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Cloke et al. (2006) discuss an interesting topic of runoff gen-
eration, a central theme in hydrology. While their numerical
experiment reproduced the physical experiment of Abdul
and Gillham (1984) with good agreement, I feel that their
proposed generalization of the model results to more realis-
tic natural settings of riparian zones is not perfectly well
supported. This is so because the stream channel initially
is disconnected from the groundwater in Abdul and Gillham
(1984) experiment which is replicated by Cloke et al. (2006)
(Figs. 2, 4, and 6) in their above numerical study. In my
opinion the initially disconnected stream setting ought to
be replaced by a more common (at least in humid climates)
perennially gaining stream example where groundwater is in
continuous contact with the channel through the stream-
aquifer interface permitting immediate water fluxes across
it when responding to precipitation. This more realistic
boundary condition at the stream-aquifer interface will al-
low rapid groundwater inflow to the stream and should be
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taken into consideration when commenting upon the role
of groundwater ridging in runoff generation. Below such a
numerical experiment is described and the results subse-
quently discussed.

The computational domain, representing the aquifer, is
displayed in Fig. 1. As is seen, the aquifer has a gently slop-
ing ground surface (slope is 1%) and an also, similarly sloping
impermeable layer at the bottom. Initially (t = 0), it con-
tains a horizontal groundwater-table at y = 0.1 m (Fig. 2),
representing a static equilibrium, i.e., hydraulic head (h)
is constant everywhere. The aquifer is drained for t > 0 by
an instantaneous drop in the stage (i.e. from 0.1 m at
t = 0 to 0 m for t > 0) of the fully penetrating stream on
the right side. Note that a full or partial penetration of
the stream is not of a fundamental difference in many
cases. If the stream channel is deep and narrow and/or
when its bottom is made up of clayey deposits, stream aqui-
fer interactions across the channel bottom may be limited
compared to water exchanges along the channel sides,
especially for incised streams.

Precipitation (P) will arrive at the ground surface with
intensities that follow a squared sine-curve for a half-period
(Fig. 3)

P ¼ 0:14K sin2ð5:102tÞ; ð1Þ
s
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mailto:jszilagyi1@unl.edu


Figure 1 The computational domain and the boundary conditions applied for a gently sloping aquifer.

Figure 2 Evolution of the groundwater table through time.
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where Ks is the saturated hydraulic conductivity of the as-
sumed sand aquifer material, and t is measured in hours.
See Szilagyi (2003) for the prescribed hydraulic properties
of the aquifer material.
Aquifer drainage and recharge was simulated by a finite
element model (Flexpde) that numerically integrates the
combined unsaturated/saturated flow equation (Lam
et al., 1987)



Figure 3 Rainfall hyetograph and the resulting surface, subsurface, and total runoff hydrographs of the gently sloping aquifer.
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where K, a function of the suction/pressure head (w) here
denotes both unsaturated and saturated hydraulic conduc-
tivities; m is the slope of the water–retention curve, which
becomes the coefficient of volume change in the saturated
zone (Lam et al., 1987); and c is the unit weight of water.

On the right side of the domain a value boundary condi-
tion is evoked whenever the suction/pressure head, w, is
positive, otherwise it is a no flow boundary. At the
ground-surface water can enter the domain at the precipita-
tion rate as long as w is negative. It becomes a value bound-
ary otherwise (Gitirana et al., 2005).

The difference in precipitation intensity and infiltration
(q) over the ground surface becomes as input (a function
of time and position) of a separate surface runoff model.
Surface runoff (Q) is modeled by the nonlinear kinematic
wave equation (Berod et al., 1999) with an additional linear
diffusion term for numerical stability
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with a celerity term of cðQÞ ¼ 1:5ðCS0:50 Þ
2=3Q 1=3. Here C is the

Chezy roughness parameter, S0 is the slope of the ground
surface and D is a constant diffusion coefficient. A D value
of 0.01 m2 s�1 and a C value of 1 m0.5 s�1 was employed in
the model, this latter is of the same magnitude as the values
cited by Berod et al. (1999) for prairie grass cover. With the
above one-way coupling of the surface and subsurface run-
off processes an implicit assumption is made that once
water is available for surface runoff it stays on the surface
until it reaches the stream, i.e. no subsequent infiltration is
possible from this water flowing on the ground surface.
Fig. 2 displays the evolution of the groundwater-table ele-
vations through time while in Fig. 3 the ensuing surface, sub-
surface, and total runoff hydrographs of the aquifer, having a
unit length along the stream, can be seen. Comparing the
two figures it becomes apparent that groundwater influx to
the stream channel is well advanced by the time the ground-
water table surfaces, thus the latter cannot be the cause of
rapid and significant groundwater influx to the stream (i.e.,
baseflow). Since the aquifer in the model is made up of sand,
the capillary fringe has a negligible thickness (see Szilagyi,
2003), thus its collapse cannot be the triggering mechanism
either. As it is argued below, the real driving force behind the
observed rapid groundwater influx to the stream is the nec-
essary presence of sharp gradients in the hydraulic head near
the stream bank, resulting in large Darcy-fluxes (Fig. 4),
which is different from the requirement of a groundwater
ridge. The groundwater ridge in Fig. 2 develops because
the horizontal groundwater table initially is closer to the sur-
face near the stream than farther away of it due to a sloping
surface (Fig. 2). The vadose zone consequently retains more
moisture near the stream initially and can become saturated
faster during a rain event.

