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Abstract

Soil layers on hillslopes acts as systems in quasi-steady states generating rainfall-
stormflow responses that are controlled by pressure propagation in a hydraulic contin-
uum established when the rainfall volume is sufficiently large. A similarity analysis for
quantifying the sensitivity of the stormflow response and recession limb to topographic
and soil properties in a sloping permeable domain showed that the deviation of storm-
flow responses in the hydraulic continuum decreases due to the macropore effect. The
rapid responses seem to be naturally derived from the evolution of the soil layer with
the assistance of the vegetation-root system and effective drainage systems in zero-
order catchments in active tectonic regions with heavy storms. To predict stormflow
responses using distributed runoff models, a paradigm shift to consider this evolution
process is needed because the simple stormflow responses and complex and hetero-
geneous catchment properties are poorly related, but may be mainly determined by
soil evolution processes.

1 Introduction

The prediction of runoff response to rainfall is a basic hydrological aim. Since the suc-
cessful applications of the tank model to many rivers (Sugawara and Katsuyama, 1957;
Sugawara, 1995), numerous models have been developed for this purpose. However,
it is still difficult to estimate hydrographs in response to hyetographs without a pa-
rameter calibration using previous observational data (Sivapalan et al., 2003). There
are many reasons for this, but the most essential one is the difficulty in detecting the
main properties of a catchment that control its runoff responses (Betson and Ardis
Jr., 1978). Most physically-based distributed runoff models assume that the surface to-
pography is the controlling factor (e.g., Beven and Kirkby, 1979; O’Loughlin, 1986).
However, some hillslope observations, especially in active tectonic regions, do not
indicate the dominant effects of topography. This incompatible observational result
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is attributable to the dominant function of underground pathways, including weath-
ered bedrock (Montgomery and Dietrich, 2002; Kosugi et al., 2006; Gabrielli et al.,
2012). Kosugi et al. (2011) demonstrated that a localized bedrock aquifer distribution
not following the catchment topography produced a unique triple-peak hydrograph re-
sponse in a headwater catchment. Katsuyama et al. (2010) compared five small sub-
catchments and showed that the mean residence time of each was explained not by the
topography but by the deep percolation ratio estimated from the annual water balance.
Sugawara (1979), in his textbook on runoff analysis, referred to the following off-target
behavior: a miserable man searches for his missing key only within an obvious cir-
cle illuminated by a streetlight because of the outside darkness, even though his key
could have been lost anywhere. This analogy may apply to the developers of distributed
runoff models, who have built their models based on the surface topography. However,
sensitive catchment properties are also embedded underground, outside the obvious
area. Difficulties in PUB (prediction of ungauged basins) (Sivapalan et al., 2003) are
closely related to the problem of not considering underground structures.

For stormflow responses, many distributed runoff models still use the surface flow
for their pathways, although observations of hillslope hydrology have not accepted this
concept (McDonnell, 2003). Early in the field of hydrology, stormflow was considered
to be the infiltration-excess overland flow (Horton, 1933). This concept produced sim-
ple kinematic-wave routine models (Sueishi, 1955; lwagaki, 1955). Although the role
of subsurface flow was also noted, because of the high infiltration capacity of forest
soils (Hewlett and Hibbert, 1968), the saturation-excess overland flow was considered
as a source of stormflow responses even into the 1960s (Dunne and Black, 1970;
Freeze, 1972). Because of the low velocity of subsurface flow, such stormflow re-
sponses could not be separated from the total runoff discharge, but was represented by
the high-speed water movement of overland flow. Many distributed runoff models still in
use today are based on this concept of saturation-excess overland flow (Ishihara and
Takasao, 1964; Beven and Kirkby, 1979). By tracer investigations (Pinder and Jones,
1969; Sklash and Farvolden, 1979), however, the important contribution of pre-event
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soil water to stormflow was detected, and many well-designed observations were con-
ducted to explain the production of stormflow by soil water movement (Mosley et al.,
1979; Pearce et al., 1986; McDonnell, 1990). We now understand that both the quick
flow within preferential pathways and quick pressure propagation originating from the
slow water movement within a soil matrix play important roles in the stormflow gener-
ation processes (Anderson et al., 1997; Tani, 1997) as also reviewed in Sect. 2 of this
paper. Although quantifying the source of water in each storm event requires further
study (Gomi et al., 2010), it is irrefutable that the water movement within a soil layer
can produce stormflow.

Nevertheless, a new question has emerged: previous studies could not demonstrate
why water movement within a soil layer resulted in the production of stormflow. A hydro-
graph generally has rising and falling inflection points. Although the latter are usually
vague, the recession timescales beforehand and afterwards are quite different. In an
active tectonic region like Japan, the half-life of a recession limb before the inflection
point usually ranges from several hours to one day, although that after the point may be
larger than several days (Okamoto, 1978). Double or triple peaks are sometimes gen-
erated in small catchments, as mentioned before (Onda, 2001; Kosugi et al., 2011), but
the responses of river flow to rainfall commonly contain a quick component of stormflow
with a short half-life distinguished from the entire hydrograph. Although this question
may be unique and not generally addressed, it is believed to provide important infor-
mation on stormflow mechanisms and modelling.

Two considerations are addressed in this paper. First, the stormflow responses ob-
served in small catchments consisting of steep hillslopes are reviewed in Sect. 2. We
conclude that when the total rainfall is large enough, the mechanism for stormflow pro-
duction can be attributed to pressure propagation in a hydraulic domain. In Sects. 3
and 4, a similarity analysis on the saturated and unsaturated flow components within a
sloping permeable domain are performed to quantify the pressure propagation. The ef-
fects of the topographic and soil properties and macropores on the stormflow response
and recession limb are quantitatively evaluated using this analysis. On the basis of our
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results, the discussion in Sect. 5 focuses on why quick stormflow responses are gen-
erally produced from zero-order catchments in an active tectonic region. The findings
will contribute to a new strategy for evaluating the effects of catchment properties on
runoff responses.

