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A B S T R A C T   

Some interception (IC) models assume proportionality between the IC and rainfall amount during heavy rainfall, 
while others do not. Although differences in the assumptions of the IC model can significantly impact water 
balance and runoff prediction, quantitative analysis has not yet been conducted. In this study, we investigated 
the influence of IC model selection on runoff prediction and its parameter estimation in a forested catchment in 
Japan. First, an IC model was presented as a function that can continuously represent the case where the IC 
increases with rainfall but asymptotically reaches a flat plateau and the case where IC is completely proportional 
to rainfall. The IC estimation using the model was compared with the IC data observed in 2020–2021 at three 
coniferous plantation plots within the catchment. Second, the IC model was incorporated into a catchment-scale 
water balance model (TOPMODEL-based tank model), and then the IC model that optimally reproduced the 
runoff observed in 2010–2015 was determined. The results showed that the observed IC and runoff were opti-
mally reproduced when the IC was completely proportional to rainfall. However, it was observed that the 
assumption of the IC was not as influential on runoff predictability as the water retention capacity parameter of 
the catchment water balance model. Meanwhile, once the appropriate water retention capacity parameter was 
fixed, the impact of the difference in IC models on runoff prediction was significant at high-flow periods. 
Moreover, estimated high flow became large without the assumption that the IC was somehow proportional to 
rainfall, suggesting the importance of adequately representing the occurrence of IC, especially during heavy 
rainfall events. This implies that the IC by the forest canopy plays a significant role in controlling flood discharge 
from forested watersheds.  

Abbreviations and Symbols: A, Contributing catchment area per unit contour length; ai, Parameters determining runoff efficiency from a discharge hole i in the tank 
model framework; C, A height reference to make H and hi positive; cp, Heat capacity of air (J kg− 1 K− 1); DBH, Diameter at breast height; Ds, The catchment average 
saturation deficit; ET, Evapotranspiration; EF, Forest floor evaporation; fs, A constant that defines the decrease in saturated hydraulic conductivity with depth; f(P), 
The probability density function of daily P; Gs, Monthly mean surface conductance (mm s− 1); hi, Parameters that determine the runoff efficiency from pore i in the 
tank model scheme; H, Current height of the water surface in the tank from the height reference in the tank model framework; IC, Interception; kt, A time constant; m, 
A soil parameter used in the TOPMODEL framework that represents water retention capacity; n, Number of time steps; N, Number of discharge holes in the tank 
model scheme; NS, Nash–Sutcliffe efficiency criterion; NSinv, Nash–Sutcliffe efficiency criterion with inverse Q values; OEW, Oborasawa Experimental Watershed; P, 
Rainfall amount; PAI, Plant area index; Q, Runoff; Qm, Modeled Q; Qo, Observed Q; RH, Relative humidity; Rs, Monthly mean solar radiation (W/m− 2); Rs, Solar 
radiation; SD, Standard deviation; SF, Stem flow; ST, Maximum value of the IC (or canopy storage capacity); t, Time (day); Ta, Annual mean air temperature; TF, 
Throughfall; TI, Topographic index; TI, The catchment average TI; TIi, TI at a given point i; Tmax, A soil parameter representing transmissivity in the TOPMODEL 
framework; TR, Transpiration; VPD, Vapor pressure deficit; VPD, Monthly mean vapor pressure deficit (kPa); β, Terminal interception ratio (interception ratio 
supposing P→∞); βT, Total interception ratio (the ratio of total IC to total P throughout the concerning period); γ, Psychrometric constant (Pa K− 1); ηp, Mean P on wet 
days (mm day− 1); θ, Local slope; λ, The latent heat of vaporization of water (J kg− 1); ρa, The density of dry air (kg m− 3); ρw, The density of water (kg m− 3); ϕ, Soil 
porosity. 
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1. Introduction 

The runoff (Q) from forested headwaters is imperative in supplying 
water resources and controlling flood discharge to the lower reaches, 
resulting from a balance between the catchment water storage and the 
water use by vegetation (Andréassian, 2004; Bosch and Hewlett, 1982). 
In particular, the forest water use by evapotranspiration (ET), which 
changes with the forest status, is a major determinant for Q from the 
headwater catchment (Komatsu and Kume, 2020). Thus, it has been 
expected that forest management and conservation activities can opti-
mize Q, that is, maintain the low flow and control the high flow (Calder, 
2007). Moreover, global warming is projected to increase the risk of 
climate extremes, including heavy precipitation and agricultural/ 
ecological drought (IPCC, 2021). Under the present conditions, there is 
an increasing need for forest management and conservation to adapt to 
or mitigate climate change (Ellison et al., 2017; Sun et al., 2017). 

