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Knowledge of design peak flow is crucial in various hydrolo-
gy, hydraulics, and water resources management applications.

Tel.: 4254.743607745 / +229.66434697. However, obtaining design peak flow is challenging, especially in
E-mail: houessoudossoueva@yahoo.com ungauged basins lacking discharge observations, a circumstance

that does not allow the calibration of advanced hydrological mod-
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frequency; return period. approach for small and ungauged basins) was introduced to esti-

mate the design peak flow and hydrograph in ungauged basins.
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Introduction
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peak flow estimations are tricky, particularly in ungauged water-
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these is the regionalisation approach that is used to switch peak
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ungauged (target) watershed (Yang et al., 2018). This approach
has shown outstanding results in different parts of the world (Beck
et al., 2016; Pagliero et al., 2019; Song et al., 2016; Virdes and
Cirilo, 2019). While the regionalisation method has proved its reli-
ability, long-term discharge data are still needed from the donor
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watershed. However, the correct donor with these characteristics
cannot be easily identified. A different method for estimating the
design peak flow is by using conceptual formulas, like the well-
known rational formula, which was primarily developed for small
watersheds (Dhakal ef al., 2012). Due to its simplicity and the min-
imal need for input data, the rational formula is commonly used.

Nonetheless, the implementation of this method raises some
drawbacks. Grimaldi and Petroselli (2015) emphasised some of
them, mainly the uncertainty in the determination of the runoff
coefficient and the assumption of the critical rainfall duration that
may lead to an underestimation of the peak flow. Grimaldi and
Petroselli (2015) and Piscopia et al. (2015), therefore, introduced
a new approach called event-based approach for small and
ungauged basins (EBA4SUB), which aims at minimising the user
subjectivity to determine flow hydrograph in ungauged water-
sheds, using the same information needed for the rational formula.
EBA4SUB is based on the watershed topography thanks to the dig-
ital elevation model (DEM) and uses the intensity-duration-fre-
quency (IDF) curves for assessing the design rainfall. Moreover,
for excess rainfall estimation and runoff propagation, it is able to
automatically estimate the model parameters, although the user can
modify the suggested values if more information is available. So
far, the method has shown promising results. Recanatesi et al.
(2017) and Recanatesi and Petroselli (2020) applied the model for
flood mapping in a suburban watershed of the metropolitan area of
Rome, Italy. Petroselli and Grimaldi (2018) evaluated the perfor-
mance of the model for design flow estimation over four water-
sheds in Europe (Italy, France, and Germany). Mtynski et al.
(2018, 2020a,b) applied the model for determining the design
hydrograph in selected mountainous catchments of southern
Poland. Nardi, Annis and Biscarini (2018) used the model to inves-
tigate the causes of the increase in urban floods in the small water-
shed area of Rome. Petroselli et al. (2019a,b,c) performed applica-
tions in various small watersheds located in different countries
(Iran, Bosnia and Herzegovina, Slovakia) and with different geo-
morphologic characteristics as well as different climatic regimes.
Recently, Vojtek et al. (2019) investigated the sensitivity of the
EBA4SUB hydrological parameters to flood mapping and found
that the influence of the Curve Number on the hydrological model
was more significant than that of the time of concentration. Annis
et al. (2020) used EBA4SUB for effective flood mapping in Italy’s
ungauged Marta basin, using drone derived elevation data com-
bined with the hydrograph obtained from EBA4SUB to map the
extent of the flood. Petroselli et al. (2020) provided a full sensitiv-
ity analysis of the model, selecting four case studies in Italy.
Finally, Petroselli (2020) upgraded the model, which was initially
developed for considering only the surface flow, also introducing
the subsurface flow.

