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Abstract: Accurately estimating storm hydrographs for various return periods is crucial for
planning and designing hydrological infrastructure, such as dams and drainage systems. A
key aspect of this estimation is the separation of baseflow from storm runoff. This study
proposes a method for deriving storm hydrographs for different return periods based
on hydrological station records. The proposed approach uses three baseflow separation
methods: constant, linear, and master recession curve. A significant advantage of the
proposed method over traditional rainfall-runoff approaches is its minimal parameter
requirements during calibration. The methodology is tested on records from the Lengupa
River watershed in Colombia, using data from the Pdez hydrological station, which has
a drainage area of 1090 km?. The results indicate that the linear method yields the most
accurate hydrograph estimates, as demonstrated by its lower root mean square error
(RMSE) of 0.35%, compared to the other baseflow separation techniques, the values of
which range from 2.92 to 3.02%. A frequency analysis of hydrological data was conducted
using Pearson Type III and Generalized Extreme Value distributions to identify the most
suitable statistical models for estimating extreme events regarding peak flow and maximum
storm hydrograph volume. The findings demonstrate that the proposed methods effectively
reproduce storm hydrographs for return periods ranging from 5 to 200 years, providing
valuable insights for hydrological design, which can be employed using the data from
stream gauging stations in rivers.

Keywords: baseflow separation; return period; stream gauging stations; storm hydrographs

1. Introduction

The estimation of storm hydrographs associated with various return periods is funda-
mental for the design and development of engineering projects such as dams, diversion
structures, urban drainage systems, and channels, among others [1-3]. To ensure the ro-
bustness of such designs, it is imperative to perform a rigorous calibration process, thereby
generating reliable hydrographs that accurately represent the hydrological response of
a catchment under varying storm conditions [4,5]. This estimation requires a compre-
hensive understanding of the hydrological cycle [6]. Upon reaching the Earth’s surface,
precipitation undergoes a series of processes before exiting the watershed. Initially, part
of the precipitation is intercepted by vegetation and evaporates, while the remainder fol-
lows different pathways depending on the terrain and environmental conditions. These
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pathways can be categorised into three types [6-8]: surface runoff, subsurface runoff, and
groundwater runoff. A significant challenge arises in the estimation of groundwater runoff,
as the analysis of aquifer systems is complex, and often, substantial costs are required when
studying their interactions [9,10].

Groundwater runoff, the slowest form of runoff, originates from water that has in-
filtrated deeply into the soil and moved below the water level. Unlike surface runoff,
which is directly associated with specific storm events, groundwater runoff progresses
more gradually, often taking a long time to reach the watershed outlet [11]. This runoff
is crucial in sustaining streamflow during dry periods and is responsible for baseflow in
rivers and streams [12].

Storm hydrograph computation can be approached using methods based on rainfall-
runoff relationships [13,14] or methods that rely solely on hydrological records [15,16].
While rainfall-runoff methods can physically describe all processes involved (precipitation,
infiltration, surface runoff, subsurface runoff, and groundwater runoff), in practice, the
calibration of these models is complex due to the multitude of parameters that must be esti-
mated for each of the processes, particularly in large watersheds [17]. In the literature, these
methods are commonly implemented using software packages such as HEC-HMS 4.12 [18],
Mike SHE 2025 [19], SWAT +rev. 61 [20], EPA-SWMM 5.2.4 [21,22], and TETIS 9.1 [23],
among others.

One alternative approach to storm hydrograph computation involves methods that rely
only on records from hydrological stations [16]. The analysis of these methods requires the
separation of storm runoff from baseflow volumes. The computation of storm hydrographs
using these methods is generally more straightforward than rainfall-runoff models, as
the calibration process is focused solely on baseflow separation methods. According to
the literature, several techniques exist for baseflow separation, including constant, linear,
master recession curve, Boussinesq approximation, and isotopic methods [6,24-26].

The primary objective of this research is to enhance the modelling of design-related
storm hydrographs for various return periods by refining the parameters used in baseflow
separation methods. Based on the following baseflow separation methods, new formu-
lations for computing storm hydrographs for different return periods are proposed. The
constant, linear, and master recession curve methods are simpler to implement than the Boussi-
nesq approximation and isotopic methods, as the first set do not require field measurements.

To illustrate the practical application of the new formulations, this research applies
the proposed methods to the Lengupé River watershed in Colombia, focusing on the Péez
hydrological station, which has a drainage area of 1090 km?. The results, derived using
the baseflow methods implemented, indicate that the linear method provided the most
accurate results, as evidenced by the lower root mean square error for hydrograph volume,
compared to the constant and master recession curve methods.

The proposed method is a practical tool for estimating design-related storm hydro-
graphs for various return periods more easily than traditional rainfall-runoff models.
Unlike these models, the proposed approach effectively adjusts peak flow, baseflow rates,
and maximum storm hydrograph volumes. This research provides hydrologists with a reliable
and efficient tool for computing design-related hydrographs for various return periods.

