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ABSTRACT: The primary objective of this research was to propose a new methodology for calculating design flows in
ungauged catchments, addressing uncertainties associated with outdated empirical formulas. Focusing on four catchments
in the eastern United States, the methodology comprises two main steps: 1) determination of peak flow series using the
Event-Based Approach for Small Ungauged Basins (EBA4SUB) rainfall–runoff model and 2) calculation of design flows
based on the generated series from EBA4SUB, utilizing the best-fitted statistical distribution. Linear scaling was applied to
reduce the percent bias (PBIAS) error in design flows. The study encompassed trend analysis for hydrometeorological
data, estimation of peak flow series using EBA4SUB, and the calculation of design flows with the proposed methodology.
Validation involved comparing estimated design flows from observed time series with those calculated via the Graphical
Peak Discharge (GPD) method and the Rational Formula. Results indicated no significant (a 5 0.05) trends in peak flow
series and identified the Pearson type III distribution as best fitted for design flows. Hydrological modeling underscored
the critical role of antecedent-moisture conditions in calculating design flows. The calculated PBIAS values of ,10% for
model validation suggest the proposed methodology is suitable for use in ungauged catchments.

SIGNIFICANCE STATEMENT: Design flows are pivotal in environmental management for several reasons. First,
they aid in planning water infrastructure with minimal environmental impact. Second, they inform flood protection
strategies vital for safety and property protection. Understanding design flows is crucial for safeguarding aquatic eco-
systems and determining minimum flows for a healthy environment. They are also vital in managing water-related
risks such as floods, particularly amid climate change. Currently, estimating design flows in ungauged catchments
relies heavily on multivariate correlation analysis, which may be outdated due to climate changes and land-use
alterations. Our research proposes a novel methodology using the Event-Based Approach for Small Ungauged Basins
(EBA4SUB) rainfall–runoff model and statistical distributions to calculate design flows in ungauged catchments to
address these concerns.
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1. Introduction

Catchments are complex and heterogeneous systems con-
sisting of a wide range of natural or anthropogenic processes
and, thereby, are characterized by considerable spatial and
temporal variability of hydrological processes. This is evidenced
by the interaction between topography, geomorphology, and
geological factors, coupled with climatological characteristics
that make the hydrological responses highly complex (Liu et al.
2021). Full understanding of these processes plays a crucial
role to quantitatively manage runoff, especially specific to
flood events. It becomes even more important in cases when
climate or land use and land cover are continuously changing.

One of the main hydrological characteristics used for flood
protection is design flows. The method of determining them
depends on whether a given watershed is gauged or unga-
uged. In the case of gauged catchments, the design flows are

determined based on the statistical distribution of random
variables. However, recent years have seen a decreasing trend
in available gauged catchments that provide continuous hy-
drological information. This is primarily associated with the
costs of maintaining such monitoring stations (Bezak et al.
2016; Bhagat 2017). In the case of ungauged catchments, de-
sign flows can be determined based on multiple correlation
equations, regional frequency analysis, or by applying rain-
fall–runoff hydrological models. Empirical formulas, however,
have many limitations inherent in their construction. There-
fore, rainfall–runoff hydrological models are often used to de-
termine design flows. In particular, most practitioners mainly
utilize event-based models. This is because the structure and
operation of these models are relatively simplified, making
them easy to use (Berthet et al. 2009). Recently, hydrological
modeling based on continuous simulations is increasingly be-
ing used. Continuous models precisely reflect hydrological
processes, particularly tracking the soil moisture. However,
they are based on a larger number of input parameters, mak-
ing them more challenging to calibrate. Additionally, some
studies have shown that results obtained from event-based

Corresponding author: Dariusz Młyński, dariusz.mlynski@urk.
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models are comparable to continuous simulation models.
Petroselli et al. (2019b) demonstrated that the difference for
design flows with a return period of 100 years between these
two types of models is only 7%. Hossain et al. (2019) showed
that in some cases, event-based simulations can yield better
results than continuous simulations. Additionally, the limita-
tions of models pose challenges in selecting the optimal rain-
fall simulation model for specific risk analysis needs. Due to
this, event-based models are finding widespread use in flood
prediction and design flows estimation including in forested
catchments (Mukherjee et al. 2025; Amatya et al., 2021a).
They concentrate on specific rainfall events and their influ-
ence on the catchment response. These models prove benefi-
cial in regions where continuous hydrological data might be
lacking or less reliable. On the other hand, continuous simula-
tion models are valuable for extended water resources plan-
ning, management, and evaluating the impact of land use and
climate change over the long term (Kemp and Alankarage
2023; Mukherjee et al. 2025).

Among several event-based rainfall–runoff models available
in the literature, the most common are conceptual models
based on the Nash cascade of linear reservoirs, geomorpho-
logical laws of a river network, or synthetic unit hydrographs,
such as the Snyder model or Soil Conservation Service-Unit
Hydrograph (SCS-UH) (Młyński et al. 2018). However, expe-
rience with such models has shown some limitations. For
example, these models are highly sensitive to the design hye-
tograph, unreliable estimation of net rainfall, and the subjec-
tivity of choosing the values of some indicators for estimating
model parameters. These limitations often yield high uncertain-
ties in flood magnitudes. Therefore, a sensitivity analysis and
model calibration are fundamental for evaluating themodel’s per-
formance and helping in a better understanding of the simulated
flood processes (WałeRga 2016; Młyński 2020).

An advancement in commonly used empirical–conceptual
rainfall–runoff models is the Event-Based Approach for Small
Ungauged Basins (EBA4SUB) developed by Grimaldi and
Petroselli (2015). It includes a series of modules, which are
typically designed for event-based procedures: design rainfall
estimation, design hyetograph elaboration, net rainfall esti-
mation, and rainfall–runoff transformation. The EBA4SUB
model needs a limited number of input data such as a design
hyetograph, digital elevation model (DEM), and information
about soil property and land use (Piscopia et al. 2015). In the
model, the net rainfall is calculated using the curve number
(CN) procedure (USDA 1986) in the Green–Ampt equation
(Green and Ampt 1911), referred to as CN for Green–Ampt
(CN4GA) (Grimaldi et al. 2013). Rainfall to runoff transfor-
mation is achieved using a particular version of the instanta-
neous unit hydrograph based on the width function (Grimaldi
et al. 2012a). In the literature, EBA4SUB was tested in sev-
eral catchments, and the model outputs were compared with
observed runoff and showed good agreement. An example is
the research conducted by Vojtek et al. (2019), who tested
the EBA4SUB model in terms of its use for flood inundation
mapping in a small (with an area of about 25 km2) upland-
agricultural catchment.

