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Abstract: Accurate modeling of flood flow hydrographs for small forested catchments in steep
mountainous terrain is challenging because of large errors in the estimation of response time using
existing empirical equations. The time of concentration (T¢) for a catchment is a widely used time
parameter for estimating peak discharges in hydrological designs. In this study, we developed
an estimated T¢ using readily available mountain catchment variables, a small catchment, steep
slope, and narrow valley, using empirical equations. For our approach, we used directly measured
data from 39 forested catchments (area: 0.02-9.69 km?) during 3648 observed rainfall events over
a 10-year observation period. Based on the uncertainties inherent in the empirical equation, the
estimated T¢ values were compared and analyzed through multiple regression and two different
modified empirical modelling equations using our observed catchment parameters. The mean Tc
was significantly correlated with catchment size and stream length but negatively correlated with
stream slope (p < 0.01). As a result, the mean T¢ estimated using the three modelling equations
with catchment variables was qualitatively similar and had relative differences ranging from —12.5
to 15.5 min (—49 to 56%). Therefore, the models (particularly modeling equations with multiple
regression, a modified empirical formula, and modified SCS Lag) can efficiently determine the Tc
and can be used in any small forested catchment in steep mountainous terrain.

Keywords: steep mountainous terrain; time of concentration; modelling equation; multiple regression;
modified empirical formula; modified SCS Lag

1. Introduction

Hydrological analyses require one or more time-scale parameters as inputs [1]. Time
responses are fundamental parameters for hydrologists to design floods because the amount
of precipitation may not cause a flood risk; however, the runoff distribution may cause
a flood risk [2]. Consequently, the design of a flood requires the time response of the
catchment [3,4]. Among these parameters, the time of concentration (T¢) is most frequently
utilized [5,6]. The T¢c of a catchment is the time required for the runoff to travel from
the most hydraulically distant point to the outlet of the catchment [5,7-10]. The T¢ is a
specific value for a specific catchment and rainfall condition, and represents the steady-state
hydraulic condition formed in the catchment [11]. Furthermore, the T¢ reflects the speed at
which a catchment responds to rainfall events [12]; hence, it is important in hydrological
analyses [13]. Zolghadr et al. [2] explained that the estimated T¢ leads to the accurate
design of flood control structures and preparation of flood hazard maps and facilitates
decision making by local authorities before floods. Hence, the estimated T¢ is essential
for understanding the formulation of flood-forecasting models for the implementation of
flood-warning systems [14,15].

Recognizing its importance, earlier attempts have been made to develop empirical
methods for estimating T¢ within a catchment [13,16]. In addition, the input parameters
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can be used to derive or estimate T¢ using different empirical equations under various
catchment topographical conditions [13,16]. For instance, McCuen [4] reported that em-
pirical equations for estimating Tc are based on four input parameters: slope, catchment
size, flow resistance, and water input. Other empirical equations have been developed
for catchments in which channel flow dominates [7,17-19]. Previous studies have indi-
cated that empirical equations are typically developed using regression analysis with input
parameters, such as catchment and channel parameters, including the catchment area,
channel length, channel slope, and catchment shape parameters [4,7,19,20]. Although
these formulas are well-accepted by the applied hydrology community, information on
their technical foundations is limited [16]. Wait and Simonton [21] explained that each
formula depends on a catchment’s unique physical characteristics, such as its area, flow
path lengths, characterizations of storage capacity and catchment slope.

On the Korean Peninsula, 63.1% of land is covered by forests located in mountainous
terrain [22]. The topography is characterized by steep hills with a narrow valley; the
topography can be attributed to rapid flood Tc and high peak flow [23,24]. Most residents
in this area live near the main channel with steep slopes (>30°) that are susceptible to slope
failure of the mountainous areas [25,26]. Kim et al. [27] reported that perceptions of the
degree of unsafety were higher (48-57%) among residents of eastern and mountainous
areas, which are affected annually by sediment and flooding disasters caused by typhoons
and heavy rainfall, than among western residents (38-46%). Min et al. [28] also explained
that the living zone for residents was located in the watershed, and a provincial area was
formed by the boundary of the mountainous region. In addition, most of the heavy rainfall
occurs primarily in the summer season (June-September) as a result of the East Asian
monsoon, during which time the Korean Peninsula is also impacted by the passage of
severe tropical typhoons [29]. Similarly, Kim et al. [27] reported that typhoon-induced
heavy rainfall associated with the East Asian monsoon climate is one of the most important
factors affecting sediment disasters such as landslides, slope failure, and debris flows
in the Korean Peninsula. Further, Kim et al. [30] explained that the Korean Peninsula
experiences annual flood damage from the East Asian monsoon, and the flood damage
costs caused by rainstorms and typhoons account for most damage losses caused by natural
disasters. For these reasons, South Korea is classified as a nation with very high-water
erosion vulnerability [31-33].

