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Quantifying representative runoff coefficients for small basins: a practical recipe for 
data-limited conditions
Giulia Evangelista , Pietro Bogoni , Daniele Ganora and Pierluigi Claps

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Torino, Italy

ABSTRACT
The runoff coefficient is a key hydrological variable, but its dependence on event severity and high 
variability across events makes selecting a representative value for a catchment challenging. This study 
presents a practical approach to estimate it when high-resolution time series of rainfall and streamflow 
data are unavailable. Based on over 1000 historical events recorded in the Hydrological Yearbooks, we 
estimate annual runoff coefficients empirically for 60 small- to medium-sized catchments in Italy. We 
develop a novel procedure to unambiguously match maximum discharges with corresponding rainfall 
depths, addressing situations where the occurrence dates of hydrological extremes were not consistently 
recorded. We also show that pairing rainfall and discharge maxima by frequency provides equally 
reasonable estimates of runoff coefficients as pairing by temporal coincidence. A consistency analysis 
and examination of cases with outlying runoff coefficients finally provide useful insights for basin 
classification to support, for instance, regional flood frequency analysis.
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1 Introduction

Italy is characterized by significant climatic variability, with 
extreme rainfall events that are often highly localized in both 
time and space. The vulnerability of settlements to such events 
may be further exacerbated by the country’s complex mor
phology. An example is the Apennine ridge, where longer 
watercourses span about 100 km before reaching the sea, 
with many small, steep catchments facing a high risk of flash 
floods and debris flows. Notably, recent severe flood events in 
Italy have predominantly occurred in small watersheds, with 
contributing areas of less than a few hundred square kilo
metres (e.g. Fortelli et al. 2019, Francipane et al. 2021).

Although small catchment hydrology is highly representa
tive of the Italian landscape, understanding the hydrological 
behaviour of such small watersheds remains an ongoing chal
lenge (e.g. Ross et al. 2020, Grimaldi et al. 2021). A critical 
aspect in this regard is the analysis of soil absorption and 
moisture conditions, which can significantly modulate flood 
severity, particularly in small catchments (Blӧschl 2022). 
A striking example in Italy is the catastrophic flood that 
affected the Emilia Romagna and Marche regions in 
May 2023, where pre-existing high soil saturation levels greatly 
exacerbated flood peaks, as the soil’s capacity to absorb addi
tional rainfall was severely reduced (see, e.g. https://www.cima 
foundation.org/en/news/the-italian-floods-of-may-2023- 
a-scientific-analysis/, last access: 26 October 2025).

A parsimonious way to conceptualize soil absorption is the 
use of the runoff coefficient (C), defined as the fraction of 
rainfall that becomes direct runoff during a flood event. 

Although the runoff coefficient is conceptually straightforward 
and can serve as a lumped metric for representing runoff 
production at the catchment scale (Viglione et al. 2009), its 
practical use can be affected by some issues.

When rainfall and discharge records are available, event run
off coefficients are typically estimated through base flow hydro
graph separation and event selection procedures (e.g. Merz and 
Blöschl 2009, Tarasova et al. 2018a, Wasko and Guo 2022). 
These techniques require rainfall and streamflow time series at 
sub-daily temporal resolution, which may not be consistently 
available on a large scale. In Italy, limited access to continuous 
hydrological records has resulted in only a few studies addres
sing the estimation of empirical event runoff coefficients at 
regional scales (e.g. Norbiato et al. 2009, Del Giudice et al.  
2014, Massari et al. 2023, Rahi et al. 2023), while national-scale 
assessments have been attempted in other countries (e.g. Merz 
et al. 2006, Wasko and Guo 2022, Zheng et al. 2023).

For design purposes, C is typically treated as a constant, 
ranging between 0 and 1, with the upper limit indicating highly 
impervious surfaces. The challenge, however, lies in determin
ing which value is most suitable for a specific watershed. 
Engineers often rely on recommended basin-scale C values 
derived from reference tables, which provide general guidance 
based on factors such as soil permeability, land cover and 
topography. However, it is acknowledged that these standar
dized values may not accurately represent real-world condi
tions (Machado et al. 2022) as, for any given basin, the runoff 
coefficient is not a fixed value; rather, it is strongly controlled 
by variables like rainfall intensity and soil moisture condition.
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In this context, our research proposes a data-driven 
approach for building reasonable estimates of a catchment- 
representative runoff coefficient, serving as an alternative to 
the conventional use of continuous time series in this process. 
To compare occasionally derived values at the event scale with 
those used in the design context, we carry out historical large- 
scale spatial reconstructions of the empirical annual runoff 
coefficient. While event runoff coefficient characterize specific 
runoff mechanisms, the one computed on an annual basis 
aggregates catchment processes over a long-term scale (Saft 
et al. 2015). Therefore, the annual C can be seen as a metric of 
the catchment’s overall rainfall-runoff response and can be 
used for comparing and classifying watersheds. This would 
be useful to understand the flood generation mechanisms in 
basins with different morphological features (Blume et al.  
2007, Ley et al. 2011).

