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Abstract Interactions of the water table with the land surface impact a wide range of hydrologic, climatic,
ecologic, and geomorphologic processes. Yet the factors controlling these interactions are still poorly
understood. In this work, a new 2-D (cross-sectional) analytical groundwater flow solution is used to derive a
dimensionless criterion that expresses the conditions under which the water table “outcrops” (i.e., reaches
the land surface). The criterion gives insights into the functional relationships between geology, topography,
climate, and resulting water table outcrops. This sheds light on the debate about the topographic control
of groundwater flow, as the effective role of the topography is to constrain the water table only where
it outcrops. The criterion provides a practical tool to predict water table outcrops if physical parameters are
known and to estimate physical parameters if on the contrary water table outcrops are known. The latter
aspect is demonstrated through an application example.

1. Introduction

Water table outcrops, defined as the areas where the water table reaches the land surface, are the “anchoring
points” of the water table in the landscape. These points define the effective control of the topography on the
water table and therefore on groundwater flow and groundwater-surface water interactions across a wide
range of scales [Tóth, 1963; Cardenas, 2007; Wörman et al., 2007]. Water table outcrops are also synonymous
with wetlands, springs, streams, or lakes [Winter et al., 1998]. The presence of groundwater at or near the
surface implies important exchanges of water and energy between groundwater, surface water, and the
atmosphere [Salvucci and Entekhabi, 1995; Cohen et al., 2006; Maxwell and Kollet, 2008], enables the develop-
ment of groundwater-dependent ecosystems [Batelaan et al., 2003; Eamus and Froend, 2006], and drives
seepage erosion [Montgomery and Dietrich, 1989; Abrams et al., 2009]. Despite such functional importance,
the factors controlling the occurrence of water table outcrops are still not well understood [Condon and
Maxwell, 2015; Bresciani et al., 2016].

Complex relationships between geologic, topographic, and climatic factors control the location of water
table outcrops [Winter, 2001]. These relationships are governed by highly nonlinear dynamics precluding
the existence of simple, exact analytical solutions. These dynamics have been quite well described in
hillslopes under the assumption that these form closed hydrologic systems [Beven and Kirkby, 1979;
O’Loughlin, 1981; Forster and Smith, 1988; Salvucci and Entekhabi, 1995; Bresciani et al., 2014]. However, it is
well known that groundwater divides do not necessarily coincide with topographic divides [Winter, 1999]
and that significant intercatchment transfers of both water and solutes can occur at various scales
[Cardenas, 2007; Schaller and Fan, 2009]. In terms of flow dynamics, the closed-hillslope model fundamentally
lacks consideration of the regional-scale geologic, topographic, and climatic features that control the bound-
ary conditions for the hillslopes. These features must be considered in a more comprehensive framework for
the study of water table outcrops. Perched water tables reaching the land surface constitute exception as
these are not affected by regional-scale features—they are not the focus of this article.

On the basis of a linear Dupuit-Forchheimer groundwater flow equation, Haitjema and Mitchell-Bruker
[2005] developed a simple criterion that expresses the conditions under which the water table can be
expected to be topography-controlled or recharge-controlled at a given scale. Later studies confirmed that
this criterion can generally explain the combined effect of geology, topography, and climate on ground-
water flow at regional to continental scales [Gleeson and Manning, 2008; Gleeson et al., 2011; Condon
and Maxwell, 2015]. Haitjema and Mitchell-Bruker’s [2005] criterion can be interpreted as an overall measure
of the potential for water table-land surface interactions in a given region. However, no criterion exists that
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would highlight more precisely what
controls the occurrence of a water
table outcrop at a given point of
the landscape.

This study investigates the functional
relationships between geology, topo-
graphy, climate, and resulting water
table outcrops on the basis of a 2-D
cross section. This conceptualization
allows for a relatively straightforward
parameterization of the problem and
for analytical solutions to be derived.
An analytical dimensionless criterion

is hence developed that expresses the conditions under which the water table outcrops. The scientific value
of the developed criterion is then discussed, and its practical utility for estimating physical parameters is
demonstrated through a real-world application example.

