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A B S T R A C T

Physically based, distributed hydrology–vegetation models are promising tools to understand the rainfall–runoff
process, a complex system involving numerous interactions between hydrological components such as soil,
bedrock, topography, vegetation, and atmosphere. Although the influence of bedrock groundwater dynamics on
the water yield from headwater catchments has been demonstrated, its mechanisms remain poorly described in
physically realistic runoff generation models. Here, we developed a distributed hydrological model aggregating
soil and bedrock blocks with explicit water balance calculations for both the soil and bedrock modules, based on
the Buckingham–Darcy law. Thus, our mechanistic model allows for direct evaluation of the importance of
bedrock groundwater flow for catchment runoff generation. We validated the model against comprehensive
observations of runoff, bedrock groundwater table, soil water retention, and hydraulic conductivity acquired in a
forested mountain catchment of the Kanto region, Japan, in 2010–2017. Because of its ability to explicitly
calculate spatiotemporal variations in the bedrock groundwater table depth, the model successfully reproduced
the catchment baseflow. Refining the analysis, we demonstrated that accounting for bedrock hydrology was
necessary to correctly evaluate soil water dynamics. From our model simulation, we inferred that bedrock
groundwater, recharged by rainwater infiltration, dominated catchment runoff generation during low-flow pe-
riods. Insights from our catchment hydrology study should be extremely useful to optimize forest watershed
management strategies toward water resource sustainability.

1. Introduction

Mountain water resources derive from the balance between runoff
from catchments and water use by vegetation and are essential for bil-
lions of people globally (McDonnell et al., 2018; Viviroli et al., 2020,
2007). Rainfall–runoff processes in headwater catchments are complex,
involving interactions between numerous hydrological components
such as soil, bedrock, topography, vegetation cover, and atmosphere
(Wigmosta et al., 1994). Aspects of forest management, such as forest
structure control or soil conservation, are potentially useful to optimize
water yield from headwater catchments (Andréassian, 2004; Grant
et al., 2013; Zhang et al., 2016). Physically based, distributed hydro-
logy–vegetation models are promising tools to understand such complex
systems and to establish improved protocols for sustainable supply of

mountain water to lowlands (e.g. Bahremand, 2016; Moreno et al.,
2016).

Interest in the contribution of deep bedrockmoisture dynamics to the
total water yield from headwater catchments, the focus of this study, has
recently increased (Rempe and Dietrich, 2018). Previous studies estab-
lished that bedrock groundwater predominantly determines the base-
flow amount and characteristics (Burns et al., 1998; Fujimoto et al.,
2016; Somers andMcKenzie, 2020), while others measured a substantial
contribution of bedrock groundwater to storm–runoff processes (Iwasaki
et al., 2015; Padilla et al., 2015). Additionally, the bedrock groundwater
catchment area, inconsistent with the surface catchment area, depends
on the intercatchment groundwater flow; thus, it is strongly correlated
with the baseflow (Masaoka et al., 2021). Although such publications
demonstrated the importance of bedrock hydrology for headwater
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catchments, the dynamics of bedrock groundwater flows remain poorly
characterized in entirely physically correct runoff generation models.

Hillslope-scale irrigation experiments demonstrated the connection
between rainwater input to soil surface and infiltration into bedrock via
soil water movement (e.g. Tromp-van Meerveld et al., 2007). Observa-
tions also revealed that bedrock infiltration was controlled by soil
moisture at the soil–bedrock interface and could occur in both saturated
and unsaturated conditions (Gabrielli and McDonnell, 2018; Kosugi
et al., 2006). Moreover, bedrock infiltration and exfiltration, connected
with both saturated and unsaturated flow within the bedrock (Katsura
et al., 2006; Kosugi et al., 2006), by influencing soil moisture status in
the soil layer immediately above the bedrock, resulted in a saturated
lateral soil water flow over the bedrock (Katsura et al., 2008; Kosugi
et al., 2008). These comprehensive field investigations suggest that
coupled bedrock and soil hydrology is a critical requirement for accurate
catchment-scale water balance modeling.

Specifically, neglecting bedrock groundwater flow in a hydrologic
model induces an overestimation of runoff and evapotranspiration,
because groundwater intercatchment flow and discharge through the
bedrock are not considered (Staudinger et al., 2019; Tromp-van Meerveld
and Weiler, 2008). In this context, the few studies that investigated the
influence of bedrock groundwater on catchment runoff with coupled sur-
face water–groundwater models (e.g. Voeckler et al., 2014) could not
satisfactorily reproduce measured data (e.g., stream hydrographs, evapo-
transpiration temporal variations, and spatial distributions of soilmoisture
and groundwater table), illustrating the necessity of integrated data
collection for model calibration and parameterization (Rempe and Die-
trich, 2018; Semenova and Beven, 2015). As emphasized in Ala-aho et al.
(2017), calibration and optimization of hydrological dynamics parameters
in catchment-scale soil–bedrock models require complex algorithms to
obtain, simultaneously, realistic estimates of catchment runoff and of the
spatial variations of hydrological variables, such as soil moisture or
groundwater table depth. This complicates the application of coupled
surface water–groundwater models, which is the purpose of this study.

Our objective is to establish a physically based hydrological model
with a comprehensive coupled bedrock–soil–vegetation–atmosphere

scheme to investigate water resource management and propose
improvement strategies. For this purpose, we first develop a distributed
hydrological model by aggregating soil and bedrock elementary blocks
and simulating their water balance with the Buckingham–Darcy law.
Then, applying Bayesian inference to detailed catchment hydrology
observations conducted over 8 years, we calibrate the model to optimize
the parameters for the observed catchment and to evaluate their un-
certainties. Finally, we assess model performance by demonstrating its
reproducibility and the importance of bedrock groundwater for catch-
ment runoff generation.

2. Theory and calculation

To describe catchment-scale runoff generation and spatiotemporal
soil moisture variations, several scientific teams have developed
distributed hydrological models, which consist in aggregating identical
elementary soil blocks in which water storage and exchange with
adjacent blocks are calculated using standard soil physics principles,
such as the Buckingham–Darcy law (Kubota et al., 1988, 1987; Kubota
and Sivapalan, 1995; Seibert et al., 2011; Wigmosta et al., 1994). In
these distributed models, the effects of topography and of spatial dif-
ferences in soil depth and properties on catchment hydrological dy-
namics are evaluated at fine spatial and temporal resolutions with low
computational cost. Adding bedrock elementary blocks, we constructed
a new, extended distributed hydrological model, the BLock Aggregation
of Darcy’s law Elements (BLADE) model, to describe the role of bedrock
groundwater in generating catchment runoff (Fig. 1). BLADE consists of
three submodels that simulate (1) water balance in soil blocks, (2)
evapotranspiration from the surface of a soil block, including vegetation,
and (3) water balance in bedrock blocks (Fig. 1a). For the simulations,
the catchment surface area is divided into equal-size squares cells, each
corresponding to one soil and one bedrock block (Fig. 1b). Model
equations are solved at each block. Parameters used in this study
(symbols, units, and definitions) are listed in Appendix A.

Fig. 1. Schematic illustration of the BLADE model. (a) Water balance in a soil block and in the underlying bedrock block. The contributing water flow rates are Tr:
transpiration rate (m h− 1); qsl,inf: infiltration rate at the soil surface (m h− 1); Qov,in and Qov,out: overland water inflow and outflow rates, respectively (m h− 1); Qsl,in,
Qsl,out: lateral water inflow and outflow rates in a soil block, respectively (m3 h− 1); qrc,inf, qrc,sp: vertical water downward flow (infiltration) and upward flow (spring)
rates at the soil–bedrock interface, respectively (m h− 1); and Qrc,in, Qrc,out: lateral inflow and outflow rates in a bedrock block, respectively (m3 h− 1). (b) Model
geometry, consisting of two layers (soil and bedrock) of aggregated blocks to represent the catchment.
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2.1. Soil hydrology model

We describe the water balance in a soil block (Fig. 1a) with a verti-
cally integrated continuity equation to calculate the mean soil volu-
metric water content Θ (m3 m− 3):

DL2
∂Θ
∂t = L2

(
qsl,inf − Tr − qrc,inf + qrc,sp

)
+Qsl,in − Qsl,out, (1)

where D and L (both in m) are the soil block height and horizontal
length, respectively; t is time (h), discretized in the model into time steps
separated by a constant time interval Δt; Tr is the vegetation transpira-
tion rate (m h− 1; Section 2.2); q parameters represent vertical water flow
rates (m h− 1), with subscripts “sl” and “rc” indicating the soil surface
(atmosphere–soil interface) and the soil–bedrock interface, respectively,
and subscripts “inf” and “sp” indicating infiltration (downward flow) or
spring (upward flow), respectively; and Qsl parameters represent lateral
soil water flows (m3 h− 1), with subscripts “in” and “out” indicating
inflow and outflow, respectively.

