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Abstract: River hydraulic modelling is challenging due to the difficulty of accurately replicating hydraulic behaviors
and matching simulated water levels with recorded measurements, necessitating rigorous calibration feasibility
assessments. In this study, we present a novel approach to determine the calibration limit for sub-catchments in a river
basin using an equation derived from Continuity, Conveyance, Froude, and Manning’s formulae. The slope parameter,
derived under the assumption of critical flow conditions, serves as an indicator for calibration feasibility. If the river
slope exceeds the critical slope, calibration is deemed impossible due to the supercritical conditions. This approach was
tested in the Sungai Pahang Basin as a case study. Preliminary results confirmed the methodology's effectiveness in
identifying calibration limits, proving that it is a useful tool for determining the feasibility of calibration. This method can
save time and resources by identifying infeasible calibration scenarios early in the modelling process.
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1. INTRODUCTION

River hydraulic modelling is essential for conducting
effective analyses. It is primarily used for flood analysis
and water resource management. River hydraulic
modelling is challenging because it involves numerous
factors to accurately replicate the conditions of a river
basin. The instability in the river model can disturb the
modelling and calibration process.[1] [2] [3]. To develop
a reliable river hydraulic model, the parameters must be
adjusted so that the simulated flow and water levels at the
catchment outlet match observed values[4].

This adjustment process is known as calibration.
However, there are instances when the simulated values
cannot align with the measurements, despite multiple
adjustments and combinations of model parameters.[5]
[6]. As a result, the modeller may not achieve a high-
performance model even after numerous calibration
attempts. This uncertainty makes the calibration process
time-consuming and unpredictable.

Several factors can make calibration impossible. For
example, if the measurement data is invalid, it becomes
difficult to simulate the actual situation accurately, as
there is no proper reference[1].[7]. Therefore, data
assessments are conducted prior to modelling to ensure
the validity of the data used. Such assessments are
standard practice in hydrological and river modelling.
For instance, the rainfall runoff ratio is often used as an
indicator of a hydrological model's calibration capability.
If the calculated rainfall-to-runoff ratio based on
observed data is unreasonable for the particular region,
then calibrating the catchment may be pointless.

This study proposes an alternative solution to determine
whether a catchment can be calibrated. Specifically, it
uses the slope parameter as an indicator to determine the
calibration limit. By assessing the slope parameter,
modellers can quickly identify whether calibration is
feasible, which ultimately saves time and resources. The
slope parameter aids urban water management [8] by
identifying where hydraulic modeling is feasible. It helps
pinpoint areas where calibration may fail due to
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supercritical flow conditions, allowing for more efficient
resource allocation. This improves flood risk assessment
and infrastructure design, enhancing urban resilience to
flooding. In this study, we introduce a novel approach to
determine the feasibility of calibration for sub-
catchments in a river basin using an equation derived
from Continuity, Conveyance, Froude, and Manning’s
equations. The slope parameter, derived under the
assumption of critical flow conditions, serves as an
indicator for calibration feasibility.[9][10].

If the river slope exceeds the critical slope, calibration
becomes unfeasible due to the presence of supercritical
conditions. Conversely, calibration tends to be
achievable when the river slope magnitude is below the
critical slope. This method can save time and resources
by identifying infeasible calibration scenarios early in the
modelling process. By using the slope parameter as a
calibration indicator, this study provides a practical and
efficient solution to a common problem in river hydraulic
modelling, potentially improving the accuracy and
efficiency of future modelling efforts.[11][12]

2. STUDY AREA

Fig. 1 to Fig. 3 depicts the study area of this research,
focusing on the Sungai Pahang Basin. The Pahang River
Basin, situated in Pahang state, the second largest state in
Malaysia, spans geographic coordinates between 101°
30' E - 103° 30' E longitude and 3° 00' N - 4° 45' N
latitude.