Forest ET comprises canopy transpiration (TR), forest floor evapo-
ration (EF), and interception (IC). Globally, TR, EF, and IC account for 
64%, 6%, and 27% of total terrestrial ET, respectively (Good et al., 
2015). Previous studies have suggested that in forests, TR combined 
with EF (comparable to plant transpiration combined with soil evapo-
ration) is a conservative process because differences in forest stand 
status mainly affect TR and EF partitioning but not their sum (Delzon 
and Loustau, 2005; Komatsu, 2020; Oren et al., 1998; Roberts, 1983). 
Although the ratio of IC to ET was small compared to that of TR com-
bined with EF, the IC was observed to have a linear relationship with the 
stem density of the plot (Komatsu et al., 2007). Moreover, many previ-
ous studies have suggested that IC is susceptible to changes in forest 
status resulting from forest management (Fan et al., 2014; Ghimire et al., 
2012; Grunicke et al., 2020; Nanko et al., 2016; Shinohara et al., 2015; 
Sun et al., 2015; Takahashi et al., 2011). Hence, IC changes due to the 
alteration of forest status or forest management should be among the 
most important factors that control the rainfall-runoff process. 

Here, we describe two mechanisms for rainwater loss to the atmo-
sphere, that is, wet canopy evaporation by IC: the IC increases with the 

rainfall amount (P) and reaches a plateau (i.e., a certain amount of P 
would saturate the canopy storage) (Model 1), and the IC increases 
proportionally to P without a plateau (Model 2). The most commonly 
applied models are similar to Model 1 (Gash, 1979; Rutter et al., 1971), 
assuming that evaporation and drainage are from canopy storage. 
Although in such cases wet canopy evaporation is calculated using the 
Penman–Monteith equation (Muzylo et al., 2009), the calculated values 
have often been observed to be much smaller than the observations (see 
van Dijk et al., 2015). Notably, while some observations demonstrated 
that evaporation during rainfall events dominated the IC at the canopy 
(e.g., Murakami, 2021), Iida et al. (2017) observed that the intensity of 
IC in the first half of the rainfall events is higher than in the second half, 
implying the importance of the canopy water storage capacity for the IC 
estimation. The heat balance model’s underestimation of the observed 
wet canopy evaporation is not very certain, including during rainfall 
events (see Carlyle-Moses and Gash, 2011; Guswa et al., 2020; Kumagai 
et al., 2014), which is the subject of this investigation. 

As an endmember of the effect of the IC model selection, the presence 
or absence of a plateau in the IC estimation is critical for runoff pre-
diction because it determines the input to the catchment water balance, 
especially during heavy rainfall events. Previous studies have assessed 
various potential ET models regarding runoff simulation efficiency, and 
they showed that simple potential ET models could work as well as 
precise ones (Bai et al., 2016; Oudin et al., 2005a, Oudin et al., 2005b). 
Furthermore, Fenicia et al. (2008) examined the effect of IC model 
application on a hydrological model, suggesting the importance of IC 
estimation in runoff prediction, including spatial distribution of storage 
for IC in the catchment. However, to the best of our knowledge, the 
extent of the impact due to different assumptions placed on the IC 
estimation on runoff prediction has not been investigated. 

We aimed to assess how proper IC model selection affects the per-
formance of the catchment water balance model. Thus, we used detailed 
catchment-hydrology observations conducted over six years, including 
IC data taken throughout the year at multiple plots and a semi-process- 
based catchment water balance model (a TOPMODEL-based tank model; 

Fig. 1. Topography and vegetation of Catchment A, which is devoted to catchment-scale water budget observations in the Oborasawa Experimental Watershed. 
Locations and photographs of canopy interception measurement plots (Plots 1, 3, and 4) are also shown. 
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cf. Beven and Kirkby, 1979; Momiyama et al., 2021). The IC at each rain 
event can be estimated with the observation as follows: 

IC = P − TF − SF, (1)  

where TF and SF are the measured throughfall and stemflow over a plot 
during some rain events. The ratio of IC to P throughout a certain 
observation period (hereinafter, total interception ratio βT) is a good 
indicator to describe the canopy property for the efficiency of the IC 
globally (Yue et al., 2021). Notably, we elaborated on the TF and SF 
observations and estimated the IC using Eq. (1). Here, three questions 
are raised: (1) Which IC model most accurately represents the observed 
IC—Model 1, Model 2, or a hybrid of them that is weighed according to 
their importance? (2) Which IC model best reproduces runoff charac-
teristics estimated by the catchment water balance model? Is this the 
same as the model selected in (1)? (3) How does the accurate repro-
duction of actual IC by model selection improve modeled rainfall-runoff 
processes, especially the reproduction of high and low flows? The an-
swers to these questions are important for incorporating IC into runoff 
prediction or for estimating the effect of IC on watershed management. 
This research will present new insights into the strategies for changing 
the IC through forest management to control high and low flows from 
forested headwaters. 