To address this goal, in this work we build a dataset of 
more than one thousand historical flood runoff coefficients, 
by retrieving data on hydrological extremes from the 
Hydrological Yearbooks for 60 selected small to medium- 
sized watersheds across Italy. Unlike most previous studies 
that rely on continuous time series, our work explicitly 
derives runoff coefficient values from rainfall and discharge 
extremes, an approach rarely reported in the literature, yet 
more practical, given that data on hydrological extremes are 
often easier to obtain than continuous records. In our inves
tigation, we evaluate and compare two estimation methods 
for the runoff coefficient. The first approach is event-based, 
whereby individual daily maxima of discharge are temporally 
matched with corresponding daily rainfall depths; the second 
is frequency-based and involves the statistical matching of 
rainfall and flood frequency. To enhance the accuracy of the 
event-matching approach, we develop a dedicated procedure 
designed to effectively associate in time each annual maxi
mum flood to the value of the rainfall depth that most likely 
produced it. The standardized procedure that we propose 
here can help to address a significant data gap in Italy, and 
potentially elsewhere, i.e. the lack of readily available infor
mation on the occurrence date (year/month/day) of hydro
logical extremes.

We also perform a detailed analysis of case studies that 
exhibit anomalous values of the reconstructed runoff coeffi
cient, which are either unusually small (below 0.1) or exceed 1. 
By identifying potential sources of estimation errors, whether 
stemming from inaccuracies in historical data transcription, 
methodological choices, or specific morphological and cli
matic basin properties, researchers can significantly improve 
the accuracy of their runoff coefficient estimates.

This work serves as a preliminary foundation for subse
quent, more detailed analyses, which will make use of contin
uous time series data from recent years. Such future 
investigations will allow for a more in-depth understanding 
of temporal variability of the runoff coefficient, especially 
regarding its relationship with antecedent rainfall.

2 Methods

The empirical annual runoff coefficient, hereinafter referred to 
as C, is estimated here as a volumetric ratio: 

where R and P are the total basin-averaged runoff depth (mm) 
and the total areal rainfall depth (mm), respectively.

According to the scheme discussed in Lapides et al. (2021), 
a first, deterministic, interpretation of C can be given by 
assuming an event-based matching of R and P. The runoff 
coefficient estimated in this way is associated with physical 
processes, as each flood is associated with the rainfall depth 
that produced it. This interpretation implies that, depending 
on soil conditions and, consequently, soil infiltration capacity, 
R and P may be associated with different return periods. In the 
following sections, the runoff coefficient estimated as 
described above will be denoted as Cevent.

A second interpretation is possible by adopting 
a frequency-based matching of R and P (e.g. Schaake et al.  
1967, Hawkins 1993, Young et al. 2009, Dhakal et al. 2012). In 
this way, a statistical runoff coefficient (hereinafter Cfrequency) is 
defined as an adjustment coefficient that ensures the same 
exceedance probability between R and P, where R is the runoff 
with the same return period of P. This assumption is implicit 
in the practical use of the rational method, where the runoff 
coefficient is used as a calibration parameter to force the 
predicted design flood to have the same return period as the 
design rainfall.

The following sections present the two estimation methods 
and discuss their strengths and limitations in relation to data 
availability.

2.1 Event-based approach

2.1.1 Development of an unambiguous event-based 
matching of discharges and rainfall depths
To compute Cevent using Equation (1), one needs to estimate 
R and P for an unambiguously defined flood event. In this 
work, R is calculated from annual maxima of daily discharge, 
sourced from the Italian Flood and Catchment Atlas (Claps 
et al. 2024). Daily maxima are preferred because they are 
generally more readily available than annual peak discharges 
and are directly related to the runoff volume of the same day. 
This direct relationship helps minimize ambiguity when asso
ciating runoff volumes with rainfall amounts during a given 
flood event. Therefore, according to the event-based matching 
technique, P represents the rainfall depth deemed to have 
generated the observed value of R.

However, the estimation of Cevent may suffer from a major 
drawback. As mentioned in the Introduction, the day and 
month on which historical extreme flood events occurred are 
not systematically recorded or readily accessible in Italy, parti
cularly in the case of annual maxima of instantaneous dis
charge. On the other hand, maxima of daily average 
discharge are always associated with a date, as they are derived 
directly from continuous daily runoff time series.

In this work, the date of occurrence (year/month/day) of 
annual maxima of daily discharge and daily rainfall are manu
ally retrieved from the daily time series in the Hydrological 
Yearbooks (hereinafter HYs). This process is quite time- 
consuming, as the two variables are recorded in two separate 
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volumes each year. To retrieve an entire time series of extremes 
measured by a gauging station, all the yearbooks must be 
consulted, and they are available only as individual images at 
http://www.bio.isprambiente.it/annalipdf/ (last access: 
23 September 2025).

