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Abstract: The aim of this study was to identify the form of the dependence describing the relationship
between rainfall (P) and the curve number (CN) parameter using the Natural Resources Conservation
Service (NRCS-CN) method in the mountain catchments of the Western Carpathians. The study
was carried out in 28 catchments areas in the Western Carpathians in the Upper Vistula Basin,
Poland. The study was conducted in the following stages: determination of the volume of the
direct runoff using the NRCS-CN method, determination of the P–CN relationship using asymptotic
functions, kinetic equation and complementary error function; determination of the volume of the
direct runoff from the catchment area, accounting for the correction of the decline; determination of
the value of the efficiency coefficient of the analysed models. On the basis of the conducted study,
a strong relationship was found between the direct runoff and the rainfall that caused it. The study
showed that the empirical values of the CN parameter differed from the values determined on the
basis of the volume of rainfall and runoff. The vast majority of study catchments were characterised
by a standard P–CN relationship. The kinetic model was found to be the best model to describe the
P–CN relationship. The asymptotic model showed the greatest stability for high rainfall episodes.
It was shown that the application of the catchment slope correction improved the quality of the
NRCS-CN model.
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1. Introduction

One of the most important tasks in engineering hydrology is determining the course of rainfall
floods. Many methods are used for this, the use of which depends on the availability of hydrological
data. In gauged catchments, design floods are determined on the basis of a seriesof observed
flows. In the case of ungauged catchments, among the many methods, models based on the
rainfall–runoff relationship are the most common [1–3]. Rainfall floods are dynamic processes
influenced by many interrelated factors: rainfall intensity, direction of rainfall movement, catchment area,
river network density, denivelation, geological structure, land use of catchment area, rainfall interception,
infiltration, antecedent soil moisture, surface and subsurface flow and their pathways [4]. As a result,
many methods have been developed to determine the volume of rainfall floods, taking into account
the characteristics of their shaping [5,6].

One of the most frequently used methods to describe the rainfall–runoff relationship is a procedure
developed by the Natural Resources Conservation Service [7,8]. It is based on the runoff curve number
(CN), which is widely known as the NRCS-CN (formerly SCS-CN) method. The CN parameter expresses
the catchment’s ability to form a surface runoff. In this method, the input signal is information on the
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rainfall course causing the runoff. On the other hand, the value of the CN parameter depends on the
infiltration capacity of the soil substrate, the use of the catchment area and the humidity conditions
in the catchment before the rainfall causing the runoff. The popularity of the NRCS-CN method is
mainly due to the simplicity of its application. Its use comes down to the determination of the value
of the CN parameter. However, this method also has several limitations. The main ones are, first of all,
high sensitivity to changes in the CN parameter; the lack of clear guidelines for determining the
moisture conditions of the catchment area or the volume of initial rainfall losses; the lack of coefficients
for taking into account significant drops in the catchment area [9–11]. Moreover, the NRCS-CN method
does not allow for the determination of the course of infiltration over the time of rainfall, and it
is problematic to determine the runoff for lower rainfall due to the fact that this method ignores
the distribution of initial moisture in the soil [12]. In addition, it should be remembered that the
NRCS-CN method allows to determine only surface runoff without taking into account the subsurface
runoff, which may be the dominant form of total runoff, especially in catchments with high retention
capacity [13–15]. It should also be emphasized that the original values of the CN parameter were
developed for small agricultural catchments. Hence, determining them for areas characterised by
different use may lead to a greater error in the estimation of rainfall levels.

In recent years, many studies have been carried out on the effectiveness of the NRCS-CN method in
the description of the runoff. Grimaldi et al. [10] proposed a new approach to determining the volume of net
rainfall, combining the traditional NRCS-CN and the Green-Ampt equation (CN4GA). Caletka et al. [16]
conducted analyses related to the dependence of the volume of initial abstraction on the volume
of rainfall. They showed that the initial abstraction parameter was significantly different from the
original one recommended by the NRCS. Moon et al. [17], Ebrahimian et al. [18] and Shi et al. [19]
conducted studies related to determining the volume of runoff, taking into account the slopes of the
catchments. They found that the surface runoff determined by the NRCS-CN method with adjustment
for catchment slope had values much closer to the runoff observed compared to the original method.
Hawkins [20] conducted a study on the relationship between the values of the CN parameter and
the volume of rainfall causing floods using the so-called asymptotic functions. The values of CN
parameter were estimated as a function of the observed episodes of rainfall–runoff. On the basis of
observations, he distinguished three basic relationships between the CN parameter and rainfall (CN–P).
The most common was the so-called “standard” behaviour, where with low rainfall, high values
of the CN parameter occur and they gradually decrease with increasing rainfall, heading towards
a constant asymptotic value of CN with increasing rainfall. The second is “complacent” behaviour.
It is characterised by decreasing values in the CN parameter with increasing rainfall. However, there is
no tendency here to approach the constant CN value. The last type of behaviour is “violent”, where for
high rainfall, the CN values are apparently constant, except for very low episodes for which the
CN suddenly increases [21]. A study related to determining the CN–P relationship with the use of
asymptotic functions was also conducted by Wałęga et al. [22], where the analyses were performed for
forest catchments. In the work of Ebrahimian et al. [23], these functions were used to estimate CN in
urban catchments. Ryu et al. [24] integrated the asymptotic model with indicators describing the direct
runoff from the catchment area. Velásquez-Valle et al. [25] used the asymptotic functions to determine
the rainfall–runoff relationship in the catchments of a semi-arid climate. Santikari and Murdoch [26]
investigated the effect of the heterogeneity of the catchment area and the variable values of initial
rainfall losses on the values of the CN parameter using asymptotic functions.

