific controversies, and 
thus, the validity of the ensuing results of water table type 
classification and mapping using WTR as the only yardstick 
is somehow scientifically questionable.

From Figs. 1, 2, and Eq. 1, it is clear that the water table 
ratio is derived from six main parameters, (i.e., R, L, K, H, d 
and m). Therefore, it remains unclear on what exactly con-
trols the water table type in aquifers with contrasting climate 

(2)L >

√

Kh

Kv

H,

Fig. 1   A schematic diagram 
depicting a topography-con-
trolled water table ( Modified 
from Gleeson et al. 2011)
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and non-climatic factors. This question was also put for-
ward by Gleeson et al. (2011) as one of the major prevailing 
research gaps which remain open for further research. Fur-
thermore, Figs. 1, 2 present the diagrammatic representation 
of a topography-controlled water table basin (Fig. 1) and a 
recharge-controlled water table basin (Fig. 2). The thickness 
of the blue lines indicates the importance and magnitude of 
the flow. The thicker the line, the more important and larger 
is the flow type.

Further to that, the classification of aquifers into recharge-
controlled and topography-controlled proposed by Haitjema 
and Mitchell-Bruker (2005) is based on a number of under-
lying assumptions, which are scientifically contentious too. 
The assumptions are as follows: (i) In topography-controlled 
water table (humid) terrains, potential recharge is higher 
than actual recharge while in areas of recharge-controlled 
water table potential recharge is equal to actual recharge. 
This is due to the fact that it is assumed that topography-
controlled water tables occur in areas of low hydraulic 
conductivity/permeabilities. (ii) Topography-controlled 
water tables occur in humid areas, and recharge-controlled 
water tables are found in arid/semiarid areas. (iii) In humid, 
topography-controlled water table areas, there are unusable 
aquifers due to very low hydraulic conductivities and usable 
aquifers are found in dry, recharge-controlled water table 
terrains where hydraulic conductivities are very high. How-
ever, according to Gleeson et al. (2011) in some mountain-
ous, dry areas, low water table ratios have been reported, 
indicating the presence of a recharge-controlled water table 
while in some areas with low permeabilities, high recharge 
rate and moderate topography resulted in high water table 
ratio, which according to Haitjema and Mitchell-Bruker 
(2005), is a topography-controlled water table basin. This 
suggests that in some regions, the variables have contrasting 

influence. Thus, the classification and its underlying assump-
tions remain scientifically contentious. Consequently, their 
application in groundwater investigation, modeling and the 
ensuing decision-making can be misleading. Accordingly, 
Gleeson et al. (2011) remarked that the recharge-controlled 
water table does not necessarily connote recharge as the 
main controlling factor, and Haitjema and Mitchell-Bruker 
(2005) pointed out that the naming happened just for the 
sake of brevity. This implies that there could be other more 
important factors which define the water table types more 
precisely than does the WTR. Those factors are not very 
well known yet.

Moreover, it is assumed that local climate and land cover 
dynamics may not matter most in recharge-controlled water 
table terrains (Haitjema and Mitchell-Bruker 2005; Gleeson 
et al. 2011). However, it is not clearly shown how the combi-
nation of climatic and non-climatic factors is likely to affect 
the hierarchy, organization and pattern of groundwater flow 
systems in recharge-controlled and topography-controlled 
water table basins. Reportedly, climate change and land 
cover dynamics have huge and immediate effects on shal-
low groundwater systems (Kurylyk et al. 2015). Haitjema 
and Mitchell-Bruker (2005) demonstrated that the nature 
of the water table depends on recharge, the aquifer trans-
missivity (which is the product of hydraulic conductivity 
and saturated aquifer thickness), the aquifer geometry, and 
to some degree the topography. Still, it remains unclear on 
how future recharge will affect future nested groundwater 
flow systems in both topography-controlled and recharge-
controlled water table basins, and insights on where, under 
future climate and land cover dynamics should groundwater 
development be focused are equally inept.

All along it is agreed that the water table ratio is an 
important indicator of regional groundwater flow systems. 