The infiltration rate from the surface into the soil block qsl,inf is
expressed as

qsl,inf =

{
Pe + Qov,in for Pe + Qov,in ≤ SIC,

SIC for Pe + Qov,in > SIC,
(2)

where Pe is the effective rainfall rate (m h− 1), calculated by subtracting
canopy interception from the gross rainfall rate (Section 2.2); Qov,in is
the lateral overland water inflow (m h− 1); and SIC is the soil infiltration
capacity (m h− 1) (Philip, 1957a, 1957b), defined as

SIC = Ksat +
Sp

2 ̅̅̅̅tp
√ , (3)

where Ksat is the saturated hydraulic conductivity (m h− 1); Sp is the
sorptivity (here, 0.035 m h− 0.5 (Talsma, 1969)); and tp is the sorption
duration (h), set to Δt if Pe + Qov,in ≤ SIC and to tp + Δt if Pe + Qov,in >

SIC.
Based on theManning formula and plausible hydraulic conditions for

mountainous forested streams (David et al., 2010), estimated travel
times from the headwaters to the catchment outlet are generally shorter
than the model time step (Δt= 1 h) in the studied catchment. Therefore,
we assume that all lateral surface and channel flows can reach the outlet
within a single time step. Then, the lateral overland outflow Qov,out at
the surface of a soil block can be expressed as follows:

Qov,out = QHort + Qret, (4)

where QHort and Qret are the Hortonian and return overland flows (m
h− 1), respectively, with

QHort =

{
0 for Pe + Qov,in ≤ SIC,

Pe + Qov,in − SIC for Pe + Qov,in > SIC,
(5)

and

Qret =

⎧
⎪⎨

⎪⎩

0 for Θ ≤ θs,

(Θ − θs)D
Δt

for Θ > θs,
(6)

where θs is the soil porosity (m3 m− 3). IfQret> 0, then Θ is adjusted to θs.
Finally, the inflow Qov,in over a soil block is equal to the outflow Qov,out
from the adjacent upstream blocks (Fig. 1a and b).

For a downslope water flow q (m h− 1), we approximate ψ at any
point within a soil block with the extended Dupuit–Forchheimer
assumption (Beven, 1981; Tani, 2008). Because the flow lines are par-
allel to the soil–bedrock interface, the ψ isocontours are perpendicular
(Fig. 2). The hydraulic head is identical at each point of an isocontour
and therefore

ψ + (D − z) = ψ sb’ +
[
(D − z) − (D − z)cos2ω

]
, (7)

where ψ is the water pressure head (m) at depth z within the soil block;
ψsb and ψsb’ are water pressure head (m) at the soil–bedrock interface
and at another position along the same isoline (Fig. 2), respectively; z is
the depth (m), counted positively from the surface; and ω is the local
slope of the soil–bedrock interface. Then, considering that ψsbʹ= ψsb, the
geometric configuration (Fig. 2) yields

ψ = ψ sb − (D − z)cos2ω. (8)

We further assume that q is governed by a one-dimensional Buck-
ingham–Darcy equation:

q = − K
∂(ψ − xsinω)

∂x = K
(

sinω −
∂ψ
∂x

)

, (9)

where x is the position (m) along the contour (positive in the downslope
direction; Fig. 2).

Here, we use the Brooks and Corey formulation (Brooks and Corey,
1964) to describe the soil water retention characteristics:

Se =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
ψ

ψae

)−
1
b

for ψ ≤ ψae,

1 for ψae < ψ,

(10)

where Se is the effective soil saturation; and b is a pore size distribution
index.

Se is expressed as Se = (θ− θr)/(θs− θr), with θ and θr representing the
volumetric water content and the residual volumetric water content
(both m3 m− 3), respectively. The corresponding hydraulic conductivity
K (m h− 1) is also described using the Brooks and Corey formulation
(Brooks and Corey, 1964):

K =

{
KsatSec for ψ ≤ ψae,

Ksat for ψae < ψ ,
(11)

Fig. 2. Schematic illustration of the pressure heads in a soil block. Model pa-
rameters are z: depth (m) from the ground surface; x: position (m) along the
slope (positive downslope); D: soil block height (m); ψ: soil water pressure head
(m); ψsb and ψsbʹ: water pressure head (m) at the soil–bedrock interface and at
another position along the same isoline, respectively (the position corre-
sponding to ψsbʹ is defined in the figure); Qsl,out: lateral soil water outflow rate
(m3 h− 1); and ω: local slope of the soil–bedrock interface.

T. Kameyama et al.
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where c = 2b + 3 is a pore disconnectedness index.
Combining Eqs. (9)–(11), we express the lateral water outflow from a

soil block as

Qsl,out = W
∫ D

0
qcosωdz

= Wcosω
⎡

⎢
⎢
⎣

∫ zae

0
Ksat

(
ψ

ψae

)−
2b+3
b
(

sinω −
∂ψ
∂x

)

dz+
∫ D

zae
Ksat

(

sinω −
∂ψ
∂x

)

dz

⎤

⎥
⎥
⎦,

(12)

whereW is the width (m) of the block cross-section normal to the water
flow direction; and zae is the depth at air entry water pressure head ψae
(m). Then, by substituting into Eq. (12) the definition of ψ given in Eq.
(8) and by approximating ∂ψ/∂x as ∂ψ/∂x = (Ψ2 − Ψ1)cosω/l, we derive:

Qsl,out = Wcosω
(
sinω − cosω Ψ2 − Ψ1

l

)

⎡

⎢
⎢
⎣

∫ zae

0
Ksat

{
ψsb − (D − z)cos2ω

ψae

}−
2b+3
b
dz+ (D − zae)Ksat

⎤

⎥
⎥
⎦,

(13)

where Ψ is the soil block mean water pressure head (m), with subscripts
1 and 2 indicating the values in the analyzed block and the adjacent
downstream block, respectively; and l is the horizontal distance (m)
from the center of a soil block to the center of the adjacent downstream
block, i.e., equal to L in the orthogonal direction and to L

̅̅̅
2

√
in the di-

agonal direction. In Eq. (13), zae is expressed as

zae = D −
ψ sb − ψae

cos2ω , (14)

which is derived by defining ψ = ψae at z = zae in Eq. (8).
We adopt a multiple flow direction algorithm (Quinn et al., 1991) to

determine the W values. Calculation of Ψ in the soil block relies on the
calculated Θ and the water retention characteristics, described in Eq.
(10).

The value of Θ in a specific time step is calculated from Eq. (1) by
substituting the terms with their expressions in Eqs. (2)–(10) and with
ψsb set to its value in the previous time step. As in Eq. (13), using the
extended Dupuit–Forchheimer assumption (Beven, 1981; Tani, 2008),
Eqs. (8) and (10), we express the mean soil volumetric water content in a
soil block, DΘ (m), as:

DΘ=

∫ D

0
θdz=

∫ zae

0

⎧
⎪⎪⎨

⎪⎪⎩

(θs − θr)

[
ψsb − (D − z)cos2ω

ψae

]− 1b
+θr

⎫
⎪⎪⎬

⎪⎪⎭

dz+
∫ D

zae
θsdz.

(15)

In turn, ψsb in the specific time step is derived from the calculated Θ with
the following equation, derived by Eq. (15):

DΘ = (θs − θr)
∫ zae

0

{
ψ sb − (D − z)cos2ω

ψae

}−
1
b
dz+ (D − zae)θs + zaeθr.