2. Methods 

2.1. Data 

This study used the data obtained by IC observations from 2020 to 
2021 and hydrological observations from 2010 to 2015. Canopy IC, 
meteorology, and rainfall-runoff data, which were well suited for the 
catchment water balance and ET model parameters, were obtained for a 
49-ha forest headwater catchment (Catchment A) in the Oborasawa 
Experimental Watershed (OEW; 35◦28′N, 139◦12′E) in the Tanzawa 
mountains in the Kanto region of Japan (Fig. 1; Table 1). Forests in the 
OEW comprise mainly coniferous plantation stands, and the bare land 
ratio is less than 1%. Approximately two-thirds of the forested areas are 
composed of conifers (i.e., Cryptomeria japonica D. Don and, to a lesser 
degree, Chamaecyparis obtusa Endl). The remaining one-third is frag-
mented areas of deciduous broadleaved trees (e.g., Cercidiphyllum 
japonicum Sieb. et Zucc. and Aesculus turbinate Blume). The catchment is 
steep with a mean slope (±standard deviation [SD]) of 34.9 ± 9.0◦. The 
soil was classified as Cambisol with a large portion of volcanic ash and a 
high infiltration capacity at the surface, and the mean soil depth (±SD) 
was 1.64 ± 0.97 m. The underlying bedrock beneath the soil is tuff, 
composed mainly of volcanic breccia, and is classified as Cenozoic rocks. 
There is a weathered bedrock with fissures below 40 m from the surface, 
and its hydraulic conductivity depends on the degree of weathering. 

The annual mean air temperature (Ta) was 11.6 ◦C between 2010 and 
2015, with an annual minimum daily mean Ta of − 3.0 ◦C around 

January and an annual maximum daily mean of Ta of 24.9 ◦C around 
August. The mean daily vapor pressure deficit (VPD) averaged over 
daylight hours (0600–1800 LT) reached a maximum of 1.7 kPa in May. 
Snowfall occurs only once or twice a year from January to March, ac-
counting for only a small percentage of total annual P, and has limited 
influence on Q. 

The data from the catchment-scale water budget observations from 
2010 to 2015 were used to optimize the water balance model described 
later. Note that the Q data for the same period as the IC observations 
were not available due to Typhoon Hagibis, which hit Japan in October 
2019. We confirmed that the annual bedrock drainage and intercatch-
ment groundwater flow in the studied catchment could be negligible 
(see Egusa et al., 2021; Oda et al., 2013). Q from the studied catchment 
was measured using a V-notch weir. The weather station at the open 
ridge (Fig. 1) was devoted to above-canopy meteorological measure-
ments, such as solar radiation (Rs), relative humidity (RH), Ta, and P. 
The VPD was calculated as a saturated vapor pressure of Ta minus an 
actual vapor pressure estimated from the RH. More detailed instru-
mentation information is provided elsewhere (Momiyama et al., 2021). 

In the studied catchment, three plots were instrumented for SF (stem 
flow) and TF (throughfall) measurements (Fig. 1; Table 1). Plots 1 and 3 
were established in stands of Cr. japonica, and Plot 4 was established in 
the Ch. obtusa stand; data obtained were used in the following analysis. P 
was measured with a 0.5 mm tipping-bucket rain gauge (CTKF-1, Cli-
matec, Tokyo, Japan) on the top of the tower of the weather station and 
corrected by manual measurement with polyethylene plastic bottles at 
the weather station. In each plot, the TF was sampled with 346 cm2 

funnels connected to 20 L plastic bottles. The TF sampled using bottles 
was manually weighed and the TF at the plot scale for each period was 
determined by averaging the available data from the bottles. Each collar 
around the trunk was connected to a 0.2 L tipping-bucket flow meter 
(handmade; cf. Shiraki et al., 2018) in each plot to measure SF because 
the high P at OEW causes large amount of SF. The SF measurements were 
sampled automatically as the time-of-tip by the event data logger (UA- 
003–64, Onset, MA). The number of bottles and flow meters used in each 
plot is shown in Table 1. Furthermore, the P losses by IC were calculated 
following Eq. (1). The IC data at Plots 1 and 4 from January 30, 2020 to 
December 28, 2021 and at Plot 3 from February 28, 2021 to December 
28, 2021 were used for the analysis (the data from April 16, 2021 to 
August 19, 2021 were not included due to the uncertain values of P). 

2.2. Canopy interception model 

It may be expected that P is almost perfectly intercepted by a canopy 
in a light rainfall event and that the ratio of P and IC would reach β 
(terminal interception ratio) as P increases. Assuming that a single storm 
event does not exceed one day and that multiple storm events during a 
day can be combined as a single daily storm, the wet canopy evaporation 
by daily IC (mm day− 1) can be defined as zero when daily P is zero and 
asymptotically reaches a maximum value of the daily IC with increasing 
P, as given by the following equation (Linsley et al., 1949): 

IC(P) = St

{

1 − exp
(

−
P
St

)}

, (2)  

where St is the maximum value of the daily IC, assumed to be the canopy 

storage capacity (mm). Considering dIC
dP = exp

(
− P

St

)
, derived from Eq. 

(2), and lim
P→0

dIC
dP = 1 and lim

P→∞
dIC
dP = β from the above expectation, we 

assumed a modification of dIC
dP as follows: 

dIC
dP

= (1 − β)exp
(

−
P
St

)

+ β. (3) 

The integral of Eq. (3) gives the following equation: 

Table 1 
Stand characteristics of Plots 1, 3, and 4 in Fig. 1.  