Taking into consideration the issues related to determining
design flows in ungauged catchments as well as the limitations
concerning the application of rainfall–runoff models in for-
ested catchments, the main aim of the study was to propose a
new approach for estimating design flows in forested catch-
ments. The method is based on two stages. The first involves
designation of peak flow series using the EBA4SUB model.
The second is design flow estimation through statistical distri-
butions, based on the generated series of peak flows. The pro-
posed methodology is an original solution, being applied for
the first time in forested catchments, which constitutes a nov-
elty in the conducted research. At the same time, it should be
emphasized that this approach is universal and can be applied
in watersheds with different land-use characteristics. The
obtained results were compared with other methods for
estimating design flows, such as the Rational Formula (RF)
and the Graphical Peak Discharge (GPD). The research was
conducted for headwater catchments managed by the U.S.
Department of Agriculture Forest Service (USDA-FS) as was
recently reported elsewhere (Amatya 2021b; Mukherjee et al.
2024).

2. Study area

The USDA-FS manages four experimental forested catch-
ments in the southeastern United States: WS80 and WS78,
situated at the Santee Experimental Forest in South Carolina
(SC); WS14, located within the Coweeta Hydrological Labo-
ratory in North Carolina (NC); and WS3, part of the Hubbard
Brook Experimental Forest in New Hampshire (NH). Figure 1
presents the geographical location, boundary, and stream
channels for each of the four catchments analyzed in the study.
Their main characteristics such as drainage area A, length of
main channel L, average slope of catchment S, and slope of
main channel I are listed in Table 1.

The specific catchments were selected for analysis to incor-
porate the synoptic climate, morphological, and topographic
variability within the United States. For example, WS78 and
WS80 are located at the Santee Experimental Forest in South
Carolina, which has a humid subtropical climate and lowland
topography. The soils in this area are predominantly Aquic
Alfisols and Ultisols}somewhat poorly to poorly drained
sandy loams with clayey subsoils. These soils have high sur-
face-water retention capacity and low permeability, resulting
in slow surface-water drainage (Trettin et al. 2021). Moreover,
WS78 has a significantly (more than 30 times) larger area
compared to WS80, which means the lag time of the runoff re-
sponse will be different between these watersheds.

On the other hand, WS14 is situated at the Coweeta Hydro-
logical Laboratory in North Carolina, characterized by a ma-
rine, humid temperate climate and elevations ranging from
675 to 1592 m (Swank and Crossley 1988). The Coweeta
Hydrological Laboratory features soils with distinct character-
istics. In the northern part of the basin, bedrock consists of
granite–gneiss, while the southern part is dominated by mica-
schists. Colluvium deposits are found on valley bottoms. The
soils fall into two main orders: inceptisols (relatively young
soils) and Ultisols (older, more developed soils) with a sandy
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loam soil category having a colluvial origin and underlain by
crystalline igneous and metasedimentary rocks (Miniat et al.
2021).

The Hubbard Brook Experimental Forest, located at the
White Mountain National Forest of central New Hampshire,
offers a rich ecosystem for research. Its climate features an
annual precipitation of approximately 1400 mm, where one-
third to one-quarter falls as snow. January averages around
298C, while July sees an average temperature of 188C. The
forest floor of the site hosts predominantly well-drained
Spodosols (Typic Haplorthods) derived from glacial till,
characterized by sandy loam textures. These soils are acidic

(pH about 4.5 or less) and relatively infertile, with a base
saturation of mineral soil at around 10%. The topography
varies across the 3138-ha bowl-shaped Hubbard Brook Valley,
ranging in elevation from 222 to 1015 m.

Despite the uniform land use (forest cover), the analyzed
catchments vary significantly in terms of physiographic char-
acteristics. Maximum catchment areas and slopes are almost
130 times greater than the smallest values for these character-
istics. The length of the longest main channel is about 25 times
longer than the shortest one. The greatest disparities are ob-
served for the slopes of the main channels, with the slope of
WS3 being 635 times greater than that of WS78. The analyzed

FIG. 1. Location of the investigated catchments.

TABLE 1. Values of main physiographic factors for the study catchments.

Catchment
Geographical

coordinates (centroid)
Area A
(km2)

Length of main
channel L (km)

Mean average
Have (MSL)

Mean catchment’s
slope S (&)

Average main channel
slope I (&)

WS80 3389′4.5′′N 1.60 2.00 7.0 4.9 2.1
79847′33.683′′W

WS78 3387′1.513′′N 52.20 19.20 9.0 1.9 0.4
79843′17.752′′W

WS14 3582′59.784′′N 0.60 1.30 902.5 357.6 142.3
83825′42.383′′W

WS3 43857′30.132′′N 0.42 0.72 366.5 282.4 254.2
71843′14.411′′W
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catchments also differ in their physiographic characteristics
(mountainous and lowland watersheds), influencing the devel-
opment of flood patterns in each of them. The WS80 and WS78
are low-gradient catchments on the coastal plain. The climate is
warm humid with a daily average temperature of 17.88C and av-
erage annual rainfall of 1370 mm based on the 1946–2008 period
(Dai et al. 2013), with an average of 1470 mm for the recent 9-yr
(2011–19) period. Conversely, WS14 is mountainous with an av-
erage annual precipitation of about 1840 mm and an average
temperature of 12.88C (Caldwell et al. 2016; Elliott et al. 2017;
Laseter et al. 2012). The WS3 catchment is also mountainous,
with an average annual precipitation of about 1470 mm and an
average temperature of 5.58C (Green et al. 2021). Hydrologic
soil groups C and D identified for WS80 andWS78 indicate soils
with high to very high runoff potential. The WS14 and WS3
catchments have dominant soil types with moderate runoff po-
tential (soil hydrologic group B).

3. Materials and methods

The proposed study methodology consists of two main
steps. In the first step, a series of peak flows is determined us-
ing the EBA4SUB hydrology model. The second step in-
volves calculating design flows based on the generated series
from the EBA4SUB model and utilizing the best-fitted statis-
tical distribution. The name of the proposed procedure is
design flow calculation using rainfall–runoff model and statis-
tical distribution (DEFRAST). The study was performed
using streamflow data from the periods 2004–21 for WS80,
2006–18 for WS78, 1977–2015 for WS14, and 1981–2021 for
WS3 catchments. Different study periods were adopted for
each catchment due to data availability and specific hydrological
conditions. Not all gauging stations were active simultaneously,
resulting in varying data availability. Choosing the longest possi-
ble observation periods allowed for maximum data utilization
and ensured that analyses were based on representative infor-
mation. Adopting a single study period (2006–15) for all catch-
ments would have resulted in the loss of significant data: 8 years
for WS80, 3 years for WS78, 29 years for WS14, and 16 years
for WS3. The 2006–15 period would also be too short (only
10 years), and calculating design flows over such a short period
could be prone to high uncertainty. The temporal scale for the
observed streamflow data was 5–15 min. The data were col-
lected from the U.S. Department of Agriculture Forest Service,
Southern Research Station. The study was conducted in the fol-
lowing steps: trend analysis for hydrometeorological data, net
precipitation calculation, estimation of peak flow series using
the EBA4SUB model, and calculation of design flows using
the proposed methodology. The verification of the pro-
posed approach involved comparing the calculated values
of the design flows with values from observed time series, as
well as values from the GPD method and the Rational
Formula.

a. Trend analysis of hydrometeorological data

In the first stage, the trend analysis for hydrometeorological
data was performed using the modified Mann–Kendall (MMK)
test for a significance level of a 5 0.05. The S statistics of

Mann–Kendall test were estimated with the following formula
(Hamed and Rao 1998):

S 5 ∑
n−1

k51
∑
n

j5k11
sgn(xj 2 xk), (1)

sgn(xj 2 xk) 5
1 for(xj 2 xk) . 0

0 for(xj 2 xk) 5 0

21 for(xj 2 xk) , 0

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

where sgn is the signum function and n is the sample size of
the time series.