Fig. 2   A schematic diagram 
depicting a recharge-controlled 
water table ( Modified from 
Gleeson et al. 2011)
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According to previous studies (Gleeson et al. 2011), the 
water table ratio depicted very well the relationship between 
the continental patterns and the ratio. To date, regional 
groundwater flow patterns have not been extensively studied 
which couple topography-controlled and recharge-controlled 
water tables in areas with contrasting climate, geology and 
topography. This forms a knowledge gap in this area which 
warrants more investigation. Furthermore, at a continental 
scale, Gleeson et al. (2011) hinted that the pattern of water 
table ratio does not mirror any single variable in the water 
table ratio equation (Eq. 1). However, this does not explain 
how the pattern behaves at a regional scale. This explains 
the scantiness of studies which have tried to examine and 
map the distribution of water table ratio at regional and con-
tinental scales. Therefore, it is equally imperative to test the 
assumptions put forward by Haitjema and Mitchell-Bruker 
(2005) and Gleeson et al. (2011) in groundwater flow mod-
eling by alternating the boundary conditions in areas with 
contrasting climatic conditions. One test case should be in a 
semi-arid area with presumably low hydraulic conductivity 
therefore assuming a topography-controlled water table. The 
other case study being a humid terrain with high hydraulic 
conductivity, presumably depicting a recharge-controlled 
water table because of high hydraulic conductivity on one 
hand but climatologically a topography-controlled water 
table on the other. This will particularly facilitate the evalu-
ation of the behavior, organization and hierarchy of local, 
subregional and regional groundwater flow systems as com-
pared to the conventional flow systems as hypothesized by 
Gleeson et al. (2011) and Haitjema and Mitchell-Bruker 
(2005). The flowing subsection presents the state of knowl-
edge, conceptual and scientific contentions in groundwater 
flow modeling.

State of knowledge, conceptual 
and scientific gaps in groundwater flow 
modeling

Ever since Toth (1963), a specified-head top boundary 
condition has predominantly been used for representing 
the water table in groundwater flow modeling. This mainly 
assumed that the water table correlates the topography 
(Liang et al. 2012; Goderniaux et al. 2013; Wang et al. 
2014; Bresciani et al. 2016). However, there are arguments 
that the ensuing results do not reflect the changes in hydrau-
lic conductivity and basin geometry and cannot be easily 
compared (Liang et al. 2012). In addition, specifying the 
hydraulic head along the water table implies that recharge 
is an unimpeded result of the model, argued Sanford (2002), 
hence making this approach generally unfit for sustainability 
studies. Nevertheless, the water table configurations in the 
real basins are much more complicated than those from the 

synthetic Tothian basins. Therefore, oversimplifications are 
constantly being made, which have not been yielding real-
istic results. This has generally misrepresented the nested 
groundwater flow systems in most basins, and the ensuing 
results may not reflect the real field conditions, and thus unfit 
for decision-making processes (Bresciani et al. 2016). It is 
further argued that the water table does not always follow 
topography as discussed earlier on based on the two types 
of water tables. In some cases, water table and the surface 
topography appear poorly correlated in most groundwater 
basins (Haitjema and Mitchell-Bruker 2005; Gleeson et al. 
2011; Liang et al. 2012). In addition, it was pointed out in 
previous studies (Desbarats et al. 2002) that the concept 
of the correlation between the water table and the topog-
raphy may be valid locally but not universally, and some-
times water table and topography mimic each other under 
undisturbed systems (Haitjema and Mitchell-Bruker 2005), 
which is a rare case since most groundwater basins have 
been developed for groundwater exploitation. Therefore, 
in order for the water table to rise to the highest point in 
a basin, the ratio of recharge over hydraulic conductivity 
must be greater than 0.2 (Mitchell-Bruker 1993; Liang et al. 
2012). This can only happen when the low-permeable basin 
is overlain by a layer with even higher permeability such as 
sand and gravel. To that effect, groundwater flow modeling 
using real field case studies is still needed to empirically 
justify the findings based on synthetic Tothian basins and 
Toth’s groundwater flow theories.

Having discussed the limitations of specified-head top 
boundary condition in groundwater flow modeling, the flux 
upper boundary is deemed the best approach in groundwa-
ter flow systems modeling. This enables simulation of com-
plex natural conditions (e.g., climate change) (Liang et al. 
2012). Equally so, the combination of recharge and hydrau-
lic conductivity on the development of nested groundwater 
flow systems is equally an excellent approach for assessing 
basin-wide groundwater flow systems added (Liang et al. 
2012). Moreover, the flux upper boundary is preferable for 
numerical simulation when examining how the flow patterns 
are affected by changes in infiltration, hydraulic conductiv-
ity or basin geometry (Liang et al. 2012). However, there 
is a caveat in this approach since it is based on isotropic 
media and limited geometric conditions. Further, it should 
be known that recharge is also dynamic, influenced by such 
factors as precipitation, surface temperature changes and 
land cover dynamics in the recharge zones/areas. This is 
a gray research area too, especially predicting the fate of 
organization and hierarchy of groundwater flow systems 
under future climate and land cover change scenarios.