2. Methodology

This study introduces the application of baseflow separation methods in the calculation
of design-related hydrographs based on hydrological records corresponding to various
return periods. Figure 1 outlines the methodology employed in this research, which
comprises four main stages: (i) the analysis of three baseflow separation methods (constant,
linear, and master recession curve); (ii) the calculation of the total hydrograph volume for
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different return periods, considering the baseflow methods; (iii) the identification of the
dataset to be used for a case study; and (iv) the generation of design-related hydrographs
associated with the selected return periods.

Stage II: Computation of total volume of hydrographs (Vi r)

Constant Linear Recession curve

_________________________________________________________________________________

E Dataset E Pt T T LTttt i i Validation i
' i i Stage III: Definition of a case study ! !
+ (QPg and (1)) | [> A g T e e Y. <:| v (Vnp)

Figure 1. Methodology used in this research.

2.1. Computation of Design-Related Hydrographs

Understanding the base time of an isolated hydrograph is integral to hydrological
modelling. Watershed characteristics influence the base time, and the area under the
hydrograph represents the total runoff volume. Storm runoff originates from precipitation
and typically forms a larger portion of the hydrograph, one which is distinguished from
that of baseflow.

The equations for determining the total volume of a hydrograph corresponding to
a given return period are derived from a mass balance between storm runoff and base-
flow discharge (see Figure 2a). In this context, the total hydrograph volume is obtained
as follows:

VmRr = SRR + BFR (1)

where V) r is the total computed volume for a return period, SRy is the storm runoff
volume, and BFy is the baseflow volume [16]. The subscript R refers to an analysed
return period.

Figure 2a illustrates the variables employed to derive the formula for storm hydro-
graphs. Figure 2b shows the characteristics of the dimensionless hydrograph (U(t)), as
derived from recorded hydrographs, peak flows, and the baseflow estimation methods
chosen for this study.

The baseflow volume for a given return period can be calculated as BFr =
fOT Qp,r(t)dt based on the variables depicted in Figure 2a, where T represents the to-
tal duration of the hydrograph (¢, — t;). By considering the dimensionless hydrograph and
the parameterisation shown in Figure 2b, the storm runoff volume can be determined as
SRR = fOT [QPr — Qp,r(t)]U(t)dt. Then, the total volume may be calculated as follows:

T T T

VMR = /0 Qp,r(t)dt + QPR/O u(t)dt — /0 Qpr(H)U(t)dt 2)
where Qg is the baseflow function, QP is the peak flow, U(t) is the dimentionless hydro-
graph, t is the time, and T is the total duration of a storm hydrograph.
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Figure 2. Hydrograph analysis: (a) components of a storm hydrograph; and (b) determination of the
dimensionless hydrograph.

The calculation of design-related hydrographs is based on the following assumptions [16]:
(i) the flood hydrograph for a given return period can be estimated using hydrological
records alone, (ii) the total volume of a hydrograph can be determined as the sum of storm
runoff and baseflow, (iii) the peak flow can be estimated using hydrological probability
distributions, and (iv) the initial baseflow can be determined by considering the maximum
value from the mean monthly series.

2.2. Baseflow Separation Methods and Hydrograph Volumes

Watercourses receive contributions from interacting aquifer systems, which must
be appropriately characterised to estimate design-related hydrographs accurately. It is
crucial to distinguish between the baseflow and storm runoff components in order to
identify the portion associated with rainfall events and that generated by aquifer systems,
respectively. This study applies three baseflow separation methods to calculate design-
related hydrographs for various return periods, as shown in Figure 3. In this instance,
baseflow formulas grounded in geometric principles are presented for practical application
in real-world projects.



Hydrology 2025, 12, 158

50f21

Q
(a)
Hydrograph
ts t te t
Q
(b)
e — ;
i ¥ |
q | }\ Baseflow i
! ! !
t: t tr t
(©
Q

ts t t, t
Figure 3. Baseflow separation methods: (a) constant, (b) linear, and (c) master recession curve.

2.2.1. Constant Baseflow

The constant baseflow method draws a straight line from the point at which storm
runoff begins to its intersection with the recession limb of the hydrograph. Although this
method can offer a reasonable approximation, particularly for minor storm events where
groundwater levels remain unchanged, it typically overestimates the base time and the
direct runoff volume. Mathematically, the baseflow function is given by Reference [6]:

q t<ts
QB(t) =49s ts<t<t 3)
q te<t
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where g; is the constant baseflow, g is the flow before and after the storm hydrograph, t. is
the final time of the hydrograph, and t; is the start time of the hydrograph.