Characteristics Plot 1 Plot 3 Plot 4 

Plot area (m2) 297 130 203 
Species Cr. japonica Cr. japonica Ch. obtusa 
Age (years) 35 65 35 
Density (trees ha− 1) 1280 780 1770 
PAI a (m2 m− 2) 3.3–4.2 3.6–4.0 3.0–4.2 
Mean DBH (cm) 27.3 42.2 24.0 
Range DBH (cm) 17.2–33.7 34.1–66.0 15.5–32.5 
Mean height (m) 20.9 26.0 17.5 
Number of throughfall collectors b 14–18 11 7–11 
Number of stemflow measurement trees 5 2 4  

a Ranges of values denote seasonal variation. 
b Ranges of values denote changes in the number of collectors during the 

observation periods. 
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IC(P) = (1 − β)St

{

1 − exp
(

−
P
St

)}

+ βP. (4) 

The evaporation rate by IC should be controlled by P (mm day− 1). 
Moreover, an IC model linked to a stochastic representation of the P at 
an event can be used to describe the effects of the P regimes, such as 
frequent light rainfall and infrequent heavy rainfall events (e.g., de 
Groen and Savenije, 2006). The daily P is assumed to be an independent 
random variable, expressed by an exponential probability density 
function (see Rodriguez-Iturbe et al., 1999): 

f (P) =
1
ηp

exp
(

−
P
ηp

)

, (5)  

where ηp is the mean depth of rainfall events (mm day− 1). Note that 
E[P] = ηp, where E[⋅] is the mean value. Assuming E[IC] = βTE[P] = βTηp 

(where βT is the IC ratio over the total observation period) and the IC 
function of P (i.e., IC(P)), E[IC] can also be written as follows: 

E[IC] =
∫ ∞

0
IC(P)f (P)dP = βTηp. (6) 

The St function of β can be derived by substituting Eqs. (4) and (5) for 
Eq. (6), resulting in the IC formulation as follows: 

IC(P)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(1 − β)
βT − β
1 − βT

ηp

{

1 − exp
(

−
1 − βT

βT − β
P
ηp

)}

+βP for 0≤
β
βT

< 1

βTP for
β
βT

= 1.

(7) 

Here, β also represents a measure of the linearity of an increasing IC 
with the P and can vary between 0 (for the complete canopy storage 
saturation model, i.e., Model 1) and βT (for the completely proportional 
model, i.e., Model 2); the canopy storage capacity control of the IC 
evaporation progressively weakens as β approaches βT (i.e., β

βT
= 1). 

Fig. 2 shows the difference in the calculated daily IC as β changes. 

2.3. Catchment water balance model 

Given little bedrock drainage and intercatchment groundwater flow, 
Q can be expressed as the function of soil water storage, following the 

original TOPMODEL concept (Beven and Kirkby, 1979). In our previous 
study (Momiyama et al., 2021), we observed that in the studied catch-
ment, the TOPMODEL, where the soil parameter representing the 
transmissivity (Tmax) was zero, performed as well as the model consid-
ering the optimized Tmax. In this case, we can use a lumped rainfall- 
runoff model, the tank model (Sugawara, 1972, 1995), compatible 
with the TOPMODEL to reproduce the daily Q from the studied catch-
ment. The vertically integrated continuity equation describes the 
catchment water balance to compute the catchment average saturation 
deficit Ds (mm), given as follows: 

dDs

dt
= TR+ IC+Q − P, (8)  

where t is time (day), and daily TR is canopy transpiration rate (mm 
day− 1). We assumed multiple discharges from a single tank would 
integrate into the daily Q (mm day− 1) as follows: 

Q =
∑N

i=1
max{0, ai(H − hi) }, (9)  

where N is the number of discharge holes in the tank, i identifies each 
discharge hole, ai and hi are fitting parameters, and H is the current 
water depth in the tank. Note that hi represents the height of discharge 
hole i from the bottom of the tank. A comparison between TOPMODEL 
and Eq. (9) allows us to derive the following relationships: 

ai =
kt

N
, (10)  

H = − Ds +C, (11) 

and 

hi = m(TI − TIi)+C, (12)  

where kt, m, TI, and TIi are the TOPMODEL parameters, N is the number 
of grids in the digital elevation model of the studied catchment in the 
TOPMODEL, and C is a height reference to make H and hi positive. The kt 
is a time constant; m is a soil parameter replacing ϕ / fs, where ϕ is soil 
porosity and fs defines the decrease of saturated hydraulic conductivity 
with depth; and TI and TIi are the topographic indices TI, as the catch-
ment average and the value at a given point i, respectively. TI is defined 
as ln(A/tanθ), where A is the contributing catchment area per unit 
contour length and θ is the local slope. The ai is found to be a constant 
independent of i from Eq. (10). 