In Poland, studies regarding the effectiveness of the NRCS-CN method have been carried out.
Krajewski et al. [27] showed that estimated initial abstraction ratios varied between storm events and
seasons, and they were most often lower than the original value of 0.20. In the case of large events,
the initial abstraction ratio in the catchment approached a constant value after the rainfall depth exceeded
a certain threshold value. Hence, when using the original NRCS-CN method, the initial abstraction
ratio should be locally verified. Młyński et al. [28] showed that the CN4GA method can be successfully
applied to determine the course of rainfall in Polish small mountain catchments. Wałęga et al. [29]
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compared the direct outflow calculated by modified and original NRCS-CN methods for mountains
and highland catchments in the Upper Vistula Basin and lowland catchments in South Carolina, USA.
They claimed that direct outflow calculated by the original NRCS-CN method was underestimated in
comparison to the observed ones for most of the analysed episodes. Kohnová et al. [30] investigated the
L-moment based regional approach to curve numbers for Slovak and Polish Carpathian catchments.
They showed that, mainly, introducing a common regional CN provides an opportunity to apply this
procedure in catchments of similar soil–physiographic characteristics and to verify existing tabulated
CN. In the work Rutkowska et al. [31], the probabilistic properties of a curve number were studied.
The authors showed that for CN, a generalized extreme value distribution was identified as the best fit
in most of the catchments.

Bearing in mind the limitations of the original NRCS-CN method, the aim of this study was to
identify the form of dependencies describing the relation between rainfall and the CN parameter in
the mountain catchments of the Western Carpathians. The analyses were performed for the Upper
Vistula Basin, Poland. The conducted study allowed for the verification of the CN parameter for the
examined area. The calculations were made using asymptotic functions. So far, studies for this region
have been conducted for individual catchments. It should be emphasized that due to the geological
structure and the structure of land use, this area is one of the most flood-prone in the entire region.
Hence, the analyses carried out, covering a wide area of this region, made it possible to describe
the regularities for the P–CN relationship and, thus, to describe the regularities that shape rainfall.
It should be emphasized that in this area no studies have been carried out to date on the impact of
the decrease in the catchment area on the values of the CN parameter. Hence, such analyses were
additionally taken into account, which is a novelty in this conducted study. As part of the study,
the following hypotheses were formulated: (i) there is a difference between the empirical CN and
that observed in the Carpathian catchments; (ii) the relationship between the volume of rainfall and
the observed CN in the Carpathian catchments is inversely proportional; (ii) there is some volume of
rainfall for which the CN parameter stabilises for the Carpathian catchments; (iv) the decline plays
a significant role in influencing the volume of runoff from the catchment area.

2. Study Area

The study was carried out for 28 catchments in the Upper Vistula Basin (Poland). This area is
located in Central Europe. The Upper Vistula Basin constitutes approximately 25% of the total area of
the Vistula catchment area and covers approximately 15% of the total area of Poland. The Upper Vistula
Basin is formed by three basic physiographic units: the Carpathians, uplands and plains [32]. Due to the
geological structure and the forms of land use, this area is one of the most flood-prone in the entire region.
Figure 1 shows the location of studied catchments area. The selected catchments are representative for
each physiographic unit. Table 1 summarises the values of the basic physiographic and meteorological
characteristics of the catchment areas: A—catchment area, L—length of the main watercourse,
Ψ—average slope of the catchment area, D—river network density, N—soil impermeability index,
URB—urban areas, AGR—agricultural areas, FOR—forest and semi-natural areas, WET—wetlands,
WAT—water bodies, Pave—average annual rainfall in the catchment area and tave—average annual
temperature in the catchment area.
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Table 1. Values of physiographic and meteorological characteristics of research catchments.

Code River
A

(km2)
L

(km)
Ψ

(–)
D

(km·km−2)
N
(–)

Land Use (%) Pave
(mm)

tave
(◦C)URB AGR FOR WET WAT

1 Biała 212.2 31.7 0.039 1.8 0.85 2 45 53 0 0 890 6.9
2 Białka 78.0 19.9 0.159 1.3 0.48 0 0 98 0 2 1539 2.6
3 Bobrza 311.6 40.2 0.046 1.1 0.52 17 44 39 0 0 649 7.8
4 Czarna 221.2 22.1 0.016 0.9 0.46 1 45 54 0 0 629 7.8
5 Dunajec 685.1 50.5 0.062 2.1 0.82 6 52 42 1 0 1023 5.4
6 Grajcarek 86.0 15.6 0.084 1.4 0.80 4 21 74 0 0 765 7.3
7 Kamienica 237.7 34.5 0.055 1.9 0.82 5 36 59 0 0 901 7.8
8 Koprzywianka 518.6 70.3 0.013 1.1 0.64 3 74 23 0 0 613 7.6
9 Lepietnica 50.3 19.5 0.087 2.6 0.78 28 27 45 0 0 873 6.0