In this method, the baseflow remains constant throughout the flood event; hence, its
corresponding equation is time independent. In this case, both g; and QP are constant
values. By substituting Equation (3) into Equation (2), the following expression is obtained:

T
Vair = gsT + (QPg — qs)/o U(t)dt )

2.2.2. Linear Separation

If the storm runoff process is conceptualised such that groundwater flow begins during
the hydrograph recession, before the point assumed in the constant baseflow method, it is
sufficient to identify the point on the recession limb where storm runoff ceases. Several
approaches have been proposed to locate this point, the most common of which relies on
identifying the inflexion point in the recession curve, the point at which the hydrograph
transitions from concave to convex. Once the end of storm runoff has been determined,
baseflow and storm runoff are separated by a straight line drawn from the point where
storm runoff begins to the corresponding point on the recession limb [6].

Baseflow is a function of time (s) and discharge (g5) at the lowest point of the discharge
curve, as well as time ¢, and discharge (g,) at the inflexion point. Mathematically, the
baseflow function is defined as:

q t<tg
Qu(t) = Qg+ (t—to) || t <<, 5)
q t <t

where, g, is the baseflow at the end of the storm hydrograph.

As the storm runoff volume must be calculated based on the baseflow during the
storm event, the relevant portion satisfying this condition is extracted from Equation (5).
Accordingly, the appropriate baseflow equation to be considered is as follows:

Qu(t) = g+ (1 1) | 2L ©)
r— ts
The preceding equation represents a straight line, where the factor (g, — gs)/ (t, — t5)
corresponds to the slope. For the sake of simplicity in presenting the equations, this factor
is denoted by m, as follows:

QB(t) = gs +m(t — t) )
By plugging Equation (6) into Equation (2), then,

mT?

T
—mt5T+QPR/
2 0

Varg = 0T+ uat— [ me—u@a ©

2.2.3. Master Recession Curve

The master recession curve method is employed to model groundwater storage flow.
On this basis, it can be used to identify the point on the recession limb where storm runoff
ceases and baseflow commences. This procedure involves the analysis of hydrographs
from multiple storm events encompassing various volumes. The following functional form
is commonly found to provide a reasonable fit to the data [27]:

Qp(t) = gse X 9)
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where g; is the discharge at time ¢ = 0, and K is the exponential decay constant. The value
of K can be determined using two points from the master recession curve.

In the master recession curve method, the baseflow function is exponential, and the
value of K is derived from the hydrographs of the most extreme recorded storm events.
In this equation, both g5 and K are treated as constants. By substituting Equation (9) into
Equation (2), the following expression is obtained:

ViR = —%S (fKT - 1) + QPR/OT U(t)dt — qs/OTe’KtU(t)dt (10)

2.2.4. Other Baseflow Methods

The baseflow methods presented in Sections 2.2.1-2.2.3 can be applied using only the
data from hydrological stations. This section introduces an analysis of baseflow separation
methods based on the Boussinesq equation and isotopic techniques. However, applying
these methods requires the determination of hydrogeological properties, which must be
measured directly within aquifer systems. These methods can be employed by considering
the following aspects:

e Boussinesq formula: This approach is derived from the governing equation for flow
in saturated porous media. It provides a more physically based alternative to the
empirical relationships described in Sections 2.2.1-2.2.3 and reduces the subjectivity
typically associated with baseflow separation methods.

e Isotopic method: Certain water isotopes, such as oxygen-18 and deuterium, maintain
stable isotopic compositions within specific components of the hydrological cycle,
including aquifers and water bodies in which isotopic fractionation does not occur.

Appendix A provides the baseflow equations for the Boussinesq and isotopic meth-
ods and the derivation of the total hydrograph volume associated with various return
periods [26,28,29].

2.3. Summary of Baseflow Separation and Hydrograph Volumes

A summary of the baseflow methods and the total storm hydrograph volumes associ-
ated with different return periods is provided in Table 1. This summary draws upon the
analyses in Section 2.2 and the information in Appendix A.

Table 1. Summary of the baseflow equation and total volume.

curve method

]?\?[ii}fllg;v Variable Equation *
q t<ts
Qs(t) Qs(t)=44qs ts<t<te
Constant q te<t
T
VMR Vmr = 4sT + (QPg — gs) 20 U At
=
q t<tg
t _
Qs(1) Qo) = a5+ (= 1)[47E] t<i<t
Linear q te <t
T T
VMR Vig = 4sT + "1 — mt, T + QPg 1o Ust = X [gs -+ m(t = b5 Ui
Master Qs(t) Qs(t) = qOTe_Kt .
recession VM,R VM,R — %(1 _ efKT) + QPR E UtAt — s E e*KtutAt
t=0 t=0
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Table 1. Cont.
Ii;i[seilf}g(vlv Variable Equation *
1
Qs (t) Qs(t) = J [0 = (1—bpat] " sib£1
gse™ sib=1
VMR =
Boussinesq 2—-b
equation ** [qslfb —(1- b)aT] 1-p _ gs2b . . 1
P At — Jb—(1— 1-bua 1
VMR ab—2) +Q REO Uit Eo {% ( b)at] Ut t b#
T T
T pmat L QPR Y UsAt — g, ¥ e UL AL b=1
a t=0 t=0
Qs (1) Qs(t) = (=5 )u(h)
Isotopic ** or — 6 T or —ds\ I
P ViR ViR = ( 5 +QPR) L Uit - (u) Y UAt
t=

o — Js dg — s/ i=o

Notes: * The equations are expressed using summation rather than integration, as the numerical resolution is
intended to be performed accordingly. ** These methods have not been applied in the present study.