Owing to the numerous definitions and related estimation procedures available in the
literature [34,35], which result in substantially different design values of T¢, estimating Tc
remains as one of the most ambiguous and uncertain concepts in modern hydrology [16].
Many researchers have developed empirical equations using experimental and analytical
methods [7,36-40]; however, these approaches are not effective for estimating T¢ in steep
forested catchments. This is because in steep mountainous catchments it is difficult to
directly measure discharge using conventional techniques [41]. Therefore, the objectives of
this study were to (1) indicate event-driven T¢ characteristics with rainfall-runoff events
and (2) develop an estimated T¢ based on empirical equations and a regression equation
using catchment parameters. In our approach, we used directly measured data from
39 forested catchments over a 10-year observation period.

2. Materials and Methods
2.1. Study Sites

This study was conducted in 39 forested catchments, ranging from 0.02 to 9.69 km?,
located in a mountainous region in South Korea (Figure 1). This area was managed by the
National Institute of Forest Science (NiFoS). Six climate classes from the Képpen—Geiger
classification system [42,43] occur within the observed forested catchments. The major
climate types are warm temperate and snow. The climate classes are further sub-classified
by their precipitation and temperature condition [44]. The six climate zones are Cfa (warm
temperate, fully humid, and hot summer), Cwa (warm temperate, winter dry, and hot
summer) Dfa (snow, fully humid, and hot summer), Dfb (snow, fully humid, and warm
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summer) Dwa (snow, winter dry, and hot summer), and Dwb (snow, winter dry, and
warm summer) (Table 1). According to the weather stations of the Korea Meteorological
Administration, the mean annual precipitation + standard deviation (SD) in this region
from 2003 to 2022 was 1348.6 + 357.9 mm (minimum-maximum values: 589.2-2314.5 mm),
of which 46-68% occurred from July to September. The mean annual temperature & SD was
12.0 £ 1.3 °C (9.1-15.6 °C). The catchment elevations range from 59 to 1560 m above sea
level, with a slope gradient ranging from 20.0 to 34.9°. The underlying geology comprises
igneous, sedimentary, and metamorphic rocks. The catchment was mainly covered by
31-50-year-old stands (IV-VII) (71%) based on forest type map (1:5000). Most catchments
are dominated by broadleaved and mixed forests (e.g., Quercus spp., Pinus densiflora, and
Larix kaempferi), except for C3, C6, C9, and C21, which are covered by coniferous forests
(e.g., Pinus koraiensis, Abies holophylla, and Pinus densiflora). Stream channels were 0.3-5.3 km
in length and 0.1-0.5 m/m in slope (Table 1). The streamside vegetation consisted of forest
cover and an understory that changed to open or closed types with seasonal distribution

(e.g., [45]).

Altitude (m)
1945

3 e T
@ 0 25 50 100

Figure 1. Location of observed forested catchments (C1-C39) in steep mountainous terrain.
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Table 1. Summary table for observed forested catchments in steep mountainous terrain.
. . . . Stream Stream
. . Climate Area Altitude Slope Soil Depth Underlyin Forest