2. Problem Conceptualization

Let us consider the problem of 2-D (cross-sectional) unconfined groundwater flow between two boundary
drains (Figure 1). This can represent relatively small-scale systems such as shallow aquifers between parallel
streams or ditches, but also relatively large-scale systems such as regional aquifers flowing both sides away
from a mountain range and discharging to rivers, lakes, or the sea. The distance between the two drains is
noted L (L), and the difference in elevation (if any) is noted H (L). The elevation of one of the drains is taken
as the reference level (if the reference is taken at the higher drain, Hmust be negative). The groundwater flow
is considered in steady state, while the aquifer is assumed homogeneous with a hydraulic conductivity
K (L T�1), receives a uniform potential recharge R (L T�1), and lies on a horizontal impervious base at a depth
D (L) (D ≥ 0) below the reference drain. The vertical lines below the drains are supposed to be groundwater
divides, which can result from various reasons such as flow symmetry with adjacent basins or presence of
an impervious barrier (e.g., fault zone). In order to give a generic presentation, the system is made dimension-
less: all lengths are normalized by the system length L, and all velocities are normalized by the hydraulic
conductivity K. The assumptions made in the above conceptualization and their implications are discussed in
section 4.

The relationship between water table elevation and recharge (or hydraulic conductivity) can be expected to
be monotonous: the water table increases with an increase in recharge (or decreases with an increase in
hydraulic conductivity). Therefore, at any point of interest along the cross section—typically at a topographic
low point—relevant information is given by the threshold value of the recharge-to-hydraulic conductivity
ratio beyond which the water table outcrops (Figure 1). Quantification of this threshold implies knowledge
of whether or not an outcrop occurs for a given value of R/K. The threshold value is denoted (R/K)* and is
hence the focus of this study.

3. Water Table Outcrop Criterion

A number of analytical solutions for the water table in the above problem can be derived by using different
approximations, which all rely in some way on the Dupuit assumption, as shown in Text S1 in the supporting
information [Dupuit, 1863; Forchheimer, 1886; Hooghoudt, 1940; Ernst, 1962; van Beers, 1976; Ernst, 1978; Lovell
and Youngs, 1984; Ritzema, 1994; van der Molen et al., 2007]. In itself, such solutions do not account for the
effects of the topography, which should everywhere constrain the water table to a maximum possible eleva-
tion; in other words, the topography is transparent to the solution. However, at any point x (L) it is possible to
find (R/K)*—i.e., the value of R/K for which the water table elevation just equals the corresponding topo-
graphic elevation zt (L), assuming that the water table does not outcrop anywhere else (Figure 1). On this
basis, five analytical criteria are developed (Text S1) and tested against a numerical solution. The numerical
solution is based on MODFLOW-NWT [Harbaugh, 2005; Niswonger et al., 2011; Hunt and Feinstein, 2012],
piloted from MATLAB® (R2013b, The Mathworks) with the help of the mfLab package [Olsthoorn, 2013].

Figure 1. Conceptual model for the study of water table outcrops. The water
table is sketched for R/K smaller, equal, and larger than the threshold
value (R/K)* for which the water table just outcrops at x.
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Details on the model setup and the solution method are given in Text S2, with an example of solution shown
in Figure 2. The comparison between the analytical criteria and the numerical solution is presented in Text S3.
From this comparison, the best analytical criterion reveals to be one derived from a new groundwater flow
solution that builds upon the Hooghoudt [1940] equation for drain spacing design. This criterion writes

R
K

� ��
¼ 2Dezt þ zt2 � 2DeHþ H2

� �x
L

x L� xð Þ (1)

where De is an equivalent depth smaller than D that accounts for vertical resistance to flow below the drain
level and is given by

De ¼ D

1þ 2L
x L�xð Þ

D
π ln L

πr0
þ F uð Þ

� �
� L

8

h i (2)

where r0 (L) represents the radius of the drains when these are circular (see discussion below), and

u ¼ 2πD
L

(3)

F uð Þ ¼
X∞
n¼1

4e�2nu

n 1� e�2nuð Þ ; n ¼ 1; 3; 5;… (4)

which converges rapidly for u> 0.5. For u< 0.5, van der Molen and Wesseling [1991] recommends to use an
approximation based on Dagan [1964] formula, which reveals to be very accurate in that case:

F uð Þ ¼ π2

4u
þ ln

u
2π

(5)