Encompassing a total catchment area of 28,682 km2, the
basin's primary highland regions include the Titiwangsa
Range on the western side, the Tahan Range in the central
north, and the East Coast Range in the northeast. These
highlands, with elevations ranging from 1,000 m to 2,180
m, contribute significantly to the basin's topographical
diversity.[13][14]

Topographically, the upper catchment is marked by steep,
dissected slopes, while the lower catchment is
predominantly flat and swampy. The Pahang River, the
longest river in Peninsula Malaysia, flows 459 km from



its origin at the confluence of the Jelai and Tembeling
rivers in the Titiwangsa Mountains to its mouth at the
South China Sea.[15][16][17]

For this study, the Pahang River Basin serves as the focal
point for critical slope analysis, crucial for understanding
river hydraulic model instability. Specifically, the
upstream subcatchment, Sungai Jelai, and the
downstream subcatchment, Sungai Bera, were selected
for detailed analysis. Within each subcatchment, a single
river reach was initially chosen for sample calculations.

The analysis focused on the uppermost and lowermost
cross sections of each selected river reach, providing
critical insights into the hypsometric and slope
characteristics essential for assessing hydraulic stability.

3. METHODOLOGY
3.1 Data
Our analysis primarily focuses on the river's physical

properties, including river cross sections, length,
elevation, cross-sectional area, and water depth,
alongside hydraulic properties such as channel

conveyance. For this purpose, we obtained the latest river
survey data for the year 2020 from the Drainage and
Irrigation Department of Malaysia (DID). For example,
the lower most river cross section data of Sungai Bera is
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Fig. 1 Study area in Pahang River Basin
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Fig. 3 Bera River Basin

presented in Table. 1 and plotted in Fig. 4.

Table 1. River cross section data of Sungai Bera.

Offset coorii(inate Coor:i(inate Bed level
m) (m) (m) m

0 503905.2 374591.6 23.194
9.142 503910.3 374599.2 23.202
17.663 503915.9 374605.6 23.377
26.973 503922.4 374612.3 23.868
36.48 503928.3 374619.7 24.104
45.723 503934.4 374626.7 24.485
54.063 503940.3 374632.6 24.913
60.521 503944.8 374637.2 24.271
77.017 503956.1 374649.2 14.855
90.542 503964 374660.2 12.515
103.509 503970.4 374671.5 17.155
127.001 503982.8 374691.4 25.633
132.864 503986.1 374696.3 25.126
143.715 503992.4 374705.1 25.31
153.595 503998 374713.2 25.411
163.258 504003.5 374721.2 25.168
172.538 504008.6 374728.9 24.841
183.481 504014.9 374737.9 24.485

Bed Level (m)

50

100
Offset (m)

150 200

Fig. 4. Bed level of each offset point along the cross
section of Sungai Bera.

3.2 Input Parameter Extraction

We utilized hydrodynamic modelling software, including
Info Works Integrated Catchment Model (ICM) and
Mike 11, to calculate the necessary parameters for the
selected river cross sections. The cross-sectional data
were imported into these modelling tools, enabling the
generation of detailed graphs.

From these graphs, we extracted the area and conveyance
of the selected river cross sections, providing crucial
insights for our analysis. Fig. 5 and Fig. 6 illustrate the
relationship between water level and cross-sectional area,



and between water level and conveyance, respectively,
for the lowermost cross section of Sungai Bera.
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Fig. 5. Relationship between the water level and cross
section area of Sungai Bera’s lowermost cross section.
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Fig. 6. Relationship between the water level and
conveyance of Sungai Bera’s lowermost cross section.

Table 2. Extracted input parameters for the selected cross
sections.

