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Recently, there has been a growing recognition that the generic values of runoff coefficient (C) and curve number
(CN) from standard lookup tables in the literature may not accurately capture the specific characteristics of a
given catchment. This study aims to estimate and compare the event C and CN of two contrasting urban
catchments in Ljubljana, Slovenia using observed rainfall-runoff data. Estimated parameter values were
compared to the tabulated values from the literature (i.e., ASCE, 1992; USDA-NRCS, 2004). Seasonal changes of
C and CN, along with diurnal streamflow patterns, were also analyzed to understand the eco-hydrological
processes in the urban forest. The results demonstrated that the urban mixed forest exhibited high variability
of Cs across all rainfall events with a mean and median of 0.11 and 0.062, respectively. Most of the C values
observed in the urban area are clustered around the central tendency with a mean and median of 0.60. These
mean C values in both catchments were lower than the tabulated values in the ASCE (1992) design manual. Mean
and median CN values in the urban area were 95.45 and 96.81, respectively, lower than the urban mixed forest’s
CN values of 82.69 and 83.95. An asymptotic CN, of 90.69 was found for the urban area and 71.71 for the urban
mixed forest. Central tendency-derived CN values tend to be slightly higher than the tabulated values from
USDA-NRCS (2004) and gridded values from GCN250 (Jaafar et al., 2019), while asymptotic CN,, values were
lower. Using central tendency measures as the single lumped value of C and CN may provide a reasonable
representation of the runoff behavior in the studied urban area. However, this may present certain challenges in
the urban forest catchment. Additionally, pre-event soil moisture conditions and specific storm characteristics
contributed to the observed variations in C and CN. Bi-monthly analysis showed that C and CN were high during
the autumn and winter months. Diurnal streamflow pattern is most prevalent during low-flow and precipitation-
free periods while exhibiting seasonal structures in terms of the shape and timing of maxima and minima. Local
estimation of C and CN allows for a more tailored representation of the catchment’s hydrological behavior.

1. Introduction in hydrological losses, e.g., infiltration, interception, and evapotrans-

piration are some of the major hydrological implications associated with

Cities embody a rich mosaic of contrasting urban land uses, from
densely built environments with extensive impervious surfaces to green
spaces, such as urban parks, forests, street trees, and community gar-
dens, which contribute pervious areas to the urban landscape (Gomez-
Baggethun et al., 2013; Rammal & Berthier, 2020). Urbanization creates
interconnected networks of impervious surfaces and highly compacted
soils (Berland et al., 2017), which significantly impact the local hydro-
logical processes, responses, and functions of catchment ecosystems
(Grimm et al., 2008; Hao et al., 2015; Seto et al., 2011; Sun & Lockaby,
2012). Increased surface runoff volumes, high peak flows, and reduction
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urbanization, exacerbating the challenges in urban stormwater man-
agement (Berland et al., 2017). The rainfall-runoff relationships in
urban environments also become more complex and highly variable due
to the disproportionate distribution of land use patterns, high percent-
age of impervious surfaces, and variations in soil properties (Li et al.,
2018; Miao et al., 2011; Redfern, 2017).

Previous research efforts have focused on advancing our under-
standing of urban hydrological processes and developing more water-
efficient societies with sustainable urban drainage systems. These sys-
tems are designed to effectively accommodate and mitigate the impacts
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of future extreme rainfall events (Rammal & Berthier, 2020; Thomas,
2017). Among the critical parameters that remain instrumental in un-
derstanding the hydrological response of catchments to rainfall events
are the runoff coefficient (Machado et al., 2022; Norbiato et al., 2009;
Taguas et al., 2017; Xiong et al., 2022) and curve number (Banasik et al.,
2014; Lian et al., 2020; Muche et al., 2019). The values of both pa-
rameters are typically selected from look-up tables available in the
literature and design manuals, which are used as a guide and/or input in
designing stormwater drainage systems and other engineering practices.

The runoff coefficient (C) from the rational method represents the
fraction of rainfall that becomes direct runoff during a rainfall event
(Blume et al., 2007; Machado et al., 2022; Merz & Bloschl, 2009; Nor-
biato et al., 2009). It is a lumped indicator of runoff generation (Viglione
et al., 2009), which is assumed to integrate the effects of land use, soil
type, slope, and vegetation (Fassman-Beck et al., 2016). It offers insights
into the abstractive and diffusive properties of the catchment (Hayes &
Young, 2006) for water resources management, flood control, and water
balance analysis (Salazar et al., 2012; Viglione et al., 2009). Studies have
found that this parameter exhibits significant variation from location to
location and between rainfall events in practice, which often introduces
a source of error in the design of hydraulic networks for urban areas, as it
is rarely accommodated in the design procedure (Fassman-Beck et al.,
2016; Thomas, 2017). The analysis conducted by Velpuri and Senay
(2013) on the long-term trends of rainfall and runoff revealed that 12
out of the 21 major urban centers in the United States showed an
increasing trend in the runoff coefficients and attributed this observa-
tion to the combined influence of human intervention and climate.
Similarly, the study by Birkinshaw et al. (2021) on 20 highly urbanized
and 5 rural catchments in the UK demonstrated that urban catchments
show significant variability in the monthly runoff coefficient between
catchments, while rural catchments have a similar response.

Curve number (CN) is a dimensionless index used to characterize the
runoff potential of a specific land area due to a given rainfall event
(Deshmukh et al., 2013; Gonzalez et al., 2015; Hawkins et al., 2008;
USDA, 1986). It is a function of hydrologic soil group, land use/land
cover, slope, and antecedent soil moisture (Deshmukh et al., 2013;
Hawkins et al., 2008; Lian et al., 2020; Muche et al., 2019; USDA-NRCS,
2004; USDA, 1986). It is employed in the Soil Conservation Service
Curve Number (SCS-CN) method, a widely used hydrological method for
estimating and predicting direct runoff from small agricultural and
natural catchments, which is later adapted to urban catchments (Banasik
et al., 2014; Boughton, 1989; Hawkins et al., 2008; Soulis et al., 2009;
Wilson et al., 2017; Woodward et al., 2006). Several studies have
concluded that CN values obtained from observed rainfall-runoff data
provide better estimates of runoff from a given land use compared to the
tabulated CN values (Banasik et al., 2014; Gonzalez et al., 2015; Ibrahim
et al., 2022; Lal et al., 2017; Lian et al., 2020; Singh & Mishra, 2019).
Banasik et al. (2014) reported that the CN values estimated from
recorded rainfall-runoff events in a small urban catchment in Poland
exhibit large variations and suggested that the application of mean CN
for design flood estimation can be problematic. The work of Gonzalez
et al. (2015) has shown that there is a better agreement between the
simulated and observed runoff when the empirical CN is adjusted to
account for the changes in vegetation than using the standard CNs from
the look-up tables without further adjustment.

Hydrologists, researchers, and engineers often face a degree of am-
biguity regarding the selection of C and CN values from standard look-up
tables, which is a common practice for hydrological analysis and engi-
neering design (Lian et al., 2020; Thomas, 2017; Viglione et al., 2009).
They need to rely on their judgment and experience to select the most
appropriate values for the specific catchment and purpose they are
working on. This ambiguity stems from the fact that these values are
based on generalized assumptions and average conditions and inevitably
fall short in capturing the site-specific characteristics of the catchment
(Dhakal et al., 2012; Thomas, 2017; Young et al., 2009; Zhang et al.,
2014), particularly in urban environments where a wide range of land
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uses and impervious surface properties exists. Additionally, the look-up
table values may not be up-to-date, as climate change, urbanization, and
other factors can lead to changes in catchment characteristics and runoff
behavior. Thus, obtaining the C and CN through direct observation and
analysis of rainfall-runoff events enables tailoring these parameters to
the local conditions of the catchment, providing a more accurate and
representative assessment (Hawkins, 1993; Lal et al., 2017; Thomas,
2017).

In recent years, there has been a growing recognition of the need for
site-specific data and parameters to characterize the hydrologic
response and behavior of the catchments. The study aims to estimate and
compare the event runoff coefficients and curve numbers, derived from
recorded rainfall-runoff data of two contrasting environments in Ljubl-
jana, Slovenia: urban mixed forest and highly impervious urban area.
Analyzing both C and CN together is an approach that, to our knowl-
edge, has not been extensively undertaken in previous studies. These
parameters have been analyzed independently due to differences in
conceptual basis, data requirements, and application scopes. However, a
dual analysis of C and CN for each catchment offers a complementary
insight into the hydrological processes at play in urban environments,
particularly in the estimation of runoff, as each method has its own
limitations and strengths. This research also explores the variability of C
and CN across different urban environments and rainfall events, which
provides a more integrated understanding of these hydrological indices.
The estimated C and CN values are then compared to the tabulated and
gridded values available in the literature (i.e., ASCE, 1992, 1996;
GCN250 by Jaafar et al., 2019; USDA-NRCS, 2004). Furthermore,
another particular interest that we examined is the seasonal change of C
and CN according to the phenological season of tree canopies, namely
the growing and dormant seasons. Specific to the catchment in the urban
mixed forest, we also analyzed the diurnal cycles of the streamflow to
gain a better understanding of the eco-hydrological processes occurring
in the urban forest and its intricate response to environmental drivers.
Through this research, we aim to contribute to the growing body of
knowledge in urban hydrology and the development of empirical and
locally tailored parameters to improve urban hydrological modelling
and the accuracy of surface runoff predictions. The findings from our
study can be used to refine the calibration of C/CN in machine learning
models, e.g., the rainfall-runoff models developed by Radinja et al.
(2021) using machine learning, where CN is one of the calibrated pa-
rameters. This contribution holds particular relevance for urban plan-
ners and water resource managers, as it aids in the design of effective
urban stormwater management strategies and the integration of green
infrastructures in cities that are grounded in the specific hydrological
behavior of a catchment.