(16)

2.2. Evapotranspiration model

In this study, an evapotranspiration model is coupled with the soil
hydrology model described in Section 2.1. It comprises the submodels
for Tr and for the canopy interception rate Ic (m h− 1) designed by
Momiyama et al. (2019) and Egusa et al. (2021). Following the study of
Kumagai et al. (2014), we estimate Ic from the hourly gross rainfall rate

Pg (m h− 1) and the interception ratio (rIC):

Ic = rICPg. (17)

Moreover, as indicated in Section 2.1, the effective rainfall rate Pe used
in Eq. (2) is defined as Pe = Pg− Ic. Although possible rIC estimates vary
over a wide range, its exact value does not have a notable impact on the
runoff estimation performance (Momiyama et al., 2023). In this study,
we set rIC to 0.15 on the basis of the vegetation properties in the study
area: canopy type, interception ratio, and occupied area.

For simplicity, we assume that the primary forcing variable for Tr in
Japanese plantations is radiative energy (Kumagai et al., 2008).
Therefore, BLADE implements a modified version of the expression
established by Priestley and Taylor (Priestley and Taylor, 1972) to
calculate Tr:

Tr = 3600× α δ
ρwλ(δ + γ)

Rn, (18)

where α is the Priestley–Taylor coefficient; δ is the slope of the saturation
water vapor pressure curve (Pa K− 1), which depends on the daily mean
air temperature; ρw is the water density (kg m− 3); λ is the latent heat of
water vaporization (here, 2.4 × 106 J kg− 1); γ is the psychrometric
constant (here, 62 Pa K− 1, derived from the mean air pressure at the
mean altitude of the studied catchment); and Rn is the net radiation at
the canopy top (W m− 2). A major factor of uncertainty in Eq. (18) is α,
whose value is frequently less than the typical value of 1.26 for forest
transpiration, because of additional aerodynamic and canopy resistance
(Kumagai et al., 2004). Here, we calculate monthly α values from Eq.
(18) for the simulation period using monthly mean Rn and transpiration
data. Transpiration data are estimated by subtracting canopy intercep-
tion from evapotranspiration, itself derived for the entire catchment
with the short-term water budget method (Momiyama et al., 2019). The
resulting maximum and minimum α values are 0.679 in November and
0.0519 in April, respectively.

2.3. Bedrock hydrology model

We also describe the water balance in a bedrock block (Fig. 1a)
adjacent to the analyzed soil block with a vertically integrated conti-
nuity equation to calculate the groundwater table depth zgw (m):

ϕrc
∂zgw

∂t =
1
L2
(
Qrc,out − Qrc,in

)
− qrc,inf , (19)

where ϕrc is the bedrock porosity (m3 m− 3); and Qrc,in and Qrc,out are the
lateral bedrock water inflow and outflow (m3 h− 1), respectively. The
control exerted by soil moisture conditions on qrc,inf (Gabrielli and
McDonnell, 2018; Katsura et al., 2006; Kosugi et al., 2006) is function-
ally expressed as:

qrc,inf =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Krc,vsat

(
ψsb

ψae

)−
2b+3
b

for zgw > D and ψ sb ≤ ψae,

Krc,vsat for zgw > D and ψae < ψ sb,

0 for zgw ≤ D,

(20)

where Krc,vsat is the saturated bedrock hydraulic conductivity (m h− 1) for
vertical flow. Here, ψsb is the critical variable; therefore, its prior
calculation with the soil hydrology model is essential to solve Eq. (19),
which calculation implies, if zgw < D, that qrc,sp in Eq. (1) is expressed as

qrc,sp =
ϕrc
(
D − zgw

)

Δt
, (21)

and zgw is adjusted to D.

T. Kameyama et al.
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In the BLADE bedrock hydrology submodel, we assume anisotropic
hydraulic conductivity and express the saturated bedrock hydraulic
conductivity for lateral flow (m h− 1), following Beven and Kirkby
(1979), as

Krc,lsat(z) = Krc,lsat 0exp[ − frc(z − D) ], (22)

where Krc,lsat_0 is the value in the topmost bedrock region (near the
soil–bedrock interface); and frc (m− 1) is an attenuation factor defining
the dependence of Krc,lsat on depth z. Consequently, Qrc is expressed as:

Qrc,out = Wcosωgw

∫ ∞

zgw
Krc,lsatsinωgwdz

= Wcosωgwsinωgw
Krc,lsat 0

frc
exp
[
− frc

(
zgw − D

) ]
,

(23)

where ωgw is the local slope of the groundwater table; and − sin(ωgw) is
the hydraulic gradient. The inflow Qrc,in is equal to the outflow Qrc,out
from the adjacent upstream bedrock block. Finally, we assume an
absence of lateral bedrock flow between the outside region and the
studied catchment, i.e., Qrc,in = 0 at the upstream boundary and Qrc,out
= 0 below the catchment outlet (Oda et al., 2013).

3. Methodology

3.1. Study area

For this study, we selected the Oborasawa Experimental Watershed
(OEW), a forest headwater catchment with an area of 49 ha (35◦28′N,
139◦12′E; Fig. 3) located in the Tanzawa mountains of the Kanto region,
Japan. The catchment is steep and covers an altitude range of 439–872
m, with a slope of 37.1◦ ± 8.5◦ (mean ± standard deviation). The mean
annual precipitation for 2010–2017 was 2954 mm. The soil, classified as
Cambisol, contains abundant volcanic ash and is largely homogeneous
across the catchment; its surface infiltration capacity is high, within
100–600 mm h− 1 (Oda et al., 2013). The underlying tuff bedrock,
composed mainly of volcanic breccia, is classified as Cenozoic sedi-
mentary rock and is similarly homogeneous. A previous study, using the
chloride mass balance method, indicated a negligible annual inter-
catchment groundwater flow in the studied catchment, of approximately
5 % of the annual runoff (Oda et al., 2013).

The OEW is heavily forested, with a proportion of bare land of less
than 1 %. Vegetation consists primarily of coniferous plantation stands

covering approximately two thirds of the forested areas, planted mainly
with Cryptomeria japonica D. Don and a smaller proportion of Chamae-
cyparis obtusa Endl. The remaining forest is fragmented into smaller
patches of deciduous broadleaved trees, such as Cercidiphyllum japoni-
cum Sieb. et Zucc., Aesculus turbinata Blume, and Fraxinus spaethiana
Lingelsh. The estimated mean stem density and plant area index for the
catchment are 1280 trees ha− 1 and 3.8 m2 m− 2, respectively.

3.2. Study data

We acquired meteorology, rainfall–runoff, soil moisture, bedrock
groundwater table, and vegetation throughfall and stemflow data, well
suited for BLADE validation, for the study area in 2010–2017. Locations
of the instruments and observation sites are reported in Fig. 3.

Meteorological data were acquired every 10 min, primarily at the
weather station on the open ridge of the catchment (eastern catchment
boundary, Fig. 3). Solar radiation was measured with a pyranometer
(SL-30, Azbil, Tokyo, Japan); the net radiation Rn used in Eq. (18) was
then derived by scaling the solar radiation by a factor of 0.8 (Komatsu
et al., 2007). Air temperature and relative humidity were measured with
a relative humidity probe (HT-20, Azbil, Tokyo, Japan). Finally, rainfall
was measured with two 0.5-mm tipping-bucket rain gauges (N78, Nip-
pon Electric Instrument, Tokyo, Japan) at two locations: the open-ridge
weather station and near a V-notch weir placed at the lowest point of the
catchment stream (northeastern catchment boundary; Fig. 3). Mea-
surements, calibration, and correction of these data have been reported
in a previous publication (Egusa et al., 2021) and will not be detailed
here.