River Length, L Elevation, E Cross
(m) (m) Section
Jelai 159289 1230707  Uppermost
Lowermost
Bera 97,807 28.563 Uppermost
Lowermost
. Cross Cross Section  Conveyance,
River - 2 3
Section Area, A (m?) K (m3/s)
Jelai Uppermost 23.918 922.891
Lowermost 1,979.800 331,722.427
Bera Uppermost 63.357 2622.640
Lowermost 2.382 19.752

3.3 River hydraulic equations
The primary goal of this study is to derive a critical slope
equation using fundamental river hydraulic equations,
including Continuity, Conveyance, Froude, and
Manning's equations.[18] Detailed descriptions of each
equation are provided as follows.
Firstly, the continuity equation in river hydraulics states
that the rate of flow of water through any cross-section of
a river is equal to the product of the cross-sectional area
and the flow velocity. Mathematically, it can be
expressed as:

Q=VA
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where,
Q is the discharge (m%/s)
A is the cross-sectional area of the river channel
(m?)
V is the flow velocity of the water (m/s)

Secondly, channel conveyance in river hydraulics refers
to the capacity of the channel to convey water. It is a
measure of the efficiency with which a river channel can
transport flow and is influenced by the channel's shape
and roughness[19].Mathematically, channel conveyance,
K is often related to the hydraulic radius, R and
Manning's roughness coefficient, n by the following
equation:

1, 2
K=-AR3
n
where,

K is the conveyance (m3/s)
n is the Manning's roughness coefficient
(dimensionless)
A is the cross-sectional area of the river channel
(m?)
R is the hydraulic radius, ratio of cross-sectional
area to wetted perimeter (dimensionless)

Thirdly, the Froude number (F;) in river hydraulics is a
dimensionless number used to characterize the flow
regime in open channels[9]. It is defined as the ratio of
flow velocity, V to the square root of the product of
gravitational acceleration, g and the hydraulic depth, D:

where,
Fr is the Froude number (dimensionless)
V is the flow velocity (m/s)
g is the gravitational acceleration (9.81m/s?)
D is the hydraulic depth (ratio of cross-sectional
area to the top width of the flow)

The Froude number helps classify flow conditions as
follows:

Fr<1 : Subcritical flow (slow flow, significant water
depth influence)

Fr=1 : Critical flow (velocity equals wave speed).

Fr>1 : Supercritical flow (fast flow, wave speed
exceeds flow velocity).

The last equation, which is Manning’s, is is a

fundamental relationship used in open channel hydraulics
to calculate the flow velocity, V or flow discharge, Q,
based on the (cross section area of river, A if Q is
calculated) hydraulic radius, R, slope, S, and Manning's
roughness coefficient, n.[20] It is expressed as:

1.2 1
V ==R3S>2

n

1 21
Q:;AR352

where,
V is the flow velocity (m/s)
Q is the flow discharge (m3/s)
n is the Manning's roughness coefficient
(dimensionless)



A is the cross-sectional area of the river channel
(m?)

R is the hydraulic radius, ratio of cross-sectional
area to wetted perimeter (dimensionless)

S is the channel slope, the drop in elevation per
unit length of channel, (dimensionless)

3.4 Critical Slope Derivation

The steps of deriving the critical slope from the river
hydraulic equations explained earlier are described as
follows:

Step 1

The Continuity equation is Q = VA. Substitute
2 1

Manning’s equation, V = %RESE into Q = VA and it

21
becomes Q = (RsSZ)A. Shuffle the parameters in Q =
21 2 1
2. Z =
(R ° )A and it becomes Q = —ARssz.

Step 2
2
Substitute Conveyance equation, K = %ARE into Q =

2 1 1
%ARESE and it becomes Q = K Sz.

Step 3
1
Substitute Continuity equation, Q = VA into Q = KSz
1
and it becomes VA = KSz.

Step 4

The Froude number equation is . = When there is

\/:
= and if this
J_
, it becomes V

critical flow, F. becomes 1. So, 1

equation is expressed in terms of g and D
gD.