2 Review of stormflow response observations
2.1 Allocation of rainfall to stormflow

The relationship of stormflow volume per unit catchment area to the total rainfall vol-
ume in each storm event has been frequently illustrated as a means to understand the
storm runoff characteristics in a catchment (Soil Conservation Service, 1972; Okamoto,
1978). When the rainfall is small, the stormflow is low because most of the rainwater
is stored in the soil layer by absorption within small pores with a low matric poten-
tial. There, water can be extracted only by evapotranspiration with a supply of latent
heat. It cannot be drained by gravity. For stormflow volumes that increase with rain-
fall, a threshold value was detected in some catchments, suggesting the saturation of
small pores (Tani, 1997; Tromp-van Meerveld and McDonnell, 2006). The loss of the
stormflow volume is also derived from percolation into deep layers, such as weathered
bedrock (Kosugi et al., 2006). This quantitatively depends on the underground structure
represented by the surface geology. The loss is large for mountainous catchments with
granite, but small for those with sedimentary rock, causing a clear difference in the flow
duration curves between those catchment types (Shimizu, 1980). Figure 1 shows an
example for a small catchment in Japan with each type of geology: Kiryu (Katsuyama
et al., 2008) and KT in the Tatsunokuchi-yama Experimental Forest (TEF), Okayama,
Japan (Tani and Abe, 1987). After the cumulative rainfall exceeds the threshold volume
in a large-scale storm, almost all the rainwater tends to be allocated to the storm-
flow, at least in catchments with sedimentary rock (Tani and Abe, 1987). Therefore,
we can imagine that the entire catchment area eventually contributes to the stormflow
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production, even though some rainwater may still be allocated to deep percolation in
catchments with geologies such as granite. Next, we examine two observation results
for such wet conditions during storms.

2.2 Stormflow responses as pressure propagation under wet conditions

A valuable study of sprinkling experiments was conducted in the Oregon Coast Range,
USA, to understand the stormflow mechanism under the ground (Anderson et al., 1997;
Montgomery et al., 1997; Ebel et al., 2007). The site labelled CB1 was a steep zero-
order catchment (860 m? and 43°) on Eocene volcaniclastic sandstone bedrock. Rain-
fall of a relatively weak intensity (average of 1.65 mm h~') was supplied for a long dura-
tion (7 days), and all the water infiltrated into the soil. Two weirs (upper and lower) mea-
sured flow rates from both colluvium and fractured bedrock in the catchment, where the
flow through the upper weir was separated from that through the lower weir, which was
located 15m downstream. As shown in Fig. 2, the flow rates measured at the upper
and lower weirs were roughly constant, equal to about one third of the supplied rain-
water intensity. Both the flow rates had a daily oscillation due to evapotranspiration
and wind-induced variations in the rainfall intensity. The rainfall intensity with a large
spatial distribution was manually measured twice daily and the flow rate at each weir
was measured by hand. Thus temporal changes could not be recorded in detail (Ebel
et al., 2007), and the results illustrated in Fig. 2 can be only used for a rough com-
parison because of the time lags. However, the results indicated that during the 4-day
period when the flow was nearly steady, the rainfall of 1.65mm h~' was allocated to
the averaged total flow rate of 1.1 mm h™'. The deep infiltration constituted a leakage
of 0.5mmh™", with the rest going to evapotranspiration (Anderson et al., 1997).
Figure 2 clearly shows the two types of loss mentioned above: absorption within
small pores with low matric potential and percolation into deep layers. The former loss
type was detected from the small flow rate in the early stage, and the latter was es-
timated as the leakage of 0.5 mm h™' that remained even during the later stage in a
nearly steady state. The flow rate through each of the weirs roughly responded with a
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delay in the oscillation of rainfall intensity during the nearly steady state, regardless of
the limitations of the hand measurements. For the flow response to rainfall, Anderson
et al. (1997) found the following processes through two kinds of tracer experiments. A
high speed subsurface flow from the fractured bedrock to the outlet through the col-
luvium was detected by bromide point injections into the saturated materials. Another
experiment using sprinkler water labelled by deuterium showed a plug flow without pref-
erential flow for the vertical unsaturated water movement. These tracer experiments
strongly suggested that a combination of a vertical plug flow in the unsaturated zone
and a high-speed preferential downslope flow in the saturated zone may produce quick
flow responses to rainfall. In these processes, storage fluctuations may have caused
the small delay of the flow discharge both in the vertical unsaturated flow and the sat-
urated downslope flow in response to the rainfall oscillation in a nearly steady state.
The former flow is described by Darcy’s Law, where the volumetric water content in the
unsaturated zone increases and decreases in response to fluctuations in the rainfall
rate, due to the vertical flow rate being a monotonically increasing function of water
content (Rubin and Steinhardt, 1963). The latter originated from the water table as the
downslope flow rose and fell in response. These processes should generally follow the
hydraulics of water pressure propagation, even though water moves at quite different
speeds through unsaturated soil and a pipe channel.

Similar pressure propagation was estimated from two small forested catchments, KT
(17.3ha) and MN (22.6 ha), in TEF (Tani, 1997). The soil was a clay loam derived from
the sedimentary rock. Although the soil was generally deep, the two catchments were
both characterized by high stormflow volumes, where most of the rainfall was allocated
to the stormflow under wet conditions when the rainfall volume exceeded the threshold
of cumulated rainfall. The value of the latter depended on the antecedent catchment
dryness before each storm event. For quick flow responses, the vertical water move-
ment was estimated not as a preferential flow but as the unsaturated flow through the
soil matrix, because the matric potential measured in the soil layer on a steep pla-
nar hillslope (500 m? and 35°) had a clear positive relationship to the given rainfall
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intensity, as expected from Darcy’s Law (Rubin and Steinhardt, 1963). In addition, the
groundwater level at 15m depth in a steep zero-order catchment increases quickly
in response to rainfall, similar to the stormflow rate during wet conditions in an up-
per soil layer, although the level does not respond during dry soil conditions (Hosoda,
2008). Quick downslope water movement was not explicitly detected, unlike in CB1,
but a quick stormflow response with volume comparable to that of rainfall frequently
occurred without overland flow in these catchments. This result suggested that these
stormflow characteristics may be caused only by the mechanism of water pressure
propagation, as in the CB1 catchment.

