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Abstract: Rainfall-based methods have been employed for computing hydrographs in
urban drainage systems. However, their implementation often introduces uncertainty
in various aspects, such as the selection of a unit hydrograph, the choice of abstraction
methods, and the formulas used to calculate the time of concentration, among others.
Conventional consultancy studies tend to oversimplify catchment representation by treating
it as a homogeneous unit or discretizing it into a few segments with simplified flood
routing. This research proposes a streamlined methodology for computing hydrographs,
considering the sub-basins’ heterogeneity. The methodology is based on the principles of
proportionality and superposition. A sensitivity analysis of the proposed methodology
is conducted, considering both homogeneous and heterogeneous catchments and the
temporal distribution of rainfall. The proposed methodology is applied to the catchment of
the Ricaurte channel, located in Cartagena de Indias (Colombia), with a watershed area of
728.8 ha. It has proven effective in representing a recorded simultaneous rainfall-runoff
event, achieving a Root Mean Square Error of 3.93% in estimating the total volume of the
measured hydrographs. A key advantage of the methodology, compared to traditional
rainfall–runoff approaches, is that it does not require an extensive number of parameters
to be calibrated. It may be utilized to estimate extreme flood events in urban areas with
limited data availability, relying on minimal data inputs.

Keywords: heterogeneous catchment; hydrological method; unit hydrograph; peak flow

1. Introduction
Creating digital twin (DT) models in urban drainage systems has become a global

objective in recent years [1]. These models aim to provide real-time virtual representations
of urban infrastructure to control and prevent city flooding. One of the major challenges
in developing DTs lies in the significant number of uncertainty sources, particularly those
related to hydrological modeling [2,3].

Conventional rainfall–runoff models require a substantial number of parameters to be
defined and calibrated [4,5]. These parameters are embedded within various components
of the modeling framework, including the unit hydrograph, loss method, and flow routing
techniques. The degree of complexity—and consequently, the modeling effort—increases
with the spatial and temporal resolution level adopted, whether the model is lumped,
semi-distributed, or fully distributed [5–7]. Generally, the more detailed the model, the
greater the number of parameters that must be specified, calibrated, or estimated.
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To reduce uncertainties in hydrological modeling [8–10] and to ensure the appro-
priate application of semi-distributed or distributed hydrological models, networks of
rainfall and streamflow gauging stations must be installed across catchments [11]. Such
instrumentation is essential for obtaining reliable parameter values that accurately reflect
the hydrological characteristics of individual sub-basins. Best practices in hydrological
modeling recommend using monitoring networks [12–14] to support the application of
complex rainfall–runoff models capable of capturing the spatial and temporal variabil-
ity of catchment responses. Recent advances in hydrological modeling software have
extended analytical capabilities from lumped to fully distributed frameworks in various
components [5,15,16].

Environmental agencies in local governments and international water-related organi-
zations strongly advocate for the instrumentation of urban catchments to reduce modeling
uncertainty and facilitate distributed simulations wherever possible [17,18]. While these
recommendations have been implemented in several regions, many areas remain, especially
in developing countries, where major cities lack basic streamflow gauging infrastructure.
In such contexts, the calibration and application of conventional distributed hydrological
models become more complex.

In designing hydraulic infrastructure, such as flow regulation systems, reservoirs, and
flood control structures, particularly in regions with limited hydrological data, significant
uncertainty persists regarding the magnitude of peak flows and the temporal characteristics
of hydrographs during extreme events [2,19,20]. This uncertainty often arises from the over-
simplified representation of catchment dynamics in conventional modeling approaches.

Catchments are typically represented as single homogeneous units or subdivided into
a few segments where simplified routing techniques are applied. Such methods often neglect
the heterogeneous nature of catchments, including spatial variability among sub-basins and
the influence of geomorphological features on runoff generation and propagation.

The methodology proposed in this study seeks to address the limitations above by
subdividing the catchment into geomorphologically defined sub-basins. The approach
is grounded in the principles of proportionality and superposition. Each sub-basin is
characterized using commonly available attributes employed in most hydrological models,
such as catchment area and rainfall distribution, and requires only two parameters for each
sub-basin: the runoff coefficient and the time of concentration.