Step 5
. . 1 .
Substitute V = /gD into VA = KSz and it becomes

1
gDA = KSz. When this equation is expressed in terms
2
of g, D, K and A, it becomes S¢ = gDA

Therefore, the derived critical slope is as follows:
S _gDA2
€7 k2

4. RESULTS AND DISCUSSION

This section presents the result of the validation process
for deriving the critical slope equation through
dimensional analysis. Additionally, it demonstrates the
results by applying this validated equation in determining
the calibration limits within the subcatchments of Sungai
Jelai and Sungai Bera. The validation action through
dimensional analysis ensures the reliability of the critical
slope equation, while its implementation helps to identify
precise calibration limits, thereby enhancing the
effectiveness of hydraulic modelling in these
subcatchments.

4.1 Dimensional analysis

The units of parameters for the derived critical slope

. _ gpA?
equation, S¢ ==
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Where:

Sc = dimensionless

_m

g -2

D =m

A = m?

K @ =m

S

When the units are substituted into the derived equation,

m 242
S—z.m.(m )

Since both the numerator and denominator have the same
units, they cancel each other out, resulting in a
dimensionless quantity. This outcome validates the
concept of the critical slope by demonstrating
consistency across the hydraulic equations.[21]
Consequently, it confirms that the critical slope equation
can be reliably used to identify the calibration limits of a
subcatchment. This dimensional consistency is crucial
for ensuring the accuracy and applicability of the critical
slope in hydraulic modelling and analysis.

4.2 Critical Slope Calculation
The values of input parameters of the subcatchments are
demonstrated in Table 3.

Table 3. Input parameters required for critical slope
calculation.

Cross
_ Cross Water Section Conveyan
River . Depth, ce, K
Section D (m) Area, A (m3/s)
(m2)
Uppermost 2.318 23.918 922.891
Jelai
Lowermost 5342  589.847 231722'4
5 Uppermost 2.487 63.357 2622.64
era
Lowermost 0.033 2.382 19.752

Table 3. provides information on specific cross sections
within the study area. The cross section with the chainage
ID of Sg. Telom (CH8100) represents the most upstream
location of Sungai Jelai, while Sg. Jelai (CHOO) marks
the most downstream point. Similarly, in the Sungai Bera
subcatchment, Sg. Serting (CH69500) is situated at the
most upstream location, and Sg. Bera (CH500) at the
most downstream point. These chainage IDs and their
corresponding values were extracted from hydrodynamic
modelling tools and are crucial for calculating the critical
slope of each subcatchment. The detailed calculations for
determining the critical slope based on these upstream
and downstream cross sections are as follows:

The critical slope of Sungai Jelai, Scjelai,

gDA?

Scielai = ®Z



2.318+S.342)(23.918+589.847)2
2 2
922.891+331722.427

(PRSI,
ScJeIai = 000013

9.81(

Sclelai =

The critical slope of Sungai Bera, Scgera,

2
_ gDhA
Scpera = —KZ
2.487+0.033, 63.357+2.382
9.81(——— )( 5 )2

ScBera = 2622.64+19.752

e L
ScBera = 000765

The purpose of dividing the sum of the uppermost and
lowermost cross sections by two is to calculate the
average critical slope for the river reach. This approach
provides a representative value that reflects the overall
slope characteristics of the reach, rather than focusing
solely on the extreme values at the ends.

By obtaining this average critical slope, we can more
effectively compare it to the actual river slope values
along the reach. This comparison is crucial for assessing
the flow dynamics and stability of the river, ensuring that
the average critical slope serves as a meaningful
benchmark for evaluating whether the river conditions
are likely to transition between subcritical and
supercritical states.

Based on the calculation, the critical slope of Sungai Jelai
(0.00013) is smaller than that of Sungai Bera (0.00765).
The concept of critical slope represents a specific channel
gradient at which the flow transitions between subcritical

(slow and deep) and supercritical (fast and shallow) states.