This study employed the EBA4SUB model for determining the
design peak flow in the watersheds of Kakia and Esamburumbur in
Narok town, Kenya. As explained below, although the EBA4SUB
model can work in the fully ungauged basin situation, by automat-
ically calibrating its parameters for assessing the design hydro-
graph and, at the same time, minimising the user subjectivity, in
this specific case, the model was first calibrated using observed
flood data. Later the results of the modelling were compared with
the results of rainfall frequency analysis in the sub-watersheds,
previously performed by Houessou-Dossou ef al. (2019). The aims
of the present manuscript are hence: i) the first application of
EBAA4SUB rainfall-runoftf model in Narok town, Kenya; and ii) the
assessment of the relationship between design rainfall and design
discharge, a circumstance that was never investigated in previous
studies related to the model.
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Materials and methods

Description of the EBA4SUB rainfall-runoff model

EBA4SUB (Grimaldi and Petroselli 2015; Piscopia et al.
2015) is an event-based rainfall-runoff model consisting of the fol-
lowing modules: i) gross rainfall estimation; ii) excess rainfall esti-
mation; and iii) excess rainfall-direct runoff transformation.

i) Regarding the gross rainfall module, the user can employ an
observed rainfall hyetograph recorded at the rain gauge; alterna-
tively, IDF curves can be used, selecting the critical rainfall dura-
tion and the design hyetograph pattern. The Chicago hyetograph
has been used here, consisting of two empirical equations (Egs. 1
and 2), the first valid before the peak time and the second after the
peak time. When using the Chicago method, the rainfall duration
and peak position must be carefully selected, primarily because
high peak time can lead to overestimating design flow
(Mazurkiewicz & Skotnicki, 2018). This is all the most important
in flood mapping, where overestimating the peak flow can result in
overestimating flood height (Olsson, 2019).

i(6,T) = a(T)n(m) (=" fort<tp (1)
i(t,T) = a(T)n(T) (%)“—1 fort>tp @)

In Egs. 1 and 2, i (t, T) is the rainfall intensity (mm/h), t the
time (h), T the return period (y), a (mm/h), and n (-) the IDF coef-
ficients, tp the peak time (h), rc (-) the ratio between the peak time
and rainfall duration. Here, an IDF with two parameters was con-
sidered (Piscopia et al., 2015). Eqs. 1 and 2 are used for a specific
return period T and a critical rainfall duration. The critical rainfall
duration is defined by default in EBA4SUB as equal to the basin
concentration time (Tc), which is estimated thanks to the Giandotti
formula (1934), retrieving the necessary information from the
basin’s DEM. Nonetheless, the user can vary the rainfall duration
if a different value is preferred or if observed rainfall-runoff data
are available, from which it is possible to argue the basin response
time to rainfall. Since the Giandotti formula was developed for
basins characterised by a contributing area greater than 170 km?
(that is greater than the contributing area of the investigated case
studies, as shown in the following), here we used the Kirpich
(1940) formula, expressed by:

0.385

0.94-81.3]

TC:[ H

3)

Where T is the time of concentration (h), L is the length of the
longest waterway from the point in question to the basin divide
(km), and H is the difference in elevation between the watershed
outlet and the basin divide (m). Both were using observed rainfall
events or IDF curves with the desired rainfall duration; an areal
reduction factor (ARF) can be applied to transform the point rain
gauge information into a spatially uniform rainfall assigned to the
whole catchment, according to the Leclerc and Schaake (1972) for-
mulation.

i) In the excess rainfall estimation module, the curve number
for Green-Ampt (CN4GA) (Grimaldi et al., 2013) procedure is
applied, merging two approaches. The first approach uses the
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empiric curve number (CN) method (NRCS, 2008) to determine
ponding time and cumulative excess rainfall volume starting from
cumulative gross rainfall volume and adopting the following equa-
tion:

Pn = (P-Ia)?
P-Ila+§
1000 4)
S=7n —10

Where Pn is the cumulate excess rainfall (mm); P is the cumu-
late gross rainfall (mm) as provided by IDF curves; S is the poten-
tial maximum retention of water by the soil (mm); Ia is the Initial
quantity of interception, depression, and infiltration (mm). It is
noteworthy that the NRCS CN method does not consider rainfall
intensity and does not include the temporal infiltration process in
the runoff modelling; therefore, the method is not suitable for sub-
daily modelling (Walega et al., 2020). As a result, the Green and
Ampt (GA) infiltration model (Green and Ampt, 1911) is used as a
second approach to model the infiltration and excess rainfall with-
in a specific event at the desired time resolution. The GA method
is expressed by the following:

