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Abstract

Event-based rainfall-runoff models are practical tools commonly used to predict catchments’ response to a rainfall event.
However, one of the main concerns is that the characteristics of rain events are neglected in the model development. This
paper develops a novel event-based rainfall-runoff equation to incorporate rainfall characteristics into account. The perfor-
mance of the new equation is evaluated based on the root mean square error, Nash—Sutcliffe efficiency coefficient, and per
cent bias for 13,339 rainfall-runoff events between 2005 and 2020 over 23 catchments across New Zealand and Australia
with oceanic, mediterranean, tropical, subtropical, and semiarid climates. Compared to the previous event-based models,
the new equation shows an improvement in runoff estimation in almost all case studies. Furthermore, considering the new
equation is simple, efficient, and takes the rain event duration into account, the new equation has the potential to become a
robust alternative method to the conventional curve number method in hydrological engineering projects.

Keywords Rainfall-runoff - Rain duration - Event-based - Runoff coefficient - Event average - Rainfall rate - IDF -

Average rainfall rate

1 Introduction

The hydrological response of a catchment to a rainfall
event is commonly known as a rainfall-runoff process [1].
A rainfall-runoff process often consists of complex physi-
cal procedures, i.e. interception, depression storage, evap-
otranspiration, infiltration, subsurface flow, groundwater
flow, overland flow, and channel flow [2]. Previous studies
indicate that rainfall characteristics such as rainfall rate,
duration, and distribution, besides the catchment charac-
teristics such as size, soil type, land use, and slope, can
impact the occurrence and volume of runoff [3-6]. In addi-
tion, considering the physical condition of catchments is
not homogenous, each catchment may respond differently
to a rainfall event [1].

Several physically based mathematical expressions and
computer simulation models have been developed that fully
or partially represent the hydrological processes. Some-
times, infiltration equations are implemented to predict
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runoff from a rainfall event. The most common infiltration
equations cited in the literature for rainfall-runoff modelling
are Green-Ampt [7], Philip [8], Horton [8], Holtan [9], and
Kostiakov [10] methods. In addition, sometimes, distrib-
uted surface water models are combined with distributed
groundwater models to provide a better estimation [11-19].
However, these models are highly complex, data-hungry,
and often require several spatial and temporal parameters,
which in most cases are not readily available [20].

A simple alternative to physically based and continuous
models is to estimate runoff from an individual rain event,
often known as event-based models [21]. For example, the
runoff coefficient has been used to estimate runoff from
a rainfall event for many decades, which assumes that the
depth of direct runoff is a percentage of the rainfall depth:
C= P (H
where C is the runoff coefficient, P is the total runoff depth,
and Q is the total runoff depth in each rain event [22-25], or
sometimes Q is the total direct runoff depth for each event
[26-29], where “depth” refers to the total volume of runoff
or direct runoff for each event over the catchment area. The
terminology of “runoff coefficient” can be confusing as it
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is not consistent throughout the literature [30]. For exam-
ple, the parameter called response factor [26], hydrologic
response [27], runoff ratio [23], water yield [31], conver-
sion efficiency [24], direct runoff response ratio [5], and
runoff coefficient [6, 22, 28]. The other definition of runoff
coefficients also can come from the rational method, which
claims the peak flow is proportional to rainfall intensity for a
given catchment [32]. For clarification, in the current study,
the runoff coefficient means the total direct runoff over total
precipitation for each rain event.

Even though the concept of estimating runoff for each
event from runoff is attractive, the runoff coefficient is
highly variable as the runoff coefficient is proportional to
catchment and rainfall characteristics [3, 5].

The most popular event-based model by far is the soil
conservation service (now the Natural Resources Conser-
vation Service) curve number (SCS-CN) expression, which
often is famous for its simplicity and applicability [33-35].
This method is widely used in practice and applied in many
hydrologic applications. Some examples are flood predic-
tion, water quality modelling, soil moisture balance, and
sediment yields [36—46]. Also, several lumped and semi-
distributed models are designed based on an adapted form
of the SCS-CN equation, among which are CREAMS [47],
GLEAMS [48], AGNPS [49], EPIC [50-52], WinTR-55
[53], HEC-HMS [54], EPA-SWMM [55], TOPNET [56],
and SWAT [57].