2.3 Tank approach to quantifying the stormflow response

A tank with a drainage hole is a typical component of many storage-type runoff models
such as the tank model (Sugawara, 1995), HYCYMODEL (Fukushima and Suzuki,
1988), and TOPMODEL (Beven and Kirkby, 1979). These models commonly contain
an algorithm for the rainwater allocation to tanks producing stormflow and baseflow.
However, in our two catchments KT and MN in TEF, almost all the rainfall was allocated
to the stormflow under wet conditions as already mentioned in Sect. 2.1 with Fig. 1.
For this case, we can describe a model of the rainfall-stormflow response without an
algorithm of the rainfall allocation, the so-called effective rainfall separation, as

dV
V = kfP (2)

where V is the storage, r is the rainfall intensity, f is the flow rate (all per unit catchment
area), and k and p are parameters. Equation (1) represents the water balance as a
physical law, but the storage and flow relationship in Eq. (2) is empirical.
Figure 3 shows the simulated stormflow responses in the KT and MN catchments
to a typhoon storm in September 1976, with a total rainfall of 375 mm. Ten-minute
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rainfall and runoff data were used here, and the rainfall was directly inputted to the
tank. The baseflow rate before the storm event was very small (0.0053 mm h™ for KT
and 0.0067 mmh~" for MN); thus we neglected the effect of the baseflow increase on
the hydrograph during the event. The later stage of the entire event after the catch-
ments reached a wet condition is plotted in Fig. 3. The optimized value of p for both
catchments was 0.3, and the values of k for KT and MN were 25 and 40, respectively.
Extremely close agreement was obtained for each of the catchments, and the lower
peaks and gentler recession limbs for MN vs. KT were accurately simulated by the dif-
ference in k between them. This probably reflects thicker soil layers with gentler slopes
in MN than KT, considering that there was a slightly larger annual evapotranspiration for
MN than KT, as estimated from the 69 yr annual water balance there (Tani and Hosoda,
2012).

For CB1, it was difficult to evaluate the simulation results in terms of runoff responses
by a tank with a drainage hole during the nearly steady state, due to the manual mea-
surements of rainfall intensity and runoff rate. However, the recession stage of runoff
records was simulated for each of the upper and lower weirs (Fig. 2). An optimized
value of p of 0.3 was also used here, and the optimized values of kK were 11 and 20
for the upper and lower weirs, respectively. The values of k were slightly lower than
those of TEF, but the hydrographs for these catchments were commonly characterized
by quick recession limbs separated from those of the baseflow. They were simulated
by a simple function with a small range of half-life (roughly from several hours to one
day), despite the large differences in catchment properties between them.

2.4 Insensitivity of the stormflow response to storm magnitude

For TEF and CB1, we have so far looked at stormflow responses during conditions in

which the entire catchment is wet. Next, we investigate the responses to small volumes

before the wet conditions during the storm in TEF. Figure 4 shows hydrographs includ-

ing the early dry stage in KT. The same calculated hydrograph as that in Fig. 3 and a

recession flow calculated for a long no-rain period using the same parameter values
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were plotted on a single logarithmic chart, where the recession flow calculated with
p =1 is plotted as a straight line. The gradient of the calculated recession hydrograph
(broken line) became gentler with time owing to the non-linear function with p = 0.3 in
Eq. (2). Nevertheless, each of the small observed hydrographs in the early stage had a
similar recession gradient to that in the later stage, suggesting that the recession gra-
dient was rather constant, regardless of the magnitude of the storm hydrograph. This
might be explained by the so-called variable source area concept (Hewlett and Nutter,
1970), but two mechanisms may be possible: one may be estimated from a downslope
process, where a small stormflow would be produced from a short limited pathway of
the hillslope. An application of a kinematic wave runoff model to the typhoon storm
in September 1976 in TEF, shown in Figs. 3 and 4 (Tani and Abe, 1987), suggested
that a pathway extension was one possible mechanism, although no other evidence of
this was observed. Another mechanism could be a combination of the vertical unsat-
urated flow and a rapid downslope flow through preferential pathways such as natural
pipes, because the time delay in the hydrograph recession is mainly attributed to verti-
cal pressure propagation. This idea originated from research in CB1 (Montgomery and
Dietrich, 2002). These mechanisms can both be involved in situ, and separating them
may be difficult. However, both mechanisms are able to produce a constant recession
gradient throughout a large range of stormflow magnitudes.

2.5 Similarity of stormflow responses among catchments

The accurate simulation results for TEF and CB1 shown above suggest that storm-
flow responses could be entirely represented by a pressure propagation simulated by
a tank with a drainage hole, even though plural flow mechanisms with different speeds
were involved. This simple characteristic for stormflow responses was widely detected
in runoff model applications. Practical stormflow analyses for flood management pur-
poses in headwater catchments in Japan have provided examples of successful appli-
cations (Kimura, 1961; Sugiyama et al., 1997). Another example is an application of
HYCYMODEL to seven small mountainous catchments (Tani et al., 2012). This model
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had a tank with a drainage hole as part of the stormflow response. This application
demonstrated that stormflow responses in catchments with different land-use histories
were similar, except for a catchment covered with bare land, where overland flow was
dominant. These observational and model studies demonstrate the applicability of the
storage-flow relationship in Eq. (2) to stormflow. The range of recession limbs in each
catchment may be rather small in contrast to the large variations in topographic and
soil properties.

3 Sensitivity analysis of runoff buffering potential
3.1 Hydraulic continuum characterized by a quasi-steady-state system

The observation results presented in the previous section suggest that the stormflow
responses were created through pressure propagation and could be simulated by a
tank with a drainage hole after the soil became sufficiently wet due to a large supply
of rainfall. Such a tank can be generally regarded as a “quasi-steady-state system”,
in which a dynamic equilibrium of storage is established when the inflow and outflow
rates are the same and the outflow gradually decreases, keeping the same functional
relationship of storage to outflow rate as that during the dynamic equilibrium after the
inflow rate stops (Meadows, 2008). This character of quasi-steady state systems can
be hydraulically derived from pressure propagation under gravity. This is typically de-
scribed as Darcy’s law both in saturated and unsaturated zones in a permeable do-
main. However, the domain consists of both a soil matrix and preferential paths such
as macropores or natural pipes with fast water movement demonstrated by tracer ex-
periments (Mosley, 1979; Anderson et al., 1997). Such simple pressure propagation
in a quasi-steady state is important for understanding the essential characteristics of
stormflow responses. We refer to this system as a “hydraulic continuum” for the pro-
duction of stormflow.
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The hydraulic continuum for stormflow production was qualitatively characterized by
a quasi-steady state and conceptualized by a tank with a drainage hole. Next the quan-
titative properties of the continuum are analysed. The water balance in Eq. (1) is trans-
formed to

ﬂ_ r—f
dt  dv/df

3)

This equation states that when f =r, f is constant, but when f>r, f increases and
when f <r, f decreases. In addition, the increase/decrease rate of f is controlled by
dV/df. Therefore, if the system is in a quasi-steady state, the increase/decrease speed
of the flow rate is simply controlled by the differential coefficient of storage with respect
to the flow rate in a steady state in Eq. (3).