In addition, numerical models that represent a flow sys-
tem for a site with complex hydrogeologic conditions, such 
as a system with multilayered aquifers with different flow 
directions due to different aquifer stresses, strong upward or 
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downward hydraulic gradients, are scanty too (Gao 2011). 
This argument is supported by Gassiat et al. (2013), who 
recited that the role of layered aquifer systems which are 
common in both consolidated and unconsolidated sediments 
has not been systematically explored in groundwater flow 
modeling. The identification of the volumes occupied by dif-
ferent orders of flow systems in 3D is yet another prime area 
of research in the field of basin-scale groundwater flow sys-
tems modeling (Wang et al. 2016, 2017). Two-dimensional 
rather than three-dimensional models have mostly been 
preferred because of the high computational demands of 
3D models. Thus, regional groundwater flow systems have 
been studied and verified using simplified, 2D cross-sec-
tional basin models (Jiang et al. 2011a, b; Wang et al. 2011; 
Zlotnik et al. 2011). Consequently, most modeling studies 
of regional groundwater flow have used simplifying assump-
tions of two-dimensional flow within a cross section and 
have neglected the impacts of human activities like pumping 
on regional groundwater flow. This argument dates back in 
the days of Freeze and Witherspoon (1967) and Toth (1963). 
However, with the rapid increase in computing power and 
availability of user-friendly, open-source modeling software, 
it is now possible to simulate large-scale regional ground-
water flow systems in three dimensions (Zhou and Li 2011). 
Moreover, it is ostensibly apparent that different approaches 
of representing a flow domain in the model may yield dif-
ferent solutions to a problem (Gao 2011). These approaches 
may involve different ways of vertical discretization, differ-
ent ways of representation of the various hydraulic units, 
or ways in which the boundary conditions are represented.

Conclusions and future research direction 
based on the observed theoretical, scientific 
and conceptual contentions

Conclusion

The literature provides hefty details on advances made in 
groundwater flow systems modeling. It reveals that numer-
ous advances in the understanding of organization, pattern 
and hierarchy of groundwater flow systems have been made 
in so many parts of the world, using both the real field test 
cases and synthetic basins using 2D as well as at a limited 
scale in 3D models.

The state of knowledge and application of groundwater 
flow theories and models for groundwater sustainability 
assessment is reasonably rich, but there are still significant 
scientific, theoretical and conceptual as well as knowledge 
gaps and contentions. The use of synthetic Tothian basins, 
for example, dominates the literature despite decades of the 
existence of the theories. However, in spite of the observed 
theoretical and conceptual contentions, groundwater flow 

models developed using hypothetical basins and parameters 
have somehow raised the understanding of groundwater flow 
systems and theories. Nonetheless, an intuitive understand-
ing of the real field problems is missing in the previous 
applications of the Tothian theories, especially so in the 
developing countries where applications are very limited.

A good understanding of groundwater flow systems is 
imperative for well siting, the choice of drilling technology, 
cost estimation and gathering prior water quality informa-
tion. Moreover, essential scientific problems and policy-
related issues need improved datasets of local, regional and 
global hydrogeologic parameters and a better understand-
ing of groundwater systems at regional to continental scales 
(Gleeson et al. 2014).

Groundwater flow systems have mostly been studied 
under restricted and hypothetical modeling conditions and 
assumptions. However, the application of groundwater flow 
systems modeling and the understanding of the hierarchy, 
pattern and organization of nested groundwater flow sys-
tems can still add more value and play a significant role 
in augmenting various efforts towards sustainable ground-
water management in areas where groundwater is the sole 
and dependable source of water for various uses. Generally, 
numerical groundwater models have the potential of simulat-
ing three-dimensional groundwater flow in heterogeneous 
and anisotropic groundwater basins, but its applicability 
is very limited since most of the studies aim at analyzing 
the effects of a Tothian flow field and not heterogeneity 
in hydraulic conductivity as reported by Cardenas (2007). 
Cardenas and Jiang (2010) opined that groundwater flow 
geometries tend to be scale invariant, and therefore, this 
behavior has huge implications in regional, subregional and 
local flow systems.