This disaggregated approach enables a more realistic representation of runoff gen-
eration processes. It facilitates the modeling of hydrograph formation in heterogeneous
watersheds that capture both spatial and temporal variability across the catchment. It
is designed for application in data-scarce contexts, where conventional models are often
impractical due to the unavailability of detailed input data.

By incorporating geomorphological criteria into the hydrological discretization pro-
cess, the proposed framework improves the estimation of peak flows and the prediction
of hydrograph shape. Importantly, it remains applicable even in ungauged or poorly
instrumented catchments, offering a practical alternative where monitoring infrastruc-
ture is limited. This research uses analytical expressions for unit hydrographs and their
corresponding hydrological responses for theoretical heterogeneous catchments.

A sensitivity analysis of the proposed method was carried out to assess the variability
of the results under different conditions, including homogeneous versus heterogeneous
catchments, as well as varying temporal rainfall distributions. The model was validated
using a case study in a data-scarce watershed located in Cartagena, Colombia—specifically,
the Ricaurte catchment, which covers an area of 652.2 ha. A comparison with a conventional
rainfall–runoff model is also presented, demonstrating that both approaches yield peak
flow estimates of the same order of magnitude for return periods of 50 and 100 years.
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This research can be applied within urban management, particularly for estimating
pluvial flood events, thereby aiding urban infrastructure planning in data-limited areas.

2. Proposed Methodology
The catchment is subdivided into multiple sub-basins based on geomorphological

characteristics. Each sub-basin is described by its drainage area, main channel slope, time of
concentration, and the spatial location of its outlet along the main channel of the catchment.
Due to the spatial arrangement of the sub-basins, there exists a time delay (or travel time)
between the arrival of hydrographs from upstream sub-basins and those closer to the
outlet. This travel time is a function of the hydraulic characteristics of the intervening
channel reaches.

Each sub-basin generates a characteristic hydrograph, which is then routed to the main
outlet. The superposition of all individual hydrographs obtains the resulting catchment
hydrograph, each temporally shifted according to its travel time. Figure 1 illustrates
a schematic discretization of a sample catchment into five sub-basins, indexed 1 through
6. Each sub-basin is associated with a specific time of concentration and a peak discharge,
determined based on a triangular unit hydrograph.

Figure 1. The schematic discretization of a catchment divided into five sub-basins.

In the schematic (Figure 1), the main channel sequentially receives discharges from the
sub-basins. Sometimes, two or more sub-basins may discharge at the exact location along
the channel. The flow must travel through a defined channel segment between these conflu-
ence points, requiring a travel time denoted by tt. The observer situated at the catchment
outlet will first register the hydrograph from sub-basin 6 (represented in red), followed by
a travel time tt,5—by the hydrograph from sub-basin 4 (yellow). The last hydrograph from
sub-basin 1 (orange) reaches the outlet at time ∑5

i=1 tt,i. The complete hydrograph at the
outlet is thus the envelope of all temporally shifted individual hydrographs.
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Figure 2 generalizes this concept for a catchment discretized into N sub-basins. Each
sub-basin contributes a hydrograph that is delayed by a travel time tt, depending on its
location and channel routing distance. In cases where two or more sub-basins discharge at
the exact location, the travel time between them is considered zero.

Figure 2. General scheme of a catchment considering N sub-basins.

2.1. Assumptions

The proposed modeling approach assumes that the hydrological system behaves
linearly [21–23]. The following assumptions are considered:

• Principle of proportionality: If a function f (Q) represents a solution to the system,
then any scalar multiple c f (Q), where c is a constant, is also a valid solution.

• Principle of superposition: If fi(Q) and fi+1(Q) are solutions of the governing equa-
tion, then their sum fi(Q) + fi+1(Q) also constitutes a valid solution.

These principles allow the system response to be decomposed and reconstructed as
the sum of individual responses associated with each sub-basin, making the framework
particularly well-suited for hydrological modeling.

In particular, linear behavior is assumed at the level of the system’s response to unit in-
puts, thereby enabling the application of the principles of superposition and proportionality.
These principles have been widely employed in hydrological modeling, especially within
the framework of unit hydrograph theory, which effectively represents the rainfall–runoff
relationship under the assumption of linear system behavior [24–26].