Site Location Class (km?) (m) Gradierllat ©)* (cm) ’]‘J Geology 8 Type Age Class L(elg;g‘t)h (;ljl:g)e %
C1 GG Dwa 0.02 120-208 21.9 38.7 Ig BF \ 0.3 0.3
C2 GG Dwa 0.04 120-272 20.6 32.7 Ig MF \ 0.5 0.3
C3 GN Cwa 0.05 146-366 31.7 31.7 Sed CF v 0.5 0.5
C4 GW Dwb 0.06 1120-1320 23.6 67.3 Sed BF VI 0.4 0.5
C5 GN Cwa 0.12 160415 31.2 27.4 Sed MF v 0.6 0.4
Cé GG Dwa 0.13 165-306 223 63.6 Meta CF v 0.5 0.3
Cc7 GG Dwa 0.13 681-1009 31.2 76.6 Meta BF v 0.8 0.4
C8 CB Dwa 0.15 303-545 27.0 55.9 Sed MF v 0.8 0.3
9 JB Cfa 0.17 146-345 28.8 52.3 Ig CF I 0.7 0.3
C10 GB Cwa 0.18 494-716 25.0 62.1 Ig BF v 0.8 0.3
C11 GG Dwa 0.19 694-955 27.3 83.7 Meta BF v 0.7 0.4
C12 GG Dwa 0.20 695-919 22.3 62.6 Meta MF v 0.8 0.3
C13 SS Cwa 0.22 59-310 23.5 40.4 Ig BF \ 0.8 0.3
Cl14 GG Dwa 0.24 241-460 20.0 66.2 Meta BF VII 0.7 0.3
C15 GG Dwa 0.34 260-637 34.2 56.7 Meta BF \ 1.0 0.4
Cl6 JN Cfa 0.35 124-515 21.1 44.9 Ig BF vV 1.3 0.
C17 GW Dwb 0.41 960-1368 27.0 74.9 Ig BF Vil 1.1 0.4
C18 JN Cwa 0.41 326-765 29.9 28.2 Meta BF I 1.2 0.4
C19 GW Dwb 0.45 680-936 241 55.7 Ig BF \4 0.9 0.3
C20 GB Cwa 0.46 386-600 29.8 56.1 Sed MF v 11 0.2
C21 GG Dwa 0.47 546-919 204 65.2 Meta CF v 1.6 0.2
Cc22 GW Dwa 0.55 270-648 27.2 713 Meta MF v 12 0.3
C23 JB Dwb 0.56 745-1235 34.9 63.5 Meta BF v 1.2 0.4
C24 GN Cwa 0.59 495-1000 32.0 31.4 Ig BF \4 1.1 0.5
C25 GW Dwa 1.01 282-687 29.3 70.0 Meta MF \4 1.5 0.3
C26 GB Dwb 1.02 861-1340 31.2 64.9 Meta BF \ 1.6 0.3
Cc27 GB Dfb 1.03 472-915 28.9 64.5 Meta MF VI 2.2 0.2
C28 GW Dwb 1.06 490-845 32.8 55.1 Ig MF VI 1.5 0.2
C29 JB Dwb 1.07 511-1003 30.4 52.2 Meta BF \4 17 0.3
C30 JB Dwb 1.21 405-850 33.3 38.2 Meta MEF \Y 1.4 0.3
C31 JB Dwb 1.92 570-1065 30.4 71.8 Ig MF v 2.7 0.2
C32 GW Dfa 1.98 210-600 27.3 37.6 Meta MF \4 21 0.2
C33 GW Dfb 1.99 580-1155 29.6 55.0 Ig MF v 3.2 0.2
C34 CB Dwa 2.09 325-901 27.7 49.7 Ig MF \4 2.5 0.2
C35 GW Dwb 2.19 627-1190 23.4 56.4 Sed MF \4 2.3 0.2
C36 GW Dwb 2.81 430-915 27.6 57.0 Ig MF v 2.8 0.2
Ca7 GW Dwb 3.80 726-1365 22.3 73.9 Sed MF v 29 0.2
C38 GW Dwb 5.57 672-1560 259 62.9 Sed MF \4 3.1 0.3
C39 GW Dwb 9.69 600-1375 27.2 71.9 Sed MF v 53 0.1

Note: GG: Gyeonggi-do; GW: Gangwon-do; CB: Chungcheongbuk-do; CN: Chungcheongnam-do; SS: Sejong
special self-governing city GB: Gyeongsangbuk-do; GN: Gyeongsangnam-do; JB: Jeollabuk-do; JN: Jeollanam-do;
Cfa: warm temperate, fully humid, and hot summer; Cwa: warm temperate, winter dry and hot summer; Dfa:
snow, fully humid, and hot summer; Dfb: snow, fully humid, and warm summer; Dwa: snow, winter dry, and hot
summer; Dwb: snow, winter dry, and warm summer. Ig: igneous rock; Sed: sedimentary rock; Meta: metamorphic
rock; BF: broadleaved forest; MF: mixed forest; CF: coniferous forest; I: 1-10 year; III: 21-30 year; IV: 31-40 year;
V: 41-50 year; VII: 61-70 year. Climate class is according to the Koppen—Geiger classification system [42,43]. Age
class was classified as 10-year intervals through forest type map (1:5000). Range from minimum to maximum
values. Asterisk (*) indicates the mean values.

2.2. Field Observation

For all monitored catchments, we used stream gauging stations managed by the NiFoS
(Figure 2a,b). Water level in the sharp-crested weirs (i.e., 90° V-notch, 120° V-notch, and
rectangular sharp-crested weirs) were measured using capacitance water level recorder
(OTT-Orpheus Mini Water Level Logger, OTT Messtechnik, Kempten, Germany). Because
maximum water levels differed in various catchments, the sizes of weirs varied [46],
particularly these weirs have simplicity, easy maintenance, and good flow measurement
precision [47]. Weirs are located on exposed solid bedrock in the stream channel. The
water level was measured at 10 min intervals for each catchment outlet. Precipitation
was measured at 10 min intervals using a HOBO tipping-bucket rain gauge (RG3, Onset
Computer Corporation, Bourne, MA, USA) located in an open area of each catchment outlet.
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Figure 2. Views of stream gauging stations in (a) C19 and (b) C27 among observed forested catchments
(C1-C39). 120° V-notch and rectangular sharp-crested weirs were installed in C19 and C27.

