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Abstract: The aim of the study was to analyze the possibility of using selected rainfall-runoff

models to determine the design hydrograph and the related peak flow in a mountainous catchment.
The basis for the study was the observed series of hydrometeorological data for the Grajcarek
catchment area (Poland) for the years 1981–2014. The analysis was carried out in the following stages:
verification of hydrometeorological data; determination of the design rainfall; and determination of
runoff hydrographs with the following rainfall-runoff models: Snyder, NRCS-UH, and EBA4SUB.
The conducted research allowed the conclusion that the EBA4SUB model may be an alternative to
other models in determining the design hydrograph in ungauged mountainous catchments. This is
evidenced by the lower values of relative errors in the estimation of peak flows with an assumed
frequency for the EBA4SUB model, as compared to Snyder and NRCS-UH.

Keywords: design hydrograph; SCS-CN; EBA4SUB; mountainous catchments; rainfall-runoff models;
ungauged catchments

1. Introduction

Surface runoff is the amount of water that is generated when excess stormwater, meltwater, or
other water sources flow over the topographic surface. It occurs, for instance, when the soil is saturated
from above by infiltration, or when the soil is saturated from below by the subsurface flow. Surface
runoff often occurs due to impervious areas (such as roofs and others) that do not allow water to
soak into the ground. It is the primary agent of soil erosion by water [1,2]. In addition to causing soil
erosion, surface runoff is a primary cause of flooding, which can result in property damages. Hence,
determining the shape of design hydrographs is a very important activity in flood protection.

The knowledge of the characteristics of design hydrograph, such as peak flow, duration, or volume,
is necessary for planning and designing water management facilities and determining flood risk zones.
One of the methods for obtaining such information is the use of theoretical design hydrographs. These
are typical hydrographs for the investigated catchment, which describe the shape of the flood wave.
Hydrograph parameters are often determined on the basis of physiographic characteristics of the
catchment. One particular application related to water management during floods is in uncontrolled
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catchments. Indeed this application is challenging because ungauged catchments’ lack of runoff

measurements that are often necessary for calibrating advanced hydrological models [3,4].
There are quite a number of methods that can be used to determine design hydrographs in

ungauged basins, for instance hydrological rainfall-runoff models can be used [5–8]. Of the numerous
mathematical models used for the analysis of the rainfall-runoff relationship, conceptual models based
on the cascade of Nash linear tanks, double cascade of tanks (Wackermann model) or synthetic unit
hydrographs (Snyder, SCS-UH, Clark-UH) are commonly employed [9]. It should be emphasized that
in recent years, the runoff formation in a changing environment has become an important scientific
problem in hydrology. A better understanding of the runoff changes are thus of paramount importance
to effectively manage water resources. The variability of hydro-meteorological conditions due to
climate change significantly affects the hydrological regime in catchments [10]. Generally, climate
change and human activities are significant factors influencing runoff variation [11,12]. Hence, studies
related to the possibility of using new methods to determine design hydrographs should be conducted.

Past experience with the use of rainfall-runoff models has shown some limitations associated
with their use. Many problems focus on the following issues: (1) Lack of guidelines for the adoption
of a standard rainfall hyetograph, which increases the uncertainty of the results obtained; (2) High
sensitivity of synthetic hydrographs to the distribution of rainfall patterns in the catchment and
rainfall height measurement errors; (3) Overestimation or underestimation of direct runoff from the
original SCS-CN method; (4) Uncertainty of the results of SCS-UH in relation to the input parameters;
(5) Subjectivity of the selection of the size of the indicators for estimating the parameters of selected
models [13–16]. An alternative to the rainfall-runoff models used so far may be the recently developed
“Event-based Approach for Small and Ungauged Basins” (EBA4SUB) model. It allows estimating the
magnitude of the peak flow along with the characteristics of the design hydrograph (e.g., duration
and volume). This model has been fully adapted to determine the floods in uncontrolled catchments.
It is based on geographic information systems and on the optimization of topographic information
contained in the digital elevation model. The EBA4SUB model was developed to obtain the design
hydrograph with the smallest possible input information like when using the well-known rational
formula [17–19].