2.2. Governing Equations
2.2.1. Rainfall Considerations

The temporal distribution of rainfall significantly influences the shape and magnitude
of the resulting hydrograph. Rainfall events can be idealized using simplified represen-
tations such as the triangular hyetograph, which provides a practical approximation for
design and modeling purposes.
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This triangular hyetograph is defined by two key temporal components: the time to
peak rainfall intensity ta, and the recession time after the peak tb. In addition, the total
duration of a rainfall event can be expressed as Td. The ratio r = ta/Td characterizes the
symmetry of the rainfall event. A value of 0.5 indicates a symmetric storm in terms of its
temporal distribution. However, other values of r reflect the asymmetry in rainfall events.

Figure 3 illustrates the key components of a triangular hyetograph, including the rise
and fall of rainfall intensity over time. This schematic helps define the precipitation input
and understand how such input translates into a runoff response.

Figure 3. Characteristic hyetotram for a rainfall event.

2.2.2. Unit Hydrograph

The structure of the precipitation hyetograph strongly influences the hydrograph
of discharge at the outlet of a sub-basin. When a triangular rainfall input is applied,
the resulting discharge hydrograph often exhibits a similar form, especially in systems
where infiltration, storage, and other nonlinear effects are minimal or can be approximated
linearly. This justifies using triangular hydrographs in the proposed modeling framework,
maintaining consistency between rainfall input and runoff output.

The proposed hydrological modeling approach adopts a dimensionless triangular unit
hydrograph that can be used for ungauged or data-scarce catchments in small watersheds.

Figure 4 illustrates the main components of the triangular unit hydrograph, which is
defined by its peak flow, base time, and time to peak. This scalable response curve can be
applied to various catchment sizes and storm characteristics.

Within the analytical framework, the proposed model considers that in the computa-
tion time step, a distance βtc/2 can be a representative sub-basin.

Based on these assumptions, it is possible to derive key hydrological parameters such
as peak discharge (qp), base time (Tb), and unit response functions for each sub-basin. These
simplifications make the method computationally efficient while maintaining sufficient
physical realism for design and planning applications.

Then, the time to peak can be defined as:

Tp = 0.5tr + tlag (1)

where, Tp = time to peak, tlag = lag time, and tr = discretized rainfall duration of an event.
The lag time can be computed as tlag = 0.6tc, where tc = time of concentration of

a sub-basin.
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Figure 4. Proposed triangular unit hydrograph.

The base time can be computed as follows:

Tb = (1 + α)Tp (2)

where α = factor that defines the recession limb of the unit hydrograph.
Considering the previous definitions, the time to peak and the base time can be

computed as:
Tp = tc(0.6 + 0.5β) (3)

and,
Tb = tc(0.6 + 0.5β)(1 + α) (4)

According to the review conducted across various catchments (e.g., by the Soil Conser-
vation Service), the value of α can be approximated as 1.67. The value of β can be rounded
to 0.10 [22].

By the principle of mass conservation, the total direct runoff volume generated by
a rainfall event must be equal to the volume represented by the corresponding triangu-
lar hydrograph. This fundamental principle provides the basis for deriving analytical
expressions for the hydrograph parameters, particularly the peak discharge.

Considering the total volume of direct runoff generated by effective rainfall over
a given sub-basin and the runoff response given by the unit triangular hydrograph with
peak flow qp and base time Tb, thus:

APd =
Tbqb

2
(5)
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where, A = watershed area and Pd = the effective rainfall depth or direct precipitation.
By plugging Equation (4) into Equation (5), the unit peak discharge can be obtained as:

qp =
2APd

tc(0.6 + 0.5β)(1 + α)
(6)

Moreover, this approach ensures the total water balance is preserved within the
modeling framework. When applied systematically to each sub-basin in a discretized
catchment, it synthesizes a complete hydrograph at the outlet via temporal shifting and
superposition, as previously described.