The event-driven Tc was analyzed using rainfall events observed from 2010 to 2021.
To examine the appropriate estimated T¢ equation response to rainfall events, we analyzed
the variables of rainfall events and catchment. The rainfall event variables included total
precipitation, maximum 10 min precipitation intensity, one day antecedent precipitation
index (API;), duration of precipitation, and total stream water level. In this study, we
considered API; to be the sum of precipitation during the preceding day. We assumed that
API; was better than API5 in the forested mountainous catchments [23]. The catchment
variables included catchment size, slope gradient, stream slope, and stream length [7,11,48].

2.3. Data Analysis

When selecting a design flood using a modelling empirical equation, the duration of
the designed precipitation should be determined; therefore, it is necessary to recommend
an appropriate Tc for the catchment [49]. Numerous formulas for estimating Tc have
been developed for different land uses and geometries [11]. This is because the surface
flow is dominant, and empirical formulas using the stream slope and length are effec-
tive for mountain streams [2,49]. The estimated values were compared to the observed
values [1,2,50]. The catchment variables used for this were the slope gradient, stream slope,
and stream length associated with a deep relationship to T¢ for determining an appropriate
modeling equation [4,7,17-19]. The selected formula, their necessary explanations, and
references are listed in Table 2 [7,13,36,39,40,51-55]. The reference empirical equations for
estimating Tc were based on four types of input parameters: slope, catchment size, flow
resistance, and water input (Table 2). Several empirical equations are applicable to natural
basins that are commonly used for natural catchments in South Korea (e.g., [32,56-58]).

Table 2. Summary of the reference empirical equations to estimate time of concentration in this study.

Equation Name

Formulas for T¢ Variables and Units Remarks
[References]
o Tc: time of concentration (min)
Kirpich 1077 . Tennessee small catchments
[7.13] Te = 3.978 gy éj Eﬁgﬂ“ﬁ:} Sg‘gg‘(g‘;“n)l) (0.004-0.45 km2) and slope (3-12%)
Tc: time of concentration (hr) .
Kerby 0.467 L: flow path length (m) Dex'/elop ed in ca'tchments from th%
T~ — 14394 (nL : United States with area (<0.04 km*)
[36] c 60 \\Vs S: flow path average slope (m/m) and slope (<1%)
n: roughness coefficient P ’
Tc: time of concentration (hr)
SCS Lag 198 (1000/CN—9)*7 CN: runoff curve number Developed in 24 rural basins in the
[51-53] Tc = 0.057 505 L: flow length (km) United States with area (<8.09 km?)

S: average watershed slope (m/m)
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Table 2. Cont.

Equation Name

Formulas for T¢ Variables and Units Remarks
[References]
. T¢: time of concentration (hr)
R[z%19}3a Tc = 0-01395TL.6 L: stream length (km) ga;u{jlzgg)s fream
i S: stream slope (m/m) =
Pickin . Tc: time of concentration (hr)
& T~ = 53(L2)3 L: length of the main stream (km) Data of rural basins
[54,55] CTG\5S .
S: average slope of the main (m/m)
Tc: time of concentration (hr)
Kraven (I) B L . Natural downstream
[40] Tc = 0.0074 goz15 L: stream length (km) (S < 1/200)

S: stream slope (m/m)

The residual between observed and estimated T¢ values was determined as follows:
Residual = y; — 1; (1)

where y; is the observed T¢ value at time i (min), and y; is the estimated T¢ value at time
i (min).

To evaluate the advantages and disadvantages of the proposed estimation T¢c modeling
equation in the present study, we used the mean of absolute error (MAE), root mean square
error (RMSE), mean absolute percentage error (MAPE), and Nash—Sutcliffe efficiency
(NSE) [48,59], which were determined as follows:

1 N
MAE = = |yi — Vil 2)
Nizl
3)
1 Xy i
MAPE = N; ” 4)
N (. _ 52
NSE=1-— M (5)

YN (i —7)°

where ¥; is the mean of the observed T¢ value (min) and N is the total number of rainfall
events. MAE, RMSE, NSE, and MAPE are commonly used metrics to compare the values
predicted by a model with the values actually observed (e.g., [48,59-61]). If the results of
MAE, RMSE, and MAPE are closer to 0 and NSE is closer to 1, then the prediction accuracy
of the model is higher (e.g., [59,62]).

All statistical analyses were performed using R version 4.1.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria) and IBM SPSS Statistics 19 (IBM Corp., Armonk,
NY, USA).