The standard statistics Z was then calculated as

Z 5
S 2 sgn(S)
Var(S)1/2 : (3)

Variance S [Var(S)] was determined as

Var(S) 5 1
18

[n(n 2 1)(2n 1 5)]: (4)

The main assumption of the Mann–Kendall test is that auto-
correlation does not exist in the time series data. However, in
the case of hydrometeorological observations, such correlations
may exist and may lead to underestimation of the variance
Var(S). Therefore, an adjustment for variance correction was
included, which was calculated only for data with significant
partial autocorrelation:

Var*(S) 5 Var(S) n
n*s

, (5)

where n/n*s is the correction factor and n*s is the effective
number of observations.

The correction factor is calculated as

n
n*s

5 1 1
2

n(n 2 1)(n 2 2)

3 ∑
n21

k51
(n 2 k)(n 2 k 2 1)(n 2 k 2 2)rk, (6)

where k is the shift and rk is the value of the next significant
autocorrelation coefficient. If the value of Z is lower than the
critical value of Zcrit (|1.96|) for the assumed significance level
a 5 0.05, the trend is considered to be statistically nonsignifi-
cant. Otherwise, a trend is statistically significant (may be neg-
ative or positive). Trend analysis was conducted for annual
daily maximum flows and annual maximum daily precipita-
tion for periods consistent with data availability for the re-
spective catchments: 2004–21 for WS80, 2006–18 for WS78,
1977–2015 for WS14, and 1981–2021 for WS3 catchments.

b. Determination of peak flow series based on the
EBA4SUB model

In the next step, peak flow series were determined for the
analyzed catchments based on the EBA4SUB model. The cal-
culation was performed based on the following procedure:
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estimate of annual maxima rainfall depth for the estimated
time of concentration, estimate of average CN parameter for
the catchments, designation of net rainfall for rainfall events,
and estimates of design hydrograph and peak discharge. Time
of concentration Tc was calculated by the Natural Resources
Conservation Service (NRCS) method (USDA–NRCS 2010)
and the Giandotti formula (Grimaldi et al., 2012b). Since the
EBA4SUB model requires a minimum Tc of 1 h, if the calcu-
lated Tc was shorter than 1 h, then Tc was assumed to be equal
to 1 h. The CN parameter was calculated using the original
SCS–CN method (USDA 1986). The net rainfall in the
EBA4SUB model is determined using the CN4GA method.
The Green–Ampt equation (Green and Ampt 1911) is a phys-
ically based infiltration model based on Darcy’s law and is ex-
pressed as follows:

q0 5 r, for t , tp

q0(t) 5 Ks 1 1
DuDh
I(t)

[ ]
, for t $ tp

,

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩ (7)

where q0 is the infiltration rate (mm), tp is the ponding time
(h), Dh is the difference between the depth of water on the
soil surface and a constant matric pressure head at the moving
wetting front (mm), Du is the change in the soil water content
(2), and Ks is the saturated hydraulic conductivity (mm h21).

The value of Ks should not be equated to the laboratory-
measured saturated hydraulic conductivity but rather estimated
through in situ experiments. It is more practical to refer to
an effective value Keff obtained through an optimization proce-
dure. The CN4GA mixed procedure involves the Green–Ampt
(GA) infiltration equation in the following steps: (i) estimating
total rainfall excess and ponding time using the SCS–CNmethod
and (ii) determiningKeff parameter by aligning the GA cumu-
lative infiltration IGA with the corresponding SCS–CN cumu-
lative infiltration ISCS-CN. Average values for GA parameters
based on soil type are initially assigned. The estimated IGA is
then compared to ISCS-CN. If IGA exceeds (or falls short of)
ISCS-CN, the GA is rerun with a lower (higher) Keff value. The
Keff parameter is iteratively adjusted until IGA matches ISCS-CN.
This iterative process yields an optimal value for effective sat-
urated hydraulic conductivity Keff-opt. Following this, net rain-
fall is held at zero until the ponding time is reached. Applying
GA with the estimated Keff-opt and known literature values
for other GA parameters, the CN4GA rainfall excess amount
is computed. The CN4GA net rainfall exhibits the same cumu-
lative rainfall excess and ponding time as the net storm derived
by the SCS–CNmethod (Petroselli et al. 2013).

After determination of the net rainfall, the runoff hydro-
graph is estimated through the hyetograph convolution of the
width function instantaneous unit hydrograph (WFIUH)
(Grimaldi et al. 2012a):

WFIUH 5 ∑
x

i51

Lc(i)
Vc(i)

1
Lh(i)
Vh(i)

, (8)

where Lc, Lh are the channel and hillslope lengths, respectively,
for the generic DEM cell i, and Vc, Vh are the channel and hill-
slope surface runoff velocity, respectively, for DEM cell i.

After defining WFIUH, the runoff hydrograph is defined
using the following formula:

Q(t) 5 A
� t

0
WFIUH(t 2 t)Pn(t)dt, (9)

whereA is the catchment area (km2), t is the rainfall duration (h),
and Pn(t) is the net rainfall determined by the CN4GAprocedure
(mm).

The EBA4SUB model is described in detail in Petroselli
(2020).

To reduce the percent bias (PBIAS) error of the peak flows
Qmax determined using the EBA4SUB model, the linear scal-
ing (LS) approach was applied. The correction technique is
described as follows (Yerswa and Chane, 2024):

Qmax;cor 5 Qmax;mod

m(Qmax;obs)
mQmax;mod

, (10)

where Qmax,cor}corrected peak flow (m3 s21), Qmax,mod}

peak flow from the EBA4SUB model (m3 s21), m(Qmax,obs)}
the mean value of observed peak flows (m3 s21), and
m(Qmax,mod)}the mean value of peak flows from the EBA4SUB
model (m3 s21).