Considering the limitations related to the previously aforementioned rainfall-runoff models,
the overall objective of this study was a comparative analysis for the shape of design hydrograph
determined in a Carpathian mountainous catchment with the following models: NRCS-UH, Snyder,
and EBA4SUB. The novelties in the EBA4SUB model are in its approach towards calculating excess
rainfall and its adaptation of the width function to the description of the transformation of rainfall into
runoff. It should be emphasized that so far there has been no research regarding the possibility of using
the EBA4SUB model to determine the design hydrographs in the Carpathian catchments. Therefore,
a novelty in this study is the comparison of the EBA4SUB model with simple models commonly used
in Poland, which have certain recognized limitations. The study will allow a determination as to
whether the EBA4SUB model may be an alternative to commonly used methodological approaches.

2. Materials and Methods

The basis for this study was the observed time series of daily rainfall and maximum annual
flows in the period 1971–2014 for the Grajcarek river, obtained from the Institute of Meteorology and
Water Management in Warsaw, the National Research Institute. The analyses were carried out in the
following stages: verification of hydrometeorological data, calculation of maximum annual rainfall
and flows with a specified probability, determination of the design hydrographs using the analysed
rainfall-runoff models described in the following, and quality assessment of the used models.

2.1. Research Area Characteristic

The selected case study is the Grajcarek river catchments (coordinates for cross-section Szczawnica:
49◦25′22” N 20◦28′58” E). It is located in the Carpathian part of the upper Vistula river catchment,
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in Poland. The catchment area is 86 km2. The length of the main watercourse to the outlet cross-section
is 15.0 km. The average catchment slope is 8%. The density of the river network is 0.70 km−1.
This information was derived using a Digital Elevation Model (DEM) provided by USGS—United
States Geological Survey, with a grid resolution of about 25 m. Based on the Hydrographic Division
Map of Poland 2010 and on the Corine Land Cover 2018 database, the following forms of land uses
were identified together with the percentage of the catchment area respectively occupied. Loose urban
buildings (4.5%), arable lands without irrigation (5.1%), meadows and pastures (14.4%), areas occupied
mainly by agriculture with a high proportion of natural vegetation (2.1%), coniferous forests (29.8%),
mixed forests (43.4%), and deciduous forests (0.2%). The case study is dominated by poorly permeable
and impermeable soils. The average annual rainfall in the catchment area exceeds 765 mm. The average
annual temperature is 6.8 ◦C. Figure 1 shows the land use and the topography of the catchment.
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Figure 1. Case study land use (a) and topography (b).

2.2. Hydrometeorological Data Verification

The verification of the hydrometeorological data was carried out in relation to the maximum
annual daily rainfall (Pmax) and the maximum annual flow (Qmax), using the Mann-Kendall test (MK).
The H0 null hypothesis of the test assumes no monotonic data trend, while the H1 alternative states that
such a trend exists. The calculations were done for the significance level α = 0.05. The S Mann-Kendall
statistics were determined based on the equation [20,21]:

S = Σn−1
k=1Σn

j=k+1 sgn(x j − xk) (1)

sgn (x j − xk) =


1 for

(
x j − xk

)
> 0

0 for
(
x j − xk

)
= 0

−1 for
(
x j − xk

)
< 0

(2)

where:

n—number of elements in the time series.

The Z normalized statistics were calculated from the equation:

Z =
S − sgn(S)

Var (S)1/2
(3)

where: Var(S)—variance S is determined from the equation:

Var(S) =
1
18
·(n·(n − 1)·(2n + 5)) (4)
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The main premise the MK test used was the lack of autocorrelation in the data series. In the
case of Pmax and Qmax analysis, such relationships may occur, which in consequence leads to an
underestimation of the Var(S) variance. Therefore, a correction for correction of variance has been
included, calculated only for data with significant partial autocorrelation:

Var ∗ (S) = Var(S)·
n
n∗s

(5)

where:

Var*(S)—corrected variance;
n—the real number of observation;
n∗s—effective number of observations calculated as:

n
n∗s

= 1 +
2

n(n− 1)(n− 2)
·Σn−1

k=1 (n− k)(n− k− 1)(n− k− 2)ρk (6)

where:

k—next group with repeating elements;
ρk—value of the next significant autocorrelation coefficient.