2. Study area

For this study, the two experimental catchments with different land
use/land cover properties and hydrological regimes were selected: (1)
urban mixed forest and (2) highly impervious urban areas. The catch-
ments are located within the urban area of Ljubljana, Slovenia, as shown
in Fig. 1. The city is characterized by a favorable balance of open (green)
spaces and built-up areas, contributing positively to both the quality of
life and ecosystems (Krevs et al., 2010). A distinctive feature of Ljubl-
jana’s urban structure is the presence of extensive green spaces ac-
counting for almost 75 % of the city’s surface area which consists
primarily of green wedges stretching to the city center (Nastran &
Regina, 2016). The climate regime of the study location is temperate
continental with a mean annual rainfall of 1371 mm and mean annual
temperature of 11 °C based on the long-term meteorological data
(1970-2022) at the Ljubljana-Bezigrad synoptic station. Records of the
average daily temperature between 1970 and 2022 show a statistically
significant increasing trend, while rainfall exhibits an inter-annual
variability and increased occurrence of extreme seasonal conditions.
On average, more than 50 % of the mean annual rainfall is being
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Fig. 1. Location and land use of the studied catchment: (a) urban mixed forest in Roznik hill and (b) urban area in the city of Ljubljana, Slovenia.

delivered during summer and autumn (ARSO, 2023). Research on the
rainfall-runoff processes in both catchments is crucial in the context of
urban stormwater management in a changing climate and environment.

The studied urban mixed forest lies within the landscape park of
Tivoli, Roznik and Siska Hill, a protected area of high nature value in the
vicinity of Ljubljana city center. Due to their immediate proximity to the
city, Ljubljana’s urban forests are of critical importance to the city
population for leisure activities and recreation, including tourism. In
addition to this, urban forests offer several environmental benefits to the
city, such as regulating the local climate, reducing air and noise pollu-
tion, mitigating the urban heat island effect, and managing stormwater
runoff, among others. Hence, the delineated catchment (Fig. 1a) in this
study, with an area of 0.24 km? and an average slope of 38.3 %, is
nourished by Roznik hill with an outlet discharging into the city’s
drainage system. Therefore, the municipality has recognized the op-
portunity and importance of minimizing runoff discharge in wet periods
while promoting water retention during dry periods through the
implementation of nature-based infrastructures. Moreover, the catch-
ment has a dense forest cover from the mixed canopies of sessile oak
(Quercus petraea (Mattuschka) Liebl), sweet chestnut (Castanea sativa
(Mill.)) and Norway spruce (Picea abies (L.) Karst.), making it the
dominant land use in the area. In general, the percentage share between
deciduous and coniferous trees in the growing stock was 54 % deciduous
trees and 46 % coniferous trees. The study on rainfall partitioning in this
urban mixed forest showed that the average annual canopy interception
was 18.0 % of the gross precipitation and the seasonal variation was
nearly identical throughout the year, with a 2 % lower interception
during the growing (leafed) season compared to the dormant (leafless)
season (Kermavnar & Vilhar, 2017). Additionally, the volumetric soil
moisture was measured at 3 different depth profiles (16-20, 51-54,
74-76 cm) in the open area and under the forest canopies using the

TEROS 10 sensor from METER Group (Inc.) with an accuracy of + 3 %.
However, for this study, only the response of the upper soil profile
(1620 cm) to each rainfall event was considered and shown for the
analysis. Thus, according to the laboratory analysis of the soil samples
from both locations, the soil in most of the identified depth horizons is
classified as silty clay loam.

In contrast, the second location (0.078 km?, average slope of 7.1 %)
is a highly urban area (Fig. 1b) on the western side of Ljubljana with a
large percentage of impervious surfaces from buildings, roads, parking
lots, etc. The predominant land use in this area is a mix of residential and
commercial uses with dispersed patches of small-scale open green spaces
(e.g., gardens, grass lawns, trees). The soil type in the area is typical
urban soil (e.g., human-altered and human-transported) with no addi-
tional information about soil characteristics aside from artifactual ma-
terials from brick particles, concrete debris, ceramics, etc. (Radinja
et al., 2019). Soil analysis of nearby parks and locations within the vi-
cinity of Ljubljana shows that the soil ranges from sandy clay loam (e.g.,
Radinja et al., 2019; Svetina et al., 2023) to silty clay loam (e.g., Radinja
et al., 2019). This location was selected because the area is served by a
separate drainage system for stormwater and wastewater, as well as, due
to its proximity (< 2 km) to the urban mixed forest. The stormwater
runoff from this catchment is directly discharged into Glins¢ica stream,
which feeds into the larger Gradascica river, both of which have a his-
tory of causing flooding in surrounding urban areas of the Vi¢ district of
Ljubljana (Bezak et al., 2018; Rusjan et al., 2003). Also, the city’s
drainage systems are not designed to deal with the escalating frequency
and intensity of heavy rainfall events, often resulting in capacity con-
straints and elevated risks of sewer overflows. Consequently, it causes
localized inundation of roads, street underpasses, and even garages in
the city, particularly during high-intensity storms, thus underscoring the
need for effective stormwater management strategies.
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Both catchments are representative examples of broader urban set-
tings: one reflects naturally existing urban green spaces while the other
has dense urbanization footprints. These contrasting characteristics
allow for a comparative analysis and selecting these areas addresses
practical urban management concerns. The urban mixed forest was
chosen as it represents urban green spaces, which are increasingly being
recognized as an element of nature-based solutions in cities to mitigate
several environmental impacts (e.g., flooding, air pollution, urban heat
island effect). While the second catchment exhibits characteristics and
conditions that are commonly found in many urban centers, where
stormwater runoff is a significant concern, often overwhelming drainage
capacity during heavy rainfall events. To address this predicament,
sustainable urban drainage systems have been recognized as an alter-
native and complement to the conventional approach by taking into
account other important aspects of urban water management (e.g.,
runoff quality, amenity, ecology, etc.). Hence, to achieve optimal effi-
ciency of the design, it becomes imperative to acquire site-specific hy-
drological parameters, such as C and CN.

3. Data and Methodology

The flowchart in Fig. 2 summarizes the methodological approach for
estimating C and CN based on measured rainfall-runoff data. It outlines
the key steps involved in the analysis, from data collection and pre-
processing to the calculation of representative hydrological parameters
and comparison to the generalized tabulated values.

3.1. Rainfall-runoff measurements

In the scope of this study, we analyzed 86 rainfall-runoff events that
occurred in both catchments during the investigated period from August
2021 to August 2023. Rainfall was measured at 5-minute intervals using
a tipping bucket (0.2 mm/tip) rain gauge (Onset RG2-M) connected to
an automatic data logger (Onset HOBO Event), which was installed in
the open area of a small urban park adjacent to the Department of
Environmental Civil Engineering building (46.04°N, 14.49°E) (Alivio
et al., 2023; Zabret et al., 2018, 2023; Zabret & Sraj, 2021, 2019a,
2019b, 2018). Rainfall events were separated by a minimum 4-hour dry
period (Zabret & Sraj, 2018, 2021) and only with more than 5 mm of
cumulative amount were considered in the analysis. Additionally, the
study period was partitioned into two primary seasons, which are
defined according to the phenological phases of deciduous trees, a
dominant tree species in Roznik hill (Kermavnar & Vilhar, 2017): (a) the
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growing (leafed) period, from May 1 to October 31; and (b) the dormant
(leafless) period, from November 1 to April 30.

In the urban mixed forest catchment, a rating curve was used to
convert observed water level data to discharge estimates. Water level
was monitored at 10-min resolution in a narrow creek at the outlet of the
studied catchment using a HOBO Fresh Water Level Data Logger. The
logger was secured inside a PVC pipe and installed in such a way that the
sensor was approximately 10 cm below the bed of the channel. Raw data
from the HOBO logger includes absolute pressure (atmospheric pressure
and water head) and temperature readings in 10-min frequency. To
compensate for barometric pressure changes, the measurement from an
additional logger, deployed 1 m above the top of the creek (in air), was
used as a barometric reference. The HOBOware Pro version 3.7.22
software was then used to process and convert pressure readings from
the submerged logger into water level information via the barometric
compensation tool (do Amaral et al., 2023; Onset Computer Corpora-
tion, 2018). Moreover, the stage-discharge relationship (rating curve)
was established by performing sporadic discharge measurements in the
channel during low- and high-flow events using a tracer dilution
method. A total of 30 discharge measurements were used to establish the
rating curve. Specific to this catchment, the hydrograph baseflow sep-
aration is made by means of a recursive digital filtering method pro-
posed by Lyne and Hollick (1979), which was carried out with the use of
grwat package version 0.0.2 (Samsonov et al., 2022) in R software (R
Core Team, 2021). The direct runoff (or event flow) was then calculated
by dividing the direct runoff volume by the considered catchment area.