10 Lubieńka 48.1 4.7 0.074 2.2 0.80 0 56 44 0 0 902 7.0
11 Niedziczanka 137.8 22.0 0.059 1.4 0.80 3 52 45 0 0 978 5.5
12 Ochotnica 109.0 22.8 0.084 2.1 0.79 1 27 72 0 0 830 8.7
13 Osława 307.0 38.9 0.034 2.3 0.86 1 23 76 0 0 911 6.6
14 Rudawa 294.1 30.0 0.016 1.2 0.62 8 65 26 0 0 705 8.0
15 San 418.0 75.9 0.038 1.9 0.61 14 1 84 0 0 992 7.1
16 Sękówka 122.7 24.0 0.049 1.8 0.84 2 29 69 0 0 791 7.9
17 Skawa 123.7 36.8 0.037 2.4 0.77 2 66 32 0 0 840 7.0
18 Skawica 143.8 19.5 0.104 2.6 0.79 1 32 67 0 0 1207 6.5
19 Stryszawka 140.4 17.5 0.067 1.4 0.80 3 45 52 0 0 1023 6.8
20 Uszwica 268.5 55.3 0.021 1.8 0.79 4 67 29 0 0 749 8.4
21 Wapienica 52.7 18.5 0.110 1.8 0.83 9 56 33 0 2 939 8.5
22 Wetlina 131.2 17.7 0.062 2.2 0.89 0 8 92 0 0 1115 7.2
23 Wieprzówka 151.8 29.4 0.054 2.0 0.78 7 64 28 0 1 885 7.3
24 Wisła 53.4 12.1 0.101 2.0 0.78 3 14 83 0 1 1190 7.7
25 Wisłok 143.6 27.8 0.040 1.8 0.87 0 21 78 0 0 910 7.1
26 Woda Ujsolska 106.6 13.8 0.079 1.3 0.72 1 28 70 0 0 1005 7.7
27 Wołosaty 118.9 28.2 0.074 1.5 0.67 0 8 92 0 0 1033 7.1
28 Żabniczanka 23.4 4.6 0.156 2.0 0.72 0 20 80 0 0 1094 7.8

A—catchment area, L—length of the main watercourse, Ψ—average slope of the catchment area, D—river network
density, N—soil impermeability index, URB—urban areas, AGR—agricultural areas, FOR—forest and semi-natural
areas, WET—wetlands, WAT—water bodies, Pave—average annual rainfall in the catchment area and tave—average
annual temperature in the catchment area.

3. Materials and Methods

The study was based on a time series of hydrometric data for 28 study catchments, in the form
of daily flows and rainfall, recorded in water gauge sections. Depending on the availability of data
strings, their lengths ranged from 19 to 47 years. The data were made available from the Institute of
Meteorology and Water Management, National Study Institute in Warsaw. The study was carried
out according to the following stages: determining the size of the direct runoff using the NRCS-CN
method, determining the P–CN relationship using asymptotic functions, determining the size of the
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CN parameter taking into account the correction for the fall of the catchment and determining the
value of the model work efficiency coefficient.

3.1. Determination of the Volume of Runoff Using the NRCS-CN Method

In the NRCS-CN method, the volume of runoff, Q, depends on the permeability of the soil
substrate, the land of the catchment area and the moisture conditions in the catchment before the
rainfall causing the runoff. The volume of direct runoff was determined on the basis of the following
relationship [33,34]:

Q =

 (P − 0.2S)2

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

(1)

where:

Q—direct drain (mm);
P—total rainfall (mm);
S—maximum potential catchment retention (mm).

Maximum potential retention of the catchment area, S, is directly related to the CN parameter.
It is determined from the dependence:

S = 25.4 (
1000
CN

− 10) (2)

The moisture of the catchment area prior to the direct runoff–rainfall is expressed as the sum of the
five-day runoff–rainfall. This characteristic is expressed by the antecedent moisture condition (AMC)
parameter describing three humidity states: dry (AMC I), average (AMC II) and moist (AMC III).
In this study, the values of CN parameter (empirical) were determined on the basis of National
Engineering Handbook (NEH) [35]. They were determined for all moisture conditions. This parameter
was determined as a weighted average for the catchment area, according to the guidelines provided in
Reference [36].

3.2. Determining the Rainfall–CN Parameter Relationship

To determine the P–CN relationship, asymptotic functions were used. The analysis was based on
the observational series of observed rainfall–direct runoff (P–Q) episodes for the study catchments.
In the entire analysed multiannual period, after verification for all study catchments, a total of 1408
such episodes were obtained. In the next step, the observed values of the CN parameter (CNobs)
for individual P–Q episodes were calculated. For this purpose, for each P–Q pair, the volume of Si
retention was determined using the formula [37–39]:

Si = 5[Pi + 2Qi −

√
4Q2

i +5PiQi] (3)

The observed values of the CN parameter were determined from the formula:

CNobs =
25400

254 + Si
(4)

where:

Si—episode retention height (mm);
Pi—rainfall for the episode (mm);
Qi—direct runoff in an episode (mm).

In the next step, independent distribution sequences were created for the observed values of P
and Q, where the analysed variables were aligned in decreasing order. This made it possible to obtain
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the P and Q values with the same return period. For the relations obtained in this way, CNobs values
were determined using Formula (4). In the next stage, the relationship between CNobs and rainfall P
was described using the following models:

Standard Asymptotic CN(ASM) which is described as [40]:

CN(ASM) = CN∞ + (100 − CN∞) · exp(−k · P) (5)

where:

CN∞—constant for P→∞;
k—matching constant;
P—rainfall (mm).

The kinetic equation using the decay function CN(Decay) is described as [41]:

CN(Decay) = CNL + [b 1−d + c · P(d− 1)]
1

1−d (6)

where:

CNL—number of the curve for the highest rainfall;
b, c, d—parameters of the equation.

Complementary error function peak CN(ERFC) is expressed by the equation [42]:

CN(ERFC) = CN∞ + b · er f c[(
P− c

d
)

2
] (7)

where:

CN∞—constant for P→∞;
b—amplitude of the density function;
c—location parameter;
d—scale parameter;
P—rainfall (mm).

Equations (5)–(7) and their parameters were determined using the Table 2D Curve software.
The parameters were estimated using the least squares method.

In order to determine the stability of the above models, the A(90) coefficient was determined,
which is described by the relationship [20]:

A(90) =
CN90

CN∞, L
(8)

where:

CN90—the value of the curve number determined for the 90th rainfall percentile in the distribution
series of observations;
CN∞, L—constant for P→∞ or number of the curve for the highest rainfall.