2.3. Calculation of Maximum Annual Rainfall and Flows with Specific Occurrence Frequency

In this study, it was assumed that the maximum flow with a specific frequency (QT) is caused
by the occurrence of rainfall with the same frequency [22]. The QT flows were determined in order
to assess the quality of the hydrological rainfall-runoff models. The tests were performed for the
frequencies related to the return periods of 500, 100, and 10 years. The calculations were performed
applying the log-normal distribution, which is described as [23]:

f (x) =
1

(x− ε)α
√

2π
exp

−1
2

(
ln(x− ε) − µ

α

)2 (7)

xp = exp
[
µ+

α
√

2
erf(2(1− p) − 1)

]
+ ε (8)

where:

xp—quantile of the theoretical log-normal distribution;
ε—lower string limit;
erf(2(1 − p) − 1)—Gauss error function.

After determining the representative rainfall, the concentration time for the catchment was
determined using the Giandotti formula [24]. Rainfall was then determined for a duration equal to the
concentration time, using Lambor reduction curves. Then the pattern of the design hyetograph was
determined with the DVWK method [25].

2.4. Determination of the Design Hydrograph

The design hydrograph was determined with the models: Snyder, SCS-UH, and EBA4SUB. In the
Snyder and SCS-UH models, the excess rainfall was determined using the SCS-CN method, while in
EBA4SUB the CN4GA procedure was used. In order to characterize the design hydrograph shape,
the values of wave slenderness coefficients were determined from the relationship [26]:

α =
to

ts
(9)
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where:

to—wave fall time (h);
ts—wave rise time (h);

The SCS-CN method is a common method used for estimating the direct runoff in the world.
It was developed in USA, mostly for assessing the runoff in small agricultural catchments [27,28].
In the SCS-CN method, the excess rainfall depends on the category of soils, on the land use, and on
the soil moisture before the considered rainfall occurs. All these factors were considered in the CN
parameter (Curve Number) which is an empirical parameter used in hydrology for predicting direct
runoff or infiltration from total rainfall. The ranges of CN is from 0 to 100. The amount of excess
rainfall was calculated from the relationship [29–31]:

Pe =

 (P − 0.2S)2

P + 0.8S , when P ≥ 0.2S
0, when P < 0.2S

(10)

where:

Pe—excess rainfall (mm);
P—total rainfall (mm);
S—maximum potential catchment retention (mm).

The maximum potential retention of the catchment is directly related to the CN parameter and is
described by the equation:

S = 25.4·(
1000
CN

− 10) (11)

The CN parameter was determined for the second moisture level (AMC II), calculating it for the
catchment as a weighted average, according to the guidelines presented in [32].

To determine the design hydrograph with the Snyder model, it is necessary to know the peak flow,
delay time, and the time to reach the peak. These parameters are estimated from the relationship [33–35]:

TL = Ct·(L·Lc)0.3 (12)

where:

TL—delay time (h);
Ct—factor related to catchment retention (-);
L—maximum distance along the watercourse from the outlet cross-section to the drainage divide (km);
Lc—distance along the main watercourse from the outlet cross-section to the centroid of the
catchment (km).

Qp =
2.78·Cp·A

TL
(13)

where:

Qp—peak flow of the unit hydrograph (m3
·s−1
·mm);

Cp—empirical coefficient resulting from the simplification of the hydrograph to triangular shape (-);
A—catchment area (km2).

The SCS-UH model belongs to the group of unit hydrograph methods. The unit hydrograph
is simplified to form a triangle, and it is caused by an excess unitary rainfall uniformly distributed
throughout the entire catchment area. The size of the peak flow is expressed by the formula [36]:

qp =
c·A
Tp

(14)
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where:

qp—peak flow of the unit hydrograph (m3
·s−1
·mm);

c—conversion factor (c = 0.208) (-);
Tp—flood rise time, (h), calculated as:

TP =
D
2
+ TLAG (15)

where:

D—duration of excess rainfall (h);
TLAG—lag time in the SCS-UH method, (h), calculated as:

TLAG =
(3.28·L·1000)0.8

·( 1000
CN − 9)

0.7

1900·
√

I
(16)

where:

L—maximum length of the runoff path (km);
CN—Curve Number value (-);
I—average catchment slope (%).

The main element determining the shape of the design hydrograph determined with the NRCS-UH
method is the Peak Rate Factor (PRF). The value recommended by NRCS is 484. In the case of small
mountain catchments characterized by a fast response to rainfall, the value of this indicator should be
higher. In this work, analyses using the SCS-UH model were carried out for PRF values equal to 484
and 600.