As for the runoff in the urban catchment area, a Doppler area velocity
sensor (OCM-KDO-KAPTOR Module, B.M. Tecnologie Industriali, Italy)
equipped with the KAPTOR Multi datalogger was installed inside the
stormwater drainage pipe, with a diameter of 800 mm. Flow velocity
was measured based on the principle of the Doppler effect, with the
reflection of ultrasound by moving particles or bubbles in a fluid flowing
through the pipe. The water level inside the pipe was measured with the
built-in hydrostatic level sensor. The frequency of water level and ve-
locity measurements was set to 5 min. Then, the flow inside the pipe was
calculated by combining the information of water velocity, water level,
and the geometry of the pipe (B.M. Tecnologie Industriali s.r.1., 2020).

3.2. Estimation of runoff coefficient and curve number from recorded
rainfall-runoff data

3.2.1. Runoff coefficient
The runoff coefficient is a widely used and frequently reported
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Fig. 2. Methodological flowchart for estimating C and CN using observed rainfall-runoff data.
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parameter characterizing the hydrologic response of a given catchment,
either on an annual or an event basis (Blume et al., 2007; Merz &
Bloschl, 2009; Norbiato et al., 2009). It is a fundamental parameter used
in the Rational Method (Eq. (1), a formula often used by hydrologists
and engineers to calculate peak runoff due to its simplicity and wide-
spread acceptance (Baiamonte, 2020; Chin, 2019; Dhakal et al., 2012).
This method has been used in the analysis of drainage requirements and
sizing of various hydraulic structures (e.g., storm sewer, culvert, pave-
ment drainage, etc.) for small urban and rural catchments (Cleveland
et al., 2011).

Qpr = kCiA (€D)]

where k is the conversion factor (0.00278 for the given SI units of Qp, i,
A), Qp = peak runoff (m3/s), C = runoff coefficient (-), i = rainfall in-
tensity (mm/h), and A = catchment area (ha). Within the rational
method, the runoff coefficient, representing the integrated effects of
catchment conditions, soil, and land use/land cover, is the most chal-
lenging to accurately determine. Namely, its estimation relies on the
judgment of the engineers, as well as, through consultation with experts
(Dhakal et al., 2012; Grimaldi & Petroselli, 2015). The main limitation
of the formula stems from the use of typical C values derived from look-
up tables found in hydrology textbooks and design manuals, which were
developed with little basis on observed rainfall and runoff data (Dhakal
et al., 2012; Young et al., 2009).

When rainfall and runoff data are available, the runoff coefficients of
the given location can be obtained either by (a) inverting Eq. (1) and
calculate C from the equation; or (b) volumetric approach, where C is
the ratio of runoff volume to rainfall volume. In this study, the volu-
metric approach was employed to determine the event runoff co-
efficients of both studied catchments, as the ratio of event runoff (mm)
over total event rainfall (mm), i.e., the fraction of rainfall amount that
becomes runoff during or immediately following a rainfall event. These
series of computed C from individual rainfall-runoff events were then
used to obtain the mean and median C for each catchment and compared
to the table of C values from ASCE manuals (ASCE, 1992; 1996).

3.2.2. Curve number

The curve number method is used to quantify runoff from individual
rainfall events at the catchment scale and was developed by the United
States Department of Agriculture Soil Conservation Service (USDA-SCS),
now known as the Natural Resources Conservation Service (NRCS),
mainly for small agricultural catchments (Banasik et al., 2014;
Boughton, 1989; Hawkins et al., 2008; Soulis et al., 2009; USDA-NRCS,
2004; USDA, 1986; Wilson et al., 2017; Woodward et al., 2006) and
subsequently updated to forested and urban catchments (Hawkins et al.,
2008). This method estimates runoff (Q, mm) as a function of rainfall
depth (P, mm), maximum potential retention (S, mm), and initial
abstraction (I; = AS, where A = 0.2) as defined in Eq. (2).

(P—1)*
P-I)+S
Q=0 forP <I,.

The parameter S (for SI units, mm) is mapped onto a dimensionless
curve number (CN) as:

1000
$=254(——-10

Q= forP > I, (2)

3

that ranges from CN = 0, representing a theoretical upper bound to
potential maximum retention (S — o) with no direct runoff generated
from a rainfall event to CN = 100 when a condition of zero potential
maximum retention (S = 0) and all rainfall becomes a runoff. In most of
the hydrological applications, CN values are typically selected from
look-up tables found in design manuals and published handbooks, such
as the USDA NRCS National Engineering Handbook (NEH) (USDA-
NRCS, 2004) or Technical Release 55 (TR-55) (USDA, 1986), based on
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the hydrologic soil group, land use/land cover, and hydrologic condi-
tions of the catchment. However, despite being a widely used and
accepted method in hydrology, it is faced with a common difficulty,
which is the use of tabulated CN values for local-level applications.
Empirical evidence shows that CN can vary due to the dynamic nature of
rainfall characteristics, seasonal changes in vegetation, and landscape
differences (Ibrahim et al., 2022; Gonzalez et al., 2015; Lian et al., 2020;
Muche et al., 2019; Singh & Mishra, 2019). Hence, the preference of
estimating the CN parameter from local catchment data based on
rainfall-runoff events has been a continuing topic of discussion among
the (urban) hydrological science community.

Hence, where data from hydrometric and meteorological measure-
ments are available, the value of S for A = 0.2 was estimated from Eq. (4)
after some algebraic calculations as described by Hawkins (1993). By
substitution, event CNs were then calculated using Eq. (5).

§=5[P+2Q- (4Q*+5PQ)"’ | )
25400
25448 )

However, even when the CN is determined from measured P-Q data, the
CN values calculated with Eq. (5) vary significantly from storm to storm
on any catchment. For this reason, to estimate a single CN value
describing the catchment in terms of measured runoff data, the central
tendency (mean and median) and asymptotic fitting methods were used.
The mean and median CN values were obtained from a series of event-
based CNs, calculated using Eq. (4) and (5) for individual rainfall-
runoff events of each catchment. These central tendency measures are
frequently used as single CN values representing the characteristics of
the catchment. In particular, the table of CN values stipulated in NEH
(USDA-NRCS, 2004) used the median value of CNs from rainfall-runoff
events. For the asymptotic fitting method, the measured rainfall and
runoff data for each catchment were sorted separately and realigned on
a rank order basis to form rainfall-runoff pairs having the same fre-
quency of occurrence to compute corresponding CN, following the fre-
quency matching technique (Hawkins, 1993; Hjelmfelt, 1980). The
asymptotic fitting was also implemented using the natural sorting of
data, where the runoff is matched with the rainfall event that caused it.
By plotting the event CN against the causative rainfall, Hawkins (1993)
identified three different behaviors, namely standard, complacent, and
violent. In this study, the CN of both catchments was defined in standard
behavior using the asymptotic equation (Eq. (6) recommended by
Hawkins (1993).
p

CN(P) = CN,, + (100 — CN,,) » exp( - E) 6)
where CN,, is the asymptotic constant CN approached as rainfall, P - oo
and to be taken as the representative CN of the catchment, b is the fitting
parameter that describes the CN(P) approaching the asymptotic con-
stant CN,,. Detailed descriptions of this method can be found in the
publication of Hawkins (1993). The estimated CNs from central ten-
dency measures and standard asymptotic fitting method were then
compared to the tabulated CN values from USDA-NRCS (2004) and
USDA (1986) and gridded values from GCN250 (Jaafar et al., 2019)
based on average antecedent soil moisture condition (AMC II).

3.3. Statistical analysis

In order to differentiate the rainfall events according to their char-
acteristics, they were clustered using a hierarchical clustering algorithm
(Ward’s minimum variance method on a distance matrix calculated by
the Euclidean distance measure) (Zaki & Meira, 2014), based on the
precipitation sum [mm], rainfall duration [h], and mean event intensity
[mm/h]. Hierarchical clustering is a method that assigns cases based on
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their similarity to clusters in order to create a hierarchy of clusters
(Zabret et al., 2018). Grouping and splitting of the clusters is based on
the measure of dissimilarity between sets of observations. The hierar-
chical clustering was carried out using the Orange software (Demsar
et al., 2013). The degree of relationship between the considered vari-
ables was investigated using regression analysis with their statistical
significance being assessed by one-way analysis of variance (ANOVA) at
0.05. Additionally, the estimated runoff coefficients and curve numbers
in the urban mixed forest and urban area, as well as, for the growing and
dormant seasons were compared statistically using a non-parametric
Mann-Whitney U test at a 0.05 significance level.