The corrections to the peak flow values were made for the
empirical distribution of these characteristics.

c. Design flows analysis using statistical distributions

In the next step, empirical distribution curves were estab-
lished for both the observed peak flows and for those ob-
tained from the EBA4SUB model. To accomplish this,
peak flow values were ranked in a cumulative distribution
from highest to lowest. Next, empirical probabilities and re-
turn periods were determined using the ranking formula
method:

p 5
m

N 1 1
, (11)

where m is the rank of peak flow for the cumulative distribu-
tion and N is the number of observations.

Empirical probability p is related to the return period (RP)
by the following relationship:

RP 5
1
p
(years): (12)

After that, design flows QT were determined using Pear-
son’s type III (PIII), Weibull’s (W), and lognormal (L-N) sta-
tistical distributions based on the following formulas (Młyński
et al. 2019):

The PIII distribution:

QT 5 « 1
t(l)
a

: (13)

Weibull (W) distribution:

QT 5 « 1
1
a
[2ln(1 2 p)]1/b: (14)
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Lognormal (L-N) distribution:

QT 5 « 1 exp(m 1 sup), (15)

where « is the lower limit of the series; l, b are the shape pa-
rameters; a is the scale parameter; m, s are the parameters of
the lognormal distribution; p is the probability of exceedance;
and up is the quantile of p order.

The values of the distribution parameters were estimated
by using the maximum likelihood estimation method. The
Kolmogorov–Smirnov test was adopted to test the consistency
of the theoretical distribution with the empirical distribution
(Radevski et al. 2016). The best-fitted distribution was selected
based on the rank of the peak-weighted root-mean-square error
(PWRMSE). The PWRMSE method was described by WałeRga
(2016). The calculations of design flows, using statistical distribu-
tions, were conducted for both the observed time series and
peak flow series generated by the EBA4SUBmodel.

d. Design flows analysis using empirical formulas

In the next stage, design flows were estimated using two
empirical methods, i.e., the GPD method and RF. The GPD
method is an official method currently used by USDA (1986),
and it can be described as follows:

QT 5 quAQFp, (16)

where QT is the design flow for an assumed probability of
exceedance (m3 s21), qu is the unit peak discharge [(m3 s21)
(cm km2)f1], A is the drainage area (km2), Q is the runoff
from a 24-h storm with a given return period T (cm), and Fp is
the pond and swamp adjustment factor.

RunoffQ was estimated from the original SCS–CN method
(USDA 1986). The CN parameter was calculated as a weighted
average value for different forest types and hydrological soils
groups assuming the average level of antecedent soil moisture
[antecedent moisture condition (AMC-II)]. The pond and swamp
adjustment factor was established based on Table 2.

If the percentage of pond and swamp areas exceeds 5%,
then consideration should be given to routing the runoff through
these areas.

The unit peak discharge qu can be obtained from the empir-
ical formula:

log(qu) 5 C0 1 C1logtc 1 C2(logtc)2 2 2:366, (17)

where C0, C1, C2 are the coefficients of functions of Ia/P for a
particular rainfall type (2); Ia is the initial abstraction (mm);

P is the 24-h rainfall with the assumed return period that causes
the runoffQ (mm); and Tc is the time of concentration (h).

The RF (Kuichling 1889) is the most common approach for
estimating the design peak discharge for small catchments
and is given as

QT 5 0:0028 C
hc
Tc

A, (18)

where QT is the design flow for an assumed probability of ex-
ceedance (m3 s21), C is the runoff coefficient (2), hc is the
critical rainfall depth for an assumed return period (mm), Tc

is the time of concentration (h), and A is the catchment area
(ha).

d. Evaluation of methods to calculate design flows

In the last stage of the study, the results of calculated design
flows by the proposed approach (DEFRAST) were verified.
The verification involved comparing the calculated design
flows with those from the observations and calculating the
PBIAS values. Additionally, PBIAS values were determined
for both the GPD and Rational Formula to identify the best
method for calculating design flows in ungauged catchments.
The PBIAS is described as (Ajmal et al. 2020)

PBIAS 5

∑
n

i51
(QT 2 QT,m)

∑
n

i51
QT

3 100(%), (19)

where QT is the discharge related to a return period, calcu-
lated using the statistical distribution for the observed time se-
ries (m3 s21), and QT,m is the discharge related to a return
period, estimated using the GPD, RF, and DEFRAST ap-
proaches (m3 s21).

A negative value of PBIAS indicates an overestimation,
while a positive value indicates underestimation of the ob-
served values. A qualitative evaluation of the PBIAS index
values is given in Table 3.

4. Results and discussion

a. Trend analysis for hydrometeorological data

Trends of the annual maxima of hydrometeorological data
(precipitation P and streamflow Q) in each catchment are in-
vestigated using the MMK method. The results of the MMK
test are presented in Fig. 2 and Table 4.

The results presented in Fig. 2 indicate that the periods of
peak flows and annual daily maximum precipitation do not

TABLE 2. Pond and swamp adjustment factor Fp (USDA 1986).

Percentage of pond and swamp areas Fp

0 1.0
0.2 0.97
1.0 0.87
3.0 0.75
5.0 0.72

TABLE 3. PBIAS statistics ranges and associated performance
ratings.

Performance rating PBIAS (%)

Very good 210 , PB , 110
Good 610 # PB , 615
Satisfactory 615 # PB , 625
Unsatisfactory PB $ 625
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coincide. This occurs because catchments, especially forested
ones, do not respond linearly to rainfall, and the lag time be-
tween rainfall and runoff varies. Based on the findings pre-
sented in Table 4, it was determined that the Z statistics were
lower than the critical value of 1.96, suggesting statistically in-
significant trends at the 0.05 significance level for the analyzed
time series for all catchments. This means that no factors af-
fecting the formation and trend of annual maximum flows and
precipitation occurred during the study period at these catch-
ments, although a more reliable trend analysis requires the
analysis of data from neighboring catchments as well. Despite
observed climate changes on a large scale in the region, their
relationship with hydrometeorological factors in these small-
scale forested catchments is inherently nonlinear. Overall, the
results are consistent with recent studies (Folton et al. 2019;
Anderegg 2020), stating that forests have considerable poten-
tial to help mitigate potential climate changes. This makes the
quantification of potential changes in water resources includ-
ing storm event characteristics, due to the influence of climate
change, challenging. However, these results are critical for

understanding the complex functioning of hydrological sys-
tems and for developing effective water management strate-
gies in response to evolving climate conditions.

b. Net rainfall analysis

The proposed DEFRAST methodology for determining
design flow values requires the establishment of an observa-
tional series of annual maximum rainfall with a duration equal
to the time of concentration Tc. For each such episode, the
net rainfall was determined using the SCS–CN method. The
results of the calculations are summarized in Fig. 3.