In order to use the EBA4SUB model to determine the runoff hydrograph, it was necessary to
use the DEM of the catchment and to determine the value of the CN parameter (the same of other
methodologies). The excess rainfall was subsequently determined based on the CN4GA procedure [37].
This method is based on two stages. In the first, the excess rainfall is determined based on the NRCS-CN
method (Equation (10)). In the second stage, the temporal distribution of the excess rainfall inside the
event is determined using the Green–Ampt equation:

q0(t) =

 i(t), for t < tp

Ks

(
1 + ∆θ∆H

I(t)

)
, for t > tp

(17)

where:

q0—infiltration indicator;
tp—ponding time;
Ks—saturated hydraulic conductivity;
I—cumulative infiltration;
∆θ—change in soil-water content between the initial value and the field saturated soil-water content;
∆H—difference between the pressure head at the soil surface and the matric pressure head at the
moving wetting front.

The solution of Equation (17) requires the calibration of the Ks parameter. At the beginning,
the value of this parameter is assumed based on the case study soil group. Then the cumulative
infiltration is calculated, and its value is compared to that obtained from the NRCS-CN method.
The value of the Ks parameter changes until the cumulative infiltration from Equation (17) is equal
to that calculated using the NRCS-CN method. After determining the amount of excess rainfall,
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the instantaneous unit hydrograph is determined based on the width function described by the
relationship [38]:

WFIUH(t) =
Lc(x)
Vc(x)

+
Lh(x)
Vh(x)

(18)

where:

Lc, Lh—hillslope and channel flow paths, functions of DEM cell x, respectively;
Vc, Vh—runoff velocity for hillslope cells and flow channel cells.

After defining WFIUH, the final design hydrograph Q(t) is determined, described by the
following relationship:

Q(t) = A
∫ t

0
WFIUH(t − τ)Pn(τ)dτ (19)

where:

A—catchment area (km2);
T—duration of rainfall (h);
Pn(t)—excess rainfall determined by the CN4GA method (mm/h).

2.5. Assessment of Quality of Analysed Hydrological Models

The quality of the simulations obtained using the Snyder, NRCS-UH and EBA4SUB models was
assessed using the Mean Absolute Percentage Error (MAPE), which is described by the following
relationship [39]:

MAPE =
Qs,max −Qm,max

Qs,max
·100 [%] (20)

where:

Qm,max—maximum flow with a certain frequency of occurrence, calculated using rainfall-runoff models
(m3
·s−1);

Qs,max—maximum flow with a specified frequency of occurrence, calculated using the log-normal
distribution on observed data (m3

·s−1).

3. Results

3.1. Hydrometeorological Data Verification

The results of the analysis related to the hydrometeorological data verification are presented in
Table 1.

Table 1. The results of the significance analysis of the trend for the observation series Pmax and Qmax in
the Grajcarek catchment.

Characteristic Zc pc Varc n/n * Z p Var

Pmax 1.582 0.114 7721.554 0.846 1.455 0.146 9129.333
Qmax 1.143 0.253 9766.667 1.000 1.143 0.253 9766.667

Zc—modified value of normalized MK statistics; pc—modified value of test probability, Varc—modified value
of variance, n/n *—effective number of observations, Z—value of normalized statistics MK, p—test probability,
Var—variance.

Based on the results summarized in Table 1, it was found that for the analyzed multi-year period,
there were no statistically significant trends in the series of observations of the maximum annual daily
rainfall and flow. This is evidenced by the values of the Zc Mann-Kendall statistics, which assume
smaller quantities than the critical value, for the significance level α = 0.05 at 1.96. In the case of the



Water 2020, 12, 1450 8 of 17

results for the Pmax observation series, the effective number of observations (n/n *) takes values other
than 0, which indicates autocorrelation between individual variables. However, it does not affect
the conclusions made using the analyzed test. Similar results for rainfall in southern Poland were
obtained by Niedźwiedz et al. [40] and Młyński et al. [41]. These studies showed that the rainfall
in this region is characterized by growing but not statistically significant trends, and all changes in
the amount of rainfall are caused by irregular fluctuations. Slight trends in changes in the amount
of rainfall are reflected in the flood flows in the upper Vistula catchment. Research conducted by
Kundzewicz et al. [42], Wałęga et al. [43] and Młyński et al. [44] have shown a steady state of flood
flows in southern Poland over the last several years. Due to their geological structure, morphometric
characteristics, and land use, mountainous basins of the upper Vistula river catchment are sensitive
to the occurrence of intense rainfall. Hence, the rhythm of their course is repeated by the rhythm of
rainfall [45]. Therefore, it can be pointed out that there is a relationship between the maximum annual
daily rainfall and the maximum flow.