3.4. Auxiliary analysis: Diurnal cycle of streamflow in the urban mixed
forest

To gain a better understanding of the eco-hydrological processes in
the urban mixed forest catchment and its dynamic response to envi-
ronmental drivers, we investigated the diurnal pattern of streamflow in
this catchment and the meteorological forcing that caused it. We focused
on identifying the trends and dynamics of streamflow, evapotranspira-
tion, and the streamwater viscosity where their diurnal trends were
evaluated in an hourly resolution. The analysis utilized potential
evapotranspiration (PET), which was obtained through the (air)
temperature-based model developed by Oudin et al. (2005). The esti-
mation of hourly PET was carried out in R software using the PE_Oudin
function inside the airGR package (Coron et al., 2023). Conversely, the
viscosity of the stream was determined based on the water temperature
(in Kelvin, 5-minute resolution), following the Vogel equation as out-
lined by Schwab et al. (2016). Air temperature data was obtained from
the meteorological station at the study site maintained and operated by
the Slovenian Forestry Institute (Gozdarski institut Slovenije) while
water temperature data was measured by the HOBO logger (Section
2.2). The present study employed a simple descriptive characterization
of the diurnal patterns observed from the time series data of the vari-
ables. The seasonal structure of the diurnal amplitude, timing to maxima
and minima, and shape of the diurnal cycle were analyzed for the var-
iables of interest.

4. Results and discussions
4.1. Monitored rainfall-runoff events

The analyzed 86 rainfall events from August 2021 to August 2023
delivered a total rainfall amount of 2653 mm, corresponding to an

average of 1326.5 mm per year. During the investigated period, a
winter-spring precipitation deficit was observed in the greater Ljubljana
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area at the beginning of 2022, with only 266 mm of rainfall recorded
between January and May 2022 (ARSO, 2022). This amount is 57 %
lower than the long-term (1970-2021) average for the same 5-month
period (ARSO, 2023). The dry period persisted until the summer of
2022 when a series of heatwaves caused extreme drought across Europe
(Toreti et al., 2022). Fig. 3 illustrates the inter-annual variability of
rainfall volume, duration, and mean intensity of all considered rainfall
events, which are grouped into bimonthly classes. The 50th percentile
rainfall event was found to be 21 mm, while storms < 37.5 mm represent
75 % of observed rainfall events. Event mean rainfall intensities are
defined as the ratio of cumulative rainfall amount over the storm
duration. Moreover, 8 storm events registered an accumulated rainfall
amount greater than the 90th percentile (63.18 mm), with 2 of those
exceeding 100 mm (131.2 mm in August 2023 and 295.8 mm in
September 2022), which were excluded in the boxplot. Hence, it can be
observed from Fig. 3 that the rainfall amount exhibits seasonal variation,
with the largest amount of rain occurring in autumn. Whereas rainfall
duration is longer in wet and moderately wet seasons and significantly
shorter in summer. More intense storm events occurred in the summer,
specifically between June and August, compared to the wet periods.

Furthermore, the result of the hierarchical clustering led to the dif-
ferentiation of rainfall events into 4 major groups as shown in the
informative heatmap (Fig. 4) and boxplot (Fig. 5):

G1: Low rainfall amount, short duration, and low intensity (n = 51).

G2: High rainfall amount, long duration, low intensity (n = 18).

G3: Low to moderate rainfall amount, short duration, high intensity
(n = 14).

G4: Moderate rainfall amount, short duration, very high intensity (n
=2).

More than half of the events analyzed are classified as G1, but in
terms of rainfall sum per group, G2, consisting of long-duration heavy
rainfall events, contributes 39 % to the total rainfall amount of the
monitored storm events. Rainfall events with recorded consequences (i.
e., flooding) are distributed in groups G2, G3, and G4, each of which
features either a high volume of precipitation or a high-intensity rainfall.
Thus, it is important to note that the statistics of G4 are associated with a
significant degree of uncertainty given that only 2 events belong to this
group. The same issue applies to G5, with only 1 event, which for this
reason was not included as one of the rainfall groups. This particular
event occurred on September 15, 2022 and delivered 295.8 mm of
rainfall, which is the maximum rainfall amount during the study period
and lasted for 58 h (> 250-year return period). Meanwhile, the most
intense storm event occurred on July 5, 2022, with an average rainfall
intensity of 49.9 mm/h (46.6 mm in less than an hour) and a return
period of 20-year.

On the other hand, the results of the linear regression analysis

.
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Fig. 3. Seasonal (bi-monthly) variability of rainfall characteristics in the period August 2021-August 2023: (a) rainfall amount; (b) rainfall duration; (c) mean rainfall

intensity. Filled squares in the boxplot show the mean values.
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Fig. 4. Heatmap and hierarchical clustering of the standardized values of rainfall variables from 86 monitored storm events. The dendogram on the top was created
based on Ward’s method on a distance matrix calculated by the Euclidean distance measure.
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G4) in the urban mixed forest and urban area. Filled squares in the boxplot show the mean values.

(Fig. 6a) revealed a significant direct relationship between rainfall and
runoff in both catchments: urban mixed forest (R2 =0.62; p < 0.001)
and urban area (R? = 0.88; p < 0.001). This linear relationship aligns
with the similar patterns we can observe from the boxplots of rainfall
amount and catchment’s runoff volume within the groups as shown in
Fig. 5a and Fig. 6¢, respectively. As expected, a greater proportion of
rainfall in the urban area contributes directly to runoff generation,
leading to higher runoff volumes (Fig. 6¢) and peak flows (Fig. 6d)
compared to the urban mixed forest. In fact, the ratio of the regression
slopes between the urban area and urban mixed forest is 1.5, indicating

that the urban catchment tends to produce an order of magnitude more
runoff per unit of rainfall than the urban forest. This finding corrobo-
rates the well-established understanding that the presence of impervious
surfaces remarkably enhances runoff generation compared to vege-
tated/forested areas. In addition, the higher variation of 88 % in runoff
in the urban area catchment suggests that the influence of rainfall on
runoff is even more pronounced in this setting compared to the urban
mixed forest. While rainfall patterns show seasonal variations (Fig. 3),
the response of both catchments in terms of runoff generation does not
vary much seasonally (Fig. 6b) but autumn and winter rainfall events
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were found to contribute the largest runoff volume.

Additionally, the boxplots in Fig. 6¢ and 6d visually represent the
distribution of runoff volumes and peak flow within rainfall groups in
both catchments. Regardless of the catchment, the highest runoff vol-
umes originate from G2, which is characterized by long-duration heavy
rainfall events, the characteristics of autumn—winter rainfall events in
Slovenia (Kobold & Suselj, 2004). It is also indicated in the boxplots that
peak flow increases as rainfall events become more intense and have
higher volumes, with a consistent increase in mean values from G1 to
G4. The highest mean peak flow is observed in G4, reflecting the sub-
stantial impact of extremely high-intensity storm events on the runoff
response of both catchments, particularly in the urban area. These
observed disparities can be attributed to the contrasting land use/land
cover and slope of both catchments. Unlike the urban area, where
impervious areas create conditions that promote runoff generation, the
vegetation (e.g., trees, shrubs) canopies and soil in an urban mixed forest
can intercept and absorb a significant portion of rainfall, thus reducing
both the quantity and rate of runoff.

4.2. Event runoff coefficients and curve numbers from measured rainfall-
runoff data

The observed C values in the urban mixed forest were highly variable
(CV > 1.0) and right-skewed (3.45), varying from 0.001 for a rainfall of
8.4 mm to 0.91 for a 91.2 mm rainfall, with a mean of 0.11 4 0.016
(Table 1, Fig. 7a). More than half of the C values from the events are less
than the mean and are clustered around the lower median C of 0.062.
This distribution implies that using the mean C as the single represen-
tative value may overestimate the runoff generation in the urban mixed
forest. The median, being less influenced by extreme values, offers a
more stable and representative estimate of the C value. However, the use
of the median C would also underestimate the runoff for extreme events,
which can be particularly critical when designing infrastructure for
flood protection. These events, although infrequent, can have significant
impacts on the urban hydrological cycle and are important to consider in
hydrological modelling and planning.

In contrast, the urban area consistently exhibited a significantly
higher event C (p < 0.001), ranging from 0.17 to 0.96, with a more
symmetric data distribution. Both the mean and median C values are
estimated at 0.60, which are approximately 5 and 10 times higher than
those observed in the urban mixed forest, respectively. Most of the C
values observed in the urban area are clustered around the central
tendency, indicating less variability across rainfall events. This likely
reflects the dominance of impervious surfaces on the catchment’s runoff
behavior. In this case, the use of central tendency measures as the single
lumped value of C may provide a reasonable representation of this
specific catchment.

The estimated mean C values from the observed data fall within the

Table 1
Summary of the descriptive statistics of runoff coefficients (RC) and curve
numbers (CN) over all analyzed storm events.