A8
f®) =KG+D (5)

Where f(t) is the infiltration rate (mm/h); K is the hydraulic
conductivity (mm/h); ¢ is the wetting front soil suction head (mm);
A0 represents the change in moisture content (-); F(t) is the cumu-
lative infiltration (mm); t is the time (h). In EBA4SUB, the CN and
GA approaches are mixed as follows. In the first step, the CN
method is applied to determine ponding time and cumulative
excess rainfall starting from cumulative gross rainfall. The second
step distributes the cumulative excess rainfall volume in time,
within the assumed event duration, and with the desired sub-event
resolution, according to the GA equation, calibrating the equation
parameters automatically. Finally, CN4GA is implemented assum-
ing that the ponding time occurs when total gross rainfall equals Ia.
The excess rainfall estimated using CN4GA has the same cumula-
tive excess value and the same initial abstraction value derived
with the CN method, but it has a physically-based time distribu-
tion, thanks to the application of the GA method. The only needed
parameter for applying the CN4GA procedure is CN, since the GA
parameters are estimated automatically. CN can be estimated by
default in EBA4SUB using look-up tables linking its value to land
use and soil data, or it can be specified by the user if observed rain-
fall-runoff data are available, from which it is possible to argue the
relationship between gross rainfall, excess rainfall, and cumulative
infiltration values.

iii) In the excess rainfall-direct runoff transformation, the
design hydrograph Q(t) is determined using the basin’s hydrologi-
cal characteristics and by employing a parsimonious geomorpho-
logical instantaneous unit hydrograph (IUH) which is based on the

Table 1. Observation in Kakia and Esamburumbur.

1-Sep-19 224 3.7
28-Dec-19 17.6 2.50

width function framework (WFIUH) (Grimaldi et al, 2012),
thanks to the convolution integral expressed by:

Q(t) = A [, WFIUH(t — ©)P,(r)dt (©)

Where A is the area of the watershed (m?), t is the time (s), and
Pn(t) (m/s) is the excess rainfall calculated using the CN4GA
approach. For example, in the previous equation, the WFIUH is
expressed as follows:

WFIUH(t) = =2 4 tn®) ™

ve(x)  vh(x)

Where Lj (m) is the hillslope path, Le (m) is the channel path
of the DEM cell x, v, (m/s) is the hillslope velocity, and v (m/s) is
the channel flow velocity. The hillslope flow velocities are defined
for each pixel employing a formula linking velocity to local slope
and land cover. In contrast, for the channel pixels, the river veloc-
ity is calibrated, imposing that the projection of the WFIUH mass
centre on the time axis is equal to the basin lag time (Tr), which is
estimated as 60% of the concentration time, previously deter-
mined. From a methodological point of view, EBA4SUB is char-
acterised by two main advantages. First, in excess rainfall estima-
tion, it combines the simplicity of an empirical approach (the CN
method) with the accuracy of a physically-based infiltration
scheme (the GA equation). Second, for excess rainfall-direct
runoff transformation, the IUH shape is determined using detailed
geomorphological information on every basin pixel, and the use of
synthetic shapes is avoided.

Study areas and data

This study was conducted in the ungauged basin formed by
Kakia and Esamburumbur sub-watersheds in Narok town, Kenya
(Figure 1). The total contributing areas are 30.6 km? for Kakia and
15.6 km? for Esamburumbur. Kakia and Esamburumbur are two
ephemeral streams that, during the rainy season, turn into rivers,
causing flooding in Narok town, located at the confluence of the
two rivers, a phenomenon that is under study under the current pro-
ject ‘Flash flood and Erosion in Enkare Narok Basin, Kenya: caus-
es and management.’ A TAHMO (Trans-African Hydro-
Meteorological Observatory) automatic weather station is located
upstream in the Kakia watershed at Latitude 1.012996° S,
Longitude 35.899120° E, and an elevation of 2122 m (see Figure
1), and rainfall intensity measurements are available from 7
December 2018 at 15 minute time intervals.