3.2. Determination of Rainfall and Peak Flows at a Specific Occurrence Frequency

Rainfall and maximum flow of a certain frequency were determined using the log-normal
distribution. The results of the calculations are presented in Figures 2 and 3. Based on the analyses,
the following rainfall values have been determined for return periods of 500, 100, and 10 years: 139;
111; and 73 mm respectively. The following values were obtained for peak flows: 157.660; 101.469;
and 44.470 m3

·s−1 for return periods of 500, 100, and 10 years, respectively. The use of log-normal
distribution in the analysis for calculating the maximum daily annual rainfall with a specific frequency
of occurrence was supported by research conducted by Młyński et al. [46] It has been shown that
this function is best suited to the empirical rainfall distribution Pmax, hence it can be the basis for
determining the course of design rainfall. In the work Młyński et al. [47] it has been shown also that the
same function describes at best the empirical distributions of Qmax flows in the upper Vistula catchment.
The log-normal distribution belongs to the family of right-handed heavy-tail functions, hence it is
widely used to describe extreme hydrometeorological phenomena, as supported by Kuczera [48] and
Strupczewski et al. [49]
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3.3. Determination of Design Hydrographs Employing the Selected Rainfall-Runoff Models

In order to be able to use the selected rainfall-runoff models, the excess rainfall heights were
determined using the NRCS-CN and CN4GA methods. The results of the calculations are summarized
in Table 2. Figure 4 shows the excess rainfall hyetographs against the background of total rainfall.Water 2020, 12, x FOR PEER REVIEW 10 of 17 
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Figure 4. Excess rainfall hyetographs against the background of the total rainfall determined by the
following methods: (a) NRCS-CN for return period 500 years; (b) NRCS-CN for return period 100 years;
(c) NRCS-CN for return period 10 years; (d) CN4GA for return period 500 years; (e) CN4GA for return
period 100 years; (f) CN4GA for return period 10 years.
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Table 2. Excess rainfall amounts determined by the NRCS-CN and CN4GA methods.

Return Period Tc (h) CN P (mm) Pnet (mm)

500
4 68.1

95.8 24.7
100 76.6 14.6
10 50.2 4.1

The amount of total rainfall P for the assumed return periods was determined by reducing the
amounts calculated using the log-normal distribution to an amount corresponding to a duration of
4 h, due to the calculated concentration time. AMC II was assumed for the calculation of the CN
parameter. It should be emphasized, however, that assuming this level for ungauged mountainous
catchments is a significant problem because the initial soil moisture conditions are determined not
only by atmospheric rainfall but also by the high level of the groundwater table and the occurrence of
poorly permeable soils that hinder infiltration. These factors lead to a decrease in the retention capacity
of the catchment. This is particularly evident in mountainous areas. Therefore, the adoption of a
low level of moisture can lead to an underestimation of the size of the design hydrograph. If the soil
moisture level is set too high, the floods can be greatly overestimated. Therefore, it is necessary to verify
the assumptions in relation to local environmental conditions to reduce modeling uncertainty [50].
Moreover, it should be emphasized that using the CN values proceeded by the standardized procedure,
the SCS-CN method can overestimate runoffs for high rainfall events, whereas it underestimates runoffs
for low depth rainfall events [51].

The shape of design hydrograph for given return periods was determined using the Snyder,
NRCS-UH, and EBA4SUB models. In the case of the first two models, the analysis was carried out
for excess rainfall calculated by the NRCS-UH method. For the EBA4SUB model, the excess rainfall
determined by the CN4GA method was used. Table 3 summarizes the characteristics of design
hydrographs. Figures 5–7 present their shapes for the investigated return periods.

Table 3. Characteristics of design hydrographs determined using the analyzed models.