3. Results
3.1. Characteristics of Time of Concentration by Catchment Variables

During the monitoring period from 2010 to 2021, we observed 3648 rainfall events.
Table 3 lists the rainfall event variables; T¢ ranged from 5.0 to 115.4 min. Rainfall event
characteristics included the total precipitation and maximum (max.) 10 min precipita-
tion intensity, duration of precipitation, and one day antecedent precipitation. The total
precipitation during the observed rainfall events was 2.2-698.4 mm with 1.7-29.5 mm of
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max. 10 min precipitation intensity. The duration of precipitation and one-day preceding
precipitation was 0.1-12.1 hr and 0.0-258.3 mm, respectively (Table 3).

Table 3. Summary table for time of concentration (T¢) with rainfall event response.

Year n Pt (mm) P10 (mm) Pp (hr) API; (mm) Tc (min)
38.3 £41.9 50437 1.0+ 09 106 £21.1 255+ 19.1
2010-2021 3648 (2.2-698.4) (1.7-29.5) (0.1-12.1) (0.0-253.8)  (5.0-115.4)

Note: Pr: total precipitation; P1g: maximum 10 min precipitation intensity; Pp: duration of precipitation;
API;: one day antecedent precipitation. n: number of observed storm events. Mean =+ standard deviation.
Bracket: minimum-maximum values.

The mean T¢ ranged from 11.0 to 66.2 min with a 0.02-9.69 km? catchment size,
20.0-34.9° slope gradient, 0.1-0.5 m/m stream slope, and 0.3-5.3 km stream length for
39 forested catchments (Figure 3). From the detected Tc changes due to the catchment
variables (e.g., [1]), a correlation analysis was performed between the T¢ and spatial
variables (i.e., catchment size, slope gradient, stream slope, and stream length). The Tc
significantly correlated with the catchment size and stream length but negatively correlated
with the stream slope (p < 0.01) (Figure 3).

1000 A

T (min)

r=-0631
p <0.001

|
ol
_ J@ﬂ 3 |

—e—
—

Catchment size (km2)

T i@
i ::I v.' [ﬂl ﬂ[
ki e L
5.ID 1[)'.0 190 240 QQID 34‘.0 0.1 D.IS 05 00 SID 6.0

Slope gradient () Stream slope (m/m) Stream length (km)

Figure 3. Relationship of time of concentration (T¢) to catchment variables, catchment size, slope
gradient, stream slope, and stream length. The r and p values indicate correlation coefficient and
significance. The T¢ was based on mean value of Tc.

3.2. Interaction of Empirical Formulas and the Time of Concentration

Based on the results of the correlation analysis, the different methods for estimating
Tc (six empirical formulas; Table 2) were applied to 39 forested mountain catchments using
their appropriate catchment parameters. The reference empirical equation is based on the
physical characteristics of catchments, including their size, stream slope, stream length,
land cover, and use (e.g., [11,13,63,64]). The estimated values were then compared with
the observed values. The formulae were carefully selected to be as consistent as possible
with the information and data available from the catchments. The selected formulae, their
necessary explanations, and references are listed in Table 2.

In this study, we integrated the following concepts for the variables along with a
practical procedure for their estimation using readily available catchment characteristic
variables, with the aim of standardizing this key parameter for practitioners [65]. To
derive or estimate different catchment topographic data using different methods (Table 2),
empirical equations can be used to determine how variables estimated using different
methods impact the estimation of T¢ for small forested catchments in steep mountainous
terrain.

Table 4 shows that the statistical measures selected to assess the reference empirical
equations in this study were the residual (min), MAE, RMSE, MAPE, and NSE. The residual
between the observation and estimation of mean Tc for six reference empirical equations
ranged from —76.3 to 59.8 min with —154 to 99% relative differences (Table 4). The MAE
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ranged from 9.63 to 25.75, the RMSE ranged from 18.12 to 27.85, the MAPE ranged from
0.39 to 0.96, and the NSE ranged from —4.58 to —1.36. These findings indicate that the
estimated accuracy was low due to over- and underestimated T¢ (Figure 4a,b). The Tc
estimated by Kraven (I)’s equations showed the highest differences (MAE: 25.75, RMSE:
27.85, MAPE: 0.96, and NSE: —4.58) among six empirical formulas indicates that, among
the equations analyzed, this was the slowest compared to the observed T¢ (Table 4). In the
present study, the observed T¢ was based on mean T¢ values.

Table 4. Differences between time of concentration values obtained by observation and reference
empirical equations.