Besides the time demanding nature of this task, an addi
tional challenge remained unsolved. Even after collecting all 
the necessary data, associating the maximum discharge with 
the corresponding rainfall depth proved to be a non-trivial 
operation. This ambiguity arises due to differences in how 
rainfall and discharge data are recorded, as also reported by 
Froidevaux et al. (2015) in their rainfall-runoff analysis of 
basins in Switzerland. According to what stated in the HYs, 
daily rainfall depths were measured each day at 9 a.m. and 
referred to the total rainfall amount accumulated over the 
previous 24 hours. On the other hand, daily discharge mea
surements were recorded at noon of the same day. Before 1940, 
daily discharge values corresponded to instantaneous readings 
at noon; from 1940 onward, they represent the average of 
measurements taken every 6 hours, or more frequently, every 
1 to 2 hours, during periods of significant water level fluctua
tions. Therefore, when searching for (R-P)event pairs, two main 
situations are recognized, as represented in Fig. 1. In the first 
case (case A, Fig. 1a), the annual maximum daily discharge 
occurs on the same day as a sufficiently high rainfall depth, at 
least when compared to the rainfall amounts recorded on other 
days within the month. In this case, it is reasonable to assume 
the two can be directly associated. In a second case (case B, 
Fig. 1b), a plausible value for P is reported in the HYs one day 
after the occurrence of the annual maximum discharge. This 
may seem counterintuitive. However, looking at the scheme in 
Fig. 1 and considering that the times of concentration of the 

basins analysed are certainly less than one day, due to their 
small-to medium-sized drainage areas (see section 3), one can 
conclude that this second case is equally reasonable.

A third condition is also identified, although it is much less 
common. In this case, annual maximum discharges are 
recorded one day after a feasible value for P. Given the rainfall 
recording practice, this would imply that the recorded rainfall 
actually occurred two days prior to the flood. This introduces 
a time lag between precipitation and discharge that is not 
consistent with the typical response times of these small basins, 
which are generally on the order of a few hours. This third 
case, therefore, is considered physically unacceptable, and 
events that fall within this scenario are considered potential 
instances of data transcription errors. An interesting case in 
which such an error has been identified is discussed in-depth 
in section 4.2.1. A procedure to match rainfall and discharges 
on an event-basis preventing ambiguities is then developed. 
The process is outlined in the flowchart in Fig. 2.

2.2 Frequency-based approach

The selection of events and related data described in the pre
vious section needs to be structured as a standardized proce
dure and may be very time-consuming to implement. For this 
reason, we also consider a frequency-based matching approach 
for R and P in our analysis. Originally proposed by Schaake 
et al. (1967), this approach has been used in the literature to 
estimate both the runoff coefficient (e.g. Young et al. 2009, 
Dhakal et al. 2012, 2013) and the Curve Number (e.g. 
Hjelmfelt 1980, Hawkins 1993).

Using this method, “the rainfall depths and runoff depths are 
sorted separately, and then realigned on a rank-order basis to 

Figure 1. Examples of temporal correspondence between rainfall depths and discharges, as documented in the Hydrological Yearbooks, include: instances where 
rainfall depth and discharge were recorded on the same day (a), and cases where rainfall depth and discharge were recorded with a one-day delay (b). Additionally, two 
distinct methodologies for measuring daily discharges are noted, one adopted prior to 1940 and another introduced after 1940.
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form Q-P pairs of equal return periods. The individual runoffs 
are not necessarily associated with the original causative rain
falls” (Hawkins 1993). By removing the need for event-specific 
pairing, this approach allows for a simplified, but systematic 
and rapid estimation of flood runoff coefficients. In fact, the 
annual maxima of daily discharge (the same used in the pre
vious section) and those of daily rainfall can simply be sorted 
independently, without reference to specific dates, to form 
(R,P)frequency pairs, so that Cfrequency can be computed using 
Equation (1).

2.3 Estimation of Cevent and Cfrequency runoff coefficients

The procedure used to systematically calculate the runoff 
coefficient C is outlined in the steps shown in Fig. 3, where 
G, R and P stands for “gauge”, “runoff depth”, and “rainfall 
depth”, respectively. Each step is described below.

Starting point:
For a given catchment and year, we first identify the annual 

maximum daily discharge from Claps et al. (2024) and retrieve 
the corresponding date of occurrence (year/month/day) from 
the HYs. Then, we calculate the equivalent runoff depth R.

Step 1:
We draw a variable-width buffer around the basin, in order 

to encompass a minimum of one and a maximum of four 
active rain gauges within the designated area. We found that 
including up to four rain gauges strikes a good balance, enhan
cing the analysis’s accuracy without making it overly costly. 
Any non-active rain gauges for the specified (year/month/day) 
are excluded from the analysis (e.g. gauge Gi in Fig. 3, step 1).

Step 2:
For the event-based matching procedure (step 2a), once 

the active rain gauges are selected, we verify that the 
selected daily rainfall depth is at least a monthly maximum. 
This check assures us more with the likely temporal match 
to the extreme discharge. If this check is not met, that rain 
gauge is excluded from the analysis (e.g. gauge Gk in the 
figure). For the frequency-based matching procedure (step 
2b), we search on the HYs for the date (year/month/day) of 
each of the annual maximum daily rainfall depth recorded 
by each rain gauge.

Step 3:
We interpolate local rainfall depths using the weighted 

inverse distance method to estimate the areal rainfall depth 
P. For the event-based matching procedure (step 3a), we use 
this areal rainfall P to compute the runoff. For the frequency- 
based matching procedure (step 3b), we calculate a different 
areal rainfall depth for each day in which each rain gauge 
records its annual maximum. We use the largest of these 
areal rainfall values as P.