In the lower sections within the town, the Esamburumbur and
Kakia channels have been lined with concrete, and a water level
gauge was marked at outlets O1 and O2 (see Figure 2), respective-
ly, and discharge was measured for two flood events: the events of
01 September 2019 and 28 December 2019. Table 1 summarises
the observed discharge in Kakia and Esamburumbur. To compare

None 44,26
45.90 8.34
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the rainfall frequency analysis (Houessou-Dossou et al., 2019)
with the flood frequency analysis in Narok town, the design hydro-
graphs have been calculated using EBA4SUB for 1, 5, 10, 25, 50,
and 100 years return period at O1 and O2. O1 represents the outlet
of Sub-watershed W1 (in Esamburumbur), and O2 represents the
outlet of sub-watershed W2 (in Kakia) (Figure 2).

The used data were acquired from different sources and pertain
to DEM with 30 m resolution, soil hydrological group, land
use/land cover map of W1 and W2, and the IDF curve of Narok.
The DEM was used by EBA4SUB to extract the river network and
compute the WFTUH. The 30 m resolution SRTM DEM of the sub-
watersheds was downloaded from http://geoportal.remrd.org/. The
DEM was used to process the flow direction and accumulation
grids for the two watersheds. The elevation within sub-watershed

agepress

W1 varies from 1848 to 2097 m, while the elevation within W2
varies from 1859 to 2138 m. The average slope in W1 (6.78%) is
higher than in W2 (5.48%).

Regarding land use, many studies have demonstrated the influ-
ence of land use/land cover on the surface runoft (e.g., Yin et al.,
2017). The land use/land cover map of W1 and W2 were extracted
from the Kenyan land use/land cover map with a 30 m resolution,
established in 2015which is available on ICPAC (Igad Climate
Prediction & Applications Centre) website at http://geoportal.
icpac.net/layers/geonode%3 Akenyalandcover2015. The two sub-
watersheds are dominated by agricultural land use, covering 76.9%
of W1 and 89.5% of W2. EBA4SUB uses ‘CORINE (Coordination
of Information on the Environment)’ land cover nomenclature at
level 11T (Bossard ef al., 2000) to assign the hillslope flow veloci-
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Figure 1. Location of the study area in Narok, Kenya.
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ties and compute the CN values. Therefore, the land use/land cover
was classified accordingly. Moreover, the watersheds’ hydrologi-
cal soil group was extracted from the global hydrological soil
group accessible at https://daac.ornl.gov/SOILS/guides/Global
_Hydrologic_Soil Group.html. The dataset represents a globally
consistent soil group at 250 m resolution developed by the Food
and Agriculture Organization (FAO) based on soil texture classes
and depth (Ross et al., 2018). W1 and W2 are dominated by soil
group C, the texture of which is clay loam.

Figure 3 presents the DEM, drainage network, and land
use/land cover in W1, while Figure 4 presents the DEM, drainage
network, and land use/land cover in W2. In both figures, the land
use/land cover corresponding to the Corine Nomenclature is as fol-
lows: 111-Continuous urban fabric; 211-Non-irrigated arable agri-
cultural land; 313-Mixed forest; 321-Natural grasslands; 324-

Transitional woodland-shrub; 333-Sparsely vegetated areas; 411-
Inland marshes.

The IDF curves were extracted for Narok town as published in
the Rainfall Frequency Atlas of Kenya (Kenya Ministry of Water
Development, 1978) and reported in Table 2 and shown in Figure
5. Narok IDF allows us to obtain the rainfall intensity correspond-
ing to a specific duration for a given return period. Narok IDF
curves were used to estimate the gross rainfall depth for 1, 5, 10,
25, 50, and 100 years return period. The Chicago hyetograph was
adopted to convert the gross rainfall to a hyetograph. A peak posi-
tion equal to 0.5 was selected, and the ARF was used. We selected
the Chicago hyetograph because it usually favours safety since it
produces higher values of peak discharge (Petroselli ef al., 2020).
Moreover, we assumed a peak position equal to 0.5 due to the con-
tribution of Piscopia et al. (2015), who found that the peak position

Table 2. Narok intensity-duration-frequency parameters for 1, 5, 6, 10, 25, 50, and 100 years return period.