Equation Name

Residual (min) MAE RMSE MAPE NSE

[References]
Kirpich [7,13] 18.3 + 6.8 (8.1-35.8) 9.63 19.55 0.39 —-1.75
Kerby [36] —171 4+ 7.0 (-31.7-0.4) 17.15 18.51 0.70 —1.47
SCS Lag [51-53] —10.4 + 16.2 (—76.3-13.3) 12.68 19.23 0.39 —1.66
Rziha [39] 24.2 + 9.4 (10.4-52.0) 24.23 25.97 0.91 —3.85
Picking [54,55] 16.8 & 6.8 (6.6-35.4) 16.81 18.12 0.63 —1.36
Kraven (I) [40] 25.8 + 10.6 (10.7-59.8) 25.75 27.85 0.96 —4.58

Note: Mean =+ standard deviation. Bracket: minimum-maximum values. The detailed information on reference
empirical equations is in Table 1. MAE: mean of absolute error; RMSE: root mean square error; MAPE: mean
absolute percentage error; NSE: Nash—Sutcliffe efficiency.

(@) (b)

160.0 800
® e -@ Kirpich W
-@ Rziha
= ; = -@-Picking
E f-/ E. -@ Kraven (1)
[&] / ’ L8]
- & -
E 800 A / .?3 400 -+
1] 1]
= E
ﬂ ﬂ %::. ot
-@-Kerby .'
-e-SCSlLag -~ ®
0.0 T 0.0 -
0.0 800 160.0 00 400 800
Observed T (min) Observed T (min)

Figure 4. Relationship between the observed and estimated time of concentration (T¢) using six
reference empirical equations: (a) over- and (b) underestimated T¢. The different empirical equations
referred to [7,13,36,39,40,51-55].

3.3. Relationship between Observed and Estimated Time of Concentration

Each empirical equation was developed in a particular region with specific physical
and climatic characteristics (Table 4 and Figure 4). Thus, based on the multiple regression
equation from the correlation analysis (Figure 3) and the reference empirical equations
(Figure 4), we identified practical approaches for estimating T¢ (Figure 5 and Table 5).
Here, the multiple regression equation with the three catchment variables (catchment
size, stream slope, and length) rendered significant results with a 0.883 coefficient of
determination (R?) at a 99% significance level with 1.945-8.386 of variance inflation factor
(VIF). Moreover, in the case of the VIFs < 10, it can be concluded that there is no serious
case of multicollinearity [66,67]. The VIFs show how much the variance of the multiple
regression equation is inflated or enhanced due to the presence of multicollinearity [67,68].
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0.0 ... . 1% Modified SCS Lag
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Figure 5. Relationship between observed and estimated time of concentration (T¢) based on multiple
regression, modified empirical formula, and modified SCS Lag [49].

Table 5. Summary of estimated model analyses between multiple regression, modified empirical
formula, and modified SCS Lag.

Equation Rf;:ﬁ:;al MAE RMSE MAPE NSE Comments
—0.04 £4.0 . .
Tc = 0.246A — 0.023S + 10.462L + 11.516 (—7.8-9.7) 3.30 4.02 0.15 0.88 Multiple regression
_ 70468 09+ 45 o ..
Tc = 14486 goms (—6.4-12.3) 3.35 4.56 0.14 0.85 Modified empirical formula
10.8 1000/CN_9)07 710 i 60 S
o= 0/EN 9 60 (125155 477 604 019 074 Modified SCS Lag

Note: MAE: mean of absolute error; RMSE: root mean square error; MAPE: mean absolute percentage error;
NSE: Nash-Sutcliffe efficiency; Tc: time of concentration (min); A: catchment size (km?); S: stream slope (m/m);
L: stream length (km); I: flow length (ft); CN: curve number; Y: average catchment land slope (%). Modified SCS
Lag was referred by [49]. Mean + standard deviation. Bracket: minimum-maximum values.

Figure 5 shows the relationship between the observed and estimated T¢ based on
multiple regression, the modified empirical formula, and the modified SCS Lag [49]. Us-
ing the multiple regression model, the estimated T¢c (mean £ SD) was 27.1 4= 11.0 min
(range: 14.9-69.7 min). With the two modified models, the values were 26.2 £ 10.6 min
(12.6-62.0 min) and 26.1 = 14.2 min (9.0-75.8 min) for the empirical formula and SCS
Lag, respectively.

The residual between the observed and estimated Tc for the multiple regression
equation ranged from —7.8 to 9.7 min (Table 5 and Figure 6a). The modified empirical
formula model ranged from —6.4 to 12.3 min (Figure 6b) and the SCS Lag model ranged
from —12.5 to 15.5 min (Figure 6¢). The Tc estimated using catchment variables developed
by the three modeling equations was qualitatively similar and had relative differences
ranging from —49 to 56%. Using the multiple regression model, the MAE, RMSE, MAPE,
and NSE values were 3.30, 4.02, 0.15, and 0.88, respectively (Table 4). The values of MAE,
RMSE, MAPE, and NSE in two modified modeling equations were 3.35, 4.56, 0.14, and
0.85 in the empirical formula and 4.77, 6.04, 0.19, and 0.74 in SCS Lag. In other words,
regarding the assessment with respect to the residual, MAE, RMSE, MAPE, and NSE, the
three equations showed relatively high accuracy in estimating Tc (Table 4).
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Figure 6. Differences between observed (Obs.) and estimated (Est.) T¢c values by (a) multiple
regression, (b) modified empirical formula, and (c) modified SCS Lag. The C1-C39 indicates the study
catchments based on ordering catchment size, from 0.02 to 9.69 km? (see, Table 1). The horizontal
dashed lines indicate the standard deviation of the residuals.