To compute the unit discharge at time ti during the rising and recession limbs, then:

• If ti < Tp (rising limb), then:

qi =
qp

Tp
ti (7)

where, qi = unit discharge at time ti.
Substituting Equation (6) into Equation (7) and subsequently rearranging yields:

qi =
2APd

[tc(0.6 + 0.5β)(1 + α)]2
ti (8)

• If ti ≥ Tp (recession limb), then:

qi =
qp

Tp − Tb
(ti − Tb) (9)

Similarly, by substituting Equation (6) into Equation (9) and taking into account the
definition of Tb, thus:

qi = − 2APd

α(1 + α)[tc(0.6 + 0.5β)]2
[ti − (1 + α)tc(0.6 + 0.5β)] (10)

• If ti ≥ Tb, then qi = 0.

2.2.3. Convolution Method

To compute the total unit hydrograph of the basin under analysis, the convolution
method must be applied, taking into account the travel time associated with each sub-basin
i, as expressed below:

qT
I = ∑(q N

t + qN−1
t+tt,n−1

+ qN−2
t+t+tt,n−1+tt,n−2

+ qN−3
t+t+tt,n−1+tt,n−2+tt,n−3

+ . . .

+q1
t+t+tt,n−1+tt,n−2+tt,n−3+···+tt,1

(11)

Equation (11) is valid considering the following values:

qN
t = 0 if t ≥ Tb,n

qN−1
t+tt,n−1

= 0 if tt,n−1 ≤ t ≥ tt,n−1 + Tb,n−1

qN−2
t+tt,n−1+tt,n−2

= 0 if tt,n−1 + tt,n−2 ≤ t ≥ tt,n−1 + tt,n−2 + Tb,n−2

. . . . . . . . .
qN−2

t+tt,n−1+tt,n−2+tt,n−3+···tt,1
= 0 if tt,n−1 + tt,n−2 + tt,n−3 + · · ·+ tt,1 ≤ t ≥ tt,n−1 + tt,n−2 + tt,n−3 + · · · Tb,1


(12)
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3. Analysis of Hydrological Effects
A series of simulations using simplified and controlled conditions were conducted to

assess the impact of the spatial arrangement of sub-basins on the shape and characteristics
of the resulting hydrograph at the catchment outlet.

3.1. Analysis of Homogeneous Catchments

These simulations aim to isolate the influence of travel time (tt) between sub-basin
outlets and the main outlet, assuming homogeneous hydrological conditions across the
catchment. The following conditions are adopted:

• The catchment has a total area A, divided into 10 identical sub-basins, each of area
Ai = 0.1A.

• The time step of the simulation tr, is used as the unit of discretization and is set to
unity (tr = 1).

• The design rainfall has a duration of 10 time steps (10tr), and at each time step, a unit
of effective precipitation is applied (Pd = 1), and the total effective rainfall is therefore
10 units: Pd,total = 10.

• All sub-basins have the same time of concentration: tc = 10tr.
• The travel time between sub-basins (tt), has the units of tr. The travel times have been

varied from 0 to 8 units of tr.
• The coefficients α and β used in the analysis were 1.67 and 0.1, respectively.

All sub-basins are assumed to discharge simultaneously, with no spatial delay (tt = 0).
Each unit of effective rainfall produces a triangular unit hydrograph, and the composite
hydrograph is formed by linear superposition. Figure 5a shows (left part) the geomorpho-
logical unit hydrograph for a single effective rainfall event in homogeneous conditions,
while the right part displays the resulting hydrological unit hydrograph for a rainfall event
lasting 10 tr, with a total effective rainfall of 10 units. A sharp and pronounced peak is
observed, as all sub-basins contribute simultaneously. The maximum peak discharge and
minimum base time are observed in this hydrograph. Figure 5 shows the consideration of
travel times varying from 1 tr to 8 tr. In this figure, the x-axis is expressed in tr units. The
y-axis represents a discharge per unit of catchment area, per unit of effective rainfall, and
per unit of discretization time tr on the left side. The right side represents the total unit
hydrograph for a total rainfall event.

Table 1 presents the main characteristics of the hydrograph for the entire catchment.
It can be observed that sub-catchments discharging into the same outlet tend to form
a more circular overall catchment shape. These configurations are associated with higher
peak discharges and shorter times to peak and base durations. Conversely, the resulting
catchment becomes increasingly elongated as the sub-catchments become more spatially
separated. This morphological change leads to a reduction in peak discharge and an
extension of the base time.