3.3. Determining the Value of the CN Parameter Taking into Account the Correction for Decrease

The use of original the CN parameter, consistent with the NEH [35], is appropriate for catchments
with an average decrease of up to 5%. In cases where the catchments are characterised by a greater
slope, it is recommended to take into account the correction for slope when determining the CN size [43].
Bearing in mind the mountainous nature of the study catchments, where the average drops were mostly
greater than 5%, the study determined empirical values of the CN parameter taking into account the
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correction for the decrease. The Sharpley–Williams [44] approach was used for this, which is described
by the following relationship:

CNIIα = a(CNIII − CNII)(1 − be−c·α) + CNII (9)

where:

CNII, CNIII—empirical values of the CN parameter for the average and moist moisture level;
a, b, c—equation parameters;
α—catchment decline (m/m).

The original Sharpley–Williams approach, for the parameters a, b and c takes the following values
1/3, 2 and 13.86, respectively. In this study, these parameters were calibrated using the following
objective function:

n∑
i=1

{Q o− Qcal
}2 =

n∑
i=1

{Q o −

 (P− 0.2S)2

P + 0.8S

}2= minimum (10)

where:

Qo—observed direct runoff (mm);
Qcal—direct runoff calculated (mm).

3.4. Assessment of the Work Quality of the Analysed Models

The quality of the analysed models was assessed on the basis of the Nash–Sutcliffe E efficiency
coefficient value. This coefficient is described by the relationship [45]:

E =

1−
∑i=N

i=1 (yo − ycal)
2∑i=N

i=1 (yo − ym)
2

 (11)

where:

yo—values from observations;
ycal—values calculated using the analysed models;
ym—mean value from the observation.

The evaluation of the quality of models’ work, in relation to the value of the E coefficient, was made
according to the following scale [46]: 0.9 < E ≤ 1.0: very good; 0.80 ≤ E ≤ 0.90: good; 0.65 ≤ E <0.80:
satisfactory; E ≤ 0.65: insufficient.

4. Results and Discussion

In the first stage of the study, the observed episodes of rainfall–runoff were characterised and the
values of the CN parameter were determined. The results are presented in Table 2.

Based on the results summarised in Table 2, it was found that the highest average rainfall during
the episodes occurred in the Vistula catchment area; it was 74.2 mm. The lowest average rainfall
was observed for the Czarna catchment; it was 21.4 mm. These values should be related to the mean
elevation of the catchment area above sea level. Average variability of rainfall (min–max) in the study
catchments ranged from 87% (Wołosaty) to 98% (Żabniczanka). The magnitude of the mean runoff was
clearly related to the volume of rainfall during the episodes. The highest average runoff was recorded
for the Vistula; it was 26.7 mm. The lowest was found for the Koprzywianka River, and it was 2.7 mm.
This value was mainly determined by land use where agricultural land dominated (77%) and by soil
with an above average permeability. This increases the retention capacity and reduces the volume
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of runoff. In the case of mean values of the observed CN parameter, the highest in the episode was
recorded for the Białka River, it was 86.6. The lowest was for the Wołosaty River, and it was 71.7.

Table 2. Characteristics of rainfall–runoff episodes for the study catchments.

Code Catchment
Rainfall (mm) Runoff (mm) CNobs (–)

Minimum Average Maximum Minimum Average Maximum Minimum Average Maximum

1 Biała 6.7 33.3 142.5 0.1 5.9 49.4 63.5 79.8 90.8
2 Białka 5.3 53.3 262.7 0.1 24.6 170.5 71.3 86.6 93.1
3 Bobrza 6.4 34.4 98.6 0.1 8.0 33.4 71.0 82.6 91.5
4 Czarna 5.3 21.4 90.7 0.1 2.9 28.3 71.1 84.5 84.5
5 Dunajec 6.0 41.2 209.0 0.1 12.1 103.3 64.9 82.8 91.6
6 Grajcarek 4.7 38.2 106.1 0.2 10.6 43.4 71.2 83.3 94.4
7 Kamienica 6.1 52.0 241.5 0.1 16.1 123.5 62.8 80.1 91.2
8 Koprzywianka 5.6 23.7 74.4 0.1 2.7 16.1 69.0 82.4 91.8
9 Lepietnica 6.9 45.4 198.2 0.1 18.6 98.4 66.2 86.0 91.4
10 Lubieńka 14.3 55.4 146.9 0.1 15.6 59.4 66.7 75.3 80.8
11 Niedziczanka 7.6 45.0 146.9 0.3 14.9 65.1 69.2 83.9 91.5
12 Ochotnica 8.3 50.5 231.3 0.1 15.6 139.1 70.4 80.3 90.4
13 Osława 7.0 52.0 180.2 0.2 16.9 91.0 68.9 81.2 91.7
14 Rudawa 4.4 26.1 126.1 0.1 5.7 58.3 73.5 85.6 93.7
15 San 6.4 43.5 174.1 0.1 10.5 77.2 65.5 79.9 91.7
16 Sękówka 5.8 63.5 182.8 0.3 23.5 80.5 64.2 80.6 95.5
17 Skawa 4.4 40.3 222.3 0.1 15.4 136.7 72.2 86.4 94.4
18 Skawica 6.9 62.4 244.4 0.1 21.8 125.2 62.6 78.7 90.4
19 Stryszawka 5.6 63.3 274.1 0.1 21.4 156.7 64.4 78.3 92.1
20 Uszwica 5.2 43.8 92.2 0.1 15.8 35.3 74.9 85.2 93.0
21 Wapienica 4.1 62.4 208.2 0.1 24.4 101.9 64.6 81.7 94.4
22 Wetlina 7.3 50.1 162.3 0.1 10.4 73.8 67.8 75.2 89.5
23 Wieprzówka 10.8 56.4 208.2 0.1 14.9 106.0 66.1 75.4 84.7
24 Wisła 6.8 74.2 229.7 0.1 26.7 120.9 65.0 77.0 90.6
25 Wisłok 17.1 63.2 137.8 2.9 15.5 40.1 60.3 74.7 89.2