4. Discussion
4.1. Influence of Spatial Variations in Time of Concentration

An increased T is catchment topography, which is one of the most important factors
to consider when dealing with flood responses [69]. For instance, Gregory and Arnold [70]
argued that Tc with increasing precipitation and intensity involves higher discharge and
flow velocity because of the faster saturation of the soil in rural catchments. Gericke and
Smithers [71] indicated that design flood events have a specific magnitude—frequency
relationship in each location and a certain sensitivity to time parameters. Thus, catchment
response time parameters should be considered as major inputs required for catchment
characteristics, such as catchment length and slope (e.g., [7,72]). Several studies have also
reported on the importance of Tc, which is the time it takes for the precipitation that falls
at the most distant point of the catchment to reach the control section [35,71,73].

The results of our correlation analysis (Figure 3) can be attributed to hydrologic
processes in hillslopes and zero-order catchments (unchannelized hollows), which can
control streamflow generation [74,75]. In particular, we found that our small forested
catchments (0.02-9.69 km?) were located in steep mountainous terrain with 0.07 m/m
stream slope (Table 1), which could propagate much faster in channel flow [50]. By moving
downstream, the flow velocity increases because the decrease in depth overcompensates
for the decrease in channel slope [76]. This can also affect the velocity of the surface flow,
leading to low infiltration rates [77]. For instance, Caruso and Down [78] reported that
the high intensity and frequency of storm events in the maritime South Pacific and steep
terrain in many parts of New Zealand lead to large and frequent floods in many areas.
Uwizeyimana et al. [79] classified the land use and slope of a catchment in Rwanda, where
they found an increase in runoff in dry soil environments, which was more expressive on
high slopes. Azizian [80] also suggested that models should be analyzed based on their
physical characteristics and compatibility with the studied region. Finally, the instantaneous
nature of their occurrence and their high capacity for transport usually lead to flash floods
that cause environmental, economic, and human losses [81].
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4.2. Identification of Practical Approaches for Estimating the Time of Concentration

We evaluated the estimations for T¢c modeling equations in the present study (Table 4).
The estimated accuracy of the empirical equations of Kerby and Kerby overestimated
the T¢ (Figure 4a), while the other four empirical equations underestimated these values
(Figure 4b). These results indicate that these equations are indicative of other empirical
equations that were not evaluated in this study. This is because the origin of the empirical
equations was uncertain; the method might not be developed from actual data analysis
but from observations. Moreover, the method lacks an apparent physical basis and is
dependent upon the unit system indicated [13]. Similarly, Zolghadr et al. [2] explained
that the empirical equations are site-specific and may not be suitable from a climatic and
hydrological perspective for many other areas, and it is difficult to determine the accuracy
for an area of interest. In other words, the application of the reference empirical equations
was limited to different climatic characteristics including runoff, area, and length [2,7,34].
For each empirical equation, there were some restrictions that limit its applicability, such as
the regional location of the catchment, valid ranges of the catchment area, mainstream slope,
and dominant flow regime (i.e., sheet, shallow concentrated, or channel flow) [1]. Therefore,
the differences between the Tc values obtained through observation and the reference
empirical equation-based catchment characteristics were considered minor sources of
error in relation to other uncertainties inherent in T¢ estimation. We also concluded that
if a proper correction variable is introduced into the formulation, then the bias will be
minimized, which will result in improved functionality and higher accuracy (e.g., [1,13,48]).