Characteristic
Snyder NRCS-UH EBA4SUB

500 100 10 500 100 10 500 100 10

Qmax [m3
·s−1] 122.909 74.191 21.975

113.235 * 68.424 * 20.329 *
212.531 125.602 35.779135.483 ** 82.059 ** 24.529 **

V [mln m3] 2.291 1.377 0.403 2.291 1.377 0.403 2.078 1.226 0.346

t [h] 15.250 15.250 15.000
21.750 * 21.750 * 21.500 *

6.800 6.800 6.50016.000 ** 15.750 ** 15.500 **

α [–] 2.100 1.952 1.905
3.150 * 3.000 * 2.950 *

1.545 1.545 1.5002.095 ** 2.095 ** 2.150 **

* PRF (peak rate factor) = 484, ** PRF = 600.
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Figure 5. Design hydrograph for T = 500 years return period.
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Figure 7. Design hydrograph for T = 10 years return period.

Based on the results summarized in Table 3 and Figures 5–7, it was found that the highest values
of peak flows were obtained using the EBA4SUB model. This is due to the fact that the EBA4SUB
model takes into account the surface runoff speed when calculating the width function from the
formula (18). The analysed catchment has a mountainous character, so the runoff speeds will be higher
due to the greater slopes. Therefore, the catchment response for the EBA4SUB model will be faster
than for the others. In the NRCS-UH model, the catchment topography is considered indirectly by
the PRF value, however, in this case, a generalization is assumed that the same PRF value is valid
for the entire catchment, which is typical for a lumped model. In the case of the EBA4SUB model,
the surface flow velocity is calculated for each pixel of the DEM, and is dependent on the specific
pixel slope, so it characterizes the dynamics of runoff for the entire catchment. For the Snyder model,
the topography of the terrain is included in the Ct parameter. However, the model is not very sensitive
to changes in this parameter [26]. Regarding the peak flow values for Snyder and NRCS-UH, they are
comparable. It should be emphasized that higher values in the peak flow for the NRCS-UH model
were obtained assuming the PRF value as 600. Due to their geological structure and physiographic
characteristics, small mountainous catchments are characterized by a rapid response to the occurring
rainfall. As a result, the peak flow is violent and the flood duration is relatively short. Higher PRF
values reflect the shape of such floods. Conversely, lower values should be assumed for lowland and
plain catchments [52]. The average peak flows obtained with the Snyder and NRCS-UH models are
40% smaller compared to the corresponding peak flows determined by the EBA4SUB model, for each
return period. Despite significant differences in flows between EBA4SUB, Snyder and NRCS-UH,
the volume of flood is similar and amounts to slightly over 2 million m3, 1 million m3 and ca. 0.4
million m3 for return periods of 500, 100, and 10 years, respectively. Similar volumes result from the
fact that the basic information on excess rainfall in the CN4GA model are values determined using
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NRCS-CN. The CN4GA method first calculates the cumulative excess rainfall using the NRCS-CN
method. The CN4GA model is then used to determine the distribution of the excess rainfall over time
by taking into account the variable infiltration capacity during soil in the catchment. The shorter peak
flow time is the result of the distribution of excess rainfall over time, determined by the CN4GA method
(Figure 5). The duration of this fallout is 0.75 h (500 and 100 years return period) and 0.5 h (10 years
return period) where for the NRCS-CN method it is 2.8 h and 2.5 h, respectively. Therefore, the effective
rainfall intensity for CN4GA is concentrated over a shorter period of time, which is reflected by the
shape of the design hydrograph. The slenderness factor, whose values in each case are greater than 1.0,
indicates that the water level increased rapidly until the peak and then it fell slowly. Hence, it can be
concluded that there is an imbalance between volumes for the rising and falling parts, where the falling
volume was in each case larger. Due to its simplicity, the EBA4SUB model can be alternatively used to
determine the shape of design hydrographs in uncontrolled catchments. Its use consists basically of
three stages: determining the distribution of the design rainfall, determining the excess rainfall, and
determining the design hydrograph from the catchment. The simplicity of application of the model
in hydrological analyses means that it can be successfully used by practitioners to determine flood
hazard zones or to determine the size of reliable flows for the design of hydrotechnical constructions.
All analysed models have some limitations. They are sensitive to changes in the CN parameter, which
determines the amount of excess rainfall, which translates into the values of the peak flow. Research
carried out by Maidment and Hoogerwerf [53] showed that an increase in the CN parameter by 1%
increases the peak flow determined from the model also by approximately 1%. In the case of the
Snyder model, the coefficient values depending on the retention capacity of the catchment must be
estimated for its identification. Currently, there are no specific guidelines indicating which values
of these parameters should be assumed in relation to particular characteristics of the catchment,
which is why designers do it in a subjective way. The first attempts to make the parameters of the
Snyder model dependent on the catchment characteristics in Polish conditions were carried out by
Wałęga [54], but the obtained results require verification in the Carpathian catchments. Changes in
the values of individual parameters may, as a consequence, affect the sizes of floodplains or planned
water management facilities. The conducted research allowed to state that the EBA4SUB model does
not have such limitations. Model parameters are determined directly on the basis of physiographic
characteristics of the catchment, which precludes the subjectivity of their determination.