Final step:
We compute the runoff coefficient as the ratio of the total 

runoff depth and the total rainfall depth.

3 Data and study area

The approach proposed in this research, designed for applica
tion over a large area, requires the introduction of some simpli
fications to ensure consistency and comparability across 
watersheds. First of all, sufficiently long records of rainfall and 
discharge are needed to ensure a robust analysis. In addition, 
elements that may introduce uncertainties in quantifying catch
ment runoff should be minimized as much as possible. In this 
regard, possible sources of complexity include snow accumula
tion and the spatial variability of precipitation within the basin. 
Furthermore, to ensure feasibility of manually computing of 
areal rainfall, the analysis is limited to relatively small basins.

To meet these requirements, we introduce the following 
criteria for basin and record selection: (i) at least 15 years of 
annual maxima of daily discharge available; (ii) mean elevation 
lower than 1000 m a.s.l.; (iii) basin area smaller than 100 km2. 
Based on these criteria, 45 watersheds across Italy are selected 
from the Italian Flood and Catchment Atlas (Claps et al. 2024).

For comparative purposes, a secondary set of 17 additional 
watersheds from Claps et al. (2024) is selected by relaxing 
criteria (ii) and (iii). These additional basins are located in 
northwestern Italy (Piemonte and Valle d’Aosta regions), can 
cover areas of up to 700 km2 and may have mean elevations 
exceeding 1000 meters a.s.l.

The final dataset consists of 62 basins, divided into two 
distinct groups: Class A, which includes basins meeting the 
original selection criteria, and Class B, which represents those 

Figure 2. Procedure for establishing the temporal correspondence between runoff (R) and rainfall (P) depths, and computing the event-based runoff coefficient Cevent.
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from the supplementary set. The spatial distribution of these 
basins is illustrated in Fig. 4a, where the size of each dot 
corresponds to the basin area. Although the 62 basins do not 
provide uniform coverage across all Italian regions, they 
encompass a broad range of climatological diversity through
out Italy, as illustrated in Fig. 4b and 4c, where the variability 
of catchment-averaged mean annual precipitation (MAP) and 
mean annual temperature (MAT) is shown.

4 Results and discussion

4.1 Flood runoff coefficients in Italy and robustness of the 
frequency-based approach

A total of 1113 basin-years are used to reconstruct an equivalent 
number of flood runoff coefficients for 60 basins. Two of the initial 

62 basins were excluded from the dataset due to insufficient data 
availability, as the final number of years with reconstructed 
C values, after applying the procedure shown in Fig. 2, was less 
than 10. The number of available years for each catchment is 
reported in Fig. 5. The temporal coverage varies across the dataset: 
the highest number of reconstructed runoff (R) – rainfall (P) pairs 
for a single catchment is 49, while the median number across all 
catchments is 17 years. For each catchment-year, two runoff 
coefficient values are computed: one using the event-based 
approach (Cevent) and the other using the frequency-based 
approach (Cfrequency). In the event-based distribution, approxi
mately 80% of the reconstructed C values, computed following 
the methodology outlined in Fig. 3, correspond to case A as 
defined in Fig. 1, indicating that the maximum daily discharge 
and the associated rainfall depth are recorded on the same 
calendar day. The remaining 20% fall under Case B.

Figure 3. Methodology for estimating runoff coefficients using the event-based (a) and frequency-based (b) approaches.
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To facilitate the classification of flood runoff coefficients 
across Italy, catchments were grouped according to the 
Köppen climate zones (Beck et al. 2023). Figure 6 illustrates, 
in a log-log graph, the ratio of each event’s runoff depth (Ri) to 
that derived from the average of the annual maxima of daily 
discharge (Ravg), together with the corresponding ratio for 
rainfall (Pi/Pavg). The size of each point in the plot represents 
the reconstructed Cevent for each basin and event.

Flood runoff coefficients exhibit substantial variability 
across Italy, spanning the full range from approximately 0 to 
1, with generally higher values in cold regions (Df and E) than 
in temperate ones (Cf and Cs). About 8% of cases exhibit Cevent 
values exceeding 1.0, meaning that the outflow volume exceeds 
the recorded inflow, whereas a smaller subset (almost 3%) 
shows values below 0.1. In general, coefficients greater than 1 
tend to occur when runoff depths are at least comparable to 
Ravg, although this pattern is not consistent across all climate 
zones. In catchments located within cold regions (Fig. 6c), high 
and very high runoff coefficients are observed under condi
tions of relatively low runoff depth and rainfall compared to 
their respective mean values. This anomalous behaviour is 
particularly evident in glacial basins, where runoff appears to 
depend weakly on rainfall inputs. Such patterns likely reflect 
the influence of snow dynamics and storage–release processes 
that are not directly related to rainfall amounts.

We acknowledge that some Cevent values greater than 1 may 
result from data inconsistencies or measurement uncertainties, 
as also reported by Beven and Smith (2014). Further discussion 
of this topic is given in section 4.2 for specific catchments.