From these measurements, we derived an annual mean air temper-
ature of 13.4 ◦C, with a minimum daily mean value of − 3.6 ◦C in
February and a maximum daily mean value of 30.3 ◦C in August. We
averaged the very consistent rainfall values, measured at both obser-
vation points, to represent the mean rainfall in the catchment and
derived a mean annual rainfall of 2954 mm. Large rainfall events
generally occurred during the rainy season from mid-June to early July
(mean ± standard deviation: 584 ± 206 mm) and during the typhoon
season in September–October (921 ± 235 mm). Snowfall occurred once
or twice yearly between January and March, but represented only a
small percentage of the total annual precipitation, with limited influence
on runoff.

A pressure-type water level gauge (ATM_N, Koshin Denki, Tokyo,
Japan) installed on the V-notch weir provided stream water level data

Fig. 3. Map of the study area. The 49-ha experimental catchment is dedicated to water budget observations. Topography is superimposed on a soil depth map, with
altitude isocontours every 50 m between 450 m (northeast near the weir) and 850 m (southwest). The horizontal scale is also indicated. White symbols indicate
measurement sites. The two bedrock wells are labeled BW‑R (riparian zone, downslope) and BW‑U (upslope).
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(also every 10 min) that we converted to volumetric runoff through the
empirical relationship established in Egusa et al. (2021). Then, we
divided the volumetric runoff by the contributing catchment area to
derive the specific discharge (hereinafter “runoff”).

Soil depth, measured by cone penetration, was 1.59 ± 0.97 m (mean
± standard deviation; n= 170; Fig. 3). The soil volumetric water content
and water pressure head were measured regularly during part of the
study period at four locations (Fig. 3) and at depths of 10 cm, 30 cm, and
70 cm below the forest floor. For the volumetric water content, we used
a time domain reflectometer (CS616, Campbell Scientific, Logan, Utah,
USA). For the water pressure head, we used a specially ordered tensi-
ometer (Environmental Measurement Japan Co. Ltd., Fukuoka, Japan).
By operating both instruments at the same depths, we were able to
obtain in situ soil water retention curves. Moreover, we collected soil
core samples near the soil moisture measurement sites and analyzed
them with the steady-state infiltration method (DIK-4011, Daiki Rika
Kogyo Co., Ltd., Saitama, Japan) to derive the saturated hydraulic
conductivity in the upper soil layers. Finally, because of the large vari-
ation range of hydraulic conductivity values, we calculated its geometric
mean and obtained a value of 0.527 m h− 1.

In the OEW catchment area, weathered and fissured bedrock has
been identified at depths of 40 m or more below the soil surface
(Yokoyama et al., 2013). Thus, two 50-m-deep bedrock wells, labeled
BW‑R (riparian zone, downslope) and BW‑U (upslope) in Fig. 3, were
dug at altitudes of 479.2 m and 547.3 m (Fig. 3) to monitor the
groundwater table depth during the study period. In each well, which
did not allow inflow from above the bedrock, the groundwater head was
measured with a pressure-type water level gauge (UIZ-WL1000-N19-15;
Uizin, Tokyo, Japan). Additionally, the bedrock saturated hydraulic
conductivity for lateral flow was measured with a drill stem test
(Johnston’s formation test; Japanese Geotechnical Society, 2003) at
depths of 20.5 m, 26.5 m, 38.5 m, and 44.5 m in the riparian zone
(downslope) well and 22.0 m, 29.5 m, 36.5 m, and 46.5 m in the upslope
well. The resulting values, depending on the degree of weathering, were
within 9.18× 10− 5–1.68 × 10− 3 m h− 1 and 6.05× 10− 4–2.68 × 10− 3 m
h− 1 at the riparian zone and upslope wells, respectively (Yokoyama
et al., 2013).

Finally, for this study, we selected four plots representative of the
vegetation types in the study area for throughfall and stemflow mea-
surements: a Cr. japonica plot, a Ch. obtusa plot, and two mixed hard-
wood tree plots comprising Ce. japonicum, A. turbinata, and F. spaethiana.
Throughfall was measured with collectors randomly dispersed over each
plot: 14–18 for Cr. japonica, 7–11 for Ch. obtusa, and 10 for each hard-
wood tree plot. The collectors included manually operated gauges
assembled from plastic funnels (diameter: 21 cm) and plastic bottles
(capacity: 10 L or 20 L). For stemflow measurements, collars placed
around tree trunks to catch the stemflow were connected to plastic
bottles (capacity: 50 L or 70 L); tipping-bucket flowmeters (volume: 0.2

or 0.5 L) were used on five trees in the Cr. japonica plot, four trees in the
Ch. obtusa plot, and five trees in one hardwood tree plot. Interception
ratios derived from these measurements were for 14.8 % and 20.6 % for
Cr. japonica and Ch. obtusa, respectively, using data acquired in 2019,
and 12.0 % for the hardwood trees, using 2009–2010 data.

3.3. Numerical simulations

To analyze the contribution of bedrock water flow dynamics to the
rainfall–runoff process during the study period, we designed two BLADE
versions: one restricted to soil blocks (BL-S) and one including both soil
and bedrock blocks, i.e., the full BLADE model (BL-S&B). We compared
their prediction performance and the simulated rainfall–runoff process.
We calibrated both models by applying Bayesian inference to prior
distributions of nine parameters aggregated into a parameter vector X:
θs, θr, ψae, b, Ksat, ϕrc, Krc,vsat, Krc,lsat_0, and frc (Table 1), to evaluate
model fitness and optimize X for each model.

For the simulations, we set the spatial and temporal resolutions to L
= 5 m and Δt = 1 h, respectively. We used the 2010 data for model
initialization (spin-up) to determine the initial values of Se and zgw.
Then, we compared the modeled runoff Q at the catchment outlet over
the remaining 7-year observation period (2011–2017) and applied the
Nash–Sutcliffe efficiency (NSE) criterion (Nash and Sutcliffe, 1970) to
evaluate parameter optimization and model fitness under three hydro-
logical regimes (Criss and Winston, 2008; Krause et al., 2005; Pushpa-
latha et al., 2012). High, low, and balanced streamflow conditions were
evaluated with the ordinary NSE (NSEo), NSE with inverse Q values
(NSEinv), and NSE with the natural logarithm of Q values (NSEln),
respectively, expressed as:

NSEo = 1 −

∑N
i=1(Qoi − Qmi)

2

∑N
i=1(Qoi − Qoi)

2 , (24)

NSEinv = 1 −

∑N
i=1

(
1

Qoi+ε −
1

Qmi+ε

)2

∑N
i=1

{
1

Qoi+ε −

(
1

Qoi+ε

)}2, (25)

and

NSEln = 1 −

∑N
i=1{ln(Qoi + ε) − ln(Qmi + ε) }2

∑N
i=1{ln(Qoi + ε) − ln(Qoi + ε) }2

, (26)

where i is a time step index varying from 1 to the total number of time
steps, N; subscripts “o” and “m” represent the observed and simulated
runoff values, respectively; the overbar indicates ensemble mean values;
and ε is the zero-runoff displacement (Pushpalatha et al., 2012). We
excluded winter Q values (January–March) from NSE calculations to
avoid snowfall and snowmelt effects.

Table 1
Prior distributions of parameter values used for BLADE calibration.

Parameter*1 Unit Range Definition

Minimum Maximum

θs m3 m− 3 0.3 0.7 Soil porosity
θr m3 m− 3 0.05 0.2 Residual soil volumetric water content
ψae m − 0.4 − 0.05 Air entry water pressure head
b ​ 0.5 3.0 Soil pore size distribution index
Ksat*2 m h− 1 0.1 2.0 Saturated soil hydraulic conductivity
ϕrc m3 m− 3 0.01 0.1 Bedrock porosity
Krc,vsat*2 m h− 1 10− 5 10− 2 Saturated bedrock hydraulic conductivity for vertical flow
Krc,lsat 0/Krc,vsat ​ 10− 0.5 10 Saturated bedrock hydraulic conductivity for lateral flow (Krc,lsat) in the topmost bedrock region normalized by Krc,vsat

frc*3 m− 1 0.011 0.23 Attenuation factor defining the dependence of Krc,lsat on depth z

*1 Uniform distributions assumed for each parameter, except as described in footnotes *2 and *3.
*2 Prior and posterior distributions derived from the common logarithm of the parameter.
*3 Prior and posterior distributions derived from exp(− 10frc).
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The posterior X distribution, noted π(X|NSE), was described as:

π(X|NSE)∝f(NSE|X)π(X), (27)

where f(NSE|X) is the likelihood; and π(X) is the prior X distribution,
assumed uniform (see Table 1 for value ranges) for most parameters
except for Ksat, Krc,vsat, Krc,lsat_0, and frc, for which we used uniform
distributions of the common logarithm (Ksat and Krc,vsat), the ratio Krc,

lsat_0/Krc,vsat, and exp
(
− 10frc

)
, respectively, to account for their possible

range of variation and their anisotropy. We estimated the likelihood, i.
e., the NSE probability distribution, by Markov Chain Monte Carlo
sampling of π(X). In the Metropolis algorithm, we first select a specific
sample Xj, representing a parameter vector X at iteration j, from the
original dataset (prior distribution π(X)). We define Xj+1 as

Xj+1 = Xj + ΔX, (28)

where ΔX is an arbitrary increment, and Xj+1 must also be included in
the dataset.

