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Abstract. The aim of this paper is to illustrate the effects
of selected catchment storage thresholds upon runoff be-
haviour, and specifically their impact upon flood frequency.
The analysis is carried out with the use of a stochastic rainfall
model, incorporating rainfall variability at intra-event, inter-
event and seasonal timescales, as well as infrequent summer
tropical cyclones, coupled with deterministic rainfall-runoff
models that incorporate runoff generation by both satura-
tion excess and subsurface stormflow mechanisms. Chang-
ing runoff generation mechanisms (i.e. from subsurface flow
to surface runoff) associated with a given threshold (i.e. sat-
uration storage capacity) is shown to be manifested in the
flood frequency curve as a break in slope. It is observed that
the inclusion of infrequent summer storm events increases
the temporal frequency occurrence and magnitude of surface
runoff events, in this way contributing to steeper flood fre-
quency curves, and an additional break in the slope of the
flood frequency curve. The results of this study highlight the
importance of thresholds on flood frequency, and provide in-
sights into the complex interactions between rainfall variabil-
ity and threshold nonlinearities in the rainfall-runoff process,
which are shown to have a significant impact on the resulting
flood frequency curves.

1 Introduction

The flood frequency curve, typically estimated from ob-
served flood records and widely used in flood estimation
practice, is the culmination of complex interactions between
climatic inputs (rainfall intensities, evaporation demand) and
those landscape properties that have a bearing on the rain-
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fall to runoff to flood peak transformation, presented within
a stochastic framework (Eagleson, 1972; Wood, 1976; Siva-
palan et al., 1990; Sivapalan et al., 2005). For a given storm
event, apart from its dependence on rainfall intensity and vol-
ume, the flood peak is a function of storm duration and the re-
sponse time of the dominant flood producing process (Robin-
son et al., 1997a; Gupta and Waymire, 1998). However, time
scales of subsurface flow and evapotranspiration, and longer
time scales associated with rainfall, e.g., seasonality, are also
important since together they determine the antecedent flow
and soil moisture conditions in the catchment through the
memory of previous, even distant, storm events via the catch-
ment’s water balance (Jothityangkoon et al., 2001).

Rainfall intensity exhibits temporal variability at a range
of timescales, such as within-storm, between-storm, seasonal
(annual), inter-annual and inter-decadal variabilities. Simi-
larly, the catchment runoff response is associated with pro-
cesses such as overland flow, subsurface flow and baseflow
which also operate at a range of different time scales, associ-
ated with the various pathways that water takes to the catch-
ment outlet and hence different travel distances and travel
speeds. Thus the magnitudes of flood peaks and the shape
of the flood frequency curve reflect, and are affected by, in-
teractions between rainfall and runoff variabilities over the
multiplicity of time scales (Robinson and Sivapalan, 1997b;
Jothityangkoon et al., 2001).

A number of previous studies (Robinson and Sivapalan,
1997b; Bl̈oschl and Sivapalan, 1997; Sivapalan et al., 2005)
have explicitly incorporated the effects of within-storm pat-
terns of rainfall intensity on flood peaks within the context
of derived flood frequency analysis. A linear rainfall-runoff
model was used in the flood studies carried out by Robin-
son and Sivapalan (1997a, b) and Sivapalan et al. (2005),
which showed that the inclusion of within-storm patterns

Published by Copernicus Publications on behalf of the European Geosciences Union.



1516 D. I. Kusumastuti et al.: Threshold effects in a catchment storm response

contributed to a steepening of the flood frequency curves.
This behaviour suggested that the nonlinearity of the inter-
actions between temporal rainfall patterns and runoff pro-
cesses may be significant, but such behaviour was not in-
vestigated further. Within the framework of a linear rainfall-
runoff model, Sivapalan et al. (2005) quantified the effects of
within-storm patterns in terms of a correction factor, which
was shown to be a function of the ratio of the mean storm
duration to the mean residence time of the catchment.

In general, runoff generation and flooding are nonlinear,
threshold-driven processes. Saturation excess runoff occurs
when the soil becomes saturated through the exceedance of
an antecedent soil moisture deficit, and the ongoing rain-
fall rate exceeds the rate of ongoing subsurface flow and/or
drainage. Even subsurface stormflow has been found to be
a nonlinear, threshold driven process caused by the effects
of subsurface heterogeneity (e.g., bedrock topography, pre-
ferred pathways etc.) (Spence and Woo, 2003). The role
of threshold nonlinearities in surface and subsurface hydrol-
ogy has become an intense area of research in recent years.
For example, Bl̈oschl and Sivapalan (1997) showed that the
coefficient of variation (CV) of the flood frequency curve
increased by a factor of 4 when nonlinearity is introduced
into the rainfall-runoff relationship, effectively swamping
the effects of the complex interactions of rainfall-runoff
time scales mentioned previously. In more recent work,
Fiorentino and Iacobellis (1999) have analysed the effect of
runoff thresholds that underpin different generation mecha-
nisms on the resulting flood frequency distributions.