Statistics Catchment

Urban mixed forest Urban area

C CN C CN
Mean =+ S.E. 0.11 + 82.69 + 0.60 + 0.020 95.45 +

0.016 0.919 0.446
Median 0.062 83.95 0.60 96.81
Std. deviation 0.15 8.11 0.18 3.94
Skewness + S. 3.45 + —0.66 + -0.16 + -2.93 +

E. 0.261 0.272 0.267 0.272

(9% 1.36 0.098 0.30 0.041
Asymptotic - 71.71% - 90.69*

S.E. — standard error; CV — coefficient of variation
* Asymptotic CN based on standard behavior under rank-ordered rainfall-
runoff data pairs.
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range of tabulated C values reported in the design manual of the
American Society of Civil Engineers (ASCE, 1992, 1996) for the specific
land uses that closely resemble the dominant land uses in both studied
catchments. According to these tabulated values, the C for parks (the
closest land use to urban mixed forest) is between 0.10 and 0.25, while
that for business or commercial neighborhoods (the closest land use to
the studied urban area) ranges between 0.50 and 0.70. Within this range
of C, McCuen (2005) recommended a C value of 0.20 for parks and 0.60
for business neighborhoods. However, when we refer to the table of
runoff coefficient values as a function of the hydrologic soil group (A, B,
C, D) and catchment slope, the forest is assigned a runoff coefficient of
0.20 to 0.25 for a hydrologic soil group D and a slope of greater than 6 %,
which describes the soil and catchment characteristics of the urban
mixed forest (average slope of 38.3 %). In this case, the computed mean
event runoff coefficient of 0.11 is approximately two times lower than
the tabulated C value for its characteristics. As for the studied urban
area, the catchment is rather flat with an average slope of 7.1 % and a
typical urban soil with anthropogenic admixtures (e.g., brick particles,
concrete debris). Based on these attributes, the tabulated values
assigned a runoff coefficient of 0.72 to 0.90 to commercial land use,
from which the values demonstrate only minor variations between soil
groups and slope range compared to other land uses.

As depicted in Fig. 7b, the linear relationship between rainfall and C
is statistically significant in both catchments (p < 0.001), but the
strength of the correlation is much stronger in the urban mixed forest
(R2 = 0.56) compared to the urban area (R2 = 0.14). It implies that
approximately 56 % of the variation in the C of the urban mixed forest
and 14 % for the urban area can be explained by the variation in rainfall.
However, as can be seen from Fig. 7b, the increase in C with rainfall
amount was subjected to some dispersion. For example, in the urban
mixed forest, similar C values of around 0.022 were observed for rainfall
amounts of 8.6 mm and 37.4 mm occurring in different hydrological
years of the study period. Also, rainfall events of 13 mm and 46.2 mm
resulted in a comparable C of approximately 0.12. Whereas the C in the
urban area remained consistently high, but certain rainfall events of
varying amounts generated the same C, such as a C of 0.35 was observed
for both 11.8 mm and 87.6 mm of rainfall, as well as 0.66 for 11.2 mm
and 60.6 mm of rainfall, among others. Nevertheless, the analysis sug-
gests that the volume of precipitation has a predictive role in deter-
mining the runoff coefficient for the outlet of the urban mixed forest
catchment. This finding is consistent with the research conducted by
Blume et al. (2007), which reported an increase in runoff coefficients in
response to total precipitation. However, the lack of a strong association
between rainfall and runoff coefficient suggests the relative influence
and contributions of other factors that modulate the runoff generation
processes, as also observed by Rodriguez-Blanco et al. (2012). This is
particularly relevant in an urban area where different land uses/land
covers have varying runoff mechanisms, implying the non-linearity of
the rainfall-runoff processes in urban catchments.

In terms of CN, the central tendency measures from both catchments
are less disparate and the distribution is more symmetrical (Table 1,
Fig. 8a). Over the analyzed events, the average CN in urban mixed forest
was 82.69 + 0.919, ranging from 63.6 to 97.44, with a median CN of
83.95. As for the urban area, the mean and median CN are also
considerably high at 95.45 + 0.446 and 96.81, respectively, which
varies from 74.1 to 99.65. Hence, using either the mean or median as a
single representative CN value may provide a reasonable estimation of
the studied catchment’s hydrological behavior.

Additionally, an asymptotic fitting method proposed by Hawkins
(1993) was applied to the naturally sorted and rank-ordered rainfall-
runoff data pairs from both catchments. Fig. 8b and c illustrate the re-
lationships between rainfall and observed CN for each catchment under
natural sorting and rank-ordering of data pairs, respectively. These as-
sociations are described by exponential equations, as reflected in Fig. 8b
and 8c, which is a projection of the standard asymptote indicated in the
study by Hawkins (1993). It can be inferred from this analysis that both
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catchments exhibited a standard behavior response, where the observed
CN values decline progressively with increasing rainfall depth,
approaching a stable near-constant CN value at larger storm events. This
asymptotic CN (CN,,) value is assumed to be the CN representative that
characterizes the catchment (Hawkins, 1993). Certainly, Van Mullem
et al. (2002) identified standard behavior as the most common scenario
because Hawkins (1993) found that 70 % of the 37 studied small
catchments showed this pattern. Recent studies have further supported
this finding, reporting similar observations in their respective catch-
ments. For instance, D’Asaro and Grillone (2012) observed a standard
response in 43 out of the 61 catchments in Sicily; Banasik and Wood-
ward (2010) found this type of behavior in a small agricultural catch-
ment in Poland; Soulis (2018) identified the same response in the post-
fire period of a small-scale experimental catchment in Attica, Greece;
and Farran and Elfeki (2020) documented similar pattern in majority of
the studied catchments in the southwest of Saudi Arabia. Hence, the
natural sorting of data sets (R2 = 0.55) from the urban mixed forest
presents a greater dispersion of values around the regression line of the
standard behavior compared to the rank-ordered series (R? = 0.66), as
also observed in other studies (e.g., Farran & Elfeki, 2020; Strapazan
et al., 2023). Nonetheless, a statistically significant relationship was
found between rainfall and CN (p < 0.001) based on the relatively high
coefficient of determination, further confirming the standard response
of the catchment. Conversely, the urban area catchment exhibits a
greater dispersion of values in both sorting techniques, accompanied by

a less pronounced yet statistically significant association of CN with
rainfall (R? = 0.29). For the purpose of facilitating a consistent com-
parison of CN with the tabulated values and prior estimates from central
tendency measures, the asymptotic CN derived from rank-ordered data
pairs will be used in the subsequent discussions.

As it appears from Fig. 8b and c, there is a clear tendency for CN to
approach a stable asymptotic value at larger storm sizes in both catch-
ments. These asymptotic CN (CN,) values correspond to 71.71 + 1.356
for the urban mixed forest and 90.69 + 1.632 for the urban area. In both
cases, the CN, values are lower than the CN derived from central ten-
dency measures (i.e., mean and median). As expected, the observed CN
values of the urban area are consistently higher than that of the urban
mixed forest in both central tendency measures and asymptotic method.
The combination of factors related to impervious surfaces, soil
compaction, reduced vegetation, and land use heterogeneity contribute
to a more runoff-prone environment in the urban area, leading to higher
CN values and greater potential for surface runoff. Within the frame-
work of NRCS NEH (USDA-NRCS, 2004) or TR-55 (USDA, 1986) docu-
mentation, an urban mixed forest does not have a direct land use/land
cover equivalent, instead, the closest category would likely be woodland
(some referred it as natural forests) cover type. Assuming a good hy-
drologic condition and average AMC II, the tabulated CN value for
woodland ranges from 30 to 77, depending on the hydrologic soil group.
On the other hand, the closest land use that can be associated with the
studied urban area catchment is the commercial urban district with an
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assigned CN of 89 to 95 across the various soil groups for AMC II. Thus,
the reported mean and median CN values for the urban mixed forest are
markedly higher than the range of CN provided by the NRCS. However,
the estimated CN, falls within the range of the tabulated CN, and
considering the soil type D of the catchment, the CN,, value of 71.71 is
lower compared to the NRCS-recommended CN of 77 for soil group D. As
for the urban area, the estimated CN values based on central tendency
and asymptotic methods are within the range of the reference CN values
stipulated in NRCS documentation, consistent with the expected char-
acteristics of the commercial-dominated urban area. Given the soil
properties in this catchment, which vary between soil groups C and D,
the mean CN (95.45) and median CN (96.81) values closely approximate
the NRCS-tabulated CN of 94 and 95 for the respective soil groups.
Whereas the CN,, of 90.69 is lower than the tabulated CN of NRCS.
Previous related studies have also reported that the CN values based on
the central tendency method are higher than the CN, estimated from
standard asymptotic fit and the NRCS NEH tabulated CN values (i.e.,
D’Asaro & Grillone, 2012; Oliveira et al., 2016; Singh & Mishra, 2019;
Strapazan et al., 2023; Tedela et al., 2012a).