To calculate the daily TR, we used the same TR model used by 
Momiyama et al. (2021). In general, the boundary conductance of co-
nifers is sufficiently large, and Kumagai et al. (2008) confirmed that Cr. 
japonica canopies are aerodynamically well-coupled to the atmosphere. 
Hence, we used a modified McNaughton and Black (1973) expression to 
compute the daily TR given as follows: 

TR = 12 × 3600 ×
ρacpVPD

ρwλγ
Gs, (13) 

in which 

Gs = 4.30 × 10− 3Rs × (1 − 5.78 × lnVPD), (14) 

where ρa is the density of dry air (kg m− 3), cp is the heat capacity of 
air (J kg− 1 K− 1), ρw is the density of water (kg m− 3), λ is the latent heat of 
vaporization of water (J kg− 1), and γ is a psychrometric constant (Pa 
K− 1). The VPD used in Eq. (13) is the mean daytime value (Pa). The Gs is 
the monthly mean surface conductance (mm s− 1) expressed using a 
multiplicative-type function (Eq. 14) (e.g., Jarvis, 1976) where Rs and 
VPD are monthly mean Rs (W m− 2) and VPD (kPa). Note that Eq. (14) is 
estimated using ET calculated from the short-term water balance 
method (Linsley et al., 1958; Suzuki, 1985), and IC is calculated 
assuming that βT = 0.184 (see Momiyama et al., 2019, 2021). 

Fig. 2. Relationships between the daily interception and daily precipitation for 
different β/βT, assuming the observed βT at Plot 1 (0.23) and ηp calculated from 
the data observed from January 15, 2020 to December 31, 2021 (17.0 
mm day− 1). 
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2.4. Model optimization 

To evaluate the model fitness and obtain the optimized parameters 
(βT [total interception ratio], β/βT [β denotes terminal interception 
ratio], and m [water retention capacity of the catchment]) the 
TOPMODEL-based tank model was calibrated using various combina-
tion of βT, β/βT, and m values (0.03–0.25, 0–1, and 0.03–0.09 m at an 
interval of 0.001, 0.01 and 0.001 m, respectively) and comparing it with 
the 2010–2015 observational data. We used the Nash–Sutcliffe effi-
ciency (Nash and Sutcliffe, 1970) criterion as an evaluation function for 
the optimization and performed two types of optimizations, given the 
importance of high and low streamflow (Criss and Winston, 2008; 
Pushpalatha et al., 2012): the ordinary Nash–Sutcliffe efficiency (NS) 
and the Nash–Sutcliffe efficiency with inverse Q values (NSinv), given as 
follows: 

NS = 1 −
∑n

j=1

(
Qoj − Qmj

)2

∑n
j=1

(
Qoj − Qoj

)2 , (15) 

and 

NSinv = 1 −

∑n
j=1

(
1

Qoj
− 1

Qmj

)2

∑n
j=1

(
1

Qoj
−
(

1
Qoj

))2, (16)  

where n is the total number of time steps, subscript j denotes each time 
step, Qo and Qm are observed and simulated Q, respectively, and the 
overbar denotes the ensemble mean. 

3. Results 

3.1. Hydrological observations 

The mean annual P for 2010–2015 was 3028 mm. Large rainfall 
events occurred during the rainy season from the middle of June to early 
July (668 ± 142 mm for June–July; mean ± SD) and the typhoon season 
from September to October (915 ± 200 mm). The mean annual Q for 
2010–2015 was estimated to be 2261 mm when the missed data were 
replaced by the estimation using the model with NS-optimized param-
eters (the detailed optimization result will be shown later). The results of 
the IC observations at Plots 1, 3, and 4 (Fig. 1, Table 1) are shown in 
Table A1. The total P during the IC observation period (from January 30, 
2020 to December 28, 2021, except for the period from April 16, 2021 to 
August 19, 2021) was 3765 mm, and TF, SF, and IC accounted for 61%– 

77%, 5%–20%, and 18%–23% of P, respectively. 

3.2. Comparisons between observed and modeled canopy interceptions 

The observed IC in Plot 1 (Fig. 1), modeled IC estimated by the 
complete canopy storage saturation model (β/βT = 0; Model 1), and the 
completely proportional model (β/βT = 1; Model 2) were compared 
(Fig. 3). Model 2 reproduced the observed IC better than Model 1, and 

Fig. 3. Daily precipitation (upper panel) and 
observed and modeled cumulative interception 
(lower panel) in Plot 1 (Fig. 1). Red closed circles 
represent the observed cumulative interception until 
that point, and red horizontal lines denote the in-
tervals of throughfall observation, that is, the periods 
of each interception observation. Broken and solid 
lines denote modeled values assuming the complete 
canopy storage saturation model (β/βT = 0; Model 1) 
and the completely proportional model (β/βT = 1; 
Model 2), respectively. For the modeling, we used βT 
= 0.23 obtained from the observation in Plot 1. The 
results for January 30, 2020–April 15, 2021 have 
been shown because the data for April 16, 
2021–August 19, 2021 were omitted from the anal-
ysis. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   

Fig. 4. Comparison between observed and modeled daily canopy interception 
(IC) from January 30, 2020, to December 28, 2021. The daily IC and precipi-
tation intensity in this figure are obtained from the total observed (or modeled) 
IC (or precipitation) of the observation period divided by the days of the period. 
Circles, squares, and triangles denote values in Plots 1, 3, and 4, respectively. 
Gray and black symbols are the modeled values assuming the complete canopy 
storage saturation model (β/βT = 0; Model 1) and the completely proportional 
model (β/βT = 1; Model 2), respectively. Precipitation intensity is represented 
by the size of each symbol. The broken line shows a 1:1 line. 
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the difference in cumulative IC estimation mainly expanded during 
periods of high rainfall intensity (June–October 2020). Fig. 4 shows a 
further comparison between the observed and modeled IC. At a lower 
rainfall intensity, Model 1 and Model 2 show a minimal difference in 
performance. However, during high IC intensity, Model 1 under-
estimated IC. Note that during high IC intensity, Model 2 (an end-
member) seems to be the nearest for the 1:1 line rather than the 
horizontal line between Models 1 and 2 (implying hybrid models [i.e., 0 
< β/βT < 1]). 