The SCS-CN method originally comes from a lumped-
based approach that calculates the total direct runoff from
a storm event [58]. For deriving the SCS-CN expres-
sion, the proportionality between retention and runoff is
assumed to be:

r_g

s P @

where F is the actual retention, S is the maximum potential
retention, and Q is the total direct runoff during a rainfall
event. Assuming:

F=P-0, 3)

and subtracting a certain amount of rainfall, referred to as
initial abstraction from the total runoff depth P and solving
Eq. 2 for Q yields:

(P B Ia)2

=—— " when P > Ia,otherwise Q = 0, 4)
PrS—1,

Q

where I, is the initial abstraction. Commonly, a linear cor-
relation is assumed between S and [,,,

I, =4S, 5)
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where A is the initial abstraction ratio. 4 is considered 0.2 in
the original formula [40, 59, 60]. However, the background
of this assumption is known [58].
In the SI units,
25.4

S= N 0.254, 6)
where CN value is defined by hydrological soil group, land
use, hydrological surface condition, and soil moisture con-
dition [41]. Theoretically, the CN may vary between 0 and
100.

From a hydrologic engineering perspective, the SCS-CN
method is simple, transparent, appealing, and only requires
one empirical parameter, the CN. The SCS is popular
because SCS-CN databases can easily link to distributed
soil and vegetation layers stored within a GIS [34]. Hawkins
[41] reported that there is no alternative with the benefits of
the curve number method available, and within its group,
the SCS-CN method is monotypic. However, besides many
advantages, too many ambiguities raise questions about this
method’s accuracy [33, 34, 41, 42]. For example, Eq. 2, as
the central assumption of the SCS-CN method, has no physi-
cal justification [34].

Another concern is that the rainfall characteristics, such
as rain duration, are neglected in the equation [61]. For
example, the SCS-CN method does not count for the dif-
ferences between 40 cm rainfall in 1 day and 10 days, while
infiltration and runoff would be considerably different [32,
58]. However, several studies statistically indicated that the
runoff is proportional to the rainfall duration [3-5].

This study aims to introduce a novel, robust, and simple equa-
tion for estimating runoff from a rain event by taking the rain
event duration into consideration. The new equation only has
one empirical parameter. However, compared to the other event-
based models, it more precisely represents the physics of the
rainfall-runoff process by incorporating rainfall characteristics.

2 Materials

2.1 Hydro-Meteorological Data

For this study, 23 catchments ranging from 0.3 to 564 km?
are selected from catchments in New Zealand and Aus-
tralia. The sites in New Zealand have an oceanic climate,
with cool but not cold winters and warm summers. In con-
trast, the case studies in Australia have a range of climates,
including Oceanic, Mediterranean, tropical, subtropical,
and semi-arid climates. Commonly, no snow is recorded
in any sites during the study periods.
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Rain events are defined based on the minimum-interevent-
time method [62], in which the beginning and end of each
event are defined by a minimum rainless period of at least
24 h. The available data set is divided into the calibration and
validation periods. In total, 13,339 events are observed across
23 study areas. In all cases, rainfalls are recorded either at the
outlet or in the vicinity of the outlet. A summary of catchment
size, climate type, calibration, and validation periods and the
number of events are listed in Table 1.

2.1.1 Baseflow Separation

The quick flow (direct runoff), which is the direct response
to a catchment to rainfall, is separated from the base flow,
water seeping into the stream from groundwater. Therefore
for the development of a rainfall-runoff model often, the
quick flow is separated from the runoff. The BFI+, which
is a powerful and user-friendly software with eleven methods
for baseflow and quick flow separation methods, is selected
[63, 64]. The one-parameter recession digital filter method in
the BFI + software is used for baseflow quick-flow separation
for the current study. As an example of baseflow separation,
the base flow separation for the Opanuku river is shown in
Fig. 1. Then, the direct runoff depth for each event is calcu-
lated by dividing the total direct runoff for each event over
the catchment area.