IDF parameters Return period
1 5 10 25 50 100
a 32.33 4411 51.57 60.98 67.76 76.36
n 0.59 0.59 0.60 0.60 0.60 0.60
IDF, intensity-duration-frequency.
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does not sensibly affect peak flow, recommending the use of 0.5.
As previously described, the excess rainfall estimation is esti-
mated using the design hyetograph and CN4GA approach. In the
present study, the CN value was calibrated in order to reach, for the
observed rainfall-runoff events, a value of modelled peak dis-

charge equal to the observed value. It is noteworthy that only the

pag

peak discharge value is available for the observed events, not the
whole hydrograph. Such circumstance does not allow to infer the
basin response time to rainfall, so calibration of Tc is questionable.
Hence, for Tc, we decided to use the values provided by the
Kirpich formula, as previously specified.
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work; C) land use land cover in sub-watershed W1.
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Results and discussion

Regarding the design hydrograph estimation, WFIUH has been
estimated for both sub-watersheds using the DEM and the concen-
tration time, estimated using the Kirpich formula. A 15-minute
time resolution was chosen for the WFIUH to accurately represent
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the topographic information (Petroselli & Grimaldi, 2018). The
DEMs were pre-processed to remove the spurious points like pits
and flat areas using SAGA GIS (System for Automated
Geoscientific Analyses). Table 3 presents the sub-watersheds char-
acteristics, while the WFIUH for W1 (Esamburumbur) and W2
(Kakia) are displayed in Figure 6.
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As shown in Figure 6, the watershed topography highly affects Y
the shape of the WFIUH (Bajracharya and Jain, 2020). The shape 125 5y
of the WFIUH varies in both sub-watersheds. The WFIUH exhibits Tl oY
smooth behaviour in W2 while showing a rough shape in W1. The % "
WFIUH shows an increasing trend in the contributing area with 2 75
time in W1, followed by a decreasing trend where a peak (0.24) - 5 m——
was reached at 45 minutes. In W2, the peak (0.17) was reached at ey S
60 minutes. Moreover, the sub-watershed W1 displayed a higher 25
value for the WFIUH peak. The reason for this is that the slope of . — =
W1 is higher (6.78%) than that of W2 (5.48%). The basin slope 0 5 10 15 20 25

controls the flow velocity in the watershed, and therefore it affects Time (h)
the WFIUH shape (He, 2007).

Comparison of observed and simulated peak flow in Figure 5. Intensity-duration-frequency curves of Narok town for
W1 and W2 the different return periods. Source: Kenya Ministry of Water

Devel t, 1978.
The calculated value of Tc is respectively 1.15 hours in W1 and evelopment, 197

1.8 hours in W2. Compared with observation, EBA4SUB has per-
formed well in W1 and W2 for the two events considered (Table
4). The absolute difference obtained was 0.3 m3/s in W1 in
Esamburumbur and 0.12 m3/s in W2 in Kakia. In addition, the cor-
responding CN values were 96.6 in W1 for the event of 28 025

~+—=W2 WFIUH[-] —* W1 WFIUH[-]

December 2019 and 85.1 in W2 for the same event. Nevertheless, “? 0,2
a lower CN value was noted for the case of 1 September 2019 % 0,15
(CN=93.5). The calculation of CN is primarily based on the AMC, '-ED 0,1
which differs from a rainfall event. As a result, drier soil often 5 0,05
results in a lower CN value and thus a small runoff than wetter soil 0
K X R OV oMoV OoONOoWmOonoWnon o
(Gundalia and Dholakia, 2014). Moreover, according to Ponce and T oeac N RRaSSE
Hawkins (1996), the characteristics of watersheds and land use, the Time (min)
intensity of the storm, and the quality of the observation may also
explain the variability of the CN for different events. Since we
have no other information, we decided to adopt, for the Kakia Figure 6. Width function instantaneous unit hydrograph
basin, a calibrated value for CN that is the average value of the two (WFIUH) in W1 and W2.
observed CNs.
Table 3. Sub-watersheds W1 and W2 characteristics.
Area (km?) 15.6 (from inlet to O1) 30.1 (from inlet to 02)
Maximum sub-basin elevation (m) 2097 2138
Outlet elevation (m) 1848 1859
Length of the main channel (km) 7.25 11.09
Tc (h) L15 1.8