In nature, the bed shape of surface water features is not circular and its geometry is not commonly known. In
addition, a seepage area can exist bordering the surface water features, the extent of which is also not often
known. Therefore, r0 in equation (2) has to be understood as an equivalent parameter. While this might be
seen as a practical limitation of the solution, extensive comparison with results from numerical simulations
reveals that taking r0 = 0.003L yields accurate results for a broad range of configurations, encompassing most
natural settings—see discussion in Text S3 [Horton, 1945; Goudie, 2013; Wang and Wu, 2013; de Graaf et al.,
2015]. When Ls/L< 0.1 (where LS is the total length of the seepage areas that form near the boundary drains,
obtained from the numerical solution as shown in Figure 2), and whatever the value of D/L, the mean error
among all tested configurations is broadly smaller than 25% (Figure S2e in the supporting information),
and the maximum error is broadly smaller than 50% (Figure S2j). Cases where Ls/L> 0.1 are probably not
common in practice, noting that this would imply that the seepage areas extend over 20% of the hillslopes
connected to the drains (assuming that the system is divided into four hillslopes of equal length). Moreover, it
could be argued that common values for D/L and Ls/L sit within the smaller end of the tested ranges, in which
case the error is typically smaller than 10%.

If D/L< 1/25, the vertical resistance to flow is relatively insignificant (Text S3), and so De can be taken equal to
D, in which case equation (1) can be seen to result from the nonlinear Dupuit-Forchheimer equation (Text S1).
Note that this condition is 5 times more constraining than the common rule of thumb suggested for ensuring
the validity of the Dupuit-Forchheimer equations (e.g., D/L< 1/5 in Haitjema [2006]). The current result is con-
sistent with previous findings by Bresciani et al. [2014] and earlier by Kirkham [1967].

Figure 2. Example of numerical solution for R/K = (R/K)*, yielding the water table to just outcrop at the central topographic
low point. The filled colors represent the hydraulic head, and the black lines represent the streamlines.
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4. Implications

Equation (1) relies on important simplifying assumptions. First, the third dimension (i.e., second horizontal
dimension) is neglected. If the flow is mostly divergent in the horizontal plane, the water table elevation will
be overestimated by a cross-sectional model—up to a factor 2 in the extreme case of pure radial flow [Forster
and Smith, 1988; Haitjema and Mitchell-Bruker, 2005]. The opposite can be expected if the flow is mostly con-
vergent. Second, the aquifer is assumed to be homogeneous. Vertical stratification can yield important var-
iations of the flux with depth. However, where this occurs, interpreting the homogeneous hydraulic
conductivity of equation (1) as an equivalent parameter may be a reasonable approach [Bresciani et al.,
2014]. Apparently, random variations in hydraulic conductivity may have negligible effects on the water table
elevation if the correlation length is small relative to the system dimensions. In other cases, and in particular
when hydraulic conductivity varies significantly in the horizontal direction, the slope of the water table will
locally differ from the homogeneous case. Third, the vertical lines below the boundary drains are assumed
to form groundwater divides. Occurrence of deep groundwater flow to downstream catchments could partly
invalidate the present approach, and this could be the focus of future studies. Fourth, the groundwater flow is
considered in steady state. Most real systems are rarely in steady state due to fluctuations in recharge, in
which case equation (1) should be interpreted as representative of an (approximate) temporal average.
Fifth, recharge is assumed to be uniform. It is clear that significant spatial variations in recharge would imply
different results. Finally, direct evapotranspiration from the water table can represent a significant sink for the
system [e.g., Cohen et al., 2006]. When it occurs, this process will likely imply a lower water table. As a conse-
quence of those limitations, the developed criterion should only be seen as a first-order approximation of
real systems.

Notwithstanding those limitations, the criterion presented as equation (1) highlights key hydrogeological
controls of water table outcrops, independently of scale and shape of the topography. It provides a simple
investigation tool that helps in building intuition by giving insights into the functional relationships between
geologic (K and De), topographic (x, zt, and H), climatic (R) parameters, and resulting water table outcrops. For
instance, the criterion shows a positive linear dependence of (R/K)* on De, which controls the capacity of the
system to transmit water. It also reveals a positive dependence of (R/K)* on zt, which defines the maximum
possible rise of the water table in x. The terms multiplying x/L in the numerator are multipliers of H, and so
they control the effect of the difference in elevation between the drains. The quadratic terms in zt and in H
express the dependence of the transmissivity on the water table mounding. The solution also reveals an
inverse relationship between (R/K)* and x(L� x).