3 Methods
3.1 Development of the New Equation

The event average rainfall rate is calculated for each event:

iav == (7)

where i, is the average rainfall rate (mm/h) in each event, and
t is the event duration (h). The existing correlation between
runoff coefficient (Q/P) and average rainfall rate [1] has been
suggested in previous studies. The correlation between the
runoff coefficient and average rainfall rate in Opanuku and
Pukekohe Ngakoroa rivers is illustrated in Fig. 2.

Considering the duration varies in each event, the pro-
portionality between runoff and average rainfall rates (/,,,)
is not substantial.

Intensity—duration—frequency (IDF) curves were imple-
mented to enhance the correlation by unifying rain event
durations. The IDF curves concept was established in early
1930, and many mathematical expressions for IDF curves
were suggested subsequently [32].

IDF curve can be expressed in a general form:

_ @

=" ®)

where ¢ is the rain storm duration, 7 is the storm event return
period, f (T) is a function of the return period, and g(t) is a
function of the storm duration ¢. f (7) and g(¢) are unique
functions for each site and can be estimated directly from
previous rainfall records.

For this study, following a method suggested by [32, 65],
the annual maximum rainfall for each site was rank-ordered,
and the return period for each annual maximum rainfall
value was estimated. Then, the rank-ordered rainfall value
was divided by the event duration for each return period,
resulting in the average intensity plotted versus the dura-
tion. As an example, the IDF curves of Pukekohe for return
periods ranging from 0.01 to 100 years are given in Fig. 3.

For storms with a return period of 7, Eq. 8 gives the fol-
lowing relation between the equivalent rainfall rate in 24 h
and the rainfall rate in each rainstorm with a duration of 7 [32]:

f(T) = iavg(t) = 1248(24)’ (9)

where i,, is the equivalent rainfall rate in 24 (h).
Rearranging for i,, yields:

, 8@ .

Iy = ———Ig, 10

%= 04 (10)
Assuming a power function form for g(¢) after Koutsoy-

iannis et al. [66]:

g(1) = at", (11)

where a and n are local constant variables obtained from the
past rainfall records for each site.
Therefore,

g(24) = a(24)" (12)
Substituting g(¢) and g(24) in Eq. 10 yields:

. , t
lZ4 = lav(ﬂ) (13)

Then, Eq. 13 is used to calculate i,, for all events. With
the new adjustment on rainfall rate, the runoff coefficient
shows a stronger correlation to i, than i,, in all case studies.

For all sites, the n value is calculated using the IDF
curves. For example, from the rainfall record of the Opanuku
and Pukekohe Ngakoroa sites, the IDF curves are generated,
and then the n value is calculated as 0.37 and 0.56, respec-
tively. In the next step, i,, is calculated, and the relationships
between the runoff coefficient and i,, are plotted in Fig. 4.

A comparison between Figs. 2 and 4 shows using i,,
instead of i, increases the R* by 47% (from R*=0.38 to 0.56)
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Table 1 A summary of catchment size, study period, and the number of events for each catchment in New Zealand (NZ) and Australia (AUS)