3. Practical Application
3.1. Case Study, Datasets, and Frequency Analysis

To examine the influence of baseflow separation methods on the determination of total
hydrograph volumes associated with various return periods, a case study was conducted
at the Lengupa River, Colombia. Table 2 presents the characteristics of the hydrological
stations situated along the Lengupd River. All stations are located in the Boyacd department,
within Colombia’s Orinoquia region. IDEAM, the Spanish acronym for the Institute of
Hydrology, Meteorology and Environmental Studies, operates these stations.

Table 2. Characteristics of the hydrological stations and available datasets.

Station Name Station Code Dataset Available Latitude, Longitude
Péez 35087020 1976-2020 5.08, —73.07
San Agustin 35087010 1961-2021 4.86, —73.23
Casa de Maquinas 35087070 1982, 1999 4.90, —73.23
Chapasia 35087060 1999-2024 5.16, —73.09

The proposed model was implemented at the Pdez station on the Lengupd River to
demonstrate its applicability. Figure 4 shows the delineation of the watershed correspond-
ing to this station. The watershed covers a drainage area of 1090 km?, and the average
longitudinal slope of the main channel is 0.064 m/m.

The annual peak flow series was derived from the records from the Paez station
(Figure 5a). To compute the total hydrograph volume, storm hydrographs from 1996,
1997, and 1998 were selected, each lasting approximately one day. These hydrographs
were chosen because they correspond to the dates on which the maximum peak flows
were recorded.

In light of this, the maximum daily volume series was extracted as representative of
the storm hydrograph (Figure 5b) [30]. Figure 5c presents the baseflow series, calculated by
the authors, and using the mean monthly flow for the wettest month (July).

Based on the datasets presented in Figure 5, a frequency analysis was conducted using
the Generalized Extreme Value, Gumbel, and Pearson Type Il hydrological distributions.
The distribution parameters were estimated using three fitting methods, namely, moments,
maximum likelihood estimation, and L-moments, to identify the most suitable distribution.
The Kolmogorov-Smirnov, Chi-Square, and Anderson-Darling statistical tests were em-
ployed to assess the goodness of fit. The HEC-SSP 2.3 software was used to perform the



Hydrology 2025, 12, 158

9 of 21

calculations. Table 3 presents the results obtained; the best fit is highlighted in grey, while
the second-best fit is indicated in blue.
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z | /\ z
W= | :
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Figure 4. Delineation of the watershed for the Pdez hydrological station located on the Lengupa River.

The frequency analysis was carried out using the Pearson Type III distribution for the
peak flow series and the Generalized Extreme Value distribution for both the maximum
daily volume and baseflow series [31]. In all cases, the distribution parameters were
estimated using the L-moments method [32], as it provided the best fit, as shown in Table 3.
Figure 6 presents the results obtained for the three analysed series.

The storm hydrographs from 1996, 1997, and 1998 were used to apply the methods
proposed in this study. The dimensionless hydrograph was constructed based on the
maximum peak flow and the corresponding peak time, as shown in Figure 7. The storm
hydrographs show that peak times vary between 5 and 9 h.

3.2. Computation of Design-Related Hydrographs

Storm hydrographs for various return periods were calculated using the baseflow
methods summarised in Table 1. Figure 8 illustrates the storm hydrographs generated
using the model proposed in this research, which applies all three baseflow separation
methods. The hydrographs were produced for return periods ranging from 5 to 200 years.
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The proposed model effectively reproduces the peak flow, baseflow, and daily volume

series associated with the different return periods for all baseflow separation methods.

Maximum daily volume (hm?) Peak flow (m3/s)

Base flow (m?3/s)

1200

(a)

1000 °
800 ® o0 o
600 . e °
400 - ° . ® % o o ® °
200
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Figure 5. Annual values at the Pdez hydrological station: (a) peak flow series, (b) maximum daily