The left panel of Fig. 5 is a schematic example showing the response of the flow rate
to a fluctuation in the rainfall rate, the average of which is 1 mm h™'. The relationships
between storage and flow rate are represented by Eq. (2) as illustrated in the right
panel of Fig. 5. We used a common p value of 0.3 and three k values of 10, 25, and 40
in Eq. (2) in reference to the results from CB1 and TEF. The figure clearly shows the
dependency of the increase/decrease speed of f on dV/df, not only during dynamic
equilibrium but also in the recession stage.

3.2 Link between the hydraulic continuum and runoff buffering potential

Equation (3) demonstrates the importance of the storage and flow-rate relationship in
evaluating the speed of the flow rate quantitatively in response to the rainfall fluctua-
tion in a hydraulic continuum. Tani (2008) has already proposed this relationship for
a sloping permeable domain and defined the runoff buffering potential (RBP) as the
difference between the water storage volumes integrated over the domain in response
to two steady-state runoff rates (f, and f,) given to the system. Hence
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f,
fdv
RBP = ydf =V(fy) - V() (4)
fa
Here, this integral equation is converted into a differential form as
dv
RBPI = —

where RBPI is the index of the RBP, and £, is the averaged flow rate around which f
fluctuates. In the recession stage from a storm event, substituting Eq. (5) into Eq. (3)
gives the recession gradient at f,,, as
df | = =y

dt '™ " dy/df|,  RBPI|,

(6)

Hence the half-life (7,,) at f,, is described as
T, |fm = -In(0.5) dV/df |fm = —1In(0.5)RBPI |,‘m (7)

This shows that the recession hydrograph from a hydraulic continuum characterized by
a quasi-steady-state system is accurately reduced to a simple solution of the differential
Eq. (6). As a result, various properties with high diversities and heterogeneities in a
runoff system converge on a simple characteristic runoff recession (Sivapalan, 2003;
Vaché and McDonnell, 2006).

Hence the RBP given from Tani’s (2008) analysis for a sloping permeable domain
is clearly linked to the characteristics of a hydraulic continuum as a quasi-steady-state
system producing stormflow responses observed in catchments such as CB1 and TEF,
although this was only a theoretical consideration for homogeneous conditions. On the
basis of this previous analysis, a similarity framework is constructed here to assess the
dependencies of RBPI on the dimensionless parameters describing topographic and
soil properties.
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3.3 Fundamental equations

Like Tani (2008), we also tried to assess a sloping permeable domain with a con-
stant depth and homogeneous hydraulic properties using a two-dimensional form of
the Richards equation. A similarity framework was provided by dimensionless forms of
the parameters. The origin was placed at the upslope end of the surface of the domain,
and the x-axis and z-axis were positive in the horizontal and downward directions, re-
spectively (Fig. 6). For our calculation, we chose the upslope portion of a semi-infinite
domain with horizontal length L and vertical depth D in order to avoid the local influ-
ences of specific boundary conditions such as seepage faces. Because only a steady
state in response to rainfall with a constant intensity is analysed here, the runoff rate
in a unit horizontal domain length is also represented by the same value of rainfall
intensity. The fundamental equation is given as

0 oy 0 oy
— (k=) + =<2k ([=Z=-1)\ =
6)(( 6x)+6z{ (62 )} 0 ®
where K is the hydraulic conductivity and y is the pressure head.
As the surface boundary condition, rainfall with a constant intensity 7, was applied
to the sloping domain. The infiltration-excess overland flow was eliminated by setting

., lower than the saturated hydraulic conductivity. The boundary condition along the
slope surface was written as

g,=f when y<0 at z=xtan®, x >0 9

where @ is the slope angle. When y reached zero, a constant pressure condition
(w = 0) was imposed to calculate the saturation-excess overland flow. As for the other
boundary conditions, we assumed that no water flow occurred along the bottom of the
permeable domain or across the upslope end. Accordingly,

g,=0 at z=xtan®+D, x>0 (10)
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g,=0at x=0,0<z<D (11)

Tani (2008) proposed an approximation for the steady-state distribution of the pres-
sure head based on the Dupuit-Forchheimer assumption (Beven, 1981) and confirmed
its agreement with solutions by the Richards equation for a steep-sloping permeable
domain. Therefore, we also use this approximation.

For soil physical properties controlling water retention and permeability,
Kosugi’s (1996, 1997a, b) equations derived from log-normal soil pore distributions,

|
6 = (6, - 6,)S, +6, = (6, - 6,)Q [%] +6, for w<0 (12)
0 =0, for w>0 (13)
Ky = KK, (14)

were used. Here @ is the volumetric water content, S, is the effective saturation, 6
and 6, are the saturated and residual volumetric water contents, respectively, y,, is
the median pressure head corresponding to the median pore radius, o is the standard
deviation of the log-transformed soil pore radius (o > 0), which characterizes the width
of the pore-size distribution, @ is the complementary normal distribution function,

@® 2
Q(y) = (2m)™°° / exp <%> du (15)
y
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Ky is the hydraulic conductivity given by Kosugi’s equation, which is distinguished from
K due to the involvement of the macropore effect described later, and K, is the relative
unsaturated hydraulic conductivity, defined as

1/2 2
K, = [O{W}] x [O{W+o}] for w <0 (16)

K,=1for y>0 (17)

Therefore, both the relationships of volumetric water content and unsaturated hydraulic
conductivity to pressure head expressed in Egs. (12), (13), (16), and (17) were repre-
sented by parameters including 6, 6,, K, ¥,,, and o. This means that the effects of soil
physical properties on the hydraulics of a sloping permeable domain can be assessed
by a sensitivity analysis of these five parameters. However, this procedure may be still
too tangled to extract the essence of each effect, making a simpler parameter set desir-
able. First, 85 and 6, can be removed using the effective saturation, S,, because of their
linear contribution, and the retention and hydraulic properties can be written in terms
of K, ¥, and o. In addition, because the saturated hydraulic conductivity K may be
dependent on the soil pore distribution, K5 and y,,, can be connected. Kosugi (1997a)
proposed the following functional relationship based on the proportional relationship of
K, to the square of the arithmetic mean of pore radius r,.