Then, we calculate NSE values NSEj and NSEj+1, calculated with the
corresponding vector, which provide a decision criterion for acceptance
or rejection of the candidate sample (Eq. (28)):

If NSEj+1 ≥ NSEj, then Xj+1 = Xj + ΔX. (29)

Conversely,

If NSEj+1 < NSEj, then Xj+1 =

{
Xj + ΔX adopted with pac,

Xj adopted with 1 − pac,
(30)

where pac is the acceptance probability, defined as NSEj+1/NSEj.
Applying this algorithm to a set of 26068 X samples randomly

selected from the original π(X) dataset, we calculated Q and NSE for
each sample and finally obtained the NSE frequency distribution, with
25000 aggregated NSE samples, enough number for convergence of the
posterior X distribution, and only 1068 pre-convergence samples (burn-
in samples), a small but sufficient number, because random sampling
rapidly limits the influence of the initial sample parameters.

For quantification, we defined the contribution ratio of bedrock
water to surface water (αsurf) at time step t at the surface of a soil block:

αsurf =

(
∑

upαsurf,inQov,in
/
∑

upQov,in

)t− Δt

Qov,out + αsoilQret

Qov,out + Qret
, (31)

with

αsoil =

⎡

⎢
⎢
⎢
⎣
DL2Θαsoil +

⎧
⎪⎪⎨

⎪⎪⎩

αsurfL2qsl,inf +
∑

up
αsoil,inQsl,in + L2qrc,sp

− αsoil

(
∑

down
Qsl,out + L2qrc,inf + L2Tr

)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

Δt

⎤

⎥
⎥
⎥
⎦

t− Δt

DL2Θ
,

(32)

where αsoil, the contribution ratio of the bedrock water to soil water
storage at time step t, is derived from the continuity equation of the
previous time step t− Δt, and Σup and Σdown represent summation of the
water flow from upstream blocks and to downstream blocks, respec-
tively. Ultimately, the bedrock water contribution to the total runoff Q is
the value of αsurf at the catchment outlet and is obtained by sequentially
calculating these contributions from the topmost catchment blocks to
the outlet.

4. Results

4.1. Comparison of model parameters for BL-S and BL-S&B

We first compared the three NSE evaluations for runoff output
simulated with BL-S and BL-S&B (Fig. 4). Maximum consistency be-
tween the models was obtained for NSEo, with nearly identical median
values, whereas the median NSEln and NSEinv values were slightly and
markedly higher, respectively, for BL-S&B than for BL-S, indicating that
model performance under low-flow conditions clearly improved when
bedrock hydrology was included in the simulation.

Posterior probability distributions of the nine model parameters
(Fig. 5) were derived for BL-S and BL-S&B, but only for data samples
with a calculated NSEinv exceeding its median value (Fig. 4, right).
Because BL-S only includes soil hydrology, model parameters for the soil
layer: θs, θr, ψae, b, and Ksat were nearly optimal for accurate runoff
simulation, as illustrated by the clear peaks in their probability distri-
butions (Fig. 5, top row). Conversely, BL-S&B also considers bedrock
hydrology, yielding probability distributions that remained approxi-
mately uniform for soil hydrology parameters (Fig. 5, top row), but
nearly optimal for bedrock hydrology parameters ϕrc, Krc,vsat, Krc,lsat_0,
and frc (Fig. 5, bottom row). This demonstrates that bedrock hydrology is
crucial for realistic mountain hydrology simulations.

Curves for soil water retention (θ–ψ relationship) and for the K–ψ
relationship were established for each model using the soil hydrology
parameters with calculated NSEinv values exceeding its median and then
compared with the θ–ψ relationship and Ksat values effectively observed
in the surface soil layer (Fig. 6). Results for soil water retention indicated
that BL-S overestimated the effective soil porosity θs− θr (Fig. 6a1),
whereas BL-S&B results were consistent with the measurements
(Fig. 6a2). In addition, BL-S could not reproduce the measured Ksat
values (Fig. 6b1), whereas the BL-S&B simulated values were reasonably
consistent with the measurements (Fig. 6b2). This implies that
measuring soil hydrology parameters is not sufficient for accurate
catchment water balance simulations if bedrock hydrology is not
considered. In fact, adjusting BL-S model parameters to optimize the
consistency between model output and measured data might yield
unphysical soil hydrology parameter values.

4.2. Reproduction of runoff and bedrock groundwater table depth

On the basis of the results described in Section 4.1, we designed
further simulations to evaluate runoff and bedrock groundwater table

Fig. 4. Comparison of three Nash–Sutcliffe efficiency (NSE) calculations for
runoff outputs from the BL-S (blue shading) and BL-S&B (red shading) model
versions. The three NSE values comprise NSEo (ordinary NSE), NSEln (calcu-
lated with the natural logarithm of runoff values), and NSEinv (calculated with
inverse runoff values). Probability distributions (violin plot, light shading) were
estimated with kernel smoothing density functions. The thick horizontal line
and darker shading indicate the median and the interquartile range, respec-
tively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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depth with the BL-S&B model version and only for data samples with
NSEinv values exceeding its median (Fig. 5). We compared BL-S&B
simulation results with the observed hourly variations of the catchment
runoff and bedrock groundwater table depth at two locations, in the
riparian zone and upslope (Fig. 3). By accounting for snow accumulation
and melting, the simulation period extended from 1 April to 31
December 2017 (Fig. 7).

The model reproduced the observed catchment runoff very well
(Fig. 7a), clearly indicating that bedrock hydrology parameters
contribute more strongly to the simulation performance than soil pa-
rameters (see also Fig. 5). The observed variations in the median
bedrock groundwater table depth were acceptably traced by BL-S&B in
the riparian zone, despite substantial amplitude discrepancies (Fig. 7b).
At the upslope location, observed values were only marginally outside
the 95 % confidence interval of the simulation (Fig. 7c).

4.3. Relationship between runoff generation and bedrock groundwater
flow dynamics

We compared the spatial distribution of the partial catchment area
derived from ground surface topography, as represented by a digital
elevation model (CAtop; Fig. 8a), and from the simulated bedrock
groundwater table depth during a large rainfall event (CAbg; Fig. 8b), as
well as their cumulative ratios (Fig. 8c). The CAtop and CAbg distribu-
tions were concentrated within partial catchment area ranges of
approximately 3–20 m2 and 20–40 m2, respectively, implying that the
area contributing to rainwater collection and mixing was substantially
broader for bedrock groundwater than for the water flow in the surface
soil layer. Comparing the CAbg to CAtop ratio over the entire catchment
(Fig. 8d), we determined that CAtop was larger in the stream channel and
the valleys, whereas CAbg dominated in the riparian zone and adjacent
slopes. Therefore, we infer that soil water and bedrock groundwater in
the riparian and slope zones were generated from a rainwater collection
area extending beyond the local scale. Here, to derive the partial
catchment area, the multiple flow direction algorithm (Quinn et al.,
1991) was adopted for determining the water flow directions.