26 Woda
Ujsolska 9.2 47.5 90.0 0.1 8.3 24.3 68.5 75.1 87.5

27 Wołosaty 18.7 65.7 139.5 0.7 14.9 44.4 61.9 71.7 83.9
28 Żabniczanka 4.4 64.5 247.0 0.1 23.6 125.0 61.9 80.0 94.5

In the next stage of the study, the recorded episodes of rainfall–runoff were compared with the
runoff, calculated using the original NRCS-CN method. The results are shown in Figure 2. Analysing the
obtained results, it was found that for practically all study catchments, the values of the observed outflows
exceeded the upper curve, the course of which was determined by the AMC III parameter. The highest
number of exceedances in relation to the total number of observations was found for the Czarna
catchment (93%). Only in the case of the Lubieńka and Wieprzówka catchments did all observations
fall within the range defined by the curves from AMC I to AMC III. It should be emphasised that
most of the exceedances usually concerned lower rainfall amounts. This is evidenced by the values of
the return periods defined for the distribution sequences of rainfall, from which the upper curve was
exceeded. Usually, the exceedance concerned rainfall described by smaller return periods. This points
to the fact that for smaller rainfall totals, the original NRCS-CN method underestimates the volume
of runoff relative to observations. These observations constitute the basic problem of the use of the
NRCS-CN method. In order to generate a runoff with low rainfall, a high and constant level of
soil moisture should be assumed. Another issue is to define whether, in low rainfall, the resulting
runoff is surface or mid-cover. According to Petroselli [13], in addition to the saturation of the soil
substrate by infiltration of rainwater, a second mechanism of runoff may occur, i.e., subsurface runoff

after the saturated soil layer. Therefore, direct runoff should be treated as a combination of surface
and subsurface flow processes. This is confirmed by studies conducted by Dunne and Black [47].
They showed that in the case of low rainfall and permeable soils, there is no surface runoff in the
catchments, only subsurface runoff. When analysing the results further, it should be emphasised that in
the vast majority of catchments, the ratio of the rainfall, together with the smaller, calculated amounts of
runoff, was significantly greater than the observations, exceeding 50%. For all catchment areas, except
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Wapienica where no exceedances were observed, it was lower than 50% and amounted to 43%. In the
case of larger rainfall totals, the observations were a definite overestimation of the runoff size in relation
to the observations. The identified differences may be the reason for the methodological approach
of the original NRCS-CN method itself. It was developed on the basis of the maximum annual daily
rainfall totals [48]. On the other hand, rainfall causing direct runoff was assumed for the calculations.
When analysing the obtained results, it was also observed that in the vast majority of study catchments
(22), the observations focused around the curve, where the CN parameter was estimated for AMC II.
In the Białka, Czarna, Grajcarek, Lepietnica, Uszwica and Wapienica catchments, the observations
focused mainly on the AMC III curve. These results can be explained by the fact that the level of soil
moisture in mountain catchments is influenced not only by rainfall but also by the geological structure,
high level of groundwater and soil with limited infiltration capacity, which significantly reduces the
catchment retention capacity. Therefore, during rainfall, it does not undergo the process of infiltration but
is immediately transformed into surface flow that increases the level of AMC.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 17 
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AMC = antecedent moisture condition, a parameter describing three humidity states: dry (AMC I),
average (AMC II) and moist (AMC III).

In the next stage of the study, the impact of rainfall on the observed values of the CN parameter was
determined. The relationship was also approximated using the models described by Equations (5)–(7).
The results are shown in Figure 3.
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Analysing the results in Figure 3, it was found that there was a relationship between the observed
CN parameter and rainfall P. The course of the observations clearly indicated an inverse relationship.
With the increase in rainfall, the value of CN decreased; therefore, the highest values of the observed
CN were obtained for the lowest rainfall episodes. In order for low rainfall to cause direct runoff,
the catchment area should have a sufficiently high level of moisture. Moreover, it should show
a limited infiltration capacity of rainfall. Hence, relatively low rainfall was associated with high
CN [48]. Lower and more stable values of the observed CN for higher rainfall may be determined
mainly by the use of the catchment area and the spatial distribution of arable lands. Study catchments
are mainly covered by agricultural land and forests. They showed greater retention capacity and
the ability to delay the runoff. Comparing the mean CN values observed with the empirical values
of this characteristic for AMC II, it can be noticed that in each catchment, the mean values from the
observations were much higher. On the other hand, for extremely high rainfall, the CN values observed
were close to the CN values determined for AMC II. Hence, it is stated that for rainfall with a lower
return period, the assumption of a moderate degree of moisture in the catchment area may lead to
a significant underestimation of the runoff. However, in the case of rainfall with high repetition periods,
the assumption of AMC II seems to be justified. On the one hand, it is recommended to adopt AMC III
in ungauged catchments. This reduces the risk of underestimating the size of design flows [49,50].
However, it also indicates that in the case of designing unstructured objects, the assumption of AMC II
is sufficient. The discrepancies between the empirical values of CN and the observed values of this
characteristic were also demonstrated by Randusová et al. [51]. Lal et al. [52] showed that the empirical
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values of CN were not consistent with those estimated on the basis of the rainfall–runoff relationship.
He also confirmed that the NRCS-CN method gives much better results for high rainfall events. Oliveira
et al. [53] also indicated significant disproportions between the empirical and the observed CN. In the
case of catchments with greater slopes, it is suggested to take into account the correction for slope in the
calculations [54]. When further analysing the relationship between rainfall and the observed CN, it can
be noticed that most of the study catchments (75% of all catchments) showed a tendency to stabilise
the observed CN for extremely high rainfall. Hence, in these catchments the P–CN relationship can
be described as standard. This is one of the most common relationships, especially in agricultural
catchments [55]. Similar results were obtained by D’Asaro and Grillone [56] and D’Asaro et al. [57],
who demonstrated standard P–CN behaviour in 70% of study catchments. The obtained results
were confirmed by the study by Hawkins [20] that also showed that approximately 70% of the
catchments were characterised by a standard relationship between rainfall and the observed CN.
In the case of the seven studied catchments, i.e., Grajcarek, Lepietnica, Lubieńka, Sękówka, Uszwica,
Wapienica and Wisłok, the observed CN was not stable for high rainfall. These catchments showed
the so-called complacent behaviour. As reported by Kowalik and Wałęga [48], the reason for such
a relationship may be the exposure of the catchment area. When they are exposure mainly south,
the phenomenon of evaporation from the soil is intensified, which directly affects the acceleration of
the surface drying processes, limiting the moisture conditions of the catchment. Such a relationship
may also be influenced by the density of the river network, which is directly related to the permeability
of the substrate. These catchments are characterised by a high impermeability index and relatively
high annual rainfall, which causes a strong development of the river network (over 1.4 km·km−2).
Such catchments are characterised by a shorter concentration time and an increased supply of the
watercourse by groundwater, which influences the change the shape of the runoff hydrograph.