Site No. Site name Location Area (km2) Climate Calibration Validation

Period (years) No. of events Period (years) No. of events

1 West Hoe Heights  Auckland, West 0.3 Oceanic 2008-2015 349 2015-2017 119
Hoe Heights, NZ
2 Mangemangeroa  Auckland, East 4.4 Oceanic 2008-2015 357 2015-2017 121
Tamaki Heights,
NZ
3 Pukekohe Auckland, 4.5 Oceanic 2009-2015 283 2015-2019 236
Ngakoroa Pukekohe, NZ
4 Arkins Creek Victoria, 4.5 Oceanic 2005-2015 475 2015-2019 186
Wyelangta, AUS
5 Wainui Te Whara  Bay of Plenty, 5.4 Oceanic 2008-2015 331 2015-2020 267
‘Whakatane, NZ
6 Waingaehe Bay of Plenty, 9.5 Oceanic 2008-2015 329 2015-2019 243
Rotorua, NZ
7 Orewa Auckland, 9.6 Oceanic 2007-2015 439 2015-2020 263
Millwater, NZ
8 Maungaparerua Northland, 11.7 Oceanic 2008-2015 357 2015-2018 184
Kerikeri, NZ
9 Whangarei Northland, 12.5 Oceanic 2009-2015 313 20152018 193
Ngunguru Whangarei, NZ
10 Rutherford Creek  New South 14.4 Oceanic 2005-2015 515 2015-2019 235
Wales, Brown
Mountain, AUS
11 Opanuku Auckland, 15.7 Oceanic 2007-2015 364 2015-2017 72
Henderson, NZ
12 Fisher Creek Queensland, 16.2 Semi-arid 2005-2015 367 2015-2019 146
Innisfail, AUS
13 Raumanga Northland, 16.3 Oceanic 2008-2015 359 2015-2017 120
Whangarei, NZ
14 Scott Creek South Australia, 29.0 Mediterranean 2005-2015 385 2015-2018 170
Adelaide Hills,
AUS
15 Gellibrand Victoria, 52.7 Oceanic 2005-2015 455 2015-2019 186
Melborne, AUS
16 Elizabeth Valley =~ Northern 95.6 Tropical 2005-2015 315 2015-2019 138
Territory,
Darwin, AUS
17 Tinana Creek Queensland, north 101.8 Subtropical 20052015 367 2015-2019 148
of the Sunshine
coast, AUS
18 Mannus Creek New South Wales, 194.3 Oceanic 2005-2015 420 2015-2019 186
Tumbarumba,
AUS
19 Bass River Victoria, 240.2 Oceanic 2005-2015 501 2015-2019 205
Melborne, AUS
20 South Johnstone Queensland, 397.7 Subtropical 2005-2015 455 2015-2019 187
River Central Mill,
AUS
21 Ashley Gorge Christchurch, 472.0 Oceanic 2005-2015 503 2015-2020 293
Canterbury, NZ
22 Wakefield South Australia, 500.9 Semi-arid 2005-2015 360 2015-2019 146
Adelaide, AUS
23 Queanbeyan River New South Wales, 563.7 Oceanic 2005-2015 506 2015-2019 190
Canberra, AUS
Total 9,105 4,234
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Fig. 1 An example of the base- 45
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in Opanuku and 104% (from R?=0.27 to 0.55) in Pukekohe
Ngakoroa sites. The same pattern is observed in the other case
studies. A scatterplot and boxplot in Fig. 5 compare the cor-
relation (R%) of Q/P vs i, and Q/P vs i, for all case studies.

Considering all points in the scatterplot located above
the 1:1 line indicates that using the IDF curves concept to
unify the event durations effectively improved the runoff
coefficient and rainfall rate significantly. A comparison
between medians in the boxplot shows that the median of
R?is increased by around 100% from R*=0.22 in Qy/P—i,,,
to R*=0.44 in Qy/P — i,

Then, it is assumed that the runoff coefficient (Q/P) is
directly proportional to iy,:

Fig.2 Correlation between 0.7 -
runoff coefficient (Qy/P) and Opanuku
average rainfall rate in Opanuku 0.6 -

and Pukekohe Ngakoroa rivers

Q/p

Jul 2010

Oct2010 Jan 2011  Apr2011 Jul 2011 Oct 2011 Jan 2012

Time

5 Xy

- (14)

Then, by multiplying the right side of the proportion-
ality by a constant, a, the proportionality is replaced by
an equation:

0 = aiyP, (15)

where a (h/mm) is a local constant and varies for each site.
Substituting i,, from Eq. 13 in Eq. 15 yields:
t > P.