3.3. Optimization of the canopy interception model in the catchment 
water balance model 

The IC model was incorporated into the catchment water balance 

Table 2 
Parameters optimized using NS (Nash–Sutcliffe efficiency, Eq. 15) and NSinv 
(Nash–Sutcliffe efficiency with inverse Q values, Eq. 16).     

Parameters  

Objective function Value βT β/βT m (m) 

NS 0.830 0.133 1 0.063 
NSinv 0.763 0.093 1 0.046 

*βT denotes total interception ratio, β denotes terminal interception ratio, and m 
denotes water retention capacity of the catchment. 

Fig. 5. (a) The ordinary Nash–Sutcliffe efficiency (NS) and (b) the Nash–Sutcliffe efficiency with inverse runoff values (NSinv) with the two varying parameters of 
Model 2 (β/βT = 1), that is, the catchment water retention capacity (m) and the total interception ratio (βT). The crosses denote the points at maximum NS (0.830) 
and NSinv (0.763), which are described in Table 2. 

Fig. 6. (a) The ordinary Nash–Sutcliffe efficiency (NS) and (b) the Nash–Sutcliffe efficiency with inverse runoff values (NSinv) with varying two model parameters (i. 
e., the catchment water retention capacity [m] and the terminal interception ratio [β] while fixing βT). The crosses denote the points at maximum NS (0.830) and 
NSinv (0.763) with βT = 0.133 and 0.093, respectively (see also Table 2). 
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model, and the parameters were optimized to maximize objective 
functions (i.e., NS [Nash–Sutcliffe efficiency, Eq. 15] or NSinv 
[Nash–Sutcliffe efficiency with inverse Q values, Eq. 16]) (Table 2). As 
expected from the above section, NS and NSinv maxima were obtained at 
β/βT = 1, or Model 2. Optimized βT (total interception ratio) and m 
(water retention capacity of the catchment) were higher when optimized 
with NS (βT = 0.133, m = 0.063 m) than NSinv (βT = 0.093, m = 0.046 
m). The βT estimated through optimization (Table 2, 0.09 and 0.13) 
were lower than those observed in the plots (Table A1, 0.18–0.23). 

β/βT = 1, or Model 2, was optimal in reproducing the observed IC 
and the rainfall-runoff processes using the catchment water balance 
model. Hence, assuming β/βT = 1, we investigated the change in NS and 
NSinv by altering βT and m (Fig. 5). NS can be sufficiently high within the 
range m = 0.06–0.07 m by taking appropriate βT, ranging from 0.1 to 0.2 
(Fig. 5a). This shows that the combinations of their magnitudes, not the 
magnitude of each βT and m, are important for reproducing high flows. 
NSinv is high enough in the case of m ~ 0.05 m, and βT has little effect 
when βT is within the wide range of βT = 0.05–0.15 (Fig. 5b). This means 
that determining m is of paramount importance for reproducing low 
flows while determining βT is of relatively low priority. 

Accepting that NS and NSinv are maximized at β/βT = 1, we examined 
the effect of changes in β (terminal interception ratio) on NS and NSinv 
when fixing βT (Fig. 6; βT = 0.133 for NS and 0.093 for NSinv, according 
to the optimization result shown in Table 2). NS was sufficiently high 
over a wide range of β (0.05–βT) when m ~ 0.065 m (Fig. 6a). 
Furthermore, NSinv was sufficiently high over a wide range of β 
(0.04–βT) when m ~ 0.045 m (Fig. 6b). These results show that the 
observed daily Q can be reproduced sufficiently regardless of β if m is 
properly optimized. 

Moreover, the completely proportional model (β/βT = 1; Model 2) 
most accurately reproduced the observed IC and observed daily Q. This 
indicates that the most appropriate m in the catchment water balance 
model can be determined using Model 2 (m = 0.063 m and 0.046 m for 
NS and NSinv cases, respectively) at OEW. In addition, it can be inferred 
that enormous daily P is intercepted by the higher βT and optimally 
buffered by the higher m when focusing on reproducing high flow, since 

the optimized m is higher when optimized with the NS than the NSinv 
(Table 2). Here, we examined how the complete canopy storage satu-
ration model (β/βT = 0; Model 1) and the completely proportional model 
(β/βT = 1; Model 2) reproduce high flow (targeted by NS) and low flow 
(targeted by NSinv) under the condition that the catchment soil water 
retention capacity (m) is preliminarily determined by NS or NSinv 
(Figs. 7 and 8). 