In the next stage of the study, the quality of the models used to describe the P–CN dependency in
the study catchments was analysed: standard asymptotic model (5), kinetic equation using the decay
function (6) and complementary error function peak (7). The results are presented in Table 3.

Based on the results summarised in Table 3, it was found that the kinematic equation with the use of
the decay function was the best suited function to describe the P–CN relationship. This is evidenced by
the values of the Nash–Sutcliffe coefficient, which had the highest value for this model in 21 catchments.
In the remaining eight (i.e., Lepietnica, Niedziczanka, Rudawa, Uszwica, Wapienica, Wieprzówka and
Woda Ujsolska), the complementary error function peak turned out to be the best match. Despite the
fact that the standard asymptotic model was in no case indicated as the best-suited function to describe
the analysed dependency, it was also characterised by a very high quality. In the case of catchments
Lepietnica, Lubieńka and Wieprzówka, the value of the E coefficient below 0.65 clearly indicated
an insufficient quality of work of the standard asymptotic model. In the case of the kinematics equation
using the decay function, the insufficient quality of the model’s work according to the E coefficient
was found only in the Lubieńka catchment area (value E below 0.65). The P–CN dependency in
the Sękówka, Wieprzówka and Wołosaty catchments had good quality for the kinematics equation
(E from 0.8 to 0.9). In the case of the other catchments, the values of the E coefficient clearly exceeded
0.9, which indicates a very good quality of the model’s work. When analysing the complementary
error function peak model, it can be concluded that, as in the case of other functions, this model was
characterised by insufficient quality of work in the Lubieńka catchment area (E coefficient below 0.65).
A good quality of the model’s work was recorded in the catchments of Sękówka and Wołosaty (E value
from 0.8 to 0.9). In the remaining catchments, the model’s work quality was very good (value of the
E coefficient above 0.9). The good fit of the analysed models to the description of the P–CN dependency
was also evidenced by the high values of the R2 determination coefficients. Lower values of these
characteristics were found only in catchments that also had lower values of the E coefficient.
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Table 3. The results of the quality analysis of the models describing the P-CN relationship.

Code Catchment
CN∞ CNL E (–) R2 (–) A(90) (–)