volume series, and (c) baseflow series.
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Figure 6. Frequency analysis results: (a) peak flow series, (b) maximum daily volume series, and
(c) baseflow series.
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Figure 7. Computation of dimensionless hydrograph (U(t)) considering a linear baseflow separa-
tion method.
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Table 3. Statistical tests for the annual series of the Pdez station.
L. Statistical Tests
Distribution Kolmogorov-Smirnov Chi-Square Anderson-Darling
Peak Flow series
Pearson III (PM) 0.075 3.326 0.244
Generalized Extreme Value (PM) 0.077 3.326 0.240
Gumbel (PM) 0.085 1.837 0.265
Pearson III (LM) 0.066 2.953 0.189
Gumbel (LM) 0.070 2.581 0.202
Generalized Extreme Value (LM) 0.071 2.953 0.201
Pearson III (MLE) 0.071 2.953 0.197
Gumbel (MLE) 0.075 2.581 0.213
Generalized Extreme Value (MLE) 0.080 2.581 0.233
Daily volume series
Generalized Extreme Value (PM) 0.080 3.333 0.147
Gumbel (PM) 0.082 4476 0.319
Pearson III (PM) 0.083 3.333 0.162
Generalized Extreme Value (LM) 0.072 3.714 0.135
Pearson III (LM) 0.072 4476 0.137
Gumbel (LM) 0.074 3.333 0.219
Gumbel (MLE) 0.063 4.857 0.181
Pearson III (MLE) 0.074 5.238 0.146
Generalized Extreme Value (MLE) 0.081 2.571 0.161
Baseflow series
Generalized Extreme Value (PM) 0.085 4.857 0.236
Pearson III (PM) 0.088 3.333 0.272
Gumbel (PM) 0.132 10.571 0.666
Generalized Extreme Value (LM) 0.085 4.857 0.229
Pearson III (LM) 0.088 4.857 0.247
Gumbel (LM) 0.123 5.238 0.490
Generalized Extreme Value (MLE) 0.087 3.333 0.266
Pearson ITI (MLE) 0.094 3.333 0.276
Gumbel (MLE) 0.100 2.571 0.381

Notes: PM = standard product moment, MLE = maximum likelihood estimation, LM = L-moments. In addition,
XXX = the best fit of the hydrological distribution, and XXX = the second-best fit of the hydrological distribution.

To generate the storm hydrograph, the following formulas were employed:

Qir = U(t)(QPg — Qpr) + QBr (11)

where Qy is the storm hydrograph.

The parameters of the baseflow separation methods were computed. Parameters for
the baseflow functions were estimated using the GRG nonlinear algorithm provided by
the Solver of Microsoft Excel. The peak times obtained using all methods were of the same
magnitude as those observed in the recorded storm hydrographs, varying from 4 to 9 h.
The proposed model was calibrated solely using the parameters related to the baseflow
separation methods. The peak time obtained for the constant and master recession curve
methods was 9 h, higher than the 7 h observed for the linear method. The slope of the
linear method was 9.32 m3/s/h, while the recession constant (K) for the master recession
curve was 0.016 h=1.

To identify the most appropriate method for baseflow separation, the root mean square
error (RMSE) was calculated as follows:

1N/ VE— V2
RMSE — N,;(v,;) (12)

where VE is the estimated hydrograph volume (see Figure 6b), V;, is the volume modelled
using the proposed approach with the three baseflow separation methods, and N is the



Hydrology 2025, 12, 158 13 of 21

total number of extreme events analysed. The estimated volume was determined through
a frequency analysis of the series of maximum daily volumes (see Figure 6b).

1400
1200 —— 200 years
1000 100 years
= 800 50 years
E
= ——20 years
S 600
400 —— 10 years
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200
0
0 4 8 12 16 20 24 (a)
t (h)
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200 ’
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Figure 8. Computation of design-related storm hydrographs using the following baseflow separation
methods: (a) constant, (b) linear, and (c) master recession curve.

Table 4 compares the modelled and estimated volumes and the corresponding RMSE
for each baseflow separation method. The results indicate that the linear method provided
the best fit, with an RMSE of 0.35%, while the constant and master recession curve methods
yielded similar values. From a physical perspective, the linear method provided the best
results, as the estimated storm hydrographs tend to exhibit this type of shape, as illustrated
by the average dimensionless hydrograph shown in Figure 7.
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Table 4. Comparison between observed and modelled storm hydrograph volumes for various
return periods.

-

Return Period

Computed Volume (hm3) **

Estimated Volume (hm?3) *

(Years) Constant Linear Master Recession Curve
1 200 56.4 57.7 56.5 58.2
2 100 53.5 54.0 53.4 54.4
3 50 50.4 50.2 50.2 50.5
4 20 45.8 447 45.6 45.0
5 10 41.8 40.3 41.7 40.5
6 5 37.3 35.3 37.5 35.4
N = RMSE (%) 3.02 0.35 2.92

Notes: * Values obtained from Figure 6b. ** Values computed using the equations presented in Table 1.

4. Discussion
4.1. Advantages and Limitations

A key benefit of the proposed model is its versatility in tropical, semi-arid or moun-
tainous regions, since it relies solely on hydrological data obtained from a gauging station.
The proposed model may be used to size hydraulic structures in rivers equipped with
gauging stations. Moreover, it can be applied to the analysis and design of diversion works,
such as cofferdams, conduits, and multi-stage diversions, in riverine settings. It is also
suitable for assessing extreme-event scenarios for projects adjacent to rivers. The main
advantage of the proposed model, as combined with baseflow separation methods, is its
low implementation cost compared to traditional rainfall-runoff approaches. The selection
of baseflow methods is of the utmost importance in the determination of recorded hydro-
graphs at stream gauge stations, a process which implies replicating existing conditions as
closely as possible [6,25-27,33].