Table 1. Results of effects of homogeneous catchments.

tt Variation Tp qp Tb

0 tr 12 0.88 25
1 tr 16 0.77 34
2 tr 21 0.54 43
4 tr 25 0.28 63
8 tr 22 0.14 98
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Figure 5. Effects of homogeneous catchments for unit hydrograph considering: (a) tt = 0 tr and
Pd = 1; (b) tt = 1 tr and Pd = 1; (c) tt = 2 tr and Pd = 1; (d) tt = 4 tr and Pd = 1; (e) tt = 8 tr and
Pd = 1; (f) tt = 0 tr and Pd = 10; (g) tt = 1 tr and Pd = 10; (h) tt = 2 tr and Pd = 10; (i) tt = 4 tr and
Pd = 10; (j) tt = 8 tr and Pd = 10.
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The results of all simulations are summarised in Table 1, which presents the primary
hydrograph characteristics: peak discharge, time to peak, and base time. The trends
observed indicate that:

• When all sub-basins discharge simultaneously (i.e., a compact catchment with circular
geometry), the highest peak flows and shortest time to the peak are obtained.

• As the spatial separation increases (i.e., elongated catchment shape), the hydrograph
becomes more spread out, the peak flow decreases, and the base time increases.

These results confirm that elongated catchments tend to produce lower peak dis-
charges, albeit with longer durations, which is a key consideration in flood mitigation
design and hydrological modeling.

3.2. Effect of the Rainfall Temporal Distribution

Several simulations were analyzed assuming a travel time equal to zero to assess the
impact of the rainfall temporal distribution. The internal rainfall distribution was modeled
following three additional patterns, as shown in Figure 6.
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Figure 6. Temporal rainfall distributions.

The choice of distribution method can substantially influence the shape and peak
of the resulting hydrographs, thereby affecting flood prediction and water resource man-
agement strategies. Figure 7 shows the hydrographs considering the three additional
rainfall distributions.

Table 2 summarises the results obtained for the different rainfall distributions. Dis-
tribution No. 1 proves to be the most critical, as it concentrates rainfall at the onset of the
event, resulting in the highest peak flow and the shortest time to peak. In contrast, the
baseline distribution (uniform) yields the lowest peak flow and the longest base time. The
base time remains constant for all scenarios.

Table 2. Results of effects of rainfall distributions.

Rainfall Distribution Tp qp Tb

Baseline distribution (for 0 tr in Table 1) 12 0.88 25
Distribution No. 1 7 1.10 25
Distribution No. 2 8 0.99 25
Distribution No. 3 11 1.05 25
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Figure 7. Effects of rainfall temporal distribution: (a) distribution No. 1, (b) distribution No. 2, and
(c) distribution No. 3.

3.3. Analysis of a Heterogeneous Catchment

Real sub-basins exhibit heterogeneous shapes, constituting the proposed method’s
primary focus. In this context, the assessment of simultaneous variations in sub-basin
parameters reveals their influence on the shape and peak of the resulting hydrographs. The
proposed method effectively captures hydrograph responses under a consistent precipita-
tion input by incorporating stochastic variations in catchment area, time of concentration,
and lag time.

Figure 8 illustrates the results obtained for a hypothetical catchment. The observed hetero-
geneity in sub-basin areas, times of concentration, and their spatial distribution—manifested
through staggered drainage contributions—leads to a general attenuation of peak discharge.
This attenuation is primarily due to the desynchronization of runoff peaks, resulting in a more
distributed and flattened hydrograph response.

By integrating these parameters, the model offers a more nuanced representation of
the catchment’s hydrological behavior, thereby underscoring the importance of spatial and
temporal variability in flood modeling.
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Figure 8. Effects of a heterogeneous catchment: (a) unit direct precipitation and (b) total direct precipitation.

4. Case Study and Validation
4.1. Case Study

The Ricaurte channel, situated within the urban area of Cartagena, Bolívar, Colom-
bia, forms part of the network of drainage basins that characterize this coastal city.
This particular catchment discharges into the Ciénaga de la Virgen, a significant body
of water within the region’s hydrological system. The Ricaurte channel basin com-
prises several sub-basins, which are named Alameda la Victoria (A), El Cementerio (C),
Plazulea—Local (D), Socorro—Jardínez (E), Blas de Lezo—Caracoles (G), Santa Lucía—San
Pedro (F), Tacarigua—Alpes (H-I), and Calamares—Gaviotas (J) (see Figure 9). The hydro-
graph analysis is carried out up to the box culvert on 13th June Avenue. The morphometric
characteristics of the sub-basin are presented in Table 3. The watershed area is 728.8 ha.
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Figure 9. Characteristics of the Ricaurte channel catchment.