The modeled hydrograph shows that applying Model 1 induces a 
much larger high-flow estimation than when Model 2 is applied 
(Fig. 7a). Conversely, there was little difference in performance in 
reproducing low flow between Models 1 and 2 (Fig. 7b). Fig. 8 further 
compares flow duration curves of modeled Q assuming Models 1 and 2 
against flow duration curves of 2010–2015 observational data under the 
high- and low-flow conditions. Changing Model 2 to Model 1 affects high 
flows and makes them higher (Fig. 8a), while no difference was observed 
between the performance of Model 1 and 2 at low flows (Fig. 8b). 

4. Discussion and conclusion 

4.1. Validity of the interception model 

Under the period with low P intensity, the complete canopy storage 
saturation model (β/βT = 0; Model 1), which can reflect the character-
istics of IC that much of the P is intercepted (e.g., Sun et al., 2015), 
performed similarly to the completely proportional model with P (β/βT 
= 1; Model 2) (Fig. 4). Model 1 constantly underestimates IC during 
heavy rainfall (Figs. 3 and 4). Note that the total IC calculated by Model 
2 always matches the total observed IC because Model 2 uses the ratio of 
IC to P throughout the observation period (βT) as the slope of the linear 
function. Errors in Model 1 continue to accumulate when applying the 
same βT and this induces a huge underestimation of total IC, an impor-
tant component of the annual water budget. 

The IC underestimation of Model 1 during heavy rainfall indicates 
that some mechanisms cannot be described using the mechanism rep-
resented by the model including the canopy storage term (Eq. 7). The 
findings on the mechanism of such IC during heavy rainfall may help us 

Fig. 7. Daily precipitation (upper panel) and observed and modeled daily runoff optimized using the ordinary Nash–Sutcliffe efficiency (NS) (a) and the 
Nash–Sutcliffe efficiency with inverse runoff values (NSinv) (b) in the studied catchment in 2014. The optimized m and βT shown in Table 2 are used (m = 0.063 m, βT 
= 0.133 for NS, and m = 0.046 m, βT = 0.093 for NSinv). The models assumed the complete canopy storage saturation model (β/βT = 0; Model 1) and the completely 
proportional model (β/βT = 1; Model 2). 
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improve IC models. One possible explanation is “splash droplet evapo-
ration” (Dunkerley, 2009; Murakami, 2006). The canopy changes the 
distribution of drop size (Levia et al., 2017; Nanko et al., 2022; Zore 
et al., 2022). Also, some raindrops impacting the canopy surface become 
splashes (Roth-Nebelsick et al., 2022), which have a relatively large 
surface area compared to their small volume that may be subject to 
greater evaporation from their surfaces (Murakami, 2006). 

When considering the water storage of vegetation, the contribution 
of the bark on stems as well as foliage and branch is important (Iida 
et al., 2017; Levia and Herwitz, 2005). Since St (canopy storage capac-
ity) is obtained from only βT (total IC rate) and ηp (P characteristics) in 
our model (Eq. 7), St in our study should include such bark storage. 
Based on a set of laboratory experiments, Iida et al. (2017) estimated 
stand-scale water storage capacity by the tree surface, including leaf and 
bark, in a Japanese conifer plantation with βT = 0.199 and ηp = 22.3 mm 
event− 1 to be 4.4–7.2 mm. In our model, canopy water storage capacity 
was estimated to be 5.5 mm under β/βT = 0 (Model 1; cf. Eq. 7) con-
ditions, which is within the range reported by Iida et al. (2017). Iida 
et al. (2017) showed that the water storage capacity of the stand was 
similar to the maximum IC value measured, which is similar to our 
assumption of Model 1. Although this is against our result (Figs. 3 and 
4), our model has the potential to be a useful tool for further in-
vestigations on the water storage of vegetation. 

In our model, P characteristics are represented by only an expo-
nential probability density function of daily P when rainfall occurs. The 
frequency and amount of each rainfall event were not considered. In 

particular, Model 2 cannot reflect the change in P characteristics, which 
can be altered due to climate change. Thus, Model 2 would underesti-
mate the actual IC if light rainfall events that were almost perfectly 
intercepted by the canopy became more frequent (see Kumagai et al., 
2004). Hence, our result that Model 2 is the best model of IC still needs 
to be discussed based on more data. 

4.2. Effects of canopy interception on catchment runoff 

The results showed that it is more important to accurately estimate 
the water retention capacity of catchment (m) than the assumption of 
the IC model regarding the estimation of daily Q using the catchment 
water balance model (Figs. 5 and 6). Since the observed P is 3028 mm 
year− 1 at OEW, βT (total interception ratio) difference by 0.1 results in 
an approximately 300 mm year− 1 difference in IC and Q. However, NS 
and NSinv become as high as the optimized value at a wide range of βT 
(Fig. 5). Similar to previous studies showing that simple potential ET 
models work as well as precise potential ET (evapotranspiration) models 
(e.g., Oudin et al., 2005b), the catchment water balance model would 
act as a filter that mitigates the impact of change in IC. 