The proposed method’s main limitation is that it cannot be applied to ungauged
catchments or basins that lack reliable hydrological records. In regions with scarce datasets,
rainfall-runoff models must be employed to calculate storm hydrographs associated with
different return periods. Another disadvantage of the proposed model is that it cannot
analyse sub-basins without installed stream gauging stations.

4.2. Regional Analysis and Dataset Comparison
4.2.1. Regional Analysis for the Case Study

To observe the behaviour of the maximum annual flows, records from the hydrological
stations located along the Lengupéa River in Colombia were analysed, considering all
available stations listed by IDEAM. Table 2 presents a summary of the characteristics of
these stations.

Only the hydrological stations of San Agustin and Chapasta, listed in Table 2, were
used to fit the hydrological distributions; this decision was based on the lengths of the
available annual peak flow records. Table 5 presents the results of the statistical goodness-of-
fit tests: Kolmogorov-Smirnov, Chi-square, and Anderson-Darling, applied to the Pearson
Type III, Generalized Extreme Value, and Gumbel distributions. The parameter estimation
methods employed were moments, maximum likelihood estimation, and L-moments.
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Table 5. Statistical tests of the peak flow annual series of stations located in the Lengupd River.

o Statistical Tests
Distribution Kolmogorov-Smirnov Chi-Square Anderson-Darling
Chapasia station
Pearson III (PM) 0.093 NaN * 0.271
Generahze(zlp}%\;}’;reme Value 0.105 NaN 0.295
Gumbel (PM) 0.126 0.909 0.487
Generahze(ElL}i;}’;reme Value 0.090 NaN 0.162
Pearson III (LM) 0.109 NaN 0.070
Gumbel (LM) 0.127 0.909 0.424
Generalized Extreme Value
(MLE) 0.085 NaN 0.159
Gumbel (MLE) 0.109 0.909 0.344
Pearson III (MLE) 0.377 NaN 4.195
San Agustin station
Generahzec(lplij\z;reme Value 0125 16.526 0.73
Pearson III (PM) 0.127 15.368 0.77
Gumbel (PM) 0.139 15.754 1.027
Pearson III (LM) 0.119 13.439 0.695
Gumbel (LM) 0.121 10.737 0.812
Generahze(ElL]z:\igreme Value 0.121 13.053 0.71
Gumbel (MLE) 0.115 11.509 0.723
Pearson III (MLE) 0.126 14.982 0.747
Generalized Extreme Value
(MLE) 0.13 12.281 0.784

Notes: * NaN: Not applicable. In addition, XXX = the best fit of the hydrological distribution, and XXX = the
second-best fit of the hydrological distribution.

The results are consistent with those obtained for the Paez station (see Table 3), as
the Pearson Type III distribution using L-moments provided the best fit according to the
Anderson-Darling test for the Chapasia station. The same distribution for the San Agustin
station yielded the best results with the Anderson-Darling test and the second-best fit
under the Kolmogorov—-Smirnov test.

4.2.2. Comparison of an Additional Stream-Gauge Station

A comparison was made using data from an additional flow observation station.
In this case, data from the Puente Balseadero station on the Magdalena River (station
code 2104701; data obtained via IDEAM, Colombia) were analysed. This station covers
a catchment area of 5584 km?2. The dataset utilized is available at Reference [33]. The
results were extrapolated to the El Quimbo Hydropower Dam (Colombia) site, which has a
drainage area of 6832 km?2. The linear baseflow method, applied for return periods ranging
from 5 to 200 years, yielded a root mean square error (RMSE) of 1.98% (see Table 6). This
value is higher than that obtained in the present case study (Lengupa station, as shown in
Section 3), which achieved an RMSE of 0.35% for the same return periods. These findings
are consistent, as larger drainage areas result in higher RMSE values. Implementing
the linear and recession curve methods can improve accuracy, as they incorporate more
parameters during the calibration phase.

4.3. Application of the Boussinesq Formula and Isotopic Methods

Applying these baseflow separation methods entails considerable costs for studies
conducting hydrological analysis. In particular, the Boussinesq method requires mea-
surements of groundwater levels, determination of soil properties along aquifer systems,
and assessment of streambed conductance. The isotope method demands regular field
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sampling and laboratory analysis, techniques which are not commonly undertaken by
hydrologists worldwide.