Table 4. Observed and simulated peak flow at outlets O1 in Esamburumbur and O2 in Kakia.
W1 in Esamburumbur

Date Measured Qp (m%s) Tc (h) CN Qp-EBA4SUB (m¥s)
1-Sep-19 - - -
28-Dec-19 45.90 1.15 96.6 45.6
Calibrated values 115 96.6
W2 in Kakia
Date Measured Qp (m?/s) Te (h) CN Qp-EBA4SUB (m¥s)
1-Sep-19 44.26 1.8 93.5 442
28-Dec-19 8.34 1.8 85.1 84
Calibrated values 1.8 89.3
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Design hydrograph analysis in W1 and W2 for 1, 5, 10, and 100 years. In both sub-watersheds, the position of the peak

25, 50, and 100 years return period

rainfall excess is preserved for the different return periods. This
confirms the findings of Petroselli and Grimaldi (2018), where it

Regarding the design hydrograph calculation, Figures 7 and 8 54 shown that the CN4GA method can preserve the peak position
show the gross rainfall hyetograph, rainfall excess hyetograph, and of the excess rainfall within the gross rainfall. However, for a par-

design hydrograph in W1 and W2, respectively, for 1, 5, 10, 25, 50, ticular return period, the excess and gross rainfall are lower in W1
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Figure 7. Gross hyetograph (in light grey), excess rainfall hyetograph (in orange), and design hydrograph (in blue) in W1 in
Esamburumbur for: A) 1 year; B) 5 years; C) 10 years; D) 25 years; E) 50 years; and F) 100 years return period.
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than W2, mainly because W1 is smaller in size and characterized year of the return period to 103.6 mm for 100 years in W2. Figures
by a short time of concentration that determines the rainfall dura- 7 and 8 also show that the rainfall duration is longer in W2 than
tion. Also, the cumulative gross rainfall increases with the return W1 since W2 is more significant in size (Abdullah, 2013), conse-
period, ranging from 31.5 mm for 1 year of the return period to quently, the peak flow is reached sooner in W1. Also, it was
74.3 mm for 100 years in W1 (Table 5) and from 43.6 mm for 1 noticed that after the beginning of runoff, the runoff takes less time
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Figure 8. Gross hyetograph (in light grey), excess rainfall hyetograph (in orange), and design hydrograph (in blue) in W2 in Kakia for
(A) 1 year; (B) 5 years; (C) 10 years; (D) 25 years; (E) 50 years and (F) 100 years return period.
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(1.5 hours in W1 and 2 hours in W2) to reach its peak. This often
characterises small streams where runoff enters the river very
quickly (Gleick, 1996). The hydrograph time base is also greater in
W2 than W1, which is the direct consequence of the time of con-
centration in W2. The slope of the channel could also influence
this. For example, for a larger slope, a smaller time base of the
hydrograph is caused by the quick rise of the depletion of storage
followed by a steeper recession limb (He, 2008).

Table 5 reports the cumulative values for gross rainfall, excess
rainfall, flow volume, plus the value of peak flow in W1 and W2
for 1, 5, 10, 25, 50, and 100 years return period. The watershed W1
is the smallest sub-watershed and has recorded lower peak flow
and, therefore, lower volume. For instance, the total volume in W1
was 356,904 m? compared to a total volume in W2 of 623,118 m?
for T=1 year. Moreover, the higher volume within W2 for the dif-
ferent events may be attributed to the loss of vegetation cover in
the sub-watershed due to the inadequate cultivation practices,
which often result in the decrease of the soil infiltration rate and
the increase of runoff volume. A more detailed study may be need-
ed to evaluate the impact of land-use change on the flow volume
in the sub-watersheds.