Our results also showed the parameter insensitivity of βT or β (ter-
minal interception ratio) while focusing on NSinv (Fig. 5b and 6b) and 
parameter interaction between m and βT (Fig. 5a) or β (Fig. 6a) while 
focusing on NS. They seem to be examples of equifinality (Beven, 1993). 
The result considering high flow (Fig. 5a and 6a) showed that high/low β 
or βT in the IC model induces underestimation/overestimation of the 
high flow due to the lower/higher P input for catchment, and the 
misestimation of IC modeling was compensated by lower/higher m in 
order to satisfy objective functions, as Savenije (2004) instructed. 
Considering the parameter insensitivity/interaction shown in Fig. 5 and 
the discrepancy between observed βT (Table A1) and optimized βT 
(Table 2), a wrong βT may be obtained from an optimization using daily 
Q. Although the IC mechanism during storms is still uncertain, the 
subsurface stormflow mechanism is still very hard to model and validate 
(see Chifflard et al., 2019). Thus, a practical way to model rainfall-runoff 
processes may be to identify the IC mechanism from intensive obser-
vations and then model the runoff generation mechanism from the 
inference using the observed daily Q. 

Since the completely proportional model (β/βT = 1; Model 2) 
reproduced the observed IC well, and this result was also supported by 
the optimization of the catchment water balance model, it would be 
reasonable to consider the runoff processes (e.g., the determination of 
m) under the assumption of Model 2, at least in our study site. Although 
βT, the only parameter needed in Model 2, takes various values 
depending on forest conditions (Carlyle-Moses and Gash, 2011), it has 
been observed in various vegetation types globally (Yue et al., 2021). 
One of the main assertions in this study is that catchment water balance 
models incorporating Model 2 would be a strong tool to predict the 
impact of forest management on high flow by associating βT with the 
forest status, for example, species, LAI, or stand density (Komatsu, 2020; 
Komatsu et al., 2007). 

In this paper, the water retention capacity of catchment (m) was 
determined through the incorporation of Model 2, and the effect of 
differences in the IC model assumption on the rainfall-runoff process 
was investigated. There was no significant difference between selecting 
Model 1 or Model 2 for the IC model in the low-flow and intermediate- 
flow domains (Fig. 7b and 8b). However, a large difference was induced 
by the selection of Model 1 and Model 2 in a high-flow domain (Fig. 7a 
and 8a). The low estimated IC during heavy rain by Model 1 led to an 
increase of the effective rainwater input, which increased the high flow. 
This shows that the high flow cannot be adequately represented without 
incorporating an IC model that can represent its mechanism during 
heavy rain as a submodel of catchment water balance models. This may 
be obvious because IC occurs before rainfall reaches the soil and 
therefore precedes rainfall-runoff processes within catchments. Yokoo 
and Sivapalan (2011) indicated that ET can control low flow; however, 

Fig. 8. Flow duration curves made of observed and modeled daily runoff 
optimized using (a) the ordinary Nash–Sutcliffe efficiency (NS) and (b) the 
Nash–Sutcliffe efficiency with inverse runoff values (NSinv) in the studied 
catchment from 2010 to 2015. The optimized m and βT shown in Table 2 are 
used (m = 0.063 m, βT = 0.133 for NS, and m = 0.046 m, βT = 0.093 for NSinv). 
The models assumed the complete canopy storage saturation model (β/βT = 0; 
Model 1) and the completely proportional model (β/βT = 1; Model 2). 
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the effect of ET on low flow may be caused by TR (transpiration) or EF 
(forest floor evaporation). Our study showed that IC, which affects high 
flow, can play a different role compared to TR and EF. Although there is 
an uncertainty of calculated value at extreme rainfall events (Page et al., 
2020), we can infer that forest management altering IC has the potential 
to control floods. 

In this study, we did not elaborate on the effect on the IC of rainfall 
regimes, that is, the mean depth of rainfall events, ηp. However, Eq. (7) 
may be applied to enhance our understanding of IC change due to 
climate change. Global warming will increase the frequency of heavy 
rainfall (Pendergrass and Knutti, 2018), and this can result in an 
increased ηp. For example, supposing that the preceding study with 
lower ηp and the follow-up study with higher ηp reported the same βT and 
β, IC for certain P is estimated to be larger at the condition of the follow- 
up study according to Eq. (7) unless β/βT = 1. This is because canopy 
storage capacity (St) would be larger for the follow-up condition, and if 
ηp were the same as in the preceding one, βT would have been even 
larger. Furthermore, if βT and β are represented by forest condition and 
present and future ηp are available, the skill and technology shown in 
this study will be a strong tool to project how the change in forest 
condition (e.g., forest management and forest disturbances) or global 
and local climate change can change high flow from forested headwater. 

To answer the questions posed initially, we can state that the 
completely proportional model (Model 2) can reproduce the observed IC 
and runoff efficiently, and that IC model selection affects high flow 
rather than low flow. The results of this study also indicate that 
increasing IC can reduce flood discharge. Therefore, IC changes due to 
forest management has the potential to contribute to nature-based so-
lutions (Cohen-Shacham et al., 2016) with regard to flood risk 
management. 
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