Table 6. Comparison of the proposed model at the El Quimbo Hydropower Dam site, using the linear
baseflow method.

i Return Period (Years)  Estimated Volume (hm®) Computed Volume (hm?)
1 200 322.02 319.0
2 100 298.69 295.4
3 50 276.23 271.7
4 20 24091 240.1
5 10 222.05 215.7
6 5 196.69 190.3
N=6 RMSE (%) 1.98%

5. Conclusions

In this study, a hydrological method based on data from stream gauging stations has
been developed, incorporating five baseflow separation techniques: the constant baseflow
method, the straight-line method, the master recession curve method, a physically based
method derived from the analytical solution of the Boussinesq equation, and a chemically
based isotopic method.

The proposed model’s primary advantage over traditional rainfall-runoff approaches
is that it relies solely on hydrological records from a stream gauging station. Moreover,
the only parameters requiring calibration pertain to the baseflow separation methods
used in the calculations. This model’s application necessitates information on peak flows,
initial baseflows, and the maximum volume values of storm hydrographs associated with
different return periods.

Accurate separation of baseflow from storm runoff is paramount in improving the
estimation of design-related storm hydrographs. The methodology implemented in this
research enables the computation of design-related storm hydrographs for various return
periods, using hydrological records from stream gauging stations.

The proposed method was applied to a case study at the Pdez stream gauging station,
located on the Lengupé River in Colombia, which has a drainage area of 1090 km?. The
results of the model’s application led to the following conclusions:

e  The frequency analysis demonstrated that the L-moments technique was the most
effective approach in calculating peak flows, initial baseflows, and the maximum
volume values of storm hydrographs for different return periods.

e The findings confirm that the statistical models used are well-suited for predicting
events with return periods ranging from 5 to 200 years, as the proposed model suc-
cessfully reproduces extreme values of peak flows, initial baseflows, and storm hydro-
graph volumes.

o  Thelinear baseflow separation method provided the highest accuracy, with a root mean
square error (RMSE) of 0.35% in terms of maximum volume across different return
periods. However, the constant and master recession curve methods also yielded
reliable results, with RMSE values of 3.02% and 2.92%, respectively. These results
indicate that the proposed model is a valuable tool for hydrologists in computing
storm hydrographs for different return periods.

Future research should focus on further applying the demonstrated formulas, particu-

larly those based on the Boussinesq equation (physically based) and the isotopic method
(chemically based), to enhance the robustness of the proposed methodology.
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Nomenclature

The following abbreviations are employed in this article:

A

a, b

B
Csample
Csmow

OO0z 0y RSO
-~ o s

te/tr

Subscripts
R

Watershed area (km?)

Parameters of the Boussinesq equation

Aquifer width (m)

Concentration sample

Concentration of isotopes

Baseflow volume (m?)

Depth of an aquifer (m)

Discharge of an aquifer (m3/s)

Groundwater level (m)

Decay exponent (s~ 1)

Saturated hydraulic conductivity of the unconfined aquifer (m/s)
Total length of contributing channels (m)

Slope or factor of the linear baseflow method (m3/s/h)
Number of analysed storm hydrographs (-)

Baseflow discharge (m?3/s)

Total discharge of a storm hydrograph (m3/s)

Peak flow (m3/s)

Flow before and after a storm hydrograph (m?/s)
Constant baseflow or initial baseflow discharge (m3/s)
Final discharge of the baseflow function (m3/s)
Drainage density (1/m)

Root mean square error (%)

Storm runoff volume (m?)

Dimensionless hydrograph (-)

Auxiliar variable for integration purposes

Duration of a storm hydrograph (s)

Time (s)

Peak time (s)

Initial time of a recorded hydrograph (s)

Final time of a recorded hydrograph (s), where e corresponds to a constant baseflow
and 7 corresponds to linear and recession curve methods
Total modelled volume (m?)

Total measured volume (m3)

Horizontal distance (m)

Isotopic content (%o)

Refers to a return period (years)
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Appendix A. Demonstration of Additional Baseflow Methods
Appendix A.1. Based on the Boussinesq Equation

When the effect of capillarity above the groundwater table is neglected and the
Dupuit-Forchheimer approximation is applied, the one-dimensional Boussinesq equa-
tion describes the transient elevation of the groundwater level ii(x, t) above a horizontal

oh ko [, oh

impermeable layer:

where k is the saturated hydraulic conductivity of the unconfined aquifer, ¢ is the drainable
porosity, f is time, and x is the horizontal distance [25].