K, = Ar2 = Ar2 exp(0?) (18)

Here r,, is the median pore radius, and A is a proportional constant. The relationship
of capillary rise to the pore radius is expressed as
2ycosn

_ 19
v 097 (19)
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where y is the surface tension between the water and air, 7 is the contact angle, o is
the density of water, and g is the acceleration due to gravity. Substituting Eq. (19) into
Eq. (18) yields

2ycosn 2 B Bexp(oz)

= (20)
P9 I iyt Wi

KS=A[

where y, is the pressure head corresponding to r,. Kosugi (1997b) estimated the value

of B[= A{(2y cosn)/ (pg)}z] as 10%* cm® s~ from a dataset of soil hydraulic properties
(Mashimo, 1960). As the parameter representing soil-water retention, it is better to
select y, than y,, because Kj is not related to o, only y,. Hence, the soil physical
properties can be represented by only two parameters.

As macropores play an important role in the hydraulics in our permeable domain,
their effect was parameterized here by a method proposed by Tani (2008).

K=K0 for w <0 (21)

K=¢exKg for >0 (22)
This means that the effect functions only within the saturated zone.
3.4 Categorization of pressure-head distribution in a steady state

From a hydraulic point of view, Tani (2008) categorized the spatial distribution of a
pressure-head value in a sloping permeable domain in a steady state into the following
three zones, as shown in Fig. 6: the | zone with vertical unsaturated flow, the U zone
with unsaturated downslope flow, and the S zone with saturated downslope flow. Re-
gardless of the complex appearance of saturated-unsaturated flow, the pressure-head
distribution is simply characterized by this hydraulic zoning. It is therefore useful to
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understand the dependence of RBPI on the slope properties. Tani (2008) also formu-
lated indicators partitioning the three zones by the domain depth D, the slope angle @,
the saturated hydraulic conductivity K, the standard deviation of the log-transformed
soil pore radius o, and the steady-state flow rate in a unit horizontal domain length 7,
equal to the rainfall intensity. The indicators modified into dimensionless form will be
described in the following section.

3.5 Similarity framework for a sensitivity analysis

A similarity analysis was sometimes applied to runoff processes to generalize the
assessment on the effects of catchment properties on the rainfall-runoff responses
(Takagi and Matsubayashi, 1979; Harman and Sivapalan, 2009). Here we introduce
a similarity framework to assess the dependence of RBPI on the domain properties,
which consist of the slope topography and soil physics. Because RBPI is defined by
the increase in I/ in response to a small increase from a given runoff rate around the
average f,,, in Eq. (5), f,, was selected as the standard for our dimensionless form. The
saturated hydraulic conductivity K was made dimensionless as

K= — (23)

The dimensionless ratio between the depth of the permeable domain and a parame-
ter with the dimension of length representing the soil-water retention curve has often
been used for similarity analyses of saturated-unsaturated flow (Verma and Brutsaert,
1970; Tani, 1982, 1985; Suzuki, 1984) because this ratio is a key controller of the rel-
ative importance of capillaries with the vertical dimension of the permeable domain
(Brutsaert, 2005). Because f,, is used for the standard in our analysis, the parameter /
was selected for the length scale in reference to the relationship between K and y in
Eq. (20):

1=\/B/f, (24)
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The parameter y, in Eq. (20) is made dimensionless by substituting Egs. (23) and (24)
into Eq. (20), yielding

Voo = Wa/l = —\[1/K (25)

The soil physical properties are represented by only two dimensionless parameters, k
and o.

The rainfall intensity f, pressure head y, horizontal axis x, vertical axis z, horizontal
domain length L, and depth D of the permeable domain are made dimensionless as

f=f/f, (26)
w,=y/l (27)
x,=x/l (28)
z,=2z/l (29)
A=L/l (30)
&5=D/I (31)

Indicators of the pressure-head distribution in a steady state mentioned in Sect. 3.4

and illustrated in Fig. 6 were made dimensionless as follow: the | zone starts at x =0

but ends at x = x;,, after which the U zone grows due to increases in downslope flow.

The S zone starts at x5, Wwhere the downslope-flow rate within the U zone reaches

the maximum limitation. Saturation-excess overland flow starts at x,, because of the
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maximum in the downslope-flow rate within the S zone. The dimensionless forms of
these indicators are

u/f*+6cos2w
Xiys = / K dy, ktanw for a <1 (32)
Wr
0
Xiys = / K.dy, + e(6cos’w + y;,) prtan® for a > 1 (33)
W
0
Xyse = / K. dy.ktan® for a < 1 (34)
-6cos?®
0
Xyse = /K*du/*;(tanco for a > 1 (35)
W
Xsor = OEK SIN@COS ® (36)

where the relative hydraulic conductivity K, for a constant pressure head in the | zone,
V., and dimensionless number a are respectively defined by dimensionless parame-
ters using Egs. (9), (16), (20), (27), and (31) as

1/2 2
T

K(yr) =1/k (38)
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2
a = _60;)/3 ® (39)
fx

The spatial distribution of the pressure head y, in the sloping permeable domain in a
steady state can be obtained from the flow rate in each zone. y, in the | zone has a
constant value, giving a vertical flow rate of

v, = lljf* (40)

In the U and S zones, a hydrostatic distribution based on the Dupuit-Forchheimer as-
sumption is applied for a vertical profile as

W, = W, — (6 — 2,)cos’® — x, sin@cos @ (41)

where y,, is the pressure head at the bottom of the domain. The value of y,, is in-
versely calculated from the downslope flow rate across the vertical domain profile at
a horizontal distance of x,, which is equal to the supplied vertical flow rate (the unity
in the dimensionless form reflecting 7, in the dimensional form) from the upslope end
because the system is in a steady state. The following equations can be used for the
calculation based on the categorization of the pressure-head distribution described in
Egs. (32) to (36):

Yh.
X*
/ K.dy, = prrvY. for x, < x;,, and a <1,orx, < x,,, and a>1 (42)
Wi,
Vb«
X*
= f <

K.dy, prE for xj,. <X, <Xy and a <1 (43)

W, —6C0S2@
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0
X*
=—" < X; >
/ K.dy, + ey, prEpys for xys. < X, < X, and a > 1 (44)
'z