5 7 6 5 6 7 5 6 7 5 6 7

1 Biała 68.2 67.3 61.0 0.938 0.957 0.950 0.942 0.957 0.950 0.958 0.856 0.945
2 Białka 72.3 73.7 73.2 0.906 0.963 0.906 0.930 0.963 0.968 0.949 0.961 0.967
3 Bobrza 73.8 72.7 58.8 0.964 0.988 0.981 0.969 0.988 0.981 0.989 0.787 0.974
4 Czarna 76.3 69.8 52.5 0.842 0.947 0.943 0.861 0.947 0.943 0.954 0.657 0.873
5 Dunajec 69.5 65.2 63.9 0.909 0.980 0.979 0.929 0.980 0.979 0.962 0.885 0.903
6 Grajcarek 74.6 41.8 25.9 0.726 0.914 0.914 0.755 0.910 0.910 0.997 0.346 0.558
7 Kamienica 70.7 65.3 52.0 0.862 0.940 0.923 0.879 0.940 0.923 0.986 0.735 0.923
8 Koprzywianka 69.8 64.0 51.6 0.951 0.989 0.989 0.952 0.988 0.988 0.953 0.705 0.874
9 Lepietnica 78.1 29.8 27.7 0.624 0.944 0.950 0.698 0.944 0.952 0.988 0.351 0.377
10 Lubieńka 74.0 62.1 37.8 0.302 0.535 0.395 0.302 0.535 0.519 0.974 0.510 0.839
11 Niedziczanka 69.9 68.7 43.5 0.883 0.979 0.984 0.914 0.979 0.984 0.964 0.601 0.948
12 Ochotnica 72.7 71.0 70.8 0.919 0.963 0.963 0.934 0.963 0.963 0.996 0.971 0.973
13 Osława 72.8 68.0 49.5 0.884 0.948 0.943 0.902 0.948 0.943 0.985 0.670 0.920
14 Rudawa 74.7 75.3 75.1 0.964 0.983 0.985 0.970 0.983 0.985 0.971 0.976 0.978
15 San 67.6 65.1 56.6 0.918 0.955 0.952 0.931 0.955 0.952 0.956 0.800 0.920
16 Sękówka 71.8 70.8 43.0 0.856 0.878 0.857 0.859 0.878 0.857 0.985 0.589 0.971
17 Skawa 75.1 72.8 73.3 0.846 0.970 0.970 0.893 0.970 0.970 0.990 0.967 0.961
18 Skawica 70.5 64.9 51.5 0.762 0.953 0.949 0.820 0.953 0.949 0.992 0.736 0.928
19 Stryszawka 67.8 67.8 63.8 0.959 0.970 0.962 0.962 0.970 0.962 0.983 0.925 0.983
20 Uszwica 75.6 -47.7 14.2 0.743 0.926 0.930 0.921 0.926 0.930 0.973 0.182 -0.613
21 Wapienica 67.6 50.3 30.4 0.832 0.967 0.967 0.853 0.967 0.967 0.962 0.433 0.716
22 Wetlina 70.1 68.5 59.9 0.938 0.981 0.969 0.946 0.981 0.969 0.999 0.854 0.976
23 Wieprzówka 71.9 64.9 58.3 0.592 0.899 0.900 0.625 0.899 0.900 0.946 0.857 0.955
24 Wisła 67.2 65.7 65.6 0.917 0.973 0.973 0.939 0.973 0.973 0.998 0.978 0.980
25 Wisłok 56.1 48.3 19.9 0.959 0.973 0.973 0.959 0.971 0.988 0.870 0.309 0.749

26 Woda
Ujsolska 67.5 68.5 68.6 0.959 0.987 0.988 0.967 0.987 0.988 0.980 0.995 0.993

27 Wołosaty 64.2 65.5 45.6 0.875 0.895 0.863 0.877 0.916 0.865 0.985 0.965 0.721
28 Żabniczanka 66.3 62.4 42.2 0.917 0.973 0.969 0.935 0.973 0.935 0.940 0.599 0.885

CN∞, CNL—the curve number parameter for the largest rainfall in particular models; E–Nash–Sutcliffe efficiency
coefficient value; R2—coefficient of determination; A (90)—model’s stabilisation coefficient.

The proposed functions are based on the CN∞ and CNL values, which may be an alternative to
the empirical values of the CN parameter in the NRCS-CN method. In the vast majority of catchments,
CN∞ and CNL were more similar to the empirical CN defined for AMC II. This value is usually used for
design purposes. In the case of the CN function (ASM), only in three catchments was the CN∞ closer
to the empirical CN for AMC III, i.e., Czarna, Grajcarek and Lepietnica. In the case of the remaining
models, the CN∞ and CNL values were more similar to the empirical CN for AMC II. When analysing
the differences between CN∞ and CNL and the empirical CN for AMC II, it should be emphasised
that in the case of the CN model (ASM), only for eight catchments were they observed to be negative.
In the case of the CN (Decay) and CN (ERFC) models, negative differences were observed in a much
larger number of catchments, i.e., 23 and 19, respectively. This points to the fact that in the case of the
standard asymptotic model, assuming the CN∞ as a design value, being an alternative to the empirical
CN AMC II, may increase the risk of overestimating the volume of direct runoff. However, in the
case of the CN (Decay) and CN (ERFC) models, the volume of direct runoff may be underestimated.
Similar results for the analysis of CN∞ obtained with the asymptotic model in the catchments of the
Upper Vistula Basin were obtained by Wałęga et al. [58]. The authors also showed that there were
significant differences between the CN describing high rainfall and that of AMC II. It should also
be emphasised that in some study catchments, the CN∞ and CNL values reached unrealistic values.
This case concerns the CN (Decay) function for the Grajcarek, Lepietnica, Lubieńka, Niedziczanka,
Uszwica and Żabniczanka catchments. This situation was also found for the CN function (ERFC)
in the catchments of Lepietnica, Osława, Sękówka, Uszwica, Wapienica and Wisłok. In the remaining
catchments, it can be assumed that the determined values of CN∞ and CNL were close to the empirical
CN corresponding to the average moisture content of the catchment area. The possibility of using the
CN∞ and CNL parameters as an alternative to the empirical CN may occur when this value is close
to the CN determined for very high rainfall. Since usually most of the hydrometric observations are
described with a return period below the design requirements, it is necessary to extrapolate beyond
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the observed rainfall–runoff events. Hence, the functions used to describe the P–CN relation are used.
One of the possibilities of verifying the applied functions is the measure A (90) which describes the
ratio of CN∞ or CNL to the observed CN, determined for the 90th percentile rainfall in the distribution
sequence of observations. This ratio means what part of the observations can be described by the
analysed functions. In the case of the CN function (ASM), the value of A (90) was above 0.90 for almost
all catchments. Only for the Wisłok catchment was it 0.87. Despite the fact that stable results were
obtained in the case of the asymptotic function, the use of this model in the estimation of CN size
should be approached with caution. This is evidenced by the values of the E coefficients specified
for this model. The opposite situation was found for the remaining functions. Despite the obtained
high values of the E coefficients, the values of A (90) show that the results are less stable than in the
case of the asymptotic function. For CN (Decay), the value of A (90) below 50% was found for five
catchments. In the case of eight catchments, the value of this ratio was from 50% to 75%. The remaining
catchments had A (90) values above 75%. In the case of CN (ERFC), the ratio A (90) was below 50%
for two catchments. In the case of three catchments, the ratio of A (90) ranged from 50% to 75%.
The other values were above 75%. Despite the obtained high values of the E coefficients for CN (Decay)
and CN (ERFC), these functions should not be used in catchments where low A (90) values were
obtained. These values were obtained primarily in catchments characterised by complacent behaviour.
Therefore, the analysed functions should be used only in catchments described by the standard P–CN
relation. A study on the possibility of using the analysed functions to describe the P–CN relationship in
the catchments of the Upper Vistula Basin was also conducted by Wałęga et al. [41]. The authors also
showed that the CN (Decay) and CN (ERFC) functions were characterised by a very high quality of
work. However, it was confirmed that these models did not sufficiently describe the P–CN relationship
for high rainfall (lack of stability of the CN parameter).