The Tc values were calculated as 2.06 and 21.76 h for the
WS80 andWS78 catchments, respectively. This large variation
in Tc was primarily due to the catchment physiographic char-
acteristics (e.g., drainage area, stream channel length, etc.).
For example, Tc values for WS14 and WS4 were the lowest
due to their small sizes (drainage area of less than 1 km2). In
the case of the WS80 catchment, Tc was estimated using the
NRCS method (USDA–NRCS 2010). This value was defined
in the study conducted by WałeRga et al. (2020) . For the WS78
catchment, Tc was estimated using the Giandotti method
(Grimaldi et al., 2012b). In the case of the WS14 and WS4
catchments, Tc was also determined by the NRCS method.
These values were approximately 20 min (WałeRga et al. 2020),
but a value of 1 h for these catchments was used as the mini-
mum value required by the EBA4SUB model. In the analysis,
varied methods for determining the time of concentration were
assumed because the study catchments are characterized by dif-
ferences in hydrographic, physiographic, and geomorphological

FIG. 2. Annual maxima time series for peak flow ratesQ and daily precipitation P in the study catchments.

TABLE 4. Results of trend analyses for the study catchments.

Catchment

Z statistic

Peak flow Precipitation

WS80 0.833 0.985
WS78 1.281 1.037
WS14 0.545 1.770
WS3 1.416 0.840

M ŁY ŃS K I E T A L . 883JULY 2025

Authenticated cgarrison@ametsoc.org | Downloaded 08/18/25 02:40 PM UTC



features and diverse meteorological conditions. Each of these
factors affects the way water moves within the catchment, neces-
sitating a specific approach to calculations. Therefore, methods
for calculating the time of concentration were selected based on
the characteristics of the catchments. The minimum, average,
and maximum total precipitation for the WS80 were obtained as
36, 67, and 125 mm, respectively. On the other hand, the mini-
mum, average, and maximum total precipitation for the WS78
were recorded as 53, 119, and 295 mm, respectively. The mini-
mum was 20 mm, the average was 33 mm, and the highest was
102 mm for the WS14 catchment. Similarly, the minimum, aver-
age, and maximum precipitation for the WS3 were 13, 24, and
54 mm, respectively.

The net rainfall Pnet for the individual catchments was cal-
culated assuming levels of moisture that ensure the formation
of direct runoff. This approach is necessary because the ob-
tained net rainfall values are used to determine a series of
peak flows Qmax using the EBA4SUB model and later design
flows using statistical methods. Zero values lead to the ab-
sence of peak flows in the given series, which is inconsistent
with observations, as Qmax has been recorded in each catch-
ment in individual years. Zero values of Pnet translate into
zero Qmax values, which makes it impossible to further calcu-
late design flows using statistical methods based on the series
generated by the EBA4SUB model. For the WS80 and WS78
catchments, calculations were performed for AMC(II), while
for the WS14 and WS3 catchments, calculations were per-
formed for AMC(III). Based on Fig. 3, it was found that in
the WS80 catchment, Pnet values ranged from 0.9 to 44.5 mm,
with an average of 11.9 mm. In the case of the WS78 catchment,

Pnet ranged from 11.5 to 216.7 mm, with an average of 62.4 mm.
The WS14 catchment was characterized by Pnet values rang-
ing from 1.7 to 60.2 mm, with an average of 8.6 mm. The
WS3 catchment had the lowest Pnet values among the ana-
lyzed catchments, ranging from 0.2 to 20.8 mm, with an aver-
age of 3.9 mm.

The SCS–CN method is one of the most widely used ap-
proaches for determining net rainfall. However, it has several
limitations due to its empirical origins. Developed primarily
from regional data for agricultural sites where it performs
well, the SCS–CN method may not be directly applicable to
other types of regions without adjustment. Additionally, the
method does not account for spatial variability in runoff, as it
assumes homogeneous conditions for the runoff process
(Bartlett et al. 2016). Another significant limitation of the
SCS–CN method is defining the appropriate AMC level,
which is traditionally determined based on the 5-day anteced-
ent rainfall depth. However, soil moisture measurements
within the area of interest may provide a more accurate basis
for selecting the AMC level. Improved understanding of the
relationship between antecedent soil moisture and CN values
could significantly enhance runoff estimation (Shi and Wang
2020). Meteorological data are also critical in determining
AMC, as they provide insights into how atmospheric condi-
tions influence soil moisture (Ali and Roy 2010). Historical
time series of meteorological data can reveal patterns in rain-
fall timing and intensity that impact soil moisture dynamics
(Wasko et al. 2020). Additionally, local soil characteristics,
such as texture and physical properties, play a crucial role in
water retention and should be considered when determining

FIG. 3. Total rainfall (P for Tc) and calculated net rainfall Pnet for the study catchments.
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AMC levels (Li et al. 2022). Verification of AMC levels
through actual measurements and observations is essential for
ensuring accuracy. This process not only improves result qual-
ity but can also inform the development of new techniques for
AMC determination. For example, Hettiarachchi et al. (2019)
proposed a modified SCS–CN approach that incorporates ob-
served soil moisture to better identify AMC levels. Given the
temporal and spatial variability of soil moisture, regular up-
dates and trend analyses of relevant data are necessary to
adapt AMC levels to changing environmental conditions
(Huang et al. 2016).

c. Peak discharge modeling using EBA4SUB

In the next stage of the analysis, based on the observed
maximum rainfall series for a duration equal to the time of
concentration and the specified net rainfall amounts, peak
flow series Qmax were determined using the EBA4SUB
model. The results are presented in Fig. 4.

Plots in Fig. 4 indicate that, in general, the EBA4SUB
model overpredicted the peak discharge rates. For the WS80
catchment, the smallest discrepancy between the observed
and calculated Qmax was found for the year 2019, where the
difference between peak flows was 25%. The largest disparity
occurred in 2011, a relatively dry year, when the peak flow
from the EBA4SUB model was 35 times greater than the ob-
served value. The results for the WS78 catchment showed
that the smallest difference between the observed and calcu-
lated Qmax occurred in 2015 with an extreme flow in October,
with a difference of 20%. The largest discrepancy was noted
for the year 2012 also a relatively dry year, when the peak

flow from the EBA4SUB model was 5 times greater than the
observed flow rates. For the WS14 catchment, it was found
that the EBA4SUB model substantially overestimated peak
discharges, as compared to observed maxima. The observed
peak flows in WS14 are the lowest among all analyzed catch-
ments. Hence, even the low differences between the calculated
and observed rates yielded a high percentage of disproportion.
In addition, these differences may have been caused by the
time of concentration assumed to be as 1 h, a minimum re-
quired by the model, despite the subhourly value found for
WS14 with an area of only 0.6 km2. Based on the results pre-
sented in Fig. 4, it can be observed that the peak flows for
WS14, simulated using the EBA4SUB model, are significantly
higher than the observed values, despite the assumed time of
concentration being 1 h, which is longer than the actual time
of around 20 min. The proposed methodology requires the
creation of annual maximum precipitation series with dura-
tions close to the time of concentration. In the case of catch-
ment WS14, the precipitation depths for the assumed time of
concentration of 1 h are significantly higher than for the actual
time of around 20 min. Consequently, the simulated peak
flows using the EBA4SUB model are inflated. For catchment
WS3, there is an observed underestimation of peak flows us-
ing the EBA4SUB model, which results from the discrepancy
between the assumed time of concentration (longer than the
actual time) and precipitation episodes with durations equal
to 1 h compared to episodes with durations close to the actual
time of concentration. Assuming a longer time of concentra-
tion for small catchments, which actually have a shorter time
of concentration, can potentially lead to consequences in