Comparisons are then made between the two sets of runoff 
coefficients reconstructed using the event-based and fre
quency-based approaches. To explore representative values at 

the catchment scale, we analyse the 10th percentile, the median 
and the 90th percentile of the runoff coefficients that caused the 
maximum daily annual floods in each catchment, estimated 
using both methods. Results are presented in Fig. 7. Data 
points are color-coded according to the Köppen climate 
zone, and the axis ranges vary across panels to better highlight 
the variability within each plot.

At the 10th percentile (Fig. 7a), the two methods yield closely 
overlapping results. The coefficient of determination (R2 = 0.84) 
indicates strong agreement, with all runoff coefficients remain
ing below 0.75. Within this percentile, catchments located in 
temperate regions with dry summers (Cs) generally exhibit lower 
coefficients than those in temperate regions without a dry season 
(Cf), whereas basins within cold and wet regions (Df and E) tend 
to cluster around values between 0.2 and 0.3.

For the median and 90th percentiles (Fig. 7b and 7c), 
C values span nearly the full possible range, from approxi
mately 0.0 to 1.0. A notable number of 90th percentile values 
exceed 1.0. For both percentiles, Cfrequency values are consis
tently lower than the corresponding Cevent values. This differ
ence is consistent with the concept behind the frequency-based 
approach, where runoff and rainfall depths are paired by rank 
rather than by temporal coincidence, effectively reducing aty
pical values. At the median (Fig. 7b), data points representing 
cold-climate catchments (Df and E) display a more linear 
distribution than at the 10th percentile, suggesting a more 
consistent relationship between the event-based and fre
quency-based approaches. The overall R2 is 0.73, indicating 
a relatively high level of consistency between the two methods. 
This outcome is particularly encouraging given the consider
able effort required to estimate Cevents. If representative statis
tics, such as the median, are approximately consistent between 

Figure 4. Study area and outlets of basins investigated (a). Catchment-averaged values of mean annual precipitation (MAP, b) and mean annual temperature (MAT, c). 
MAP and MAT values are sourced from the dataset of Claps et al. (2024).

6 G. EVANGELISTA ET AL.



the two distributions, the frequency-matching approach could 
provide a more efficient and practical alternative for deriving 
a basin-representative runoff coefficient, reducing computa
tional demands without compromising accuracy. This method 
is particularly advantageous because annual maximum dis
charges are often recorded without dates and this does not 
affect the computation of Cfrequency. An exception to this gen
eral consistency is observed in one catchment (Rutor at 
Promise, the outlying gray point in Fig. 7b). Results for this 
Alpine basin, which has an average elevation above 2000 m a.s. 
l., will be discussed in detail in section 4.2.3.

At the 90th percentile (Fig. 7c), the agreement between the 
two methods weakens, as indicated by a lower R2. Deviations 
from the 1:1 line seem to be particularly pronounced for 
catchments in cold climates (Df and E), compared with catch
ments in temperate zones (Cf and Cs).

Table 1 presents the R2 values describing the relation
ship between runoff coefficients estimated using the event- 
based and frequency-based approaches, with results differ
entiated by climate zone and by percentile of the runoff 
coefficient distributions. Catchments classified within the 

glacial climate (E) zone are not included, as only three 
were identified. The largest differences occur between tem
perate regions with dry summers (Cs) and cold climates 
(Df), particularly at the 90th percentile, where the two 
approaches exhibit stronger agreement for Cs catchments 
than for those located in the Df zone.

4.2 Addressing anomalous cases to enhance the accuracy 
of estimates

In this section, we present an overview of cases in which 
outliers were detected, i.e. very small reconstructed runoff 
coefficients (lower than 0.1) or values exceeding 1. 
Previous studies (e.g. Young et al. 2009, Dhakal et al.  
2013) have reported C values greater than 1.0, though 
offering rather general explanations, mostly related to the 
computational methodology used to estimate C, rainfall 
characteristics, measurement errors of rainfall and runoff 
data, or unspecified “unusual hydrologic factors” (Dhakal 
et al. 2013). By conducting an in-depth investigation of 
these anomalous cases, this section aims to provide some 
elements to exemplify the role of specific factors in produ
cing anomalous runoff coefficient estimates.

4.2.1 Case 1: manual transcription errors in discharge 
records
This section provides a detailed analysis of the 1951 flood 
event in the Erro at Sassello river basin, located within the 
Bormida catchment, in northwestern Italy (Fig. 8a). The his
torical maximum daily discharge at the Erro at Sassello gauge 
was recorded on 21 November 1951, at 81.1 m3/s, representing 
the highest value in the observed hydrological series (Claps 
et al. 2024). An analysis of precipitation data for the eleven 
surrounding active rain gauges reveals that the highest rainfall 
amount occurred on November 20, the day preceding the 
recorded discharge. It is important to remember that the pre
cipitation value for November 20 represents the cumulative 
rainfall (expressed in mm) measured from 09:00 on 
November 19 to 09:00 on November 20. On the other hand, 
the reported average discharge corresponds to measurements 
taken every six hours on November 21.