0

X
K.dw, + ey, = ——— for X,., <X, < X+, and a <1,
/ AW . = N e USx = T = TS0

W, —6C0S2@

or Xy, < X, < Xg, and a > 1 (45)
3.6 Index of runoff buffering potential (RBPI)

To assess the RBPI, the water storage volume per unit drainage area V is defined as
the total volumetric water content 8 per unit of horizontal domain length integrated over
the whole sloping permeable domain

L xtan@+D

V= 6 dzdx (46)

~| =
—_—

0 xtan®

For our non-dimensionalization described in the last section, the dimensionless storage
volume V, is obtained as

A x,tan@+6
_ V-D6, _ /le*tanw S dz,dx, @
" (0s-6) 1
The RBPI for £, in Eq. (5) is made dimensionless into RBPI, as
dv, 1dv 1
RBPI, = - — _RBPI .8
) df* Tf df |fm Tf |fm ( )
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where T; is the time scale for the nondimensionalization derived from submitting
Egs. (26), and (47) into (48)

Tf — /(93 - 9,) (49)
fm

This scale is the time necessary for filling the effective pores in a standard soil depth
of / with a standard flow rate of 7,,,. These theoretical considerations can provide the
following advantage for assessing rainfall-runoff responses in a sloping permeable do-
main. When transient rainfall with an average of 7, is applied to a sloping permeable
domain in which a hydraulic continuum is created due to a large supply of rainfall, we
can evaluate the effects of the domain properties on the flow rate response as the sen-
sitivity of RBPI, to five dimensionless parameters: @, 8, A, 0, k, and €. This advantage
can be described for practical use as follows: when it is assumed that there are some
hillslopes with various properties and that their soil layers have become wet enough,
the effects of these properties on the hydrograph steepness and peak height can be
universally assessed by a comparison of the RBPI, values.

3.7 Recession limbs of the hydrograph

The similarity framework described above using dimensionless parameters is appli-
cable to a dynamic equilibrium with both fluctuations in rainfall intensity and flow rate
around the same average value of f,. As already described in Sect. 2.3, however, this
was only a portion of the characteristics of a quasi-steady-state system. The other
characteristics emerge in the recession stage of a flow. As the standard parameter of
nondimensionalization, f,, may not be suitable because of the transitional change in the
recession stage. The soil layer depth D was therefore used instead. The dimensionless
variables are defined instead of Egs. (27) to (30) and (47) as

' =y/D (50)

7067

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
10, 7045-7089, 2013

A paradigm shift in
stormflow prediction
through pressure
propagation analysis

Makoto Tani

; I““ II“


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7045/2013/hessd-10-7045-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7045/2013/hessd-10-7045-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

x"'=x/D

z'=z/D

N=L/D

. V-D8,

V= —— 1
D(es - er)

(51)

(52)

(53)

(54)

The standard flow rate v can be calculated instead of 7, by replacing / with D in

Eq. (24), yielding

v =B/D?.

Hence

f'=f/v

Eqg. (48) is modified to
dav’ 1

= —RBPI

RBPI' = =
df  Tp

where Tp, not T, is the timescale, with

_D%6,-6,) D(6s-6,)

.
b B

(55)

(56)

(57)

(58)
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This is the time necessary for filling the effective pores in a standard soil depth of D
with the standard flow rate of v. The recession of the flow rate represented by Eq. (6)
can be made dimensionless as
dr’ _ —f —f'

— = = 59
dt*  dv’/df’ RBPI (59)

The solution of this differential equation is illustrated by a curve with half-life Tr; at ',
described as

T! = -In(0.5) dV’ /df’ = —In(0.5)RBPI' (60)

4 Results of the sensitivity analysis
4.1 Sensitivity analysis for RBPI

Figure 7 shows the sensitivity of RBPI, to x and 1 when @ = 30°, 6§ =1, and ¢ = 1.4.
The left panel is for ¢ = 1 without any effects of macropores, and the right is for € = 100
with a large effect. The horizontal distances of indicators categorizing the pressure-
head distribution, such as x;,,, X,s., and xg,, in Egs. (32) to (36), are also plotted along
the ordinate axis for the horizontal domain length L. This categorization shows which
of the |, U, and S zones compose the vertical profile at any horizontal point along the
sloping permeable domain. For example, there is no S zone in the vertical profile of a
plot whose ordinate value is smaller than x,,, the | zone exists in plots smaller than
Xiu.» @and saturation-excess overland flow is generated in plots larger than x,.

In the left panel, high RBPI, values correspond to high x,, and xg,, values. This
means that RBPI, has a maximum value when the groundwater table is rising (the |
zone is growing), but it rapidly decreases towards the left-upper area (> x,,,) because
of the saturation-excess overland flow. Along the ridge of RBPI,, its value decreases
with x because of the effect of the soil physical properties: the volumetric water con-
tent in the unsaturated zone of a clayey soil with a small «(= K, /f,,) value is close to
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saturation, and the increase in the total water storage V in response to a groundwater
table rise is small, resulting in a small increase in RBPI, (=dV,/df,) compared to that
in a sandy soil with a smaller water content in its unsaturated zone. In the right-lower
area (< x;,,), RBPI, is lower for a shorter domain with a higher permeability, indicating
its reduction due to rapid drainage there.

In the right panel with a large macropore effect, RBPI, is generally lower than that in
the left panel. This is because of the high drainage capacity of the S zone due to the
effect of macropores. An important characteristic is the lack of dependency of RBPI,
on the horizontal domain length A. Because both the S and U zones are located near
the bottom of the domain, the water moves vertically within the | zone, covering most of
the domain. Therefore, RBPI, is almost independent of the horizontal domain length.
Only the vertical movement may influence it. For all A ranges in the right panel and for
a small A range in the left panel, RBPI* becomes smaller toward both large and small
ranges of k. This indicates that RBPI, only follows dS./dK, in the | zone in a domain
with a negligible downslope flow effect in the U and S zones.