> 16)

0 = ai,

0.5 -
o Pukekohe Ngakoroa
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Fig.3 IDF curves of Pukekohe for return periods ranging from 0.01 to
100 years

and substituting i

aP? [t \"
0- (%)
t \24
From this point, Eq. 17 is known as the “new equa-
tion” in this paper. Considering quick flow data is used to

develop the new equation, the concept of initial abstraction
is already included in the P/Q correlation.

from Eq. 7 in Eq. 16 yields:

av

a7

4 Results and Discussion

For all case studies, @ and CN values were calculated
using the least squares fitting technique to minimise the
sum of the squared differences between the observed data

and computed runoff from the new equation and SCS-
CN methods.

2 .
2 aPZ t\" by varyinga
Sava 0001 = Do 00 (55) | v

(18)
P-1 2 : varyin,
ZEvems{QO - QC}Z = ZEV&MS{QO - f(’+ N i)l } ) égCN Minimum
19

where Q, is the observed runoff depth, and Q. is the cal-
culated runoff depth from the new equation and SCS-CN
method. The optimised CN and « values from the calibration
process are listed in Table 2.

Also, as some examples, the observed and estimated runoff
by the new equation and SCS-CN method versus the total rain-
fall for each event for Opanuku and Pukekohe Ngakoroasites
are illustrated in Fig. 6.

The SCS-CN method predicts only a single value for
each rainfall event regardless of the rainfall characterises.
However, the new equation estimates various runoffs for
each rainfall event depending on the rainfall durations.
For example, looking at three extreme events around
P =250 mm in Pukekohe Ngakoroa (Fig. 5), the SCS-CN
method predicts 71 mm for the three events. In contrast,
the new equation predicts 42, 51, and 82 mm, respectively.
Similarly, three different runoffs, 29, 36 and 83 mm, are
also observed at the outlet.

As a way of comparison, the estimated runoff by the
new equation and SCS-CN method is plotted against the
observed runoff for the Opanuku river in Fig. 7.

The R? in the SCS-CN plot is around 23% lower than the
R? in the new equation (from R%*=0.79 to 0.64). Also, the
slope of the linear trendline in the new equation is closer to
the 1:1 line than the SCS-CN. So, overall, the new equation
shows a better performance in the runoff depth estima-
tion than the SCS-CN method in the Opanuku river for the
study period.

Pukekohe Ngakoroa

0.5 4

0.4 4
0.3 1
0.3 4
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0.1 1q

Fig.4 Correlation between 0.7 - Opanuku
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Fig.5 Scatterplot and boxplot compare the correlation (R?) of Q/F vs ip, and Q/P vs i, for all case studies

4.1 The Performance Evaluation Strategies

Three statistical criteria were used to evaluate the new equa-
tion and SCS-CN performances.

4.1.1 Root Mean Square Error (RMSE)

RMsE= /L5 (0000 20

where m is the total number of events. RMSE =0 indicates
the perfect model fit, and the closer the RMSE values are to
zero, the better the model performance.

4.1.2 Nash-Sutcliffe Model Efficiency (NSE)

The Nash—Sutcliffe model efficiency coefficient [67] that is
often used for evaluation of the performance of hydrologic
models [68, 69] is calculated for both methods:

ZEvents (QO - QC)2
ZEvents (QO - Q_0>2

where Q_O is the mean of observed flow depth, and NSE is
the Nash—Sutcliffe model efficiency coefficient. The NSE
values range from — oo to 1, where 1 shows a perfect pre-
diction, whereas NSE <0 suggests that a simple average of

NSE=1-—

2y

observed values is better than the model estimations. There-
fore, the model performance is unacceptable.

4.1.3 Percent Bias (PBIAS)

PBIAS measures the average tendency of the predicted flow
depth to be larger or smaller than the observed data [70].