It has been realized that recharge and hydraulic conduc-
tivity are not the only parameters which determine the differ-
ence between topography-controlled and recharge-controlled 
water tables. As hinted Haitjema and Mitchell-Bruker (2005) 
and Gleeson et al. (2011) that, aquifer thickness and dis-
tance between hydrological boundaries are equally impor-
tant. However, the idea on the degree of importance of those 
parameters and under which geological/hydrogeologic and 
climatic conditions do they become prominent remains both 
a theoretical and knowledge gap (Hill et al. 2013). Further to 
that, Gleeson et al. (2011) opined that topography-controlled 
water tables that are found in mountainous terrains have lim-
ited regional groundwater flow (~ 10%). However, there is 
a huge scientific silence in the literature on whether this 
implies that topography-controlled water tables in subdued 
topography have prominent regional groundwater flow.

Calculations based on the Dupuit–Forchheimer assump-
tions compare favorably with those based on more rigorous 
methods when the slope of the free surface is small and 
when the depth of the unconfined flow field is shallow. 
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However, the biggest knowledge gap in the Dupuit–Forch-
heimer theory lies in its limited application in confined, ani-
sotropic and heterogeneous aquifer systems. Furthermore, 
the contemporary interpretation of the Dupuit–Forchheimer 
approximation allows for the vertical flow component, but 
the theory and its underlying assumptions remain the same. 
It is high time now to reinvestigate the validity of the theory 
and how it could be improved to accommodate the new theo-
retical and conceptual perspectives. This has to be combined 
with its rule of thumb that the Dupuit–Forchheimer approxi-
mation is acceptable where the distance between hydrologi-
cal boundaries is five times larger than the aquifer thickness.

Future research direction pertaining 
to the observed theoretical, scientific 
and conceptual contentions in understanding 
and conceptualization of groundwater flow systems

More studies which seek to provide scientific explanation 
and proof on the presence of distinguishable nested ground-
water flow systems and water table types in basins with 
contrasting climatic and geologic attributes are still needed. 
Equally important, mapping the distribution of water tables 
will enable characterization of regional flow systems as 
remarked by Gleeson et al. (2011). Moreover, recategoriza-
tion of aquifers into usable and non-usable types and there-
fore defining a locally consistent scale of analysis for dis-
tinguishing topography-controlled and recharge-controlled 
water tables in all geologic, hydrogeologic and climatic 
settings is another area of future research. Further to that, 
future studies on regional groundwater flow modeling have 
to consider the conceptualization and understanding of water 
table types, which is critical for an in-depth understanding 
of regional groundwater flow systems in basins with vary-
ing geology and climate. More scientific work on how the 
classification and distribution of water table types is under-
stood despite some insights from Haitjema and Mitchell-
Bruker (2005), Gleeson and Manning (2008) and Gleeson 
et al. (2011) remains yet another area of further research 
albeit the knowledge on where exactly recharge-controlled 
and topography-controlled water tables are found remains 
unclear and hazy, and thus open for further investigation.

Modeling the influence of future climate change and 
the dynamics of land covers on the organization, distribu-
tion, pattern and distortion of nested groundwater flow 
systems in basins with diverse hydrologic, hydrogeologic, 
climatic and topographic features is another research area 
requiring more scientific attention. Moreover, it is equally 
important to assess how groundwater in heterogeneous 
and anisotropic settings responds to groundwater stresses 
like varying recharge, land cover changes and groundwa-
ter pumping. This will help to understand the extent at 

which groundwater flow system hierarchy and organiza-
tion may change, and examine the possible consequences 
on groundwater-related shallow surface water bodies in a 
basin through site-specific groundwater flow models.

While globally, little has been done on how the flow 
systems would behave if heterogeneous and anisotropic 
conditions on multilayered aquifer systems are assumed, 
even in homogenous and isotropic conditions, limited 
knowledge, and thus studies on the application of numeri-
cal models for characterizing the hierarchy, organization 
and distribution of groundwater flow systems with respect 
to topography-controlled and recharge-controlled water 
tables are still needed.

In order to be able to predict local and regional impacts 
of natural and human impacts on groundwater systems, 
it is imperative to add up to the advances made globally 
on regional groundwater flow systems modeling. There-
fore, site-specific groundwater flow models are required to 
simulate impacts of human activities on groundwater flow 
systems in order to enhance the formulation of succinct, 
scientifically sound and sustainable groundwater resources 
development and management scenarios. More research 
is equally needed to establish the difference in equipo-
tential fields between recharge-controlled water table 
and topography-controlled water table basins, taking into 
account contrasting geology and climate of different envi-
ronments. Lastly, the demonstration of the Dupuit-Forch-
heimer approximation in areas with topography-controlled 
water tables will qualify/refute the tenets put forward by 
Haitjema and Mitchell-Bruker (2005) and that the approxi-
mation is acceptable in areas with usable aquifers, which 
literally are recharge-controlled water table areas.
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