For a fully penetrating stream (1(0, t) = 0) draining from an initially saturated aquifer
(h(x,0) = D), where D is the depth of the aquifer of finite width B, the resulting discharge
d(t) for short times is given by Reference [28]:

d(t) = 0.332(kg) /2 D3/ 24172 (A2)

When the recession extends across the entire width of the aquifer, the discharge for

long times becomes
2
d() = 0.862kD i (A3)
B[1+1115( 45, )|

The exact time at which groundwater discharge begins in Equation (A2) is generally
unknown. Therefore, Reference [28] proposed that the slope of the hydrograph recession
(dQ/dt) could be analysed as a function of discharge (Q). For Equations (A2) and (A3), the
recession slope can be expressed as

W0 — aghr (A%
where Q = 2Lqdl (where L is the total length of the contributing channels) is the measured
discharge, and a and b are constant values. With appropriate expressions for the drainage
density Ry = LA™!, where A is the catchment area and an effective width B = 21{;l for
natural catchments, the constants in Equation (A4) are as follows:

1.133

For a short-term solution, the following analysis is conducted:

 4.804k'/2L

3
ap = W; by = 5 (A6)

Or, for a long-term solution, Equation (A4) has two straight lines, with slopes of 3 and
1.5, intercepting at a; and a5, and corresponding to Equations (A5) and (A6), respectively.
The general solution to Equation (A4) is

Qp(t) = { [qsl—h - (1- b)at} osib#£1 a7
qse_”t sib=1

In the method based on the analytical solutions of the Boussinesq equation, the base-
flow function corresponds to a binomial raised to a power, the value of which essentially
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depends on the soil parameters. Initially, the solution is obtained for the case in which
b # 1 by substituting Equation (A7) into Equation (2), as follows:

Vi = _/OT (170 = (1= b)at] T QPR/OT U(t)dt — /OT (170 = (1 - b)at] (bt

(A8)
To solve the integral, the following substitution is applied:
du
1-b
— — _— M = — A
u=q, (1—="0)at; dt A—b) (A9)
Then,
1-b = 1 4 1 urat!
f[% _(1_b)at:| dt:_mful_bdu:—mﬁ 1
2=b 1-b = (A10)
. 1 uT b _ [90't—(1-bat]T
T (1-b)a 2= — a(b—2)

1-b

By evaluating the resulting expression over the interval from t = 0 to ¢t = T, the
following is obtained:

[N]
&3

/oT 97— (1 = b)at] N Ak ua_(:)_“ﬂ . (A11)

<

The equation for computing a storm hydrograph for the case where b # 1 is

2—b
Sl—b7 1—b)aT] 1=b —g,2—0
Vg = D0 oy fT U

—Jy [qsl‘b -(1- b)at} ﬁu(t)dt

(A12)

To obtain the solution for the case where b = 1, the corresponding part of Equation (A7)
is substituted into Equation (2), as follows:

T T T
Vair = / gse dt + QP / u(t)dt — / gee U (t)dt (A13)
0 0 0

By solving the corresponding integral, the equation becomes

T

T
Vig = — Lot 1+ opy / U(t)dt — g5 /O e U(1)dt (A14)

0
Appendix A.2. Isotopic Method

Certain water isotopes, such as oxygen-18 and deuterium, possess isotopic signatures
that are preserved in specific systems of the hydrological cycle, including aquifers and
certain bodies of water, where fractionation does not occur. The concentrations of oxygen-18
and deuterium in water are expressed as the difference in per mil of the D/H and 80 /160
ratios relative to the same ratios in ocean water (SMOW, Standard Mean Ocean Water),
referred to as the reference sample. This difference is expressed as a content value, the
notation of which is § [26]:
Csample — Csmow

5 =
Csmow

(A15)

where ¢ is the isotopic content, Cggppie is the concentration of Escribaa qui la ecuacion.
180 /160 for oxygenand D/ H for deuterium in the sample, and Cspjow is the concentration
of isotopes (SMOW) in the reference sample. During the various stages of the hydrological
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cycle, water isotopes acquire isotopic content due to phase changes, specifically, evaporation
and condensation. Evaporated waters have higher isotopic contents, while rainwaters have
lower isotopic contents.

The mass conservation equation, taking as the control volume a segment of a river in
which the inflows and outflows are constant and assuming that there are no losses in that
section, allows for the relation of each component of the flow to its corresponding isotopic
content, as follows:

Qrdr = Qpdp + Qsds (Al6)

where Qt, Qp, and Qg represent the total flow in the river, baseflow, and surface runoff,
respectively, and Jr, dp, and dg correspond to the isotopic contents of the total flow in
the river, baseflow, and surface runoff, respectively. By applying the principle of mass

(61 — b5
Qp = (53 — 5S>u(t) (A17)

conservation, then,

The isotopic contents required in Equation (A17) necessitate isotopic content data
that are the weighted averages of the different flows they represent. The sampling is
designed to obtain meaningful and representative averages of the isotopic content at each
component’s temporal and spatial scales. Equation (A17) is used to separate the baseflow
into two components. This equation represents the proportion of the baseflow relative to
the total flow passing through the river, based on the isotopic contents of surface runoff,
baseflow, and total flow. Estimating the previous values involves measuring variables such
as precipitation and discharge at appropriate temporal and spatial scales [29].

The baseflow function for this method is a function of time, as defined by the total
flow function. By substituting Equation (A17) into Equation (2), the following is obtained:

ot — Js T or —ds\ [T 2
Var = (53 et QPR> /O Uu(t)dt — (53 — ) /0 (1))t (A18)
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