However, it should be emphasized that further research should be carried out regarding the
possibility of the use of EBA4SUB in uncontrolled mountainous catchments. Such studies should
primarily focus on determining the reference shape of the design hyetograph. A research conducted
by Młyński et al. [44] concluded, for instance, that even small changes in the design hyetograph shape
can cause differences in peak flows, calculated using the model, of more than 10%.

The Grajcarek drainage catchment is strongly asymmetrical, i.e., most of its tributaries are
right-bank inflows and are what causes that the shape of the catchment to be close to the oval. Hence
the concentration time is relatively short and it can contribute to a relatively fast rise of hydrographs.
It is defined very well by the EBA4SUB model compared to classic models, which take less account of
catchment asymmetry in the hydrographs shape.

3.4. Evaluation of the Quality of Analysed Hydrological Models

The results of the calculations regarding the quality of hydrological models using the MAPE
indicator are presented in Table 4. Figure 8 presents the values of peak flows for the analysed return
periods obtained using the analysed rainfall-runoff models against the background of the probability
distribution curve determined by the log-normal distribution.
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Table 4. Mean Absolute Percentage Error (MAPE) index values for the hydrological models analyzed.

Model
MAPE [%]

500 100 10

Snyder 22.0 26.9 50.5
NRCS-UH (PRF 484) 28.2 32.6 54.2
NRCS-UH (PRF 600) 14.1 19.1 44.7

EBA4SUB −34.8 −23.8 19.4
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Figure 8. QT values obtained with the analysed hydrological models against the background of
log-normal distribution.

Based on the results shown in Figure 8, it was found that QT values determined using the
Snyder and NRCS-UH models are lower, as respect to the corresponding values determined using
the log-normal distribution. For the EBA4SUB model, the calculated Q500 and Q100 are higher than
the statistical method. Based on the values listed in Table 4, it was found that for Q500, the NRCS-UH
(PRF 600) model was characterized by the smallest relative error. It should be emphasized, however,
that the average value of this error, for all return periods, is lower for the EBA4SUB and NRCS-UH
(PRF 600) models and amounted to 26% for both. For Snyder it was 33%, while for NRCS-UH (PRF 484)
it was 38%. The calculations carried out confirm that the EBA4SUB model can be an alternative to the
Snyder and NRCS-UH models. In the case of lower return periods, the EBA4SUB model gives peak
flows more similar to the observed ones. This provides some security for uncontrolled catchments,
where there is no hydrometric information. This could reduce the risk of designating too-narrow
flood hazard zones or undersizing hydrotechnical constructions in the light of weather phenomena,
the course of which is becoming increasingly extreme.

The main aim of EBA4SUB is to provide an accurate estimation of the design hydrograph,
minimizing at the same time the subjectivity of the practitioner related to the choice of the input
parameters. Practically, the EBA4SUB model reduces the uncertainty in the modeling of both the
infiltration process (thanks to the automatic estimation of CN) and both the propagation process (thanks
to the automatic estimation of concentration time). In doing so, EBA4SUB proposes a framework that,
on the same watershed and with the same input data, provides similar results when it is applied by two
different analysts in two different moments. This is crucial because when using different approaches,
as respect to EBA4SUB, like the well-known rational formula, it recognized a great uncertainty in the
estimation of the runoff coefficient or the concentration time. Moreover, from a methodological point of



Water 2020, 12, 1450 14 of 17

view, EBA4SUB is characterized by the following advantages. First, in excess rainfall estimation, thanks
to the CN4GA structure and its automatic calibration, it benefits from the accuracy of a physically based
infiltration scheme (the Green–Ampt equation) mixed with the simplicity of an empirical approach
(the CN method). Second, for excess rainfall-direct runoff transformation, it determines the IUH
(instantaneous unit hydrograph) shape using detailed geomorphological information pixel by pixel,
avoiding the use of synthetic methods.