4.2 Recession of the flow rate

Figure 8 compares the recession flow rate from f’ = 2.212 at ' = 0. This dimensionless
value coincides with 20mmh~" for the standard length D of 1 m. The time scale T is
converted to 11.059h when 6, — 6, is assumed to be 0.1. The upper abscissa axis
and right ordinate axis are scaled with these dimensional variables, f and ¢, whereas
the lower and left axes are with the dimensionless variables. The values of the other
common parameters of @ and o were 30° and 1.4, respectively. We used a parameter
set of A’ = 20 and 100 with &€ = 1 and 100 for our recession-rate comparison. In addition
to the calculation results, the simulation results using Egs. (1) and (2) with parameters
p =0.3 and k = 25 that were optimized for a storm event in catchment KT at TEF, as
shown in Figs. 3 and 4, are also plotted for the dimensional scale.

For the calculations with no macropore effect (¢ = 1), the saturation-excess overland
flow was generated when the runoff rate exceeded the threshold indicated by the “x”
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mark. This caused a rapid recession, and the weight of the overland flow increased
with the horizontal length of the sloping domain. In contrast, a high drainage capacity
due to the macropore effect (¢ = 100) reduced the rise in the water table and limited
the occurrences of overland flow. When the macropore effect is large, the recession of
the flow rate depends little on the downslope flow in the U and S zones, but instead is
mainly controlled by the vertical water movement in the | zone. The recession flow rates
with the macropore effect are consistent with that for KT in Fig. 8, suggesting that the
delay in pressure propagation through the vertical water movement had a large possi-
bility of producing the stormflow recession properties observed in small mountainous
catchments.

5 Discussion
5.1 Remaining questions regarding stormflow responses

The observations in CB1 and TEF described in Sect. 2 suggest that the stormflow
responses could be represented by pressure propagation caused by a hydraulic con-
tinuum established due to a large supply of rainfall. The hydraulic continuum is theo-
retically characterized by a quasi-steady-state system conceptualized by a tank with
a drainage hole, where the increase/decrease speed of the flow rate df/dt from the
continuum depends upon RBPI, the differential coefficient of storage with respect to
the flow rate in a steady state dV//df. Therefore, RBPI controls the delay in the flow re-
sponse, making the flow peak lower and the recession limb gentler. The similarity anal-
ysis in Sect. 3 provided a methodology with which to quantify the sensitivity of RBPI
to the topographical and soil properties of sloping permeable domains. The macrop-
ore effect supported the small range of RBPI (Fig. 7) and decreased the effect of the
downslope flow (Fig. 8). Nevertheless, it is still an open question as to why macropores
generally develop, even though their role in the stormflow response is well understood.
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The reason may be a long time-scale evolution process involving tectonic activity, as
discussed below.

5.2 Effects of soil-layer evolution

In a region with high tectonic activity and frequent heavy storms such as Japan, topo-
graphic evolution on a timescale of over 10° yr accompanied by strong erosional force
produces steep mountainous terrain (Montgomery and Brandon, 2002). A zero-order
catchment is created through the topographic evolution processes (Tsukamoto, 1973),
and landslides more frequently occur in hollows with concave topography than in other
areas of a catchment because of water convergence (Tsukamoto et al., 1982). How-
ever, analyses of cosmogenic nuclides demonstrated that soil is constantly denuded
even along the ridge lines surrounding hollows in zero-order catchments (Heimsath,
1999), at speeds of about 0.1-1.0 mm yr‘1 in Japan (Matsushi and Matsuzaki, 2010).
These studies suggest that soil produced from weathered bedrock continually moves
from a ridge down to a concave hollow by gravity, though there is not yet enough
detailed field evidence to validate this mechanism. Soil creep and small landslides
may also contribute to this erosion process from the ridge line to the hollow. Hence
we can estimate a dynamic cycle of soil evolution processes, including landslides, on
timescales of 102 to 10* yr in a zero-order catchment created by topographic evolu-
tion on a longer timescale. Soil-layer evolution may start after a landslide only when
soil particles on a denuded bedrock surface overcome the strong erosion forces from
tectonic activity and heavy storms (lida, 1999).

Two kinds of preconditions are absolutely necessary for soil-layer evolution: soil par-
ticles produced from the denuded surface of weathered bedrock are so easily eroded
by heavy rainfall that support by vegetation roots plays a key role in the soil evolution
(Shimokawa, 1984). When a denuded area is created by a landslide, vegetation and
soil recover from the edge of the area through seeds supplied along with soil particles
from surrounding areas (Matsumoto et al., 1995). Observations of bare land located
in a granite mountain in Japan (Fukushima, 2006) suggested that in a widespread
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denuded landscape, the soil cannot be semi-eternally recovered. This is because the
cooperation between vegetation and soil fails owing to a poor seed supply. The effect
of vegetation roots on slope stability is quite important even for a thick soil layer be-
cause of the effects of both root penetration perpendicular to the sliding surface and
three-dimensional root entanglement (Kitahara, 2010).

In addition to the vegetation effect, the drainage capacity of water is also important in
soil layer evolution. According to studies of hillslope stability, the safety factor of a soil
layer decreases as the groundwater table rises (e.g., Sidle et al., 1985). When overland
flow is generated by water saturation, even a gentle slope may fail and result in debris
flows (Takahashi, 1978). If a landslide does not occur during a storm event within a
zero-order catchment, we can infer that the slope might have remained stable across
the entire area. This suggests that an efficient drainage system consisting of macro-
pores and/or natural pipes may assist reductions in the groundwater rise, at least in
steep hollows where water converges. Because this assistance is efficient throughout
the period of soil-layer evolution, it would be accompanied by the development of the
drainage system. Erosion of fine soil particles along the groundwater flow contributes
to the development of a drainage system, which can inhibit the reduction of the safety
factor in response to an increase of the soil-layer thickness. Thus, we can conclude that
the development of efficient drainage systems along a hollow are inevitably associated
with the evolution of the soil layer.

5.3 Rapid stormflow responses

From the viewpoint of rainfall-stormflow responses, the simple characteristic described
in Sect. 2 is ensured by efficient drainage systems. This characteristic is robust for any
storm magnitude, as long as the soil layer is not lost due to landslides. However, the
safety factor decreases gradually on long time scales, both through the soil layer evolu-
tion and the uplifting of the mountain body by tectonic activity (Montgomery and Bran-
don, 2002). Therefore, the soil-layer evolution cannot continue forever. The robustness
will eventually fail, and once a landslide occurs, a large amount of water stored within
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the soil layer will be instantaneously released, causing fluidization of the collapsed soil
(Takahashi, 1978). As a result, stormflow responses from soil layers in a zero-order
catchment can provide simple characteristics that can be consistently simulated by a
tank with a drainage hole throughout a wide range of storm magnitudes. The rapidity of
stormflow responses and their recession limbs is generally derived from the pressure
propagation of the hydraulic continuum created in a soil layer as explained in Sect. 2.
However, Sect. 4 demonstrated that saturation-excess overland flow generally occurs
unless the macropore effect inhibits the groundwater table. In a zero-order catchment,
the convergence of water into a hollow increases the opportunity for overland flow, but
efficient drainage pathways consisting of macropores and natural pipes inhibit the oc-
currence of overland flow and contribute to a self-preserving evolution of the soil layer.
Therefore, we can conclude that the quickness of stormflow responses in a zero-order
catchment is inevitably derived from the soil layer evolution.