The following can be concluded from the present numer-
ical study. If groundwater ridging is defined as the emer-
gence of groundwater on the surface from saturation
excess (Fig. 1 of Cloke et al. (2006)), then groundwater ridg-
ing is not the cause of fast and significant baseflow contribu-
tion to the stream in our example. Rather, it is the opposite,
groundwater ridging blocks the infiltration of additional
water into the soil-aquifer system, thus boosting surface
runoff. A comparison of Figs. 2 and 3 demonstrates that sur-
face runoff indeed intensifies when the groundwater table
reaches the surface at around 1700–1800 s.



Figure 4 Specific-discharge vectors at t = 1750 s. The length of the vector is proportional to the ten-based logarithm of its
magnitude, measured in mh�1. The contour-line values correspond to magnitudes of 0.1, 0.01, and 0.001 mh�1, respectively.

Figure 5 Rainfall hyetograph and the resulting surface, subsurface, and total runoff hydrographs of a completely horizontal
aquifer.
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If, on the other hand, groundwater ridging is defined as
the formation of a high-pressure subsurface ridge along
the stream, coupled with relatively steep hydraulic head
gradients on both sides (but especially on the stream side)
of the ridge, then groundwater ridging seems to be con-
nected to the observed fast baseflow response to the
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stream. Figs. 2 and 3 suggest that the release of groundwa-
ter to the stream is proportional to this groundwater
mounding. A cause and effect relationship between rapid
Figure 6 Rainfall hyetograph and the resulting surface, subsurface
reduced hydraulic conductivity values.

Figure 7 Rainfall hyetograph and the resulting surface, subsurfa
baseflow response and a high pressure ridge next to the
stream, however, is absent. This can be proved by having
a look at Fig. 5 where the runoff hydrographs of a com-
, and total runoff hydrographs of the gently sloping aquifer with

ce, and total runoff hydrographs of the gently sloping aquifer.
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pletely horizontal aquifer with zero ground surface and
impermeable layer slopes are displayed. Here the ground-
water initially is the same distance from the surface along
the aquifer, thus no groundwater ridging through time will
occur alongside the stream. Instead, the groundwater table
follows a typical drawdown curve at all t > 0 times. Yet, the
subsurface runoff hydrograph is very similar (both in volume
and timing of its peak) to the previous gently sloping surface
and impermeable layer case (Fig. 3). Moreover the baseflow
peak now is even higher somewhat than with groundwater
ridging. The only plausible explanation is that ridging is
not the cause of fast and abundant baseflow contribution
to the stream, rather, the sharp hydraulic gradient condi-
tion necessarily developing next to the stream is. Ground-
water ridging even counteracts to a certain degree the
draining effect of the overall head gradients in the aquifer
by diverting water away from the stream for some time,
as seen in Fig. 4 and discussed by Cloke et al. (2006), result-
ing in a slightly diminished baseflow peak as evidenced by
the comparison of Figs. 3 and 5. (As a side note, for the sep-
arate surface runoff calculations (and only there) a slope of
0.1% was employed in this completely horizontal aquifer
case in order to obtain any surface runoff response. Also
of secondary importance is the fact that in the completely
horizontal aquifer case the total runoff volume is larger in
the approx. 3-h interval than with the sloping aquifer. This
is so because the initial water content of the horizontal
aquifer is larger than that of the latter.)

I would also like to point out that the presence of a high
pressure subsurface ridge in itself is not indicative (even if
not as a cause and effect) of a potential rapid baseflow re-
sponse in cases where the hydraulic conductivity of the soil-
aquifer system is not sufficient enough. This is exemplified
in Fig. 6, where the gently sloping aquifer is subjected to
the same conditions as previously with the only exception
that the hydraulic conductivity values (as a function of w)
were reduced by a factor of ten. The resulting baseflow re-
sponse is not only diminished in volume but also delayed in
time. This underlines the potential importance of preferen-
tial flow in rapid groundwater response.

As a final note, I would also add that the relative volume
of the baseflow response to total runoff of the aquifer in the
present experiment is further influenced by the intensity
(and/or duration) of the precipitation event (Fig. 7). More-
over, precipitation intensity has an effect on the timing of
the baseflow peak as well (compare Figs. 3 and 7), since
higher infiltration rates can saturate the soil (and build up
sharp hydraulic head gradients) faster.

Disclaimer: The views, conclusions and/or opinions ex-
pressed in this paper are solely those of the author and
not the University of Nebraska, state of Nebraska or any
political subdivision thereof.
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