The study was supplemented with the determination of the volume of direct runoff, using the
NRCS-CN method, with the use of the catchment gradient correction for the empirical CN parameter.
The obtained results were compared with the runoff values determined for the empirical CN, with the
assumed AMC II. The results of the calculations are presented in Figure 4.
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Figure 4. Influence of the correction on the catchment decrease in the work quality of the Natural
Resources Conservation Service (NRCS)-CN model.

When analysing the obtained results, it can be generally stated that the application of the slope
correction increased the work quality of the NRCS-CN method in estimating the volume of direct runoff.
This was evidenced by the values of the E coefficient determined for the analysed variants. The lowest
values of E coefficient were for Czarna, Grajcarek, Uszwica and Wisłok. This mean that the assumed
CN parameter for AMC II was too low (slope adjustment is for CN AMC II). This situation may be
caused because the catchment soil moisture level is determined not only by the precipitation, but also
by the high level of the ground water table, which can be maintained after the winter period, leading to
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a reduced catchment retention capacity as well as poorly permeable soils that make precipitation
infiltration more difficult. Hence, the rainfall reached already moist soil. It should be emphasised
that applying the slope adjustment in Czarna and Uszwica improves the quality of the model’s work.
Despite the small differences between the values of the E coefficients, in the 12 catchments, the use
of the correction for the decline made it possible to improve the quality of the NRCS-CN model.
The greatest improvement was found for the Uszwica catchment, where the correction for the decline
made it possible to change the quality class from insufficient to good. In the Sękówka catchment
area, there was a change in the quality of work from sufficient to good. In the catchments of Bobrza,
Czarna, Osława, Rudawa, San, Sękówka and Uszwica, the quality of the model’s work improved
from good to very good. It should be noted that most of the catchments where the quality improved
were located in the upland and flat regions of the Upper Vistula Basin, which are characterised by
smaller drops. In the remaining catchments, the application of the correction for the decline did
not change the quality class of the model’s work. In most cases, this class remained at a very good
level. Studies related to the use of the model (8) to determine the correction for the decrease in the
CN parameter were also conducted by Ajmal et al. [59]. The authors also modified the original method
proposed by Sharpley–Williams [44] by calibrating the parameters of the equation with respect to local
runoff conditions. On the basis of observations, they found that the inclusion of the correction for the
slope significantly improved the quality of the model but only when the volume of initial losses was
estimated as 0.2 of the maximum potential retention of the catchment area. It should be emphasised
that the influence of the catchment slopes on the size of the direct runoff is a questionable matter. It is
commonly believed that as the slope increases, direct runoff increases. It is directly related to the
increase in its velocity, reduction of surface retention, glen infiltration capacity and shorter time of
water remaining on the slopes [60,61]. On the other hand, the decrease in the volume of runoff with an
increase in the fall of the catchment area may be indicated by the decrease in the supply of rainwater to
a unit of the catchment area and an increase in soil skeletal structure [62].

5. Conclusions

The aim of this study was to verify the CN parameter for 28 catchments located in the Upper
Vistula Basin. The standard asymptotic model, kinetic equation and complementary error function
were used for the analysis. On the basis of the conducted study, it was found that there was a strong
relationship between the direct runoff and the rainfall that caused it. The observed runoff volumes
were usually similar to those calculated with the NRCS-CN model for AMC II. The analysis showed
that the empirical values of the CN parameter differed from the values determined on the basis of the
volume of rainfall and runoff. The vast majority (75%) of the study catchments were characterised by
the standard behaviour of the P–CN relation, which indicates the stabilisation of the CN parameter for
higher rainfall. In the remaining cases, complacent behaviour was found. It was also found that the
kinetic model was the best model to describe the P–CN relationship. In most catchments, it was found
that the specific CN∞ and CNL values were similar to the empirical CN for AMC II. It was also noted
that the highest stability of the analysed functions, expressed by parameter A (90), was achieved for the
standard asymptotic model. The analysis of the application of the correction factor for the empirical
CN in relation to the study catchments showed that it usually increased the quality of the models used,
even in catchments with smaller slopes. Hence, it is recommended to consider the use of correction
factors when the runoff is determined for the empirical CN. The conducted study is significant from the
point of view of engineering hydrology, especially in ungauged catchments. The NRCS-CN method is
the most widely used to determine net rainfall which is the basic input signal for rainfall–runoff models,
e.g., NRCS-UH or Snyder. The rainfall–runoff models allow for the determination of hydrographs
for the design of hydrotechnical structures or flood management, mostly in ungauged catchments.
This is especially important for the study region due to the fact of its flooding nature. The performed
analyses clearly confirmed that one should be very careful with the tabulated values of the CN parameter,
which results mainly from the methodology of their development. Therefore, future study should focus
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on updating them in relation to the physiographic and meteorological characteristics of the catchment
area, taking into account their diversity. Considering the constantly progressing urbanization, the factors
influencing rainfall in such catchments should be analysed in detail.
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