ZEvents (QO - QC)] % 100

22
zEvents (QO) @2

A low-magnitude value indicates an accurate model simula-
tion where 0 is a perfect fit. Positive values suggest model under-
estimates, and negative values indicate model overestimates.

PBIAS = [

4.2 Calibration

RMSE, NSE, and PBIAS were calculated for the calibration
periods for all case studies. A summary of the calibrated
values (CN and a) and performance evaluation of the new
equation and SCS-CN models in the calibration process are
listed in Table 2.

Overall, the new equation shows a better performance
compared to the SCS-CN model. For example, the average
NSE of the new equation for 23 case studies is 0.74, which is
25% higher than the NSE of the SCS-CN. Likewise, the aver-
age RMSE improved to 14%. Scatterplots in Fig. 8 compare
the NSE and PBIAS of the new equation with the SCS-CN
for each case study.
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Table2 A summary of the
calibrated values, CN and «a,
and the new equation (NE) and
SCS-CN models’ performance
in the calibration process based
on NSE, RMSE, and PBIAS for
all case studies

In the NSE scatterplot, points above 1:1 lines indi-
cate the new equation performs better, whereas, in the
RMSE scatterplot, points below the 1:1 line mean the new
equation performs better on that specific site. In the NSE

Site no. Site name Calibrated values NSE RMSE (mm) PBIAS
CN Alpha (/mm) SCS* NE** SCS NE SCS NE
1 West Hoe Heights 77 0.2522 062 073 10.1 85 12% 2%
2 Mangemangeroa 61  0.0634 0.67 075 4.1 35 32% 5%
3 Pukekohe Ngakoroa 52 0.0574 046 0.74 3.8 26  48% 11%
4 Arkins Creek 36 0.0148 035  0.67 0.6 04 100% —6%
5 Wainui Te Whara 66  0.0769 0.78  0.81 5.1 47  24% 11%
6 Waingaehe 23 0.0087 0.08  0.61 0.9 06 92% 18%
7 Orewa 67 0.1074 0.59  0.66 6.9 63 28% 16%
8 Maungaparerua 76 0.1092 081 079 103 106 5% 11%
9 Whangarei Ngunguru 68 0.1307 082 092 106 7.1 7% 0%
10 Rutherford Creek 55 0.0452 0.90 0.88 25 27 6% —28%
11 Opanuku 62 0.2016 0.61  0.80 8.0 57 21% —-1%
12 Johnson River 30 0.0134 056 063 173 158 34% 14%
13 Fisher Creek 27  0.0831 062 073 257 219 33% 6%
14 Raumanga 59  0.0606 0.88 0.94 42 29 29% 10%
15 Scott Creek 49  0.0106 023 048 22 1.8 53% 6%
16 Gellibrand 36 0.0253 0.81 0.89 3.5 26 2% —-13%
17 Elizabeth Valley 33 0.0601 072  0.81 159 130 29% -10%
18 Tinana Creek 48  0.0388 085 0.84 8.8 89 10% —10%
19 Mannus Creek 59 0.0929 034  0.50 3.1 27 38% —26%
20 Bass River 61  0.0536 049 0.53 3.8 36 25% —14%
21 Ashley Gorge 68  0.0743 073  0.75 5.0 48 25% 3%
22 Wakefield 50  0.0001 023  0.60 0.7 05 47% —-79%
23 Queanbeyan 41  0.0005 091 092 1.0 09 29% 22%
MAX 77 0.2522 0.91 0.94 25.70 21.88 100% 22%
Average 52 0.0687 061 074 6.69 574 34% -2%
Median 55  0.0601 0.62  0.75 422 362 29% 3%
Min 23 0.0001 0.08 048 0.60 044 5% -79%
SD 16 0.0715 024 0.14 7.18 621 27% 21%

SCS-CN method

NE, new equation

scatterplot, apart from 3 sites where the SCS-CN method

performs slightly better, the new equation has supremacy
over the SCS-CN model in predicting flow. Similarly, the

Fig.6 Observed and calculated
direct runoff estimation with
the new equation and SCS-CN
method in Opanuku and Puke-
kohe Ngakoroa rivers
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RMSE indicator also shows that the new equation pre-
dominantly performs better in all case studies apart from
one site. Figure 9 shows a scatterplot that compares the «
and CN for 23 case studies.