Furthermore, comparing the estimated CN to the values from the
global gridded CN dataset (GCN250, Jaafar et al., 2019) reveals
noticeable discrepancies. The GCN250 dataset aims to offer gridded, yet
globally applicable, CN values at a 250 m spatial resolution based on
global land cover (300 m), hydrologic soil group map (250 m), and a
CN look-up table defining the different AMC levels (Jaafar et al., 2019).
For the study location, GCN250 assigns a CN of 75 for the urban mixed
forest and divides the urban area catchment into CN values of 88 and 91
under average antecedent conditions (Jaafar et al., 2019). The mean and
median CN values for both catchments are higher than the reported
values in the GCN250 dataset. Whereas, the asymptotic CN,, values
obtained for both catchments are closer to the GCN250 values, sug-
gesting that the gridded dataset may have captured the standard
asymptotic behavior of CN in response to larger storm events. However,
to substantiate this further, conducting additional local studies across
different catchments is needed. The observed discrepancies can be
attributed to the scale and resolution of the data, as our site-specific
observations capture local conditions that the broader GCN250 dataset
may have overlooked. Additionally, variations in land cover classifica-
tion and hydrologic soil group definitions between our localized study
and the global dataset can lead to discrepancies in CN assignment, as soil
properties and land use can differ significantly even over small areas.
Therefore, localized studies will benefit the GCN250 dataset as they can
serve as an opportunity to further validate and refine the CN values in
the GCN250 dataset with more site-specific hydrological data. This will
subsequently improve the applicability and accuracy of GCN250 for use
in localized hydrological modeling and stormwater management
practices.
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4.3. Seasonal variability of event-based runoff coefficients and curve
numbers

Several studies have consistently demonstrated a distinct seasonality
in runoff coefficients (i.e., Callegari et al., 2003; Merz & Bloschl, 2009;
Rodriguez-Blanco et al., 2012) and curve numbers (D’Asaro & Grillone,
2012; Gonzalez et al., 2015; Muche et al., 2019; Strapazan et al., 2023;
Tedela et al., 2007). On the other hand, Zheng et al. (2023) found that
for highly urbanized catchments in Britain, less seasonality of event
runoff coefficient was observed. In this study, the results of the Man-
n-Whitney U test revealed that the seasonal differences in the runoff
coefficients and curve numbers between the growing and dormant
seasons in both catchments were not statistically significant (p > 0.05).
The lack of observed seasonal differences in curve number was also
observed in some catchments in the United States of America with a
humid subtropical climate (Tedela et al., 2007) and a humid continental
climate (Tedela et al., 2012b). Van Mullem et al. (2002) further indi-
cated that the seasonal variation of CN is less common in arid and semi-
arid catchments but more prevalent in humid regions. Tedela et al.
(2007) reasoned out that this observation could possibly be due to the
inclusion of rainfall-runoff events occurring during the seasonal transi-
tion periods, which may possess similar characteristics of both growing
and dormant seasons. In the context of our findings, one plausible
explanation for the absence of statistically significant seasonal varia-
tions in C and CN in both catchments is that the number of rainfall events
within the observation period may not have been sufficient to establish
such statistically significant differences. With limited rainfall events,
which may be partly attributed to the precipitation deficit at the start of
2022 and the subsequent summer drought, it becomes challenging to
capture the full range of variability and identify meaningful seasonality
patterns. Additionally, if there was high variability within each season,
particularly when dealing with a limited number of rainfall events, it
could obscure or overshadow any potential differences between the
seasons. Another relevant contributing factor to this observation could
be attributed to the rainfall partitioning of the urban mixed forest, as the
study of Kermavnar and Vilhar (2017) indicated that throughfall (the
fraction of rainfall that passes through the canopy and reaches the
ground) in this mixed forest did not show statistically significant dif-
ferences (p > 0.05) between the growing and dormant seasons.

In this case, inspecting C and CN on a bi-monthly basis may provide a
more nuanced understanding of their variability. In terms of C, the
months of September and October (autumn), during which most of the
long-duration heavy rainfall events occurred (Fig. 3a) have the highest
mean runoff coefficient for both catchments as shown in Fig. 9. It is
followed by the months of November-February and July-August, which
correspond to winter and summer, respectively. Similarly, Rodriguez-
Blanco et al. (2012) observed a seasonal evolution in the runoff
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Fig. 9. Seasonal (bi-monthly) variability of runoff coefficient in the (a) urban mixed forest and (b) urban area.
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coefficients of a forest-covered Corbeira catchment in Spain, with the
highest values in autumn and winter, but with the lowest values
occurring in summer. Birkinshaw et al. (2021) also observed that across
most catchments in the UK, the highest runoff coefficient values were in
winter (December-February) and the lowest values in summer (June-
August), which coincides with the seasonal dynamics of evapotranspi-
ration. The same observations were reported by Merz and Bloschl, 2009
for Austrian catchments except for the alpine region and by Callegari
et al. (2003) for the Calabrian pine (Pinus laricio Poiret) forest stands in
Italy, before and after thinning. Chen et al. (2020b) focused on the
Hydrological Open-Air Laboratory (HOAL) in Austria and found that the
largest runoff coefficients, with a median over 0.2, occurred in January/
February, contrasting with a median below 0.035 in July to October.
They further added that wetlands exhibited a less pronounced seasonal
pattern, with runoff coefficients varying only slightly between months
(median between 0.03 and 0.07).

As depicted in Fig. 11, a different trend can be observed in the bi-
monthly variability of CN, particularly in the urban mixed forest. The
months of January and February (winter), when soil moisture is high (in
the urban mixed forest, Fig. 13), have the highest curve number in both
catchments, followed by July and August (summer). Similarly, higher
CN values were also observed during the growing season compared to
the dormant season in all the catchments investigated in the United
States of America (Tedela et al., 2007; Tedela et al., 2012b). In a semi-
arid catchment in India, Gundalia and Dholakia (2014) highlighted
the variability in CN values throughout the monsoon season, with the

11

highest CNs observed in September and the lowest in October, consistent
across the estimation methods used (i.e., median, geometric mean, and
standard asymptotic fit). This seasonal variation aligns with the
monsoon pattern, where September typically marks the peak of the
monsoon with substantial rainfall while October represents the retreat
of the monsoon, with significantly reduced rainfall. On the contrary,
Gajbhiye et al. (2013) found that out of 4 evaluated catchments in a sub-
tropical sub-humid region in India, 2 of those recorded a maximum
curve number in June, and the other 2 had in July.

The pre-event soil moisture in the urban mixed forest for both in the
open area of the catchment and under the forest canopies varies
seasonally with drier months from July to October (Fig. 13). Notably,
while most studies have reported the lowest C and CN during summer
due to the drier soil conditions of the catchment (Merz & Bloschl, 2009),
our analysis revealed that spring (March to May) exhibited the lowest
values, which is also reflected in the amount of average runoff (Fig. 6b).
Thus, it is important to acknowledge that the rainfall deficit in spring of
2022 may have influenced this observation. On the contrary, the plau-
sible factor explaining the high C and CN during July and August could
be related to the distribution of rainfall in the study location in which
according to the long-term data (1970-2022) from the Ljubljana-Bezi-
grad meteorological station, summer is the 2nd wettest season, receiving
28 % of the annual rainfall, after autumn (31 %). Additionally, summer
rainfall is often characterized by high-intensity events. The occurrence
of these high-intensity storm events during summer and long-duration
events in autumn can override the antecedent dry conditions of soil in
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the urban mixed forest, because of the potential of these events to
quickly saturate the soil and exceed its infiltration capacity. The study of
Zabret et al. (2023) also highlighted the influence of rainfall intensity on
soil moisture response in a small urban park in Ljubljana, Slovenia. It
was observed that the soil moisture in the open area and below the open-
grown trees increased rapidly in response to intense rainfall and the
maximum soil moisture values were reached quickly (Zabret et al.,
2023). Considering the soil type in the urban mixed forest as silty clay
loam with a very low infiltration potential and the presence of imper-
vious surfaces in the urban area catchment, it potentially caused more
surface runoff and increased the runoff coefficient and curve number.
Despite the urban mixed forest can intercept rainfall, such rainfall events
can overwhelm the forest’s interception mechanisms, especially when
such events occur during the dormant season when the trees are in their
leafless state. The findings of Zabret et al. (2023) further corroborate
that during the leafless period, which typically corresponds to the wetter
months of the year, the soil below the tree canopy responded more
quickly to rainfall and even lower rainfall intensities induced a response
to soil moisture. Moreover, the study by Chen et al. (2020a) highlighted
the influence of precipitation characteristics, particularly duration, on
predicting the runoff coefficient for the tile drainage and outlet systems.
On the other hand, the urban area catchment, with its increased
impervious surfaces and compacted soil properties, is more sensitive to
high-intensity events, which is typical for urban areas (Agonafir et al.,
2023; Marelle et al., 2020).

It can be seen in Fig. 10 that the distribution of runoff coefficients per
rainfall group follows similar trends as the amount of rainfall (Fig. 5a)
and runoff (Fig. 6¢). Long-duration heavy rainfall events (G2) generated
the largest mean runoff coefficient for the urban mixed forest, while
extremely high-intensity events (G4) were responsible for the high
runoff coefficients in the urban area. In contrast, the distribution and
trend of the curve number (Fig. 12), in terms of mean and median,
slightly deviates from this observed pattern with the rainfall group. For
the urban mixed forest, the highest curve number is associated with
rainfall group G3, characterized by moderate rainfall amount and high-
intensity events. Unexpectedly, G4 recorded the lowest curve number in
this catchment, but it is important to mention that this specific group
only consists of two events, which therefore may not be sufficient to
establish a definitive finding. Whereas the urban area exhibits its highest
curve number with the G4 rainfall group, followed by G3, indicating a
more expected response where heavier rainfall leads to more runoff due
to the higher prevalence of impervious surfaces that inhibit infiltration.
Hence, due to the statistical limitations (i.e., the limited number of
events in certain rainfall groups), it is possible that the observed trend of
CN with rainfall group is not representative of the overall pattern, and
additional data encompassing more rainfall events, with extremely high
intensity, across various seasonal conditions would be necessary to
further validate these hypotheses. Also, the observed inconsistency and
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contradicting trends of runoff coefficients and curve numbers, particu-
larly in the urban mixed forest likely reflect the different ways in which
these two indices are calculated and the different factors that affect
them.