We also investigated the relationships between simulated infiltration
and spring (into and from bedrock, respectively) at the soil–bedrock

interface and catchment-mean effective soil saturation defined as 〈Se〉 =
∑

D(Θ − θr)/
∑

D(θs − θr), where Σ represents summation over the
catchment (Fig. 9a). Then, by calculating the spatiotemporal variations
of the contribution ratio of bedrock groundwater to surface water and
soil water storage (Eqs. (31) and (32)), we inferred the relationship
between the contribution ratio of bedrock groundwater to the total
catchment runoff and the runoff itself (Fig. 9b). This relationship ex-
hibits a clear hysteresis that we explain as follows: during low-flow
periods, when a decrease in Θ and, accordingly, in 〈Se〉, reduced infil-
tration into the bedrock, the spring from the bedrock was larger than the
lateral soil water flow (Fig. 9a), resulting in a considerably larger
contribution of bedrock groundwater to runoff (Fig. 9b). A consecutive
〈Se〉 increase strongly enhanced infiltration into the bedrock, increasing
bedrock groundwater storage. Subsequently, bedrock infiltration and
storage both saturated, enhancing spring from the bedrock (Fig. 9a).
Simultaneously, the direct lateral soil water flow (not passing through
the bedrock) contributed substantially to the catchment runoff, reducing
the relative contribution of bedrock groundwater (Fig. 9b).

When soil dried after a wet period, 〈Se〉 decreased, temporarily
causing the bedrock water inflow and outflow to occur at similar rates
(catchment-mean effective soil saturation within 0.6–0.65; Fig. 9a). At
this time, the relative contribution of bedrock groundwater remained
stable, despite a net decrease in the catchment runoff (Fig. 9b). As soil
continued to dry, bedrock infiltration substantially decreased, while the
bedrock spring rate remained stable (Fig. 9a). This continuous outflow
from the bedrock near the stream channel, concurrent with a decrease in
the soil water outflow, explains the smaller contribution of soil water to
catchment runoff (Fig. 9b).

5. Discussion

5.1. Validity of the BLADE model

Until recently, most studies on coupled surface water–groundwater
modeling did not account for bedrock hydrology and considered the
soil–bedrock interface as the bottom boundary of the model domain (e.g.
Ala-aho et al., 2017; Broda et al., 2011). Kosugi et al. (2011) were
among the first to demonstrate the influence of interactions between soil

Fig. 5. Posterior probability distributions of the model parameters. See text and Table 1 for calculation, with the parameters: θs: soil porosity; θr: residual soil
volumetric water content; ψae: air entry water pressure head; b: soil pore size distribution index; Ksat: saturated soil hydraulic conductivity; ϕrc: bedrock porosity; Krc,

vsat: saturated bedrock hydraulic conductivity for vertical flow; Krc,lsat_0: saturated bedrock hydraulic conductivity for lateral flow in the topmost bedrock region; and
frc: attenuation factor defining the dependence of Krc,lsat on depth. Distributions were derived using kernel smoothing density functions for both BL-S (blue curves)
and BL-S&B (red curves), but only for data samples with NSEinv values exceeding its median (Fig. 4). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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and bedrock hydrological processes on runoff generation, by applying a
simple hydrological model to intensive observations from densely
located bedrock wells. They achieved reasonable reproduction of the
multiple peaks in catchment runoff time series caused by the spatial
distribution and temporal evolution of bedrock groundwater. However,
their model, unlike BLADE, was mainly conceptual, one-dimensional,
and assumed simple storage–runoff models for only three hydrological
components: the outflows from soil mantle groundwater and from lower
and mid-bedrock aquifers.

However, in the past decade, the possible contribution of bedrock
groundwater dynamics to catchment outflow generation has been
increasingly considered, notably since the pioneering study of Voeckler
et al. (2014), who developed a physically distributed hydrological
model in which the bedrock was treated as permeable. Concurrently,
other studies developed physically-based hydrological models that
explicitly considered hillslope-scale bedrock hydrology (e.g. Ameli
et al., 2015; Lanni et al., 2013). More recently, Camporese et al. (2019)
analyzed the influence of spatial variations in the water table response at
the soil–bedrock interface on the generation of hillslope-scale storm
runoff using a physically-based distributed model with detailed bedrock
description. The originality of our study is that BLADE is a compre-
hensive, physically-based, distributed hydrology–vegetation model with
soil–bedrock coupling that fully accounts for bedrock water flow.

Arguably, developing coupled surface water–groundwater models is
a complex task, not only in terms of mathematical and physical formu-
lation but also of calibration and parameter optimization. Indeed, as

summarized in Ala-aho et al. (2017), integrated surface–subsurface
models require extensive observation data for simultaneous parame-
terization and simulation of catchment-scale hydrological processes,
which precludes straightforward operational use. Furthermore, direct
bedrock hydrology observations, which are necessary to constrain
distributed hydrology–vegetation models by accounting for bedrock
moisture dynamics, remain scarce (Rempe and Dietrich, 2018). In our
study, we were able to validate BLADE by applying innovative param-
eter optimization methods to extensive, high-quality catchment-scale
hydrological observations.

More precisely, implementing physically-based comprehensive hy-
drological models such as BLADE is extremely challenging because it
requires simultaneous reproduction of observed data, e.g., evapotrans-
piration, soil moisture, and groundwater table depth from diverse hy-
drological domains (e.g., vegetation, soil surface and mantle, and
bedrock) using mechanistic model simulations that include physically
meaningful parameters (Ala-aho et al., 2017). This explains the diffi-
culties for numerical processing and the parameterization instabilities of
such models that prevent their broader adoption by hydrology scientists
worldwide (Hrachowitz and Clark, 2017). Moreover, if reproducing
observations from all modeled domains is not required during model
parameter calibration, the calibration might implicitly compensate for
structural model errors by improving the model fit for the main obser-
vation, for example catchment runoff, regardless of the results in other
domains (Semenova and Beven, 2015). For example, for rainfall–runoff
processes that intrinsically include numerous hydrological domains, the

Fig. 6. Dependence of soil water retention and hydraulic conductivity on the pressure head ψ. Soil water retention refers to the relationship between the volumetric
water content θ and ψ (Panels a1–a2, top). Hydraulic conductivity K is shown in Panels b1–b2 (bottom). Both relationships were calculated only for data samples with
NSEinv values exceeding its median (Fig. 4). Simulation results are represented for BL-S (blue, left) and BL-S&B (red, right) by the median (thick solid curve) and
interquartile range (shading). Soil water retention observations (gray dots; Panels a1–a2) and geometric mean of the measured saturated hydraulic conductivity Ksat
(filled circle with arrow; Panels b1–b2) are also indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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absence of physical validity constraints on the calibrated parameters
would become detrimental to understanding runoff generation (Gupta
and Nearing, 2014).

In this study, we applied a Bayesian inference approach to parame-
terize the soil mantle and bedrock domains in the BLADE model. We
obtained probability distributions for all model parameters instead of
single values, allowing the model to also simulate spatial variations of
the parameters (Figs. 4 and 5). Then, we compared the performance of
the BL-S&B and BL-S model versions, which include and exclude,
respectively, the effects of the bedrock model domain on runoff gener-
ation. Overall, catchment runoff reproducibility was lower in BL-S than
in BL-S&B, particularly under low-flow conditions (Fig. 4).

Furthermore, the soil geophysical parameters retrieved with BL-S&B
were reasonably consistent with observations, whereas BL-S parameter
values, adjusted to reconcile runoff output between BL-S&B and BL-S,
were physically unrealistic (Figs. 5 and 6). Similar results, where two
catchment runoff models (one complex and one simple) produced
comparable runoff output, but with very different soil characteristics
derived from parameter optimization, were previously reported (Wen
et al., 2021). We believe that the BL-S&B/BL-S comparison is an example
of “equifinality” (Bahremand, 2016; Beven, 2006), when good model
performance does not imply physical validity but might be obtained
with parameter values outside the calibration range. This further em-
phasizes the necessity of implementing bedrock hydrology in realistic
catchment runoff models. Here, in addition to realistic soil mantle
characteristics, we also obtained a reasonable estimate of the saturated
bedrock hydraulic conductivity (approximately 10− 3 m h− 1), consistent
with values representative of low unsaturated soil hydraulic conduc-
tivity reported in a previous study (Manning et al., 2021; Figs. 5 and 6).