The developed criterion sheds light on the debate about the topographic control of groundwater flow.
Indeed, previous studies on the influence of the topography on groundwater flow have often used the topo-
graphy in place of the water table to specify the hydraulic head along the top boundary [e.g., Tóth, 1963; Zijl,
1999; Wörman et al., 2006; Cardenas and Jiang, 2010; Zech et al., 2016]. However, the effective control of the
topography on groundwater flow occurs only via the water table outcrops: elsewhere, the water table stands
below the land surface and is not affected by local topographic variations [Bresciani et al., 2016]. The
developed criterion thus extends the work of Haitjema and Mitchell-Bruker [2005] to a finer degree of under-
standing of the relationships between water table and topography. Note that similarly as in Haitjema and
Mitchell-Bruker [2005], the present criterion can be expressed in the form of a dimensionless ratio (α here-
after), for which values greater than 1 would indicate locations where the water table outcrops, whereas
values smaller than 1 would indicate locations where the water table remains below the topography:

α ¼ Rx L� xð Þ
K 2Dezt þ zt2 � 2DeHþ H2

� �x
L

h i (6)

The main difference is that here the ratio expresses a local potential for water table outcrop (i.e., in a given
point), as opposed to an overall potential for water table outcrop (i.e., in a given region) as in Haitjema and
Mitchell-Bruker [2005]. Besides, note that Haitjema and Mitchell-Bruker’s [2005] ratio is based on a less accurate
flow solution, which neglects (i) the vertical resistance to flow, (ii) the dependence of the transmissivity on the
water table mounding, and (iii) the potential difference in elevation between the boundary rivers.

The simple form of the presented criterion makes it a convenient tool to quickly assess the likelihood of water
table outcrops when the parameters are known. For instance, the criterion could be used as a starting point
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(i.e., as a back-of-the-envelope calculation) for investigating the effect of climate change on the connection
between groundwater and surface water. Inversely, if water table outcrops are known, it could be used to
obtain first-order estimates of parameters such as hydraulic conductivity, recharge, or depth-to-impervious
base, depending on which one of these parameters is known/unknown (see application example below). A
similar idea has been proposed to estimate K from drainage patterns on Earth and Mars [Luo et al., 2010,
2011; Luo and Pederson, 2012]. Furthermore, the analytical form of the criterion could make it attractive for
the CPU-efficient integration of groundwater-related processes in climate or Earth system models [e.g.,
York et al., 2002; Krakauer et al., 2014]. The criterion could also provide the basis for finding scaling laws in
groundwater-related topics such as stream network dynamics [de Vries, 1995; Godsey and Kirchner, 2014]
and the geomorphology of seepage erosion-dominated areas [de Vries, 1994; Abrams et al., 2009; Fox and
Wilson, 2010]. These potential applications remain to be explored.

5. Application Example: Constraining Recharge and Hydraulic Conductivity From a
River Network

The criterion presented and discussed in the previous sections has been applied to a case study located in
South-West Brittany, France. This case study is based on Goderniaux et al. [2013], who studied the partitioning
of groundwater flow into shallow and deep compartments. Here the criterion of equation (1) is used to assess
a range of R/K values that would be representative of the observed hydrologic conditions. The method
assumes that rivers are connected to groundwater, which is a realistic hypothesis in this wet, low-hydraulic
conductivity region. Figure 3a shows the topographic elevation between two permanent rivers. A single
other river occurs in between, at a higher topographic elevation. To constrain the range of values for R/K, a
lower bound is first obtained by calculating (R/K)* at the location of the central river. R/Kmust be larger than
this to allow for the water table to be connected to the river. Second, a higher bound for R/K can be found by

Figure 3. (a) Topography of a three-river cross section (in meter above sea level), where the green squares represent the
groundwater-connected rivers. (b) The central river—i.e., a water table outcrop—provides a minimum constraint on R/K
(blue triangle), calculated by using equation (1) taking left and right rivers as boundary conditions. The other points of
the land surface providemaximum constraints on R/K (red dots), calculated by using equation (1) first taking left and central
rivers as boundary conditions, and second taking central and right rivers as boundary conditions. The respective smallest of
these values (red dots filled with white) determines a maximum constraint on R/K between two consecutive rivers. The
resulting range of possible values for R/K is indicated by grey zones. Gaps in the red dots series correspond to buffer zones
around the rivers, where seepage areas may exist, in which case no maximum constraint can be calculated.
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Figure 4. (a) Location of the cross section in South-West Brittany, France; the green squares represent the groundwater-
connected rivers. (b) Topography (in meter above sea level). (c) Minimum and maximum constraints on R/K values and
the deducted possible range for R/K between each set of two consecutive rivers. The caption of Figure 3 applies. However,
here an additional constraint arises from the fact that each two-river section can be part of two different three-river
sections, such that two minimum constraints can be calculated, in which case the largest of these values is retained.
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ensuring that the water table does not reach the land surface anywhere else. For this, the left and central riv-
ers are first taken as boundary conditions, and (R/K)* is calculated for every point between these two rivers.
The smallest of these values gives a higher bound for R/K over this section. The same procedure is repeated
over the section between the central and right rivers. When applying this procedure, potential seepage areas
bordering the rivers must be ignored, as the water table does reach the land surface in these areas. While the
extent of seepage areas is subject to uncertainty, here a buffer zone of 10% of the distance between two con-
secutive rivers is used. Knowledge of the depth to impervious base is also required in the calculation of (R/K)*.
While it is unknown in this case (this is a fractured aquifer system), following Goderniaux et al. [2013], it is arbi-
trarily fixed at 1000m below sea level for demonstration purposes. The results are shown in Figure 3b.