4.4. Specific single event analysis of runoff response and pre-event soil
moisture conditions in the urban mixed forest

In the present study, the relation of runoff coefficient and curve
number with initial soil moisture is not as straightforward as expected.
Previous studies have also indicated that the correlation between pre-
event soil moisture and the subsequent runoff coefficient is relatively
weak (i.e., MeiBl et al., 2020; Penna et al., 2011; Uber et al., 2018). We
have observed in Fig. 7b that certain rainfall events sharing similar
characteristics can yield different Cs while events with distinct rainfall
characteristics can exhibit similar Cs. These intriguing variations in
catchment response observed in the urban mixed forest may be partially
explained by the differences in pre-event soil moisture conditions.
Hence, to better understand the interplay between rainfall, pre-event
soil moisture, and the runoff response in the urban mixed, we
analyzed specific rainfall-runoff events, as illustrated in Figs. 14-16.
Events 27 and 73 (Fig. 14) were among the events with contrasting
rainfall characteristics that have the same C of around 0.12. However,
these events were characterized by distinct initial soil moisture condi-
tions. The high-intensity event 27 occurred during the onset of the
summer drought in July 2022 when the soil moisture was relatively low
(< 25 % for the open area and < 18 % under the forest). In contrast,
event 73 (June 13, 2023) was preceded by several independent
(following the 4-h minimum inter-event time) moderate to heavy storm
events, occurring between June 2 and 7, 2023, with rainfall amounts
ranging from 13.2 mm (C = 0.021) to 40.6 mm (C = 0.18). It is hy-
pothesized that the high C of event 73 despite the low rainfall volume
can be due to high initial soil moisture and its high mean intensity (13.4
mm/h). The antecedent rainfall events effectively saturated the topmost
16 cm of the soil profile (both in the open and under the forest), creating
favorable conditions for higher runoff potential. This pattern is further
underscored by the corresponding CN values of 71.7 for event 27 and 90
for event 73, which highlights the significant influence of initial soil
moisture on CN values. On the other hand, events 17 and 74 (Fig. 15)
have almost identical rainfall characteristics but had differing Cs of 0.19
and 0.073, along with CNs of 84.7 and 78.1, respectively. These dis-
crepancies can be explained by the initial soil moisture conditions before
the occurrence of these events. Specifically, event 17 (27.8 mm)
occurred during the beginning of spring, around 6 h after the first
rainfall impulse of 38.8 mm (C = 0.045). This prior rainfall event
notably increased the soil moisture content from 35 % to 39 % in the
open area and from 26 % to 32 % under the forest, which served as the
antecedent soil moisture condition for event 17, contributing to its
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Fig. 12. Variability of curve number per rainfall groups (G1, G2, G3, G4) in the (a) urban mixed forest and (b) urban area.
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Fig. 13. Seasonal (bi-monthly) variability of pre-event soil moisture at 16 cm depth in the (a) open area and (b) under the forest canopies.
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Fig. 14. Example of rainfall events with different characteristics but similar C and the subsequent response of upper soil moisture at 16 cm depth (in the open area
and under the forest) and runoff. (a) Event 27 occurred on July 5, 2022 with a cumulative rainfall amount of 46.2 mm and mean intensity of 49.9 mm/h; (b) Event 73
occurred on June 11, 2023 with a cumulative rainfall amount of 13 mm and mean intensity of 13.4 mm/h.
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Fig. 15. Example of rainfall events with almost similar characteristics but different C and the subsequent response of upper soil moisture at 16 cm depth (in the open
area and under the forest) and runoff. (a) Event 17 occurred on April 1-2, 2022 with a cumulative rainfall amount of 27.8 mm and mean intensity of 0.81 mm/h; (b)
Event 74 occurred on June 27-28, 2023 with a cumulative rainfall amount of 27.2 mm and mean intensity of 13.4 mm/h.

higher C. The low C and CN of event 74 (27.2 mm) can be attributed to
the drier conditions of soil with a pre-event moisture level of 28 % (open
area) and the absence of precipitation within 10 days before its
occurrence.

Further analysis of extremely heavy rainfall events (295.8 mm)

following a prolonged dry soil condition at a moisture level of 22 % in
the open area and 16 % under the forest (Fig. 16) due to the summer
drought revealed that greater rainfall volumes do not necessarily equate
to high C and CN. This particular storm event was characterized by a C of
0.26 and a CN of 39.3. However, this event effectively saturated the soil,
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Fig. 16. Example of heavy rainfall events after a prolonged drought period and the subsequent response of upper soil moisture at 16 cm depth (in the open area and
under the forest) and runoff. (a) Event 36 occurred on September 15-17, 2022 with a cumulative rainfall amount of 295.8 mm and mean intensity of 5.1 mm/h; (b)
Event 37 occurred on September 25-26, 2022 with a cumulative rainfall amount of 75.4 mm and mean intensity of 2.0 mm/h, while event 40 occurred on September
28-30, 2022 with a cumulative rainfall amount of 91.2 mm and mean intensity of 2.7 mm/h.

reaching a constant moisture level of 32 % in the open and 25 % under
the forest, setting the antecedent soil moisture condition for the next
rainfall events. Event 37, which ensued 7 days after event 36 and
featured a rainfall amount of 75.4 mm, occurred under these updated
pre-event soil moisture conditions, and yielded an C of 0.20 and CN of
67.9. This event along with the occurrence of intermediate small rainfall
events further increased the soil moisture to 34 % in the open and 27 %
under the forest. This event along with the occurrence of intermediate
small rainfall events further increased the soil moisture to 34 % in the
open and 27 % under the forest. Such wet initial soil moisture conditions
during the leaf-fall period of trees led event 40 with 91.2 mm of rainfall
to have a significantly higher C of 0.91 and CN of 97.4. The elevated soil
moisture levels and the preceding rainfall events contributed to this
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substantial increase in C and CN. The analysis of specific rainfall-runoff
events demonstrates that pre-event soil moisture and/or antecedent
rainfall can partly explain the dispersion of C in Fig. 7b and CN in Fig. 8
for the urban mixed forest.

4.5. Diurnal streamflow pattern in the urban mixed forest

Urban forests are among the green spaces found in urban environ-
ments with a multitude of ecosystem services, making them a valuable
element of the green infrastructures in cities (Berland et al., 2017; Kong
etal., 2021; Orta-Ortiz & Geneletti, 2022). Among the crucial benefits of
urban forests is their role in urban stormwater management, which is
especially significant given the increasing frequency of extreme weather
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events due to climate change. They act as a natural sponge by increasing
the hydrological losses in the catchment, mainly by canopy interception,
evapotranspiration, and enhanced infiltration (Berland et al., 2017).
Hence, understanding the eco-hydrological processes within urban for-
ests is crucial for maximizing their functionality and benefits, particu-
larly regarding stormwater management. Analyzing the diurnal
variations in streamflow is a key part of this understanding as these
patterns provide insights into how urban forests respond to the changes
in environmental drivers and land cover (Deutscher et al. 2016).

The diurnal cycle in streamflow may be used as a diagnostic tool to
identify the dominant processes affecting the water balance of a given
catchment and thus, represents a significant part of the variability in
streamflow observed in many rivers (Deutscher et al., 2016; Lundquist &
Cayan, 2002; Schwab et al., 2016). Lundquist and Cayan (2002) out-
lined 4 mechanisms that induce diurnal patterns in streamflow, namely
evapotranspiration, infiltration in losing reaches, diurnal cycles in
rainfall, and snowmelt.