The proposed procedure can help in assessing the influence of land abandonment on a watershed
scale on the surface runoff, since it allows an immediate estimation of design hydrograph based on
a hypothesis of changes of CN and concentration time that could be due to land use or land cover
modifications. Indeed modifications in land use or land cover are reflected by changes in CN, affecting
the infiltration process, and by changes in concentration time, altering surface flow velocities that at a
cascade affect the excess rainfall-direct runoff transformation [55]. Regarding agricultural practices,
it is well known in the literature that the impact of agriculture leads to a reduction in vegetation cover
and to an increase of both soil erosion rates and flood formation phenomena. As an example, Cerdà
et al. [56] found that when a field is abandoned, a sudden increase in surface runoff (more than two
times) can be expected before vegetation recovers, so there is a particular need to apply nature-based
soil and water conservation strategies to prevent soil erosion. Conversely, regarding forestry practices,
Keesstra [57] found that the basin extensive reforestation of the Dragonja catchment, which occurred
in Slovenia from 1945 to 2008, reduced the discharge of the river across the entire spectrum of the
flow, in particular for high return period events. Finally, regarding urbanization processes, Recanatesi
et al. [58] found that uncontrolled land degradation can severely increase flood risk, and that best
management practices are strongly needed, since they can help in mitigating the flood risk by up
to 90%.

4. Conclusions

The purpose of the research was to analyze the possibility of using the EBA4SUB model to
determine design hydrographs in mountainous catchments. Considering the obtained results, it was
found that this model can be an alternative to commonly used rainfall-runoff models such as Snyder
and NRCS-UH. The EBA4SUB model provides values for peak flows, with a specific frequency of
occurrence, relatively similar in respect to values obtained by the statistical method. Therefore, it can be
recommended as one of the alternatives to determine the shape of design hydrographs in uncontrolled
and mountainous basins. It should be emphasized, however, that the decisive factor influencing the
performances of hydrological rainfall-runoff models is the quality of meteorological data constituting
the input signal. Therefore, it is recommended to use the model in catchments where this information
has been fully verified.

Considering the topographic characteristics of the catchments that affect the asymmetry of its river
network, like height differences, runoff length and therefore the time of wave transition, the EBA4SUB
model appears to show less subjectivity in runoff calculation processes. Practical verification will be
possible by using the model to delineate flood risk zones and compare them with the corresponding
results obtained with other methods or with observed ones.
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47. Młyński, D.; Wałęga, A.; Petroselli, A.; Tauro, F.; Cebulska, M. Estimating maximum daily precipitation in
the upper Vistula basin, Poland. Atmosphere 2019, 10, 43. [CrossRef]

48. Kuczera, G. Robust flood frequency models. Water Resour. Res. 1982, 18, 315–324. [CrossRef]

http://dx.doi.org/10.1080/02626667.2011.644244
http://dx.doi.org/10.1515/jwld-2016-0002
http://dx.doi.org/10.1080/02508060708691974
http://dx.doi.org/10.1007/s11269-012-0082-5
http://dx.doi.org/10.1016/S1002-0160(11)60177-X
http://dx.doi.org/10.5194/hess-16-1001-2012
http://dx.doi.org/10.1080/02626667.2018.1501482
http://dx.doi.org/10.1016/j.catena.2018.08.032
http://dx.doi.org/10.1080/02626667.2013.870664
http://dx.doi.org/10.1002/hyp.9749
http://dx.doi.org/10.1016/j.advwatres.2010.06.003
http://dx.doi.org/10.1016/j.ijforecast.2015.12.003
http://dx.doi.org/10.1007/s00704-014-1108-0
http://dx.doi.org/10.3390/atmos9080313
http://dx.doi.org/10.2478/s11600-013-0192-3
http://dx.doi.org/10.3390/w8090394
http://dx.doi.org/10.3390/w11030601
http://dx.doi.org/10.3390/atmos10020043
http://dx.doi.org/10.1029/WR018i002p00315


Water 2020, 12, 1450 17 of 17

49. Strupczewski, W.G.; Singh, V.P.; Mitosek, H.T. Non-stationary approach to at site flood frequency modeling.
III. Flood analysis for Polish rivers. J. Hydrol. 2001, 248, 152–167. [CrossRef]
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