This confirms the importance of characterizing bedrock moisture
movement for catchment runoff modeling.

Unlike previous analyses that used physically distributed hydrolog-
ical models without a permeable bedrock domain, the full BL-S&Bmodel
version successfully reproduced low-flow runoff during dry periods (e.g.
Ala-aho et al., 2017), further demonstrating the critical role of the
bedrock hydrology submodel for low-flow runoff simulations.

5.2. Importance of bedrock groundwater for mountain water resources

Using the BLADEmodel, we successfully reproduced observations of,
simultaneously, the catchment runoff and bedrock groundwater table
depth at two slope positions (Fig. 7). This highly challenging simulation
is the most innovative result of our study. Boring cores extracted from
the upslope bedrock well (Fig. 3) exhibited frequent fissures and clay
layers at depths of 20 m, 22–25 m, and 36–37 m (Yokoyama et al., 2013)
that might allow bedrock groundwater to drain, thereby lowering the
effective groundwater table depth and possibly resulting in a strong
underestimation of the observed upslope groundwater table depth
(Fig. 7c). The reported substantial spatial heterogeneity of bedrock hy-
draulic conductivity (Welch and Allen, 2014) would further degrade the
consistency between the observed and modeled bedrock groundwater
table depth. In this study, as a result of the simplified description of
groundwater flow dynamics, we expected the simulated output to un-
derestimate the observations; on the contrary, it corresponded reason-
ably well to the range of observed values, excluding spatial
heterogeneity effects. For these reasons, the satisfactory reproduction of
the observed multiple-peak catchment runoff (Fig. 7), possibly corre-
sponding to bedrock groundwater table depth variations (Kosugi et al.,

Fig. 7. Observations (black) and BL-S&B simulations (red curves with shading) of the catchment runoff and bedrock groundwater table depth in April–December
2017. (a) Hourly mean precipitation and (b) hourly mean runoff. Bedrock groundwater table depth measured from the soil surface at bedrock well locations (Fig. 3):
(c) and (d) riparian zone (downslope) and upslope, respectively. Red curves represent the simulated median, with the shading indicating the 2.5 %–97.5 % percentile
range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2011), constitutes a notable achievement of the BLADE model.
Fig. 7 also suggests that groundwater table depth variations in the

riparian zone were related to the stream runoff and propagated to the
upslope area, as demonstrated in Voeckler et al. (2014). A stable
groundwater flow, accumulating from broader areas to feed aquifers in
the riparian zone, generates an excess of saturated overland flow along
the stream channel that contributes to generating catchment runoff,
even in dry periods (Fig. 8; Ala-aho et al., 2017; Partington et al., 2013).

Additionally, incident rainfall, by expanding the groundwater exfiltra-
tion area to the upper slopes while maintaining saturated conditions in
the riparian zone, as illustrated in Fig. 8, also contributes to the excess
saturated overland flow (Soulsby et al., 2015).

As explained in Section 4.3, Fig. 9a illustrates the importance of
infiltration and spring processes at the soil–bedrock interface (bedrock
inflow–outflow) for catchment runoff generation, emphasized in previ-
ous publications (e.g. Spence and Woo, 2003). A common assumption is

Fig. 8. Partial catchment area comparison. Top: spatial distributions calculated from (a) a digital elevation model of the ground surface topography (CAtop) and (b)
the bedrock groundwater table depth simulated with BL-S&B on 19 September 2017 during a large rainfall event (CAbg; total rainfall: 202 mm). Bottom: (c) cu-
mulative ratio for CAtop (blue) and CAbg (red) and (d) spatial distribution of the CAbg/CAtop ratio, with values larger and smaller than 1 indicating rainfall collection
primarily in the bedrock (CAbg) or near soil surface (CAtop), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Importance of bedrock groundwater flow dynamics for runoff generation. (a) Dependence of the bedrock infiltration (downward flow; black dots) and spring
(upward flow; gray dots) rates at the soil–bedrock interface on the effective soil saturation. All data points (dots) represent catchment-mean parameter values
simulated with BL-S&B. (b) Dependence of the contribution ratio of bedrock groundwater to the catchment runoff on the runoff itself (gray dots), exhibiting two
hysteresis cycles (solid curves) with approximate periods of 14 days (small cycle) and 22 days (large cycle); the starting point (filled triangles) and direction of
progress (arrows) are indicated. Both data are simulation outputs with BL-S&B.
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that fractured and matric flows are the dominant mechanisms for
moisture transport in sedimentary and granite bedrocks, respectively
(Asano et al., 2023). A previous study (Onda et al., 2006) reported that
subsurface stormflow occurs through the soil mantle in catchments with
a nearly impermeable granite bedrock, but through the bedrock itself in
catchments underlain by shale, a fractured sedimentary rock. Even for
low-permeability, unfractured bedrock, recharge and bedrock infiltra-
tion might occur if catchment wetness is high (Gabrielli and McDonnell,
2018). In such a case, soil mantle thickness and hydraulic conductivity
both affect the wetness conditions at the soil–bedrock interface, thereby
controlling the bedrock infiltration rate (Gleeson et al., 2009).

In the OEW, the bedrock is composed of fractured sedimentary rock,
where the saturated hydraulic conductivity is comparable to that of un-
saturated soil in the catchment (Figs. 5 and 6). In our analysis, infiltration
into the bedrock rapidly reached its maximum value when catchment
wetness increased (Fig. 9a). Once the infiltration rate reached saturation,
any additional rainfall could induce a rapid increase in the bedrock
groundwater content, likely to immediately increase catchment runoff
(Fig. 9b; Rempe and Dietrich, 2018). We also identified a dominant
contribution of infiltration to bedrock reservoir replenishment during wet
periods (Fig. 9a; Gabrielli and McDonnell, 2018; Rempe and Dietrich,
2018).

Under low-flow conditions, the bedrock groundwater contribution to
the runoff exceeded approximately 80 %, suggesting that most catchment
runoff occurred through the bedrock during dry periods (Fig. 9b; e.g.
Uchida and Asano, 2010). Conversely, the contribution to the stormflow
decreased with increasing catchment wetness and runoff because of
bedrock saturation and high soil hydraulic conductivity at the
soil–bedrock interface (Fig. 9b), as previously reported in observational
studies (Uchida et al., 2003a, b). However, observations contradicting our
results have also been reported in Asano et al. (2023), describing a sharp
stormflow increase with increasing catchment wetness concurrent with
an increase in the deeper groundwater contribution to runoff; this was
attributed to a possible preferential flow path from the deep bedrock
during large storms (Asano et al., 2023). To evaluate the plausibility of
the simulated contribution of bedrock groundwater to streamflow, we
compared it with baseflow estimates derived from conventional hydro-
graph separation methods (Appendix B, Fig. B.1). The comparison helps
contextualize the simulated results within established empirical
approaches.

Interestingly, BLADE successfully reproduced hysteresis in the
catchment runoff generation processes (Fig. 9b). Systems exhibiting
hysteresis are commonly characterized as possessing memory; that is,
their current state depends on past properties and events (Gharari and
Razavi, 2018). Simulating a catchment with memory, in principle,
would require a complete understanding of all hydrological processes
involved, their heterogeneity, and their spatiotemporal variations and
representative scales (Gharari and Razavi, 2018). Because the simulated
relationship between catchment runoff and bedrock groundwater
contribution (Fig. 9b) depended on water storage in the bedrock and,
implicitly, the soil mantle, it corresponded to different runoff values
depending on the system status (i.e., wetting or drying period), yielding
the clockwise hysteresis loops and dilution. This corresponds to the
general case for concentration–discharge relationships of bedrock-
derived solutes (House and Warwick, 1998; Rose et al., 2018). This
result was not unexpected, because of the equivalence between bedrock
groundwater contribution to runoff and concentration of bedrock-
derived solutes in the runoff (Evans and Davies, 1998). This allowed
us to simultaneously model hydrological processes in the soil mantle and
the bedrock that involve multiple reservoirs and outflow sources,
representative of systems with memory.