In the Sungai Jelai subcatchment, this transition occurs at
a lower threshold compared to the Sungai Bera
subcatchment. This implies that even a slight increase in
the river slope in Sungai Jelai can cause the flow
conditions to shift to a supercritical state, where the water
moves faster and shallower. This observation aligns with
the flow characteristics typically found in upstream
catchments or elevated terrains, where the river gradients
are steeper and the flow velocities are higher.

In contrast, the Sungai Bera subcatchment requires a
much steeper slope to reach the same transition point.
The higher critical slope value indicates that the flow
remains subcritical over a wider range of slopes before
becoming supercritical. This distinction is crucial for
understanding and managing the flow dynamics within
each subcatchment, as it influences flood risk, erosion
potential, and the overall behavior of the river system
under varying conditions.

By analyzing and comparing these critical slopes, we
gain valuable insights into the hydraulic behavior of the
rivers, which can inform better design and management
practices for maintaining stable and efficient flow
conditions.

4.3 River slope calculation

The actual slope of the river reaches found in the two
selected subcatchments are calculated to be compared
with the calculated critical slopes. Table 4 shows the
length and elevation of the selected river reaches to
calculate the actual slope of the river reaches. Fig. 7 and
Fig. 8 demonstrate the representation of river reaches of
Sungai Jelai and Sungai Bera.
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Table 4. Length and elevation of the selected river
reaches

River Length, L (m) Elevation, E (m)
Jelai 159,289 1230.707
Bera 97,807 28.563

Uppermost

1230.707m

589.847m”

5.342m

Fig. 7. Representation of Sungai Jelai river reach.

River slope of Sungai Jelai, Sy

_ Elevation of Sungai jelai

S P =

relai Length of Sungai Jelai
S - _ 1230.707

rJelai 159289

SrJeIai = 000773

Uppermost

2.487m

2
2.382m° 0.033m

Lowermost

Fig. 8. Representation of Sungai Bera river reach.

River slope of Sungai Bera, Sigera
_ Elevation of Sungai Bera

S =

rBera Length of Sungai Bera
S _ 28.563

rBera 97807

SrBera = 000029
4.4 Calibration Limit Identification
Fig. 9 provides the graphical view of the comparison

done between the critical and river slopes of Sungai Jelai
and Bera river reaches.

0.009
0.008
74 __________________________ 7(
0.007 F Y
0.006
0.005
0004 -0.0076 +0.0074
0.003
0.002
0.001 -
0 S mnnnn N SN e - A
Slope
Sc of Sungai Jelai Srof Sungai Jelai Sc of Sungai Bera Sr of Sungai Bera

Fig. 9. Comparison between critical and river slopes of
Sungai Jelai and Bera river reaches.



Based on Fig. 9, in the case of Sungai Jelai, the river slope
(Sy) is greater than the critical slope (Sc), which suggests
that calibration of the hydraulic model in this catchment
is not feasible. This disparity indicates that the flow
conditions in Sungai Jelai are more likely to be
supercritical, where water moves rapidly and exhibits
turbulent behavior. Under such conditions, achieving an
accurate and reliable calibration is challenging because
the model may not be able to capture the complex flow
dynamics accurately. Supercritical flow occurs in steep
channels. Small disturbances in supercritical flow can
either be dampened or amplified into roll waves,
depending on the stability of the flow. In shallow, steep
channels, the surface velocity of the flow may become
slower than the wave speed [22] .Consequently, even if a
calibration procedure is attempted, the model's
performance is likely to be suboptimal and may not
provide reliable results for predicting flow behavior or
assessing flood risks. This clearly shows that the
calibration phases have high uncertainty and high
sensitivity [23]. The flow condition of the Sungai Jelai
River could become subcritical if the actual river slope is
lowered by more than 0.0076.