This temporal misalignment reveals a lag of more than 
24 hours between precipitation and discharge. Given the relatively 
small size of the basin (approximately 90 km2), such a delay seems 
to be hydrologically inconsistent. However, a systematic shift in 
the timing of discharge measurements at the Erro at Sassello gauge 
is evident not only for the 21 November 1951, event but also for 
the November 8–12 event, when compared to discharges observed 
at neighbouring gauges (Fig. 8b). Therefore, one possible explana
tion for this is a transcription error that may have occurred during 
the manual transfer of data from the station’s hydrometrograph 
records. The operator while copying the recorded discharge values 
could have introduced this.

4.2.2 Case 2: influence of rain gauge distribution
The Bormida di Mallare catchment is located in the Liguria 
region, in northwestern Italy, as shown by the small map of 
Italy in Fig. 8. The following analysis addresses an anomalous 
runoff coefficient Cevent reconstructed in this catchment using 

Figure 5. Years with reconstructed runoff coefficients (after quality checks) for 60 
catchments across Italy. Basin IDs are those reported in Claps et al. (2024).
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Figure 6. Relationship between normalized rainfall (Pi/Pavg) and normalized runoff (Ri/Ravg) depths for catchments under different climatic conditions: temperate 
climate with no dry season (a), temperate climate with dry summer (b), cold climate with no dry season (c), and glacial climate (d). Each point represents an event, and 
the point size indicates the event coefficient Cevent.

Figure 7. Scatterplots comparing runoff coefficient values reconstructed using the event based approach (Cevent) and the frequency based approach (Cfrequency): 10th 

percentiles (a), medians (b) and 90th percentiles (c) of the two distributions. Values are grouped by Kӧppen climate zone: temperate with no dry season (Cf), temperate 
with dry summer (Cs), cold with no dry season (Df), glacial (E).

Table 1. Values of the coefficient of determination (R2) computed between event-based and frequency-based 
runoff coefficients across different climatic zones and percentiles of the corresponding distributions. Higher 
values of R2 indicate stronger linear correlation between the two considered variables.

Climate zone 10th percentile Median 90th percentile

Temperate with no dry season (Cf) 0.91 0.93 0.53
Temperate with dry summer (Cs) 0.7 0.92 0.71
Cold with no dry season (Df) 0.75 0.82 0.32
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Equation (1) for the year 1937, whose value exceeds 3. This 
unusually high coefficient likely results from an overestimation 
of the runoff depth or an underestimation of the precipitation 
input. According to the Hydrological Yearbooks of Parma 
(1937, Part II), a daily basin-averaged runoff depth of 
403 mm, recorded at noon, is attributed to November 1st. 
Rainfall data from the five active rain gauges within the region 
are examined for the period spanning October 30 to 
November 2. Their locations are illustrated in Fig. 9, and the 
corresponding data are presented in Table 2.

Among them, the Rialto gauge, located approximately 8 km 
from the catchment centroid, recorded the highest daily rain
fall depth (73.3 mm) on November 1st. Alternatively, using 
data from the two closest rain gauges, i.e. Sella (6.5 km) and 
Montagna (about 6 km), which both recorded peak rainfall on 
November 2nd, the interpolated catchment-averaged rainfall 

depth is 73.4 mm. In both cases, the calculated runoff coeffi
cient remains anomalously high. Hydrometric data from 
downstream sections of the Bormida river are unavailable for 
validation or comparative analysis. This anomalous value of 
the runoff coefficient is most plausibly attributable to under
estimated rainfall: as shown in Fig. 9, all active rain gauges 
during this period were located on the seaward side (right) of 
the topographic watershed, potentially leading to a substantial 
underestimation of the spatial rainfall distribution within the 
basin.

Beven and Smith (2014) describe situations such as that 
outlined above as instances of “hydrologically inconsistent” 
data, which contribute to “epistemic sources of uncertainty” 
in hydrological modelling. Such a discussion can therefore 
support the identification of these cases and inform strategies 
for addressing them.

Figure 8. Case study of the 1951 flood event in the Erro at Sassello river basin. The Erro basin and its neighboring catchments (a). Recorded flood hydrographs for the 
event (b).

Figure 9. Bormida di Mallare at Ferrania catchment. Distribution of active rain gauges in 1937.
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4.2.3 Case 3: impact of snow melting in Alpine basins
This section presents a detailed analysis of six Alpine 
basins from the dataset, all having a mean elevation 
exceeding 2000 m a.s.l. Their main characteristics are sum
marized in Table 3. All selected basins fall within Class 
B of Fig. 4 and are located in the Alpine regions of 
Piemonte and Valle d’Aosta.

To investigate the mechanisms that, in specific events, 
produced runoff coefficients exceeding 1, the seasonality of 
annual maxima of daily discharge was analysed. Figure 10a 
illustrates that nearly 70% of annual maxima of daily discharge 
occurred between May and July, a period likely influenced by 
snowmelt processes. Reconstructed runoff coefficients during 
this period tend to be higher, often exceeding 1. The 

Table 2. Daily rainfall depths (mm) recorded at five rain gauges located near the Bormida di Mallare at Ferrania catchment between October 30 and 2 November 1937. 
Distances are measured from the centroid of the catchment.