Bedrock reservoirs play a key role not only in regulating catchment
runoff but also in supplying water to plants (Rempe and Dietrich, 2018).
For example, most forest vegetation throughout the USA has direct ac-
cess to root-zone bedrock water storage, which constitutes a critical
ecosystem water resource (McCormick et al., 2021).

In particular, analyzing hydrological processes at the soil–bedrock
interface is essential to better understand the influence of transient
groundwater, transported through the hillslope–riparian zone–valley
topographic system, on catchment runoff generation (Camporese et al.,
2019). The precise effects of hydraulic conductivity in a fractured
bedrock on water flow dynamics remain incompletely characterized.
This open scientific question requires extensive and technically chal-
lenging observations (Kosugi et al., 2011) and theoretical analyses
(Broda et al., 2011). It is a promising research topic for water resource
science in mountainous environments.

6. Conclusion

We developed BLADE, a novel physically‑based distributed hydro-
logical model that fully accounts for bedrock hydrology. By applying
BLADE to an intensively monitored mountain headwater catchment, we
successfully reproduced observations of catchment runoff and bedrock
groundwater table depth, as well as soil moisture dynamics. A Bayesian
inference approach allowed us to estimate posterior probability distri-
butions for physically meaningful parameters in both the soil and the
bedrock domains, leading to realistic representations of catchment hy-
drological processes.

Comparison between the full BLADE configuration (BL‑S&B) and a
simplified version without bedrock hydrology (BL‑S) revealed that
neglecting bedrock processes degrades model performance, particularly
under low‑flow conditions. Furthermore, the BL‑S configuration yielded
physically unrealistic soil parameters despite similar runoff simu-
lations—an example of equifinality—because it overestimated the
effective soil porosity and underestimated the saturated soil hydraulic
conductivity. Moreover, because BLADE is able to simulate a bedrock
groundwater table surface distinct from the ground surface topography,
the model was able to represent the spatiotemporal runoff generation
processes and reproduce baseflow.

This study demonstrates the dominant role of bedrock groundwater
in runoff generation during low‑flow periods and the importance of
infiltration and spring processes at the soil–bedrock interface for con-
trolling stormflow and baseflow. These findings emphasize that realistic
representation of bedrock hydrology is essential for understanding and
predicting runoff generation in mountain headwater catchments, and
they provide a foundation for improving water resource management in
forested mountain catchments, with BLADE representing a promising
tool to support such applications.
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Appendix A. Geophysical and model parameters used for BLADE simulations

Symbol Unit Definition

b ​ Soil pore size distribution index
c ​ Soil pore disconnectedness index
D m Model soil block height
Ic m h− 1 Canopy interception rate
K m h− 1 Soil hydraulic conductivity
Ksat m h− 1 Saturated soil hydraulic conductivity
Krc,lsat m h− 1 Saturated bedrock hydraulic conductivity for lateral flow
Krc,lsat 0 m h− 1 Value of Krc,lsat in the topmost bedrock region
Krc,vsat m h− 1 Saturated bedrock hydraulic conductivity for vertical flow
frc m− 1 Attenuation factor defining the dependence of Krc,lsat on depth z
l m Horizontal distance to the adjacent downstream block
L m Soil block horizontal length
NSE ​ Nash-Sutcliffe efficiency
NSEinv ​ NSE calculated with inverse Q values
NSEln ​ NSE calculated with the natural logarithm of Q values
NSEo ​ Ordinary NSE
pac ​ Acceptance probability (ratio between NSE values for consecutive iterations)
Pe m h− 1 Effective rainfall rate (gross rainfall minus canopy interception)
Pg m h− 1 Gross rainfall rate
qsl,inf m h− 1 Infiltration rate at the soil surface
qrc,inf , qrc,sp m h− 1 Vertical water inflow (infiltration) and outflow (spring) rates at the soil–bedrock interface
Q Arbitrary Runoff
Qm Arbitrary Simulated runoff
Qo Arbitrary Observed runoff
Qov,in, Qov,out m h− 1 Overland water inflow and outflow rates for a soil block
QHort m h− 1 Hortonian overland water flow
Qret m h− 1 Return water flow
Qsl,in, Qsl,out m3 h− 1 Lateral soil water inflow and outflow rates for a soil block
Qrc,in, Qrc,out m3 h− 1 Lateral bedrock water inflow and outflow rates for a bedrock block
rIC ​ Vegetation interception ratio
Rn W m− 2 Net radiation
SIC m h− 1 Soil infiltration capacity
Se ​ Effective soil saturation
〈Se〉 ​ Catchment-mean effective soil saturation
Sp m h− 0.5 Sorptivity (0.035 m h− 0.5)
tp h Sorption duration
Tr m h− 1 Transpiration rate
W m Soil block cross-section width normal to the water flow direction
x m Position along the slope (positive in the downslope direction)
X ​ Vector of prior parameters (see text for list)
z m Depth from the ground surface
zae m Depth at the air entry pressure
zgw m Groundwater table depth
α ​ Priestley–Taylor coefficient
αsoil ​ Contribution ratio of bedrock water to soil water storage
αsurf ​ Contribution ratio of bedrock water to surface water flow
γ Pa K− 1 Psychrometric constant (62 Pa K− 1)
δ Pa K− 1 Slope of the saturation water vapor pressure curve
Θ m3 m− 3 Mean volumetric water content in a soil block
θ m3 m− 3 Soil volumetric water content
θr m3 m− 3 Residual soil volumetric water content
θs m3 m− 3 Soil porosity
λ J kg− 1 Latent heat of water vaporization (2.4× 106 J kg− 1)
ρw kg m− 3 Water density
ϕrc m3 m− 3 Bedrock porosity
ψ m Soil water pressure head
ψae m Air entry water pressure head
ψsb m Water pressure head at the soil–bedrock interface
Ψ m Mean water pressure head in a soil block
Ψ1, Ψ2 ​ Values of Ψ in a soil block and the adjacent downstream block
ω ​ Local slope of the soil–bedrock interface
ωgw ​ Local slope of the groundwater table
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Appendix B. Comparison with conventional baseflow separation methods

To evaluate the contribution of bedrock groundwater simulated by BL-S&B to catchment runoff, we performed a hydrograph separation using the
grwat package in R (Samsonov, 2024), which implements several conventional baseflow segmentation methods. This allowed qualitative comparison
between the bedrock groundwater contribution simulated by BL-S&B and the baseflow estimated from observed hourly runoff.

We applied four widely used methods: Lyne and Hollick (1979), Boughton (1993), Jakeman and Hornberger (1993), and Chapman and Maxwell
(1996), and for eachmethod, we used the default filtering parameters provided in the grwat package, i.e., 0.925, 0.975, 0.925, and 0.975, respectively.

The estimated baseflow hydrographs obtained from these methods exhibited notable differences in magnitude and timing depending on the al-
gorithm used. Compared with these empirical estimations, BL-S&B simulations captured the general magnitude and temporal patterns of baseflow
reasonably well, particularly during low-flow periods (Fig. B.1).

However, it should be noted that the results of conventional baseflow segmentation methods are sensitive to methodological choices, and that their
outcomes are not fully consistent with each other. Moreover, baseflow does not necessarily correspond exclusively to bedrock groundwater contri-
butions and, conversely, not all bedrock groundwater contributions are necessarily captured as baseflow—some might be included in the estimated
quickflow. Therefore, this comparison should be regarded as qualitative, and the limitations inherent in both approaches must be acknowledged when
interpreting the results.

Fig. B1. Comparison of the bedrock groundwater contribution simulated by BL‑S&B (red) with conventional hydrograph separation methods. The total runoff
simulated by BL-S&B (blue) is indicated for reference. Baseflow (gray shading) and quickflow (black shading) are segmented using the (a) Lyne and Hollick (1979),
(b) Boughton (1993), (c) Jakeman and Hornberger (1993), and (d) Chapman and Maxwell (1996) methods.

Data availability

Data will be made available on request.
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