5.4 A possible modelling strategy

According to our discussion, the evolution of the soil layer may control complex and het-
erogeneous spatial distributions of topographic and soil properties, including macrop-
ores and natural pipes in a zero-order catchment. However, the evolution may also
allow quick stormflow responses with small deviations. Both phenomena are produced
from the same process, but it is difficult to find a direct relationship between them be-
cause the intervention arises from the long evolutionary history. For example, if more
efficient drainage pathways develop in clayey soil than in sandy soil through a long
history of soil-layer evolution, the dependency of stormflow responses on the soil phys-
ical properties might not be follow the characteristic expected. Therefore, to predict the
dependence of the catchment properties on stormflow responses using a distributed
runoff model, it is necessary to parameterize the properties considering the historical
evolution of the soil layer. Because it is difficult to quantify which property is sensitive
to stormflow, a methodology of comparative hydrology may also need to be conducted
to detect sensitive properties before our parameterization strategy is applied.
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6 Conclusions

The review in Sect. 2 demonstrated that although the allocation of rainfall to the storm-
flow is controlled by deep infiltration and storage within a low matric potential, the storm-
flow response reflects pressure propagation from the hydraulic continuum established
in the soil layer when enough rainfall is supplied. Section 3 described a similarity anal-
ysis for quantifying the sensitivity of the stormflow response and recession limb to the
topographic and soil properties, including the macropore effect. Section 4 showed that
the deviation of stormflow responses decreases due to the macropore effect. The dis-
cussion in Sect. 5 suggested that such quick stormflow responses with small deviations
might be derived from the evolution of the soil layer. On the basis of these findings, we
have proposed two strategies for stormflow prediction: a parameterization of catchment
properties considering the historical evolution of a soil layer, and comparative hydrology
for detecting sensitive properties.
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Fig. 1. Relationship between the total stormflow and the total storm-event rainfall. Left: Kiryu,
right: KT in TEF. g;: runoff rate before the storm event. Solid, broken, and dotted lines respec-
tively indicate @ = R, @ = R - 50, Q = R — 100, respectively, where R is the total storm rainfall
and Q is the total stormflow. After Katsuyama et al. (2008) for Kiryu and Tani and Abe (1987)
for KT.
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Fig. 2. Sprinkled rainfall and runoff responses in CB1. Bar: rainfall, o: runoff rate at the upper
weir, x: runoff rate at the lower weir. The solid and broken lines were calculated for a tank with
a drainage hole using the functional relationship between storage and runoff in Eq. (2), with a
p value of 0.3 and k values of 11 for the upper weir and 20 for the lower weir. Recreated from

Fig. 3 of Anderson et al. (1997); courtesy of Suzanne Anderson.
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Fig. 3. Storm hydrographs observed and simulated by a tank with a drainage hole in response
to a typhoon storm in September 1976 at KT (left) and MN (right) in TEF. Bar: 10 min rainfall
intensity (displayed in mm h_1). o: observed runoff. Line: simulated runoff rate. The lines were
calculated for a tank with a drainage hole using the functional relationship between storage and
runoff given by Eq. (2), with a common p value of 0.3 and k values of 25 for KT and 40 for MN.
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Fig. 4. Same as Fig. 3 but plotted only for KT in a semi-logarithmic runoff scale. o: observed.
Solid line: calculated. Broken line: long-term recession curve calculated using the same param-
eter values.

7085

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
10, 7045-7089, 2013

A paradigm shift in
stormflow prediction
through pressure
propagation analysis

Makoto Tani

(8)
S

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7045/2013/hessd-10-7045-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7045/2013/hessd-10-7045-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

N
n

25 T T T T T T ] r T T T T T

) i
= [ ! ]
: - A
r ! ] =
= ! 1 §
o= /I ] 3
S 1 - | 415 3
2 j 13
- / ] %
= - ! 41
E / 1 =
= // ] N
Q? . o ’ 0.5
/ ]
7 4
L 4 - 4
s 1 s 1 s 1 s 1 ' 1 N 1 n ] A AT L I R R (P
0 10 20 30 40 50 60 70 0 10 20 30 40 50 o
Hour Storage (mm)

Fig. 5. A schematic example of flow rates calculated for a tank with a drainage hole in re-

sponse to fluctuations in rainfall around the average rate of 1 mm h™" and their recession limbs
after the rainfall stopped. The functional relationships between storage and runoff used in the
calculations with a common p value of 0.3 in the left panel are displayed in the right panel.
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Fig. 6. Schematic of a sloping permeable domain with approximated categorization of the pres-
sure head (I, U, and S zones). The horizontal distances involving the categorization of x;,, X,
and x, are also plotted.
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Fig. 7. Contour plots of RBPI" against x and A for £ = 1 (left) and 100 (right). Orange solid,
dashed, and dotted lines represent the horizontal distances for the end point of the | zone (x;,),
the start point of the S zone (x.s), and the start point of the saturation-excess overland flow
(x5,), respectively. The red letters indicate which zones are included in the vertical profile at
each horizontal point of the sloping domain (see Fig. 6).
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Fig. 8. Runoff recession of the flow rate from a sloping permeable domain Dimensionless scales
are used for the bottom and left axes, and dimensional scales converted by D = 100m are
used for the top and right axes. Thin solid: ' =20 and ¢ = 1, thin broken: 1’ = 100 and ¢ = 1.
Thick solid: ' = 20 and ¢ = 100, thick broken: ' = 100 and € = 100. x: the f' rate in which the
saturation-excess overland flow is generated at the downslope end of the domain. o: calculated
by the storage-runoff relationship optimized for catchment KT, as also shown in Figs. 3 and 4.
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