On the other hand, in the case of Sungai Bera, the river
slope is smaller than its critical slope. This indicates that
the flow conditions are more likely to remain subcritical,
characterized by slower and deeper water movement.
Such conditions are generally more stable and
predictable, making it feasible to perform calibration
effectively. The lower river slope compared to the critical
slope suggests that the model can be tuned to accurately
reflect the observed flow conditions, leading to higher
performance and reliability. This enables more precise
predictions and better management of the river system.
The flow condition of the Sungai Bera River could
become supercritical if the actual river slope is increased
by more than 0.0074, which could turn the river system
to be hardly calibrated.

In summary, the comparison of river slope to critical
slope serves as a key indicator of the calibration potential
for hydraulic models. In Sungai Jelai, the higher river
slope relative to the critical slope precludes effective
calibration, resulting in potential inaccuracies in model
performance. Conversely, the lower river slope in Sungai
Bera, relative to its critical slope, indicates favorable
conditions for calibration, allowing for more accurate and
reliable modelling outcomes.

This research focused on using the actual river slope to
assess calibration feasibility. However, future studies
could expand by analyzing terrain slope as well as
performed by [24] Terrain slope can provide additional
insights into the calibration process, as it reflects the
broader topographical context affecting water flow. By
considering terrain slope, researchers can Dbetter
understand the relationship between landscape features
and hydraulic conditions, offering a more comprehensive
view of where calibration is feasible and where it might
be challenging. This approach could lead to improved
modeling accuracy and more effective water
management strategies.

A previous study [25] employed the Froude number to
establish the minimum flow required for maintaining
good biological quality in riverine environments. While
this approach provides valuable insights, it primarily
focuses on flow dynamics without considering the
influence of topographical features. Our study aims to
build on this foundation by introducing a novel approach
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that evaluates flow conditions through the lens of slope
aspects. By analyzing the critical slope of the river basin,
this method not only determines flow conditions but also
serves as an indicator for model calibration limits.

This new perspective is particularly significant for the
Sungai Pahang Basin case study, where the interplay
between slope and flow is crucial for accurate hydraulic
modeling. By incorporating slope aspects, this study
provides a comprehensive understanding of flow
conditions, leading to more precise model calibration.
This approach enhances predictive accuracy and
improves river system management. By considering both
river slope and critical slope, this research offers a
holistic approach to evaluating and calibrating hydraulic
models, ultimately contributing to better-informed
decision-making in river management.

5. CONCLUSION

The derived equation provides convincing results and
aligns well with theoretical expectations. However,
future research should expand to include a more
extensive range of study areas and catchments to validate
and refine these findings further. It is essential to develop
a comprehensive index or set of criteria that can
accurately indicate the capability limits of river hydraulic
calibration.

To enhance the reliability of our calculations, future
studies should incorporate more cross sections along the
river reaches. Increasing the number of sampled cross
sections will improve the robustness of the results,
leading to more dependable conclusions about the
hydraulic behavior of the rivers.

In addition, developing detailed river models for the two
subcatchments, Sungai Jelai and Sungai Bera, will be
crucial for testing the hypothesis that the relationship
between river slope and critical slope determines
calibration potential. Specifically, the hypothesis
suggests that if the river slope is smaller than the critical
slope, effective calibration cannot be achieved, resulting
in lower model performance. Conversely, if the river
slope is larger than the critical slope, the subcatchment
can be successfully calibrated, leading to higher model
performance.

These future models will provide a practical framework
for verifying this hypothesis, offering insights into the
conditions under which hydraulic models can be
accurately calibrated. By confirming or refining this
hypothesis, we can improve our understanding of the
factors that influence model performance and develop
more effective strategies for river management and flood
prediction.

Overall, this research lays the groundwork for more
detailed and expansive studies. By increasing the
geographical scope, incorporating more cross-sectional
data, and rigorously testing hypotheses through advanced
modelling, future research can significantly enhance the
precision and applicability of river hydraulic calibration.
This will ultimately contribute to better management
practices and improved predictive capabilities in riverine
environments.
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