The scatterplot shows a relatively weak to moderate
correlation between a value and CN with an R? of 0.42.
It means the higher the a value in a catchment, the less
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Fig.7 Calculated runoff depth
from the new equation and
SCS-CN versus observed runoff
depth in the Opanuku river

100

SCS-CN

Q Observed (mm)

New Equation
. 100 1: 1line +*

R*=0.64 R?=0.79

Q Calculated (mm)

rainfall infiltrates the groundwater system and generates
more runoff.

4.3 Validation

For validation, the calculated values for CN and a from
the calibration process were directly used in the SCS-CN
and the new equation on the validation data sets, defined
in Table 1. A summary of NSE, RMSE, and PBIAS for the
validation process is listed in Table 3.

A comparison between the calibration and validation
performances shows that in both models, all performance
indicators are slightly dropped in the calibration process. For
example, the average NSE in the SCS-CN equation is lower

1.0 r
* NSE (calibration) -

09 * 4
—1:1line
08 . M
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06 ¢ .

05 F -

NSE (NE)
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0.1 |

0.0 1 1 1 1 1 1 1 1 1 J
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NSE (SCS-CN)

100 100

Q Calculated (mm)

by 26% (from 0.59 in calibration to 0.45), and NSE in the new
equation declined by 21% (from 0.74 in calibration to 0.59).

Howeyver, similar to the calibration, in most case studies,
the new equation performs better than the SCS-CN method
in the validation process. For example, on average, NSE in
the new equation for all case studies is 34% higher than
SCS-CN performance. Likewise, the average RMSE in the
new equation is higher by 9. However, there are a few cases
where SCS-CN performs the same or marginally better than
the new equation in the validation process.

There are some cases where both models perform
exceptionally well, for example, in Rutherford Creek and
Elizabeth Valley case studies. But there are some cases
in which both models failed to predict runoff depth, for
instance, Wakefield and West Hoe Heights.

30.0
¢ RMSE (Calibration)

——1:1line
25.0

20.0

150

RMSE (NE) mm

100

0.0 1 1 J
0.0 10.0 20.0 30.0

RMSE (SCS-CN) mm

Fig.8 A comparison between NSE and RMSE of the new equation (NE) and SCS-CN for the calibration process
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Table 3 A summary of the Site no. Site name NSE RMSE (mm) PBIAS
validation of the new equation
(NE) and the SCS-CN model SCs* NE#** SCS NE SCs NE
based on the performance
evaluation techniques, including | West Hoe Heights 0.06 0.09 27.9 27.6 0% ~11%
NSE, RMSE, and PBIAS for all 2 Mangemangeroa 0.67 0.72 6.5 6.0 35% 19%
sites 3 Pukekohe Ngakoroa 0.41 0.85 7.0 3.6 10% 6%
4 Arkins Creek 0.11 0.38 0.5 0.4 100% —48%
5 Wainui Te Whara 0.58 0.72 4.9 4.0 8% -8%
6 Waingaehe 0.02 0.44 1.2 0.9 94% 15%
7 Orewa 0.59 0.66 6.7 6.1 30% 14%
8 Maungaparerua 0.76 0.77 10.0 9.7 -1% 8%
9 Whangarei Ngunguru 0.70 0.63 11.5 12.8 3% -3%
10 Rutherford Creek 0.92 0.90 34 3.8 32% 5%
11 Opanuku -0.26 0.68 15.5 7.7 —13% —-29%
12 Johnson River 0.66 0.72 19.1 17.1 22% 8%
13 Fisher Creek 0.65 0.68 31.0 29.8 0% -5%
14 Raumanga 0.29 0.57 4.6 35 31% —4%
15 Scott Creek 0.16 0.25 5.1 4.8 86% 63%
16 Gellibrand 0.17 0.65 4.1 2.7 85% 7%
17 Elizabeth Valley 0.98 0.98 53 6.3 24% —19%
18 Tinana Creek 0.81 0.83 35 33 -6% —-62%
19 Mannus Creek 0.00 0.16 2.7 2.5 45% -33%
20 Bass River 0.73 0.65 1.8 2.0 18% —-49%
21 Ashley Gorge 0.44 0.49 6.0 5.8 10% —14%
22 Wakefield —0.01 —0.01 4.0 4.0 100% 77%
23 Quenbeyan 0.88 0.70 1.0 1.6 50% 55%
MAX 0.98 0.98 31.0 29.8 100% 77%
Average 0.45 0.59 8.0 7.2 33% 0%
Median 0.58 0.66 5.1 4.0 24% -3%
Min —-0.26 —0.01 0.5 0.4 —13% —62%
SD 0.36 0.27 9.3 8.9 38% 37%
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Fig. 11 Scatterplot and boxplot compare R? of Q/F -i,, and Q/P -F/S as the central assumption of the new equation and the SCS-CN methods,