Based on these characteristics, a multiple regression equation was used as the appro-
priate catchment parameters including catchment size, stream slope, and length (Figure 3).
This was because relationships of catchment scales and processes in geomorphology, and
hydrology can contribute to our understanding of major advances in developing a func-
tional and dynamic perspective from up- to down-stream connections [82,83]. Schumm
and Lichty [84] indicated the dependent and independent processes of landform evolution
at various spatial scales. Church and Mark [85] explained the proportional characteristics of
landforms and their behaviors at different scales. Gomi et al. [86] reviewed that hydrologic
and geomorphic processes differed by headwaters (<1 km? in catchment area) and network
systems (>1 km? in catchment area). Over 60% of our study catchments were distributed
in a 1 km? area with various stream lengths (Table 1). In other words, our catchment
had complex terrain characteristics with relatively confined and steep valleys, influenced
by the nature and rapidity of the hydrological responses. Thus, the multiple regression
model allowed us to compare the relative contribution of each independent variable in the
prediction of the dependent variable (Table 5). Additionally, we modified the empirical
formula using the relationship between the stream slope and length and referred to it as
the modified SCS Lag [49]. In general, the SCS Lag method is widely utilized in view of
its reported applicability across a varied range of topography and catchment sizes [21].
Several studies have explained that the empirical formula using stream length and slope
was applied to the main channel length and main channel slope in small catchments in
Tennessee from 0.004 to 0.45 km?, with slopes from 3 to 12% [7,13,65]. McCuen et al. [5]
also commented on how the empirical formula had the smallest bias for catchments with
considerable channel flow. From Kim et al. [49], the modified SCS Lag was identified
for six small forested catchments (area: 0.14-0.39 km?) with slopes of over 30%. Because
the equation was developed from heavily forested catchments to meadows, smooth land
surfaces and large paved areas, modified SCS lag would be feasible to Tc in small forested
catchment [49]. In addition, several researchers indicated that the best performing empir-
ical equations were modified by adjusting their formulas to minimize bias and improve
accuracy, which were considered minor sources of error in relation to other uncertainties
inherent in time parameter estimation. [1,11,13,23,87]. Zahraei et al. [87] also suggested that
when empirical equations were applied for other areas, their accuracy needs to be evalu-
ated, and, if necessary, their equations should be modified. As illustrated in Figures 5 and 6,
the relationship between the observed and estimated T¢ using three different modeling
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equations was suitable for determining reliable model performance, reflecting each other’s
different catchment variables [4,7,19,20]. Moreover, the morphometric characteristics of
catchments strongly influence their runoff behavior [77,88,89].

The differences in the formation of empirical models may have been caused by the T¢
of the three modeling equations through applying variables such as catchment size, stream
slope, and stream length (e.g., [11,90,91]). For instance, Kaufmann de Almeida et al. [48]
explained that their equations used only morphological characteristics, whereas others
combined morphological characteristics with hydrological data from the study area. Sharifi
and Hosseini [1] also showed variability in their results obtained using empirical and semi-
empirical methods. Yogi et al. [92] indicated that the models can provide a process that
allows for more accurate analyses of drainage in forested mountain catchments, attributing
the advantages to a more accurate choice of hydrological parameters.

In this study, we examined how parameters estimated using different methods im-
pact the estimation of T¢ for small forested catchments in steep mountainous terrains
(e.g., [1,13,48]). As mentioned above, there are modified empirical equations for estimating
Tc, and the equations primarily developed for specific spatial characteristics include steep
slopes and short stream channel lengths within a relatively small catchment (e.g., [41]).
These results suggest that the compiled T¢ estimation equations can be used for con-
sultation with researchers and designers who need to estimate the T¢ for a region with
specific characteristics, allowing for the verification of potential areas for further research
(e.g., [48,93,94]). Therefore, the above results indicate that the estimated T¢ was appropriate
for each catchment variable. Finally, because of steep stream gradient profiles [95], the
high intensity of precipitation in such catchments [96] can lead to high flow velocities
and extreme peak discharges, which are usually associated with destructive torrents and
floods [97,98].

5. Summary and Conclusions

We demonstrated the applicability of estimating the time of concentration (T¢) in
39 forested mountain catchments during 3648 rainfall events over a 10-year observation pe-
riod. Our main findings were as follows: (1) the mean T¢ was significantly correlated with
catchment size and stream length, and negatively correlated with stream slope (p < 0.01);
(2) selected reference empirical equations did not fit our study sites because they over- or
under-overestimated T¢ values; and (3) regarding model prediction accuracy, the MAE,
RMSE, and MAPE were closer to 0 and NSE was closer to 1, indicating that the multiple
regression, modified empirical formula, and modified SCS Lag were appropriate modeling
equations for estimating the T¢ in this region. This could be associated with the application
of catchment variables, particularly catchment size, stream slope, and stream length, to
steep mountain catchments. In particular, catchment characteristics can alter flow paths
due to small size, steep slope, and narrow and short stream channels for small forested
catchments in steep mountainous terrain. Our results indicate that the unique aspects of our
study design allowed us to identify the best-performing model using multiple regression
and two modified empirical equations based on longitudinal observation data. Further
examination of the performance of the estimated T¢ and its standard incorporation into
the output modules for reasonable flood events will broaden the basis for interpreting
the expected value ranges for well-functioning steep mountain catchments under specific
climate, topography, and vegetation conditions. In addition, ongoing research suggests
that the adaptation of varying Tc within well-known modeling approaches should ensure
physical consistency and reliable estimations in the context of hydrological design and
flood risk evaluations.
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