The same procedure is repeated over a larger cross section, which includes 13 rivers (Figure 4a). In case the
river (or wetland) extends over several cells, it is represented by several points (Figure 4b). Since a section
between two rivers can be part of two different three-river sections, two lower bound values for R/K can
be calculated, in which case the largest of these values is retained. Also, note that for each three-river section,
no lower bound can be calculated when the elevation of the central river is lower than the straight line con-
necting the two boundary rivers. A higher bound is calculated for each two-river section. Figure 4c shows the
calculated range of values for R/K along the entire cross section. The variations in R/K can be explained by
changes in hydrogeological conditions (geology or recharge). Overall, the calculated R/K ranges between
0.90 × 10�3 and 11.51 × 10�3. Considering a recharge rate of 300mmyr�1, the hydraulic conductivity would
range between 8.26 × 10�7 and 1.06 × 10�5m s�1. This result is in accordance with the study of Goderniaux
et al. [2013], in which a uniform hydraulic conductivity value of 10�6m s�1 was estimated through calibration
of a numerical model. Between 2.5 km and 4.3 km, the calculated minimum value is higher than the maxi-
mum value. This paradoxical situation could be explained by singular hydrogeological conditions, such as
the river being perched or ephemeral.

This example also allows for differences between the current work and the work of Haitjema and Mitchell-
Bruker [2005] to be highlighted. For the small cross section presented in Figure 3a, assuming that R/K is equal
to 7.5 × 10�3 (i.e., the middle value of the range found), Haitjema and Mitchell-Bruker’s [2005] ratio can be cal-
culated as 0.13. This value is significantly smaller than 1, which would suggest an absence of topography con-
trol. However, the topography does influence the water table to some extent, as the water table outcrops at
the central river. Beyond differences in the flow solutions, the main reason for this apparent disagreement is
that the two approaches have quite distinct objectives: the present approach seeks to predict if the water
table intercepts the land surface at some point, while Haitjema and Mitchell-Bruker’s [2005] approach seeks
to predict if the water table is overall topography-controlled, i.e., in close connection with the land surface
in most locations, and not merely at some point.

6. Conclusion

The analytical criterion developed in this study gives insights into the hydrogeological controls of water
table-land surface interactions, which result from a highly nonlinear process. The criterion builds upon the
combination of 1-D and 2-D analytical groundwater flow solutions, hence making it valid even in cases where
the ratio of aquifer thickness to drain spacing is relatively large (> 1/25). Nonetheless, the criterion is only a
first-order approximation of real systems due to numerous simplifying assumptions it relies on. Further
research is warranted to rigorously assess the influence of processes neglected in this study, including con-
sidering the coupling between groundwater, surface water, vegetation, and the atmosphere. Models exist
that implement such coupling [e.g., Maxwell et al., 2007], but deriving simple, general understanding from
these models remains a challenge (notwithstanding recent progress in this domain [e.g., Condon and
Maxwell, 2015]).

The primary interest of the present criterion lies in its simplicity. Its potential utility is multiple, going from
fundamental process understanding to practical, first-order estimation of physical parameters. In the above
application example, the criterion was used to estimate plausible values of R/K from a river network. The
adopted strategy yields a range of possible values for R/K over each section comprised between two
consecutive rivers, which allows for correlations to be made with changes in hydrogeological conditions.
As an outcome, the derived range of values could for instance be used as bounds for calibration or uncer-
tainty analysis in a more advanced modeling exercise.
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