FIG. 4. Results of peak discharge calculated by the EBA4SUB model for the study catchments.
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forecasting and modeling peak flows. This primarily affects
two main aspects: underestimation of peak flows and delay in
the peak flow timing. Underestimation of peak flows and time
to peak arise from the incorrect assumption about the rate at
which water reaches the catchment outlet after precipitation
event. In small catchments, which have a shorter time of con-
centration, water reaches the main streams of the catchment
more quickly, resulting in rapid and high peak flows. How-
ever, if the hydrological model assumes a longer time of con-
centration, it predicts that water will flow more slowly, which
leads to underestimated peak flows and a longer runoff hydro-
graph (the same volume of water from net precipitation must
be distributed over a longer time in the unit hydrograph). The
delay in peak flow timing is another effect of assuming an ex-
tended time of concentration. Models that assume a longer
time of concentration predict that peak flows will occur later
than they actually do under real conditions. In small catch-
ments with a shorter time of concentration, peak flows occur
sooner after precipitation. This circumstance tends to suggest
that the EBA4SUB model should be used for catchments
where Tc is $1 h. For the WS3 catchment, the EBA4SUB
model was tested only for the AMC-III which results in direct
runoff. The results indicate that only in 6 out of the 41 events,
the EBA4SUB model overestimates peak flow rates. Al-
though the area of WS3 is smaller than WS14 (0.424 km2), the
observed peak flows on it are greater than the latter. This is
because of substantial soil moisture the WS3 catchment re-
ceives in the form of snowmelt and precipitation even if there
is a limited amount of rainfall during the storm episode. A

study conducted by Mateo-Lázaro et al. (2019) and Barnett
et al. (2005) indicated that snowmelt can comprise 50% or
more of the total runoff (net rainfall and snowmelt), suggest-
ing a higher value of CN parameter for snowmelt–rainfall–
runoff conditions as compared to simple rainfall–runoff events
(Hejduk et al. 2015).

In the next step, the empirical flood frequency curves for
maximum flows from observations were compared with those
calculated by the EBA4SUB model (Qmax modeled) and the
bias-corrected values from EBA4SUB using the linear scaling
technique (Qmax corrected) (Fig. 5). Results showed that, in
most cases, the EBA4SUB model produces higher flow values
within the context of flood frequency curves. This trend is par-
ticularly evident for longer return periods. To improve the
model results, linear scaling correction was applied, which in
the vast majority of cases allowed for better alignment of the
calculated values with observations, especially for shorter re-
turn periods. A detailed analysis of the results indicates that,
in the WS80 and WS78 catchments, the overestimation of re-
sults is particularly noticeable for longer return periods, with
the exception of the longest return periods, which were 19 and
14 years for WS80 and WS78, respectively. The linear scaling
correction effectively reduces discrepancies, bringing the values
from EBA4SUB closer to the observed values. In the case of
the WS14 catchment, the EBA4SUBmodel exhibits the largest
discrepancies. The flows obtained from the model are very
high compared to the observed values. However, the applied
correction significantly reduces these values, making them
much closer to the actual ones. The best results are observed

FIG. 5. Empirical flood frequency curves for observed and the EBA4SUB model–generated peak discharges for the
study catchments.
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when comparing the flood frequency curves for WS3, where
the EBA4SUB model demonstrates the highest quality of
performance. It should be emphasized that the applied cor-
rection inflates flow values in the longer return period range.
For shorter return periods, the corrected values are close to
the observations. This phenomenon is due to the high ratio of
average observed peak flows to peak flows from EBA4SUB,
which was nearly 1.6. Since for the series prior to correction,
the peak flow values from EBA4SUB for longer return periods
were close to the observed values, the introduction of the correc-
tion increased the discrepancies for these return periods.

d. Design flows analysis

In the next stage, the results of design flows analyzed using
statistical distributions, with the best fit identified based on
the PWRMSE rank, are presented in Fig. 6 and Table 5.

Based on the results presented in Fig. 6, it can be concluded
that the highest values of design flow were for the lognormal
(L-N) distribution. The lognormal distribution is heavy tailed,
which is why it has a tendency to yield higher values of quantiles

for a low probability of exceedance as compared to the Weibull
(W) and PIII distributions. The heavy-tailed distributions of
flood frequency are characteristics to the drier regions, where
flooding tends to be generated by heavy rainfall and infiltra-
tion excess overland flow (Merz et al. 2022). In the humid
regions, shallow subsurface outflow and saturation excess over-
land flow dominate the flood generation mechanism (WałeRga
and Amatya 2020; Amatya et al. 2022). In a study conducted
in forested catchments of coastal South Carolina, subsurface
outflow was suggested contributing to a major portion of the
total runoff. As such, nonheavy-tailed distributions can be
more suitable for flood frequency analysis. Based on Table 5,
it can be concluded that PIII is one of the best-fitted distri-
butions in this case which is consistent with (Amatya and
Radecki-Pawlik 2007) who used the same distribution for
the analysis of flow dynamics in forested catchments in coastal
South Carolina.

In the next step, design flow values calculated using the
GPD method (GPDM), RF, and the new proposed approach
DEFRAST were compared against the values from the best-
fitted statistical distribution, which is Pearson type III. Due to
the large area of the WS78 catchment exceeding the recom-
mended size, the Rational Formula was not applied. Figure 7
presents the flood frequency curves for the analyzed methods.

Results presented in Fig. 7 showed that, in most cases, the
DEFRAST method provides design flow results that are close
to, albeit slightly overestimated, the baseline values deter-
mined using the Pearson type III distribution. These results
are particularly evident for longer return periods, such as
1000 and 200 years. The corrected version of the DEFRAST

FIG. 6. Results of design flow analysis by statistical distribution for the study catchments.

TABLE 5. Rank of best-fitted statistical distribution based on the
PWRMSE for the study catchments.