respectively

Figure 10 shows no correlation between the new equa-
tion performance (NVSE) and the a value. Considering that
the « value represents the capacity of catchments to gener-
ate runoff, the lack of a correlation means the performance
of the new equation is independent of the a value and can
be used in a wide range of catchments.

In general, it can be concluded that the new equation is
a robust alternative to the conventional models in oceanic
climate conditions. This research also studied a few catch-
ments in Mediterranean, tropical, subtropical, and semi-
arid classmates. However, no advantage or disadvantage is
observed in the performance of the new equation in different
climates. However, the numbers of samples in each climate
are relatively small. Therefore, further investigation with a
broader range of climates is required to conclude whether the
new equation performs reasonably in all climate conditions.

4.4 Discussion on the Core Assumption of the New
Equation and the SCS-CN Method

The proportionality of Q/S vs F/S (Eq. 2) and Q/S vs iy,
(Eq. 14) are the central assumptions for SCS-CN and the
new equation, respectively. In order to investigate the valid-
ity of these assumptions, the R? of Qy/P vs FIS, and Q,/P
vs iy, for all case studies are calculated. Equations 3, 6, 8,
and 13 are used to calculate F, S, i, and i,,, respectively. A
scatterplot and a boxplot in Fig. 11 compare the R? of Q,/P
vs F/S and i,, for all case studies.

From the boxplot, the median R? of Qy/P Vs i,, is 0.44,
which is 101% higher than the R? of Qy/P vs FIS. Also,
a one-to-one compression in the scatterplot shows that all
points are above the 1:1 line in the advantage of the new
equation. Therefore, it can be concluded that the central
assumption of the new equation (Eq. 14) is more reliable
than the central assumption of the SCS-CN method (Eq. 2).

5 Conclusion

A new empirical event-based rainfall-runoff equation was
developed. The IDF curve concept was implemented to intro-
duce a 24-h event average rainfall (i,,) for each rain event. An
acceptable correlation between the runoff coefficient (Q/P)
and i,, was observed. Based on this correlation, a new equa-
tion was developed. The new equation and SCS-CN equation
were used to estimate runoff for 23 catchments across New
Zealand and Australia with oceanic and semi-arid climates
ranging from 0.3 to 584 km?. Statistical indicators such as
NSE, RMSE, and PBIAS were used to compare the predictive
skill of the new equation and SCS-CN. It was shown that the
new equations perform better in both calibration and validation
processes. Therefore, it can be concluded that the new equation
is a robust alternative to the conventional event-based model
in oceanic and semi-arid climate conditions. Also, there is a
possibility that the new equation will be valid in other climate
conditions. However, it needs further investigation.
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