Rain gauge
Distance from basin 

centroid (m)
Rainfall depth measured on 

October, 30 (mm)
Rainfall depth measured on 

October, 31 (mm)
Rainfall depth measured on 

November, 1 (mm)
Rainfall depth measured on 

November, 2 (mm)

Sella 6500 0 41.1 26.6 110.1
Colle di Cadibona 7600 24 14 1 32.1
Rialto 8270 5 4.7 73.3 20
Colle Melogno 10700 44 0.2 12.4 73
Montagna 5900 22.2 9.6 2.4 44.2

Table 3. Mean features of six Alpine catchments from the dataset.

Basin ID Basin name Area (km2) Mean elevation (m a.s.l.) Catchment averaged mean annual precipitation (mm) Number of events

A011 Ayasse  
at Champorcher

43 2368 1249 19

A057 Dora Riparia at Oulx 260 2164 793 10
A078 Lys at Gressonay Saint Jean 91 2645 970 10
A106 Po at Crissolo 38 2251 1007 23
A128 Rutor at Promise 50 2525 1127 11
A146 Sesia at Campertogno 171 2127 1203 16

Figure 10. Temporal distribution of annual maxima of daily discharge for the analysed Alpine basins (a). Boxplots of reconstructed runoff coefficients for the same 
basins, grouped by seasons: May-July and August-November (b). Rutor at Promise, 1941 flood (c). Dora Riparia at Oulx, 1931 flood (d). The light blue bars are the 
measured daily rainfall depths (P), the blue lines represent the observed daily streamflow (Q), while the red lines indicate the recorded daily maximum air temperature 
(Tmax).
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occurrence of snowmelt can be considered a reasonable source 
of imbalance between rainfall and runoff. Moreover, runoff 
coefficients of summer events display greater inter-annual 
variability than those observed during the autumn (Fig. 10b). 
For the May–July period, the average runoff coefficient is 0.71, 
with a maximum of 1.92 and a minimum of 0.12. In the 
August–November period, the average drops to 0.32, with 
a maximum of 0.87 and a minimum of 0.10. The absence of 
runoff coefficient values exceeding 1 during the August– 
November period can be interpreted as supporting evidence 
for the above assumption.

With reference to mountain basins, Fig. 10c and 10d pre
sent two specific case studies: the flood at Rutor at Promise, in 
1941 and the flood at Dora Riparia at Oulx, in 1931. Both 
events occurred during the early summer months of May and 
June. The graphs illustrate the discharges recorded at the basin 
outlets during the selected months, along with catchment- 
averaged rainfall depths and maximum daily temperatures 
from the nearest weather stations, i.e. Courmayeur for the 
Rutor basin, and Bardonecchia for the Dora Riparia basin. In 
the case of the Rutor basin (Fig. 10c), the maximum discharge 
coincides in time with a rainfall event. However, the gradual 
rise in temperature during this period suggests that rainfall 
contributed only marginally to the observed flow, with snow
melt likely representing the dominant source. Under these 
conditions, the runoff coefficient has approached a value 
close to 2. In the case of the Dora Riparia catchment 
(Fig. 10d), the maximum discharge clearly follows the increas
ing temperature pattern and is not associated with any 
recorded precipitation. As no rainfall is observed during this 
period, it is not possible to determine a runoff coefficient value 
for this event.

5 Discussions

Observed runoff coefficients vary from event to event. 
According to the Handbook of Hydrology (Maidment 1993; 
Chapter 9), “often, the value of C is assumed to increase as 
average recurrence interval increases, thus allowing for nonli
nearity of flood response”. Indeed, higher return periods, which 
correspond to more intense rainfall events, are associated with 
greater runoff volumes, due to the finite capacity of the soil to 
absorb rainfall excess.

As explained in section 2.2, the Cfrequency values are such that 
the discharge return period matches the rainfall return period, 
which is typically assumed in the design procedure. Schaake 
et al. (1967) found this assumption to be approximately correct 
when compared with observed data, particularly in small catch
ments. Simulation experiments by Viglione et al. (2009) demon
strated that this relationship is influenced by the average soil 
wetness and may no longer hold in dry systems.

In this study, we do not have sufficient evidence to assess 
the general validity of this assumption. We also observe that 
a median runoff coefficient of a distribution may not represent 
a conservative estimate for design applications, as we are 
neglecting more extreme values (as shown in Fig. 7). 
However, since this study does not aim to establish definitive 
runoff coefficients for design applications, our approach 
should be seen as a preliminary step toward developing 

a methodology that can provide reasonable estimates, with 
a range of variability, in contexts where high-resolution hydro
meteorological data are unavailable.