Table 3. Estimated flow rates in the Ricaurte channel up to the box culvert on 13th June Avenue.

Sector Ai
(ha)

tc
(h)

Alameda la Victoria (A) 110.0 0.86
Ministerio de Obras (B) 85.2 0.69

El Cementerio (C) 112.0 0.66
Plazuela (Local) (D) 26.8 0.47
Socorro-Jardines (E) 84.4 0.63

Blas de Lezo-Caracoles (G) 37.8 0.59
Santa Lucía-San Pedro (F) 77.4 0.62

Tacarigua-Alpes (H-I) 77.6 0.49
Calamares-Gaviotas (J) 102.0 0.64

13 de Junio (K) 15.6 0.25
Note: where, Ai = area of a sub-basin, and tc = time of concentration.
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4.2. Dataset

A rain gauge was installed within the catchment to record precipitation events for
validation. Simultaneously, multiple flow measurements were conducted downstream of
the box culvert crossing Pedro de Heredia Avenue. A vertical staff gauge (limnigraph) was
installed at this location, and a gauging section was calibrated using a current meter to
ensure accurate discharge measurements [27].

The fieldwork produced several rainfall records and the corresponding discharge
data within the study catchment. Among these, the most significant precipitation events
occurred on 16 June 2002, 7 September 2002, and 30 September 2002, with total rainfall
amounts of 75.2 mm, 10.4 mm, and 9.9 mm, respectively. These events were the basis
for analyzing the catchment’s hydrological response and calculating the runoff coeffi-
cient. Figure 10 displays the recorded rainfall events. Simultaneously, hydrographs were
registered for these periods, as shown in Section 4.3.
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Figure 10. Measured rainfall events measured on: (a) 16 June 2002; (b) 7 September 2002; and
(c) 30 September 2002.
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4.3. Results

In this section, a comparison of the computed hydrographs using the proposed method
and the registered ones was performed in this research. Figure 11 compares and demon-
strates that the proposed method is suitable for computing the hydrographs. The hydro-
graphs produced by the proposed method yield results comparable to the observed data
in terms of total volume and base time. The runoff coefficient was the only parameter
subjected to calibration. For the rainfall–runoff events on 16 June 2002, 7 September 2002,
and 30 September 2002, the resulting values were 0.581, 0.585, and 0.573, respectively,
considering that the runoff volume was equal in the measured and computed hydrographs.
In all cases, a very similar coefficient was obtained.
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Figure 11. Comparison of discharge flow between the proposed method and the measured data on
(a) 16 June 2002; (b) 30 September 2002; (c) 7 September 2002.

Table 4 shows the root mean square error (RMSE) derived from comparing the total
volume between the measured and computed hydrographs in Figure 10. The total RMSE
amounted to 3.93%. The findings from this study offer valuable insights for calibrating
hydrological models in urban environments, particularly in areas with characteristics
similar to the Ricaurte channel. The methodology and data obtained are fundamental for
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designing and planning efficient urban drainage systems, contributing to improved flood
management and infrastructure development in rapidly urbanizing regions.

Table 4. Calculation of the root mean square error (RMSE) (%).

Event
Volume (m3)

Error (%)
Measured Computed

16 June 2002 315,540 316,251 0.22
7 September 2002 44,127 41,123 6.80
30 September 2002 44,187 44,179 0.02

RMSE (%) 3.93

5. Discussion
Conventional rainfall–runoff methods require many parameters to characterize catch-

ment behavior adequately. Although these models are based on physical principles, in practice,
particularly in data-scarce contexts, engineers and designers often face uncertainty regarding,
for example, selecting an appropriate unit hydrograph or loss method. These models are
sensitive to the choice of hydrograph and loss methods and their associated parameters.

This issue is exacerbated when a catchment is divided into multiple sub-basins, in-
creasing the overall uncertainty.