Catchment L-N PIII W

WS80 1 3 1
WS78 1 2 3
WS14 3 1 2
WS3 3 1 1
S 8 7 7
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method (DEFRAST-corrected), through linear scaling, yields
lower design flow values than the uncorrected version, bring-
ing them even closer to the results from the Pearson type III
distribution. The greatest discrepancies between the results
from the DEFRAST method and the Pearson type III distri-
bution were observed for the WS14 catchment. However, ap-
plying the linear scaling correction significantly reduced these
discrepancies. The GPD method shows a significant overesti-
mation of design flows compared to the Pearson type III dis-
tribution, especially for large return periods (1000 yr). This is
most evident in the WS78 catchment, where design flow val-
ues calculated using the GPDM are even several dozen times
higher than the baseline values obtained from the Pearson
type III distribution. Similar results were obtained by WałeRga
et al. (2020) who also pointed out significant discrepancies in
the values of design flows obtained using the GPD method
for catchments with similar characteristics. Generally, the
results from the GPD method are less consistent with the
Pearson type III distribution, particularly in large catchments
(like the WS78) and for long return periods, which may sug-
gest limitations of this approach in accurately representing ac-
tual peak discharges under specific conditions. The smallest
differences between the values from the GPD method and
the Pearson type III distribution were found for the WS3
catchment. The RF method yielded underestimation of design
flows compared to the results obtained from the Pearson
type III distribution, regardless of the studied catchment and
return period. The best results for the RF were found for the
WS14 catchment, where the design flow values from this

method were similar to those from PIII distribution. Generally,
the RF performs well in small forested catchments because it
accounts for a simple relationship between rainfall and runoff,
which corresponds to their short concentration times and uni-
form conditions, such as vegetation cover and retention. This
is confirmed by studies by Amatya et al. (2021b) as well as
Mukherjee et al. (2024), which showed that the RF can provide
good estimates of design flows under suitable conditions, but
its effectiveness depends on the size and characteristics of the
catchment, highlighting the need for careful calibration. At the
same time, it should be emphasized that in the other catchments,
values calculated using the RF are generally significantly lower
than those from the statistical method, indicating the limited
usefulness of this method for estimating design flows.

In the GPD method, one of the crucial parameters is the
pond and swamp adjustment factor Fp. If the area of the pond
and swamp in the catchment of interest is 5% or larger, then
Fp assumes a default value of 0.72 (USDA–NRCS 2010). A
study conducted by WałeRga et al. (2020) indicated that this
value should not be used for forested catchments because of
the high retention capacities of forested catchments. Accord-
ing to the authors, the Fp value should be lower than 0.40 for
the forested catchments they studied. Also, they revealed
significant relationships between Fp values and rainfall depth
as well as duration. On the other hand, the Rational Formula
exhibits some limitations, including the one associated with
the estimation of the runoff coefficient, C. First, the C values
were not developed through the calibration in experimental
catchments as was recently done by Amatya et al. (2021b)

FIG. 7. Design flows calculated by empirical formulas for the study catchments.
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and Mukherjee et al. (2024), but by consultations with ex-
perts. The selection of appropriate C values including from lit-
erature can be subjective with some uncertainties and can
impact the estimation of the peak discharge. The second limi-
tation is the assumption of the critical duration of rainfall,
which can lead to the underestimation of peak discharges
(Grimaldi and Petroselli 2015).

A major limitation of both GPD and RF is the need for a
design rainfall depth for estimating peak discharges with a
given probability of exceedance. Hence, a statistical distribu-
tion describing rainfall depth must be selected. It should be
emphasized that both GPD and RF are empirical equations
which were based on hydrometeorological data collected
during the last century. Taking into account the changes in
land use and climatic patterns observed in recent decades and
limited availability of current multisite measurement data, the
wide use of existing empirical formulas using the above pa-
rameters may be questionable. Therefore, it is important to
come up with a novel methodology to calculate design flows
for ungauged catchments, which should be helpful for under-
standing mechanisms of peak flow generation (Liu et al.
2017). The proposed approach to calculating design flows in
DEFRAST is based on rainfall–runoff modeling using the
EBA4SUB model. In general, the EBA4SUB model has shown
promising results in predicting design flows. For example,
Recanatesi and Petroselli (2020) applied the model to calcu-
late design flows for flood mapping in Italy. They have con-
cluded that the results from the EBA4SUB model can serve
as the basis for assessing the increased flood risk. Petroselli

et al. (2019a) evaluated the model for design flow calcula-
tions in selected catchments in Iran. They pointed out that
the EBA4SUB model has the potential to serve as a viable
tool for predicting design peak flows in Iran. This recom-
mendation gains even more significance when the model is
combined with a hydraulic framework to facilitate the updating
of flood hazard maps. Houessou-Dossou et al. (2022) tested
the model for flood frequency calculations in the catchments
Kakia and Esamburumbur located in Kenya, Africa. Their
study highlighted the significance of the EBA4SUB model in
estimating design hydrographs in ungauged catchments, simul-
taneously revealing the correlation between rainfall frequency
analysis and flood frequency analysis in small catchments. In
addition, Młyński et al. (2020) proposed a new approach of
flood frequency estimation based on the EBA4SUB model.
They pointed out that the proposed methodology is character-
ized by a low relative error for design flows, making it advanta-
geous to apply the EBA4SUB model. However, it should be
emphasized that the EBA4SUB model so far has not yet been
tested in small forested catchments.

e. Verification of methods to calculate design flows

Finally, the performance assessment of the various methods
for determining design flow magnitudes for ungauged catch-
ments was conducted using the percent error indicator,
PBIAS. The magnitude of the indicator was determined by
comparing the design flow values between the methods for
ungauged catchments and the Pearson type III distribution
for observed data. The results are presented in Fig. 8.

FIG. 8. PBIAS values calculated for three analyzed methods (GPD, RF, and DEFRAST).
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Based on the results presented in Fig. 8, it was found that
for the WS80 catchment, the DEFRAST method yielded low
estimation errors for design flows, especially for high recur-
rence intervals. The PBIAS values ranged from 212% to 3%
for recurrence intervals from 50 to 1000 years, respectively.
As the recurrence interval decreases, the PBIAS values increase.
For DEFRAST-corrected, the recomputed errors also remain
at a relatively low level; however, they are greater than those
for the DEFRAST. In general, DEFRAST-corrected pro-
vided mostly positive PBIAS. In the case of DEFRAST, for
recurrence intervals from 2 to 200 years, PBIAS is negative,
indicating higher design flow values from this model compared
to the Pearson type III distribution. The GPD method yielded
the highest negative PBIAS values, ranging from 293% to
2160% overestimate of design flows. However, in the case of
the Rational Formula, positive PBIAS values were obtained
for all recurrence intervals except for 2 years, with values
ranging from 20% to 68%, indicating underestimates. For the
2-yr return period, the PBIAS was 280%. For WS78 catch-
ment, the highest PBIAS values were obtained for the GPD
method, with design flow values even 14 times higher than
those for the Pearson type III distribution (negative values of
PBIAS). The DEFRAST method provided design flow values
that were much closer to those from the Pearson type III dis-
tribution, with very low PBIAS for high recurrence intervals.
Similar to WS80, as the recurrence interval decreased, the
PBIAS values increased. The DEFRAST-corrected approach
yielded a higher PBIAS than DEFRAST for high recurrence
intervals, but as the intervals decreased, the PBIAS values
also decreased. For the WS14 catchment, the highest PBIAS
values were identified for DEFRAST and GPDM (negative
values), while relatively low PBIAS was determined for the