The frequency-matching approach relies on pairing 
ranked rainfall and discharge values. Therefore, the consis
tency between the runoff coefficients obtained through this 
method and those derived from an event-based analysis 
suggests that the precipitation–streamflow relationship 
remains largely governed by rainfall amounts, with greater 
precipitation generally producing higher streamflow. The 
two methods show stronger agreement in temperate, rela
tively dry, catchments than in cold and wet ones, with the 
greatest differences occurring at the 90th percentile of runoff 
coefficients associated with annual maxima of daily dis
charge (see Table 1). This finding aligns with the observa
tion that very high runoff coefficients are relatively rare in 
dry catchments, and their variability is constrained by the 
limited potential for soil saturation, as also noted by 
Viglione et al. (2009). Consequently, the frequency- 
matching approach, by smoothing high and very high values 
through the ranked pairing of rainfall and discharge, yields 
results that more closely correspond to those obtained from 
the event-based method.

Once the representativeness of the median Cfrequency has 
been assessed, it may be useful to examine its relationship 
with simple catchment characteristics. Figure 11 shows med
ian values of Cfrequency as a function of two key basin 
descriptors, i.e. mean elevation and mean annual precipita
tion, classified by climate zone. These variables are among 
the most commonly used spatial controls on runoff coeffi
cients (e.g. Merz and Blöschl 2009, Tarasova et al. 2018b, 
Jahanshahi and Booij 2023, Zheng et al. 2023). When all 
Italian catchments are considered together, no clear pattern 
emerges (Fig. 11a and 11e). However, grouping catchments 
by climate zone reveals distinct relationships, particularly for 
basins in wet regions, both temperate (Cf, Fig. 11b and 11f) 
and cold (Df, Fig. 11d and 11h). In temperate, wet areas, an 
increase in the mean catchment elevation generally corre
sponds to higher precipitation and likely more saturated 
soils, resulting in higher runoff coefficients. In contrast, in 
cold, wet areas, increasing elevation corresponds to a greater 
influence of snow on runoff. Patterns are less pronounced 
for catchments in drier areas (Cs, Fig. 11c and 11g), con
sistent with the general understanding that antecedent 
moisture conditions play a dominant role in such environ
ments, leading to less predictable runoff responses. It is 
worth noting that nearly 90% of catchments classified as 
Df, as well as all catchments classified as E, are part of the 
group identified as Class B in Fig. 4. Without including this 
additional set of catchments for comparison, the assessment 
of differences in runoff coefficients across climate zones 
would have been incomplete.

Median values of runoff coefficients estimated using the 
frequency-matching approach are also reported by Dhakal 
et al. (2013), who compared them with both event-based 
runoff coefficients and tabulated values reported in the lit
erature. However, their study does not provide indications 
on the catchment types or hydrological conditions under 
which the two methods yield comparable results, leaving 
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some uncertainty regarding the applicability of their conclu
sions across different climatic and geomorphological 
contexts.

It is also important to emphasize that the observations 
presented above should not be interpreted as a conventional 
or exhaustive analysis of the spatial controls on runoff coeffi
cient variability. Such an analysis would likely require a larger 
sample of catchments, as well as the inclusion of additional 
catchment descriptors and hydrological variables.

Our purpose here is twofold. First, we aim to show that the 
frequency-matching approach, despite being very simple in its 
application, can capture hydrological variability within the 
identified catchment classes, as reflected by consistent rela
tionships in the data. Second, our findings provide guidance 
on estimating catchment-representative runoff coefficients in 
a straightforward yet robust way, so that they can serve as 

objective indicators for classifying catchments. Applications 
that can benefit from this classification are those based on 
the characteristics of the catchment hydrological response for 
flood frequency analysis or machine learning algorithms for 
streamflow prediction. The context-based assessments pre
sented in this paper provide statistical models a better- 
informed, physically sound parameter, reducing the need for 
them to infer all relationships from unconstrained inputs.

6 Conclusions

This study presents the reconstruction of over one thousand 
flood runoff coefficient values for 60 small- to medium-sized 
catchments in Italy, based on historical hydrological extremes. 
Two estimation methods, an event-based approach and 
a frequency-based approach, are employed. One key aspect 
of the event-based method is the development of a procedure 
to associate discharge maxima with their corresponding rain
fall maxima in time, which was necessary because, in many 
cases, the dates of occurrence of extremes (day/month) were 
not recorded. The analysis reveals substantial interannual 
variability in runoff coefficient values at the event scale. 
Nevertheless, the catchment-aggregated statistics, in particular 
the median values, exhibit strong consistency between the two 
methods. This finding suggests that the frequency-based 
approach can provide a computationally efficient and opera
tionally feasible alternative for deriving representative runoff 
coefficients for a given catchment, especially when high- 
resolution data are unavailable.

Despite its greater complexity and data demands, the event- 
based method has helped us identify anomalies and data 
inconsistencies: analyses of anomalous cases highlighted key 
sources of uncertainty, including manual transcription errors, 
spatial discrepancies in rain gauge coverage, and snowmelt 
contributions in Alpine regions. These findings underscore 
the importance of critical data validation and the need for 
context-aware interpretation of runoff coefficients, particu
larly in regions characterized by complex hydrometeorological 
conditions, such as the mountainous areas of Italy.

Using continuous time series data from recent years, future, 
more detailed analyses will build upon this preliminary work. 
These investigations will focus on gaining a deeper under
standing of the runoff coefficient’s temporal variability, with 
special consideration of its relationship to antecedent rainfall.
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