In the proposed methodology, two parameters may be used for calibration: the time of
concentration (tc) and the runoff coefficient (C). An effective calibration process begins with
selecting a time of concentration equation that appropriately reflects the conditions of each
specific subbasin and defining a plausible parameter range. This parameter is particularly
sensitive in subbasins located within urban environments.

In contrast, the uncertainty associated with the runoff coefficient can be mitigated
using satellite-derived data. For the practical application presented in Section 3, only the
runoff coefficient was employed for calibration.

Table 5 compares the parameters required by the conventional method and the pro-
posed methodology approach. The results show that the proposed methodology requires
significantly fewer parameters than the traditional rainfall–runoff models.

Table 5. Comparison of the number of parameters between conventional rainfall-runoff methods and
the proposed methodology.

Component Conventional Rainfall–Runoff Methods Proposed Methodology

Rainfall distribution No difference

Loss method

• Exponential method (4 parameters): initial range,
initial coefficient, coefficient ratio, and exponent.

Only one parameter:
runoff coefficient.

• SCS Curve number (2 parameters): initial
abstraction and curve number)

• Green and Ampt (4 parameters): initial content,
suction, saturated content, and conductivity.

Unit hydrograph

• SCS unit hydrograph (2 parameters): peak flow
rate and lag time

Only 1 parameter: time
of concentration.

• Snyder (2 parameters): standard lag and peaking
coefficient

• Clark (2 parameters): time of concentration and
storage coefficient.

Channel routing * No difference

Note: * The formulation of the proposed method in this research was presented using only the lag method
for channel routing. However, it can also be employed with other methods, such as Muskingum–Cunge or
Kinematic Wave.
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The Guayepo catchment in Cartagena, Colombia, was the case study to compare peak
flows for various return periods. The authors’ detailed analysis is available in Reference [28].
This catchment covers a total area of 21.06 km2 and was divided into six sub-basins (A, B,
C, D, E, and H).

Table 6 compares results obtained using a conventional rainfall–runoff approach and
the proposed methodology. The findings indicate that both methods yield peak flows of
the same order of magnitude, suggesting that the proposed methodology may serve as
a viable hydrological alternative, particularly in data-scarce contexts.

Table 6. Comparison of peak flows estimated using a conventional rainfall–runoff method and the
proposed model for the Guayepo catchment.

Peak Flow (m3/s)

Conventional Rainfall–Runoff Method * Proposed Methodology **AMC II AMC III

50 101.70 123.40 110.36
100 108.80 129.40 125.54

Note: * Based on the SCS unit hydrograph and SCS loss method. ** An average runoff coefficient of 0.36 was used
in the analysis. AMC = antecedent moisture condition.

6. Conclusions
A proposed methodology was presented in this research to represent the rainfall–

runoff process with limited data, which incorporates the principles of proportionality and
superposition. The methodology is designed to capture sub-basin heterogeneity when
calculating hydrographs. This approach accurately represents spatial and temporal vari-
ability in runoff generation. Simulations demonstrate that the spatial arrangement of
sub-basins significantly influences peak discharge, base time, and hydrograph duration.
Additionally, variations in the temporal distribution of rainfall affected hydrograph charac-
teristics, highlighting the importance of considering such factors in flood prediction models.
Integrating heterogeneity in catchment properties further enhances model accuracy by
capturing desynchronized runoff peaks. Validation with the Ricaurte channel case study
confirms the method’s efficacy in real-world applications, providing a valuable tool for
flood risk management and hydraulic design in data-scarce regions. A Root Mean Square
Error of 3.93% was obtained for computing the water volume produced in three measured
rainfall–runoff events. The runoff coefficient was the sole parameter subject to calibration,
with values ranging from 0.573 to 0.585.

This approach can also be applied to ungauged basins, offering a robust framework
for hydrological modeling with minimal data input. Compared to conventional rainfall–
runoff methods, the proposed methodology has a key advantage: it does not require many
parameters to be calibrated. Using limited data, this approach offers a practical tool for
hydraulic engineers to estimate extreme hydrographs for various return periods.

Future contributions should focus on developing software based on the proposed
methodology in this research. This tool could be handy for engineers and designers working
in data-scarce environments, where conventional rainfall–runoff methods are often limited
by the need for numerous parameters and extensive calibration.
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