A final consideration concerns the quality and resolution of
EBA4SUB input parameters, potentially affecting the modelled
results. As shown in Petroselli et al. (2020), CN and Tc can be

300
100 year

250 R? = 0.9996 Shovean
'_3 200 25 year,
-8 1.75 year 10 year,
z 150 5 Yeag year
o 1.5 year
—5 100 4 year
[ | 2 year

3 1 year 1.25 year
0
0 20 40 60 80 100 120

Rainfall in mm

Figure 9. Correlation between flood frequency analysis and rain-
fall frequency analysis in W1 in Esamburumbur.

regarded as primary parameters, so they should be estimated with
particular attention, while rainfall and WFIUH temporal resolu-
tion, DEM spatial resolution, and design hyetograph shape can be
considered secondary parameters, not particularly influencing the
hydrograph shape.

Comparison of flood and rainfall frequency analysis

The results of flood frequency analysis were compared with
the results of rainfall frequency analysis (Houessou-Dossou et al.,
2019). Figures 9 and 10 illustrate the correlation between the rain-
fall-based return period and the flood-based return period in
Esamburumbur and Kakia, respectively. The statistics show a high
correlation between the rainfall frequency analysis and the flood
frequency analysis for the different return periods, with a coeffi-
cient of determination of 0.99 in the sub-watersheds of both Kakia
and Esamburumbur. The correlation obtained between the flood
frequency analysis and the rainfall frequency analysis for the 1, 5,
10, 25, 50, and 100-year events showed a parabolic relationship in
the studied sub-watersheds between the rainfall return period and
the flow-based return period. According to the CN approach, this
could be attributed to the non-linear transformation of gross rain-
fall in excess rainfall. Indeed, it is true that Viglione and Bloschl
(2008) established that the rainfall-based return period and flow-
based return period in the case of a single storm duration, a con-

400
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=4 150
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100
175 year3 year
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0 20 40 60 80 100 120

Rainfall in mm

Figure 10. Correlation between flood frequency analysis and
rainfall frequency analysis in W2 in Kakia.

Table 5. Total gross rainfall, rainfall excess, volume, and peak flow in W1 and W2 for the different return periods.

1 W1 315 228 90.9 356,904
W2 43.6 20.7 99.1 623,118
5 Wi 429 33.8 131.9 528,887
W2 99.5 34.0 161.0 1,023,380
10 Wi 50.2 40.9 157.7 639,379
W2 69.9 432 203.3 1,300,974
25 Wi 59.4 49.9 191.0 779,686
W2 82.7 94.8 257.0 1,649,703
50 W1 66.0 56.3 215.0 881,244
W2 91.9 63.3 296.3 1,905,761
100 W1 744 64.6 245.6 1,010,460
W2 103.6 74.3 345.3 2,234,815
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stant runoff coefficient, and a linear basin response are the same,
but EBA4SUB does not use the runoff coefficient; instead, it uses
the CN scheme.

Moreover, in the research by Dickinson et al. (1992), a strong
relationship in the examined small watersheds between extreme
flows induced by extreme rainfall was noted. However, the authors
pointed out that extreme rainfall does not always produce an
extreme flow. Zhu et al. (2017) observed a larger return period for
peak discharge quantiles in wet antecedent soil moisture condi-
tions than the rainfall that produced them, with a reverse in dry
conditions.

Conclusions

This study evaluated the EBA4SUB rainfall-runoff model for
design peak flow estimation in the ungauged sub-watersheds of
Kakia and Esamburumbur in Narok, Kenya. The novelty of the
study was the first application of the recently developed
EBA4SUB model in Kenya. Moreover, in this study, the peak
flow-based return period was compared to the rainfall-based return
periods, and this is the first time unlike previous studies where
EBA4SUB was employed. The results have shown a strong link
between modelled flood frequency analysis and modelled rainfall
frequency analysis. Moreover, the relationship between modelled
flood frequency analysis and modelled rainfall frequency analysis
showed a parabolic behaviour. The study showed the relevance of
the proposed method for estimating design hydrograph in
ungauged basins while showing the link between rainfall frequen-
cy analysis and flood frequency analysis in small watersheds. The
output of the study can be relevant for flood risk management and
hydraulic design.
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