Rational Formula, with positive values ranging from 37% to
71%, indicating an underestimation of design flows compared
to the Pearson type III distribution. DEFRAST-corrected
yielded significantly better results than DEFRAST, with the
average absolute PBIAS error for DEFRAST-corrected be-
ing lower than that for the Rational Formula. For the WS3
catchment, the DEFRAST and GPD methods were identified
as the best methods based on the PBIAS performance statis-
tics. In the case of the Rational Formula, the PBIAS error re-
mained constant at 100% for each recurrence interval. In
summary, the DEFRAST and DEFRAST-corrected methods
exhibit the best performance in predicting design flows, which
was particularly evident in the WS80, WS78, and WS3 catch-
ments. In the WS14 catchment, DEFRAST significantly ex-
ceeds the results from Pearson type III distribution, although
its correction resulted in a substantial reduction in differences.
The GPD method is the least stable, with very high over-
estimation in the WS78 and WS14 catchments. The Rational
Formula consistently yields underestimated results in all catch-
ments, making it less adequate for analyzing design flows,
especially for longer return periods. The results clearly indi-
cate that the proposed DEFRAST approach could serve as
an alternative for calculating design flows. Since the results
may require adjustment, it is necessary to specify the thres-
holds (catchment area, recurrence intervals) at which such
corrections should be made. The performance evaluation of
the methods is provided below as a summary of the PBIAS
performance rating for the calculated design flow values.
Since, from the perspective of designing technical infrastruc-
ture in small catchments, the most important design flows are
Q100–Q10, Table 6 summarizes the PBIAS performance
rating for such design flows.

TABLE 6. PBIAS performance rating for the analyzed methods of calculating design flows.

Method

RP

100 50 20 10

WS80
DEFRAST Very good Good Satisfactory Unsatisfactory
DEFRAST-corrected Unsatisfactory Unsatisfactory Satisfactory Satisfactory
GPD Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
RF Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory

WS78
DEFRAST Satisfactory Unsatisfactory Unsatisfactory Unsatisfactory
DEFRAST-corrected Unsatisfactory Unsatisfactory Satisfactory Satisfactory
GPD Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
RF } } } }

WS14
DEFRAST Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
DEFRAST-corrected Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
GPD Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
RF Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory

WS3
DEFRAST Satisfactory Good Very good Good
DEFRAST-corrected Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
GPD Satisfactory Satisfactory Good Very good
RF Unsatisfactory Unsatisfactory Unsatisfactory Unsatisfactory
PBIAS range Very good Good Satisfactory Unsatisfactory
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Table 6 confirms that the DEFRAST method provides the
best quality results, especially for larger return periods, such
as Q100 and Q50. The GPD and RF methods mostly achieved
unsatisfactory quality, regardless of the analyzed return period
and catchment area. The obtained results confirm that the
DEFRAST method and its correction could serve as an alter-
native for calculating design flows, mainly in the Q100–Q10
range. This is particularly important because these flows are
widely used in the design of technical infrastructure, such as
drainage systems, dams, channels, and other hydraulic engi-
neering structures. Quantiles Q10 and Q20 are particularly
relevant for projects with medium-risk levels, while Q50 and
Q100 are crucial for high-risk or critical projects (Ali and
Rahman 2022).

5. Conclusions

The main objective of this study was to explore a new ap-
proach (DEFRAST) to calculate design flows in ungauged
forested catchments and compare its performance relative to
two widely used methods in ungauged catchments such as the
Graphical Peak Discharge (GPD) method and the Rational
Formula (RF). The proposed DEFRAST approach consists
of two main steps: the first step involves the peak flow series
modeling using the EBA4SUB model followed by the second
step involving calculation of design flows based on the EBA4-
SUB-generated series and the best-fitted statistical distribu-
tion based on observed annual peak flow data. The study was
conducted in the following steps: trend analysis for hydrome-
teorological data, net rainfall calculation, estimation of peak
flow series using the EBA4SUB model, and calculation of
design flows using the proposed DEFRAST methodology.
To reduce the PBIAS error in design flows obtained using
DEFRAST, the linear scaling technique was applied. The
results of the analysis suggest that

1) The modified Mann–Kendall test revealed no significant
trends in the hydrometeorological time series (P and Q) for
the study catchments, indicating the constancy of factors
determining the stationarity of the hydrometeorological
data.

2) Pearson type III distribution was found to be the best-fitted
statistical distribution, among the three analyzed: Pearson
type III distribution, lognormal, and Weibull, for modeling
design flow in the investigated catchments. The form of the
statistical distribution may result from the characteristics of
the catchments mitigating intense rainfall.

3) Among the two empirical formulas evaluated to calculate
the flood frequency, the GPD method highly overestimated
design flows, while the RF led to underestimation of design
discharges. Thus, the results obtained in this study clearly
indicate a need to further verify the empirical formulas
tested in this study, including their parameters like runoff
coefficient, Fp factor, and time of concentration on catch-
ments in varying ecohydrological regions for increasing
confidence in their wider applications.

4) Based on the obtained PBIAS values as a performance
indicator, it can be stated that the DEFRAST or DEFRAST-

corrected approaches exhibited the lowest values. This
indicates that the proposed methodology can be an alter-
native to empirical formulas for determining project flow
magnitudes in ungauged catchments. Due to its complexity,
the proposed DEFRAST methodology, which combines
hydrological modeling and statistical analyses simulta-
neously, can also be applied in catchments with charac-
teristics different from those presented in this study.

It is also equally important to highlight the limitations of de-
termining design flows using the proposed DEFRAST ap-
proach. The main limitations include the simplification of
complex hydrological processes; the quality of input data; cali-
bration in ungauged catchments; lack of consideration for ongo-
ing climate changes; a focus only on surface runoff; and the
requirement for a certain level of expertise to properly config-
ure, parameterize, and interpret the results. Nevertheless, the
results of this study clearly suggest that the proposed method
can be effective in estimating design flows in ungauged catch-
ments. Since the obtained results for the design flows may
require adjustment, further research is needed to identify
threshold values for catchment area, peak flows, and return pe-
riods at which such corrections should be made. Given that the
method is intended for ungauged catchments, it is essential to
determine the scaling coefficient values for corrections based on
hydrological information from controlled catchments with simi-
lar characteristics. Future studies should also include assessing
the impact of land use and catchment characteristics on the
magnitude of estimation errors for the design flows. Neverthe-
less, the proposed DEFRAST approach is straightforward and
effective, and it can serve as a tool for calculating design flows
for infrastructure design in ungauged catchments.
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