Visual inspection of the 2-year streamflow data in the urban mixed
forest catchment indicated that the diurnal streamflow pattern is most
prevalent during low flow and precipitation-free periods. Based on this
time series, the catchment began to yield diurnal signals in streamflow
in late spring and gradually developed a more clearly discernible signal
amplitude during summer. These diurnal signals then became less pro-
nounced during autumn, eventually being absent in winter, depending
on the volume of rainfall received by the catchment during these pe-
riods. The characteristics of the diurnal cycle in streamflow also exhibit
seasonal structures in terms of the shape and timing of maxima and
minima (Fig. 17), as also described in other studies (i.e., Gribovszki
et al., 2006; Lundquist & Cayan, 2002; Schwab et al., 2016). As an
example, we selected a 6-day period in both summer (August 2021) and
winter (January 2022) seasons when the diurnal cycles in streamflow
were evident. This is also to demonstrate the interaction of the diurnal
fluctuations between streamflow, evapotranspiration, and streamwater
viscosity in both seasons. It can be observed from Fig. 17 that the
summer diurnal cycle in streamflow is characterized by a gradual rise of
about 14 h and a sharp decline of about 10 h. During this time, the
hourly timing of the diurnal streamflow maxima occurred in the early
morning, between 3:00 AM to 6:00 AM when both the air and stream-
water temperatures were at their minimum. This corresponds to a period
when the evapotranspiration rates of vegetation in the forest are typi-
cally at their lowest due to cooler temperatures and higher humidity.
Simultaneously, lower water temperature tends to increase the stream-
water viscosity, which can have a subtle effect on the hydraulic con-
ductivity and infiltration rates of the streambed. This higher viscosity
can impede the movement of water through the streambed material,
reducing the infiltration rate (Bouwer, 2002; Miller et al., 2005; Ronan
et al., 1998). Consequently, more water is available to contribute to
streamflow in the channel. In contrast, the minimum streamflow during
summer was observed in the afternoon (1:00 PM to 3:00 PM) when
water and air temperatures were higher, causing a decrease in water
viscosity and an increase in evapotranspiration, respectively. Lower
viscosity allows the water to move more easily through the streambed
material due to higher hydraulic conductivity, thus more water can
infiltrate into the streambed (Constantz et al., 1994; Schwab et al.,
2016). Thus, the combined effects of higher evapotranspiration and
lower viscosity of water may explain the streamflow minima during this
time of the day, but their relative contribution to the streamflow loss
should be investigated more in detail in the future study. Conversely,
when the diurnal streamflow pattern is present during winter (like in
January 2022), it exhibits a steep rising limb that takes approximately 3
h, followed by a very gradual falling limb that lasts for about 21 h. The
diurnal cycle reached the maximum streamflow in the afternoon, be-
tween 1:00 PM to 2:00 PM, during the dormant season when the vis-
cosity is low and the minimum in the morning (9:00 AM to 10:00 AM).
Based on this analysis, we hypothesized that the viscosity of stream-
water has a potential relevant contribution to the observed diurnal cycle
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of streamflow in the urban mixed forest. The experiment of Constantz
et al. (1994) concluded that the effect of stream temperature on the
hydraulic conductivity of the streambed accounted for nearly all of the
variation in streamflow loss. Also, they added that the maximum water
loss observed in the afternoon caused the streamflow minima during this
time. However, the study by Schwab et al. (2016) indicated that the
diurnal streamflow maxima in the afternoon during the dormant season
could be attributed to the viscosity effect of the inflowing water, while
the minima in the afternoon during the growing season could be due to
the greater relative significance of evapotranspiration. Nevertheless,
recent studies at other catchments in different geographical locations
further support that the diurnal pattern in streamflow can be potentially
explained by the fluctuations in evapotranspiration and streamwater
viscosity (Constantz et al., 2016; Schwab et al., 2016).

5. Limitations and future works

Both C and CN are typically used in lumped-parameter hydrological
models, which cannot represent the spatial heterogeneity of the catch-
ment characteristics, like distributed models do. However, distributed
models require more data with higher spatial resolution which may not
be available in many areas (Mishra et al., 2007; Strapazan et al., 2023).
Hence, lumped models, particularly when informed by locally derived C
and CN values, remain a valuable tool for hydrological modeling in data-
limited environments, minimizing the uncertainty associated with
parameter selection. However, during the estimation of C and CN from
local gauged data, this study has several limitations that could serve as a
springboard for further research.

The observation period covered in this study is relatively short,
which is 2 years, and incorporating longer rainfall-runoff records is
critical for capturing a more comprehensive range of hydrological con-
ditions and temporal variations. It also ensures a more representative
and statistically sound analysis, addressing potential biases or un-
certainties that may arise from relying on limited datasets. These aspects
are essential for more accurate estimations of the C and CN of both
catchments, especially for the seasonality of both parameters, as well as
for the calibration and validation of these estimated values.

The hydrograph baseflow separation for the urban mixed forest
catchment was performed using the Lyne and Hollick (1979) recursive
digital filtering method, which may affect the quantity of direct runoff.
However, it is worth mentioning that the baseflow in this catchment
constitutes a relatively small component of streamflow, with surface
runoff being the dominant hydrological process. The catchment expe-
riences rapid runoff during heavy rainfall events, when baseflow may be
suppressed as water is quickly channeled away. This could be attributed
to the catchment’s steep slope (38.3 %) and the low infiltration capacity
of the soil (silty clay loam). Nevertheless, it would be beneficial for
further studies to compare several baseflow separation methods to
better describe the hydrological processes of the catchment.

In calculating CN, we used a constant initial abstraction ratio, A =
0.2, which has limitations that should be acknowledged. Previous
research suggests that A can vary depending on site-specific conditions
and storm events (Hawkins et al., 2002; Mishra & Singh, 2004; Tedela
et al., 2012a; Woodward et al., 2003). Also, we assumed an average
antecedent moisture condition (AMC II) for the urban mixed forest
catchment to facilitate comparison with the tabulated CN values. Future
studies should investigate the actual AMC of the catchment and deter-
mine A values by analyzing observed rainfall-runoff events, as well as
explore the sensitivity of CN to different A values to improve the accu-
racy of runoff estimates.

It is also imperative to test the runoff prediction performance of the
estimated C and CN values from local rainfall-runoff data and compare
them with the tabulated C/CN values, while also accounting for the
seasonal variations of these parameters. Such research will help improve
the accuracy and reliability of rational and curve number methods in
hydrological analysis and engineering design, as well as the suitability
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and limitations of using tabulated values in different hydrological
contexts.

Urban environments exhibit a diverse range of land use patterns and
are increasingly vulnerable to extreme weather events, highlighting the
necessity for future studies that explore different urban land use types
and climate change scenarios on C and CN. Such studies will aid in
designing adaptive stormwater management strategies, contributing to
more resilient urban infrastructures and cities. Enhanced empirical data
and model predictions will also facilitate the implementation of nature-
based solutions in cities and sustainable urban development practices
globally.

6. Conclusions

C and CN are among the fundamental parameters in hydrology,
crucial for understanding the hydrological responses to rainfall events at
the catchment scale. In this study, we examined and compared the C and
CN derived from observed rainfall-runoff events in the urban mixed
forest and highly impervious urban area in Ljubljana, Slovenia. The
results suggest that using central tendency measures as the single
representative C values for the urban mixed forest is problematic due to
high variability, while for the urban area, this method may provide a
reasonable estimate of the catchment’s runoff. These C values are lower
compared to the tabulated C values specified in the design manual of the
American Society of Civil Engineers for the respective land use.
Conversely, the estimated mean and median CN values can be used as a
representative single CN value to characterize the runoff potential of
both studied catchments. The asymptotic CN,, values for the urban
mixed forest (71.71) and urban area (90.69) are lower than the NRCS
NEH-tabulated values of 77 and 95, respectively, suggesting central
tendency CN values to be higher than those from standard asymptotic
fits and NRCS NEH tables.

Moreover, the bi-monthly analysis of event C and CN values showed
distinct seasonal variations despite a lack of statistically significant
differences between growing and dormant seasons. The C was highest
during autumn and winter, particularly in September-October. In terms
of CN, the months of January and February had the highest CN values,
followed by July and August. The occurrence of high-intensity storms in
the summer and prolonged heavy rainfall events in autumn may have
overridden the dry antecedent soil conditions, resulting in increased C
and CN values. Event analyses revealed that pre-event soil moisture and
antecedent rainfall caused some rainfall events with different charac-
teristics to have similar C, while events sharing the same characteristics
have different C. The interplay of pre-event soil moisture conditions,
antecedent rainfall events, and the characteristics of specific storms
significantly influenced the observed variations in C and CN, thus
shaping the runoff response.

By demonstrating the discrepancies between the estimated values of
C/CN from local gauged data and the generalized tabulated values, this
study challenges the conventional use of generic hydrological parame-
ters and underscores the necessity for site-specific estimates of these
parameters based on gauged data. Reliance on generalized tabulated
values may lead to underestimations or overestimations of runoff,
impacting the design and efficacy of urban drainage systems and
stormwater management strategies. Additionally, given the observed
seasonal variations in C and CN, it is crucial to factor in temporal
changes when designing stormwater management systems. The findings
highlight an opportunity for municipalities to re-evaluate and poten-
tially revise the design guidelines of their urban water infrastructures to
better reflect local conditions. However, caution is still advised when
interpreting and using the estimated values from this study in hydro-
logical analysis and design of hydraulic structures, particularly for the
study location.

In addition to this, the diurnal streamflow pattern in the urban mixed
forest catchment showed distinct seasonal characteristics, in terms of the
diurnal shape and the timing of streamflow maxima and minima. The
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diurnal cycle in streamflow is more prevalent during low-flow and
precipitation-free periods. The understanding of this component of the
eco-hydrological processes is crucial for optimizing the functioning and
benefits of urban forests as one of the nature-based solutions for climate
change adaptation and sustainable development.

In summary, site-specific C and CN values provide a more accurate
basis for predicting runoff and managing stormwater, allowing for
tailored solutions that consider the local conditions of each catchment.
While the limitations of using lumped parameters like C and CN in hy-
drological modeling are valid, using locally derived values is still useful
for improving hydrological modeling and urban stormwater manage-
ment. This has broader applicability to other urban areas globally,
especially for areas where the use of distributed models can be chal-
lenging. These actionable insights are important for water engineers,
urban planners, and policymakers as they seek to develop effective
stormwater management strategies and prioritize nature-based in-
frastructures. As cities continue to expand and face the increasing
challenges associated with extreme weather events and urban densifi-
cation, the hydrologic benefits of urban green spaces as an element of
nature-based infrastructures can help alleviate the pressure on urban
drainage systems and potentially reduce the risk of pluvial flooding.
Future studies can further explore and model different scenarios to
investigate how the integration of trees with other stormwater man-
agement practices can maximize their functions and facilitate the
implementation of nature-based solutions.
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