This study has been motivated by specific flooding prob-
lems in the downstream of the Lake Warden catchment, lo-
cated near Esperance, Western Australia, where the presence
within the catchment of a large number of “finger lakes” of
various sizes introduces obvious thresholds to the rainfall-
runoff transformation, which are suspected to have a signif-
icant impact on the triggering of floods and on the shape of
the flood frequency curve (Kusumastuti et al., 2005; Spence
and Woo, 2006). In two instances over the past decade, en-
vironmentally destructive flood events have occurred in this
region from the combination of paired high volume rainfall
events, where the devastating flooding occurred only during
the second, significantly smaller magnitude rainfall event.
Those specific flooding events in Esperance represent clear
evidence of the role of catchment thresholds, which can be
defined as those catchment features which variously impart a
threshold effect on the rainfall-runoff transformation.

In spite of the practical importance of catchment thresh-
olds, which is well recognized by engineering hydrologists
involved in flood estimation (Chow et al., 1998; Institution of
Engineers Australia, 1987), the effects of catchment thresh-
olds have received little attention in derived flood frequency
analysis. Struthers and Sivapalan (2007) presented a theo-
retical framework to describe climate and catchment process
controls upon flood frequency generally (i.e., not for a spe-
cific climate), including the role of spatial and temporal vari-

ability and associated threshold nonlinearities in altering the
flood frequency behaviour. Through this analysis, they iden-
tified important non-dimensional parameter groupings that
can be used to characterise flood frequency response, under
thresholds, in a general manner. The present study, how-
ever, is motivated by the specific problems of flooding in
Lake Warden catchment near Esperance, Western Australia.
However, owing to the lack of long time series data in this
catchment, the present study remains predominantly an ex-
ploratory one, carried out in a hypothetical catchment but
utilizing typical climate and catchment parameters that are
representative of the Lake Warden catchment. The primary
purpose of this study is a first order investigation into the ef-
fect of catchment storage thresholds, their interactions with
nonlinear rainfall-runoff processes, and their combined im-
pacts on flood frequency. With this in mind the model be-
ing used is a simple one, just sufficient to capture the main
thresholds that impact on flood frequency – the results need
to be interpreted in this light. The specific role of thresh-
old effects caused by the finger-lakes themselves, over and
above the effects of catchment storage thresholds, is the sub-
ject of a subsequent investigation (Kusumastuti et al., 2005).
A Monte Carlo simulation based derived flood frequency ap-
proach (Eagleson, 1972; Ott and Linsley, 1972) is adopted,
utilizing a synthetic realization of rainfall time series com-
bined with simple but nonlinear conceptual rainfall-runoff
models. The overall scientific objective is to gain insights
into the roles of threshold nonlinearities on catchment storm
response, their impact on the temporal frequency of occur-
rence and magnitude of the resulting flood peaks, and con-
sequently on the flood frequency curve. Given the specific
occurrence of flooding events in the Lake Warden catchment
during the occurrence of summer storms under dry condi-
tions, an additional objective is to understand the dominant
process controls of intermittent flood events during summer
storm events associated with infrequent tropical cyclones,
and their impact on flood frequency.

The paper begins with descriptions of the stochastic rain-
fall model which was used to generate the synthetic rainfall
time series and the four rainfall-runoff models used in the
simulation of runoff time series. The rainfall-runoff models
used vary systematically from a simple linear bucket with-
out thresholds to a non-linear bucket with multiple storage
thresholds. By comparing runoff generation behaviour for
each model over a range of different climate and catchment
parameterisations, the impact of thresholds upon the time se-
ries of runoff generation and flooding events and upon flood
frequency could be examined. The implications of these re-
sults are then examined for flood estimation practice and ap-
proaches to future monitoring aimed at prevention and ame-
lioration of catastrophic floods that may occur in the study
region.
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2 Methodology

2.1 Rainfall model

The study used the stochastic rainfall generation model of
Sivandran (2002), which is an extension of the model of
Robinson and Sivapalan (1997b). This model accounts for
seasonal variability in the dominant storm type by consid-
ering separate synoptic components (year-round) and a cy-
clonic component in summer months. The synoptic compo-
nent considers each year to consist of 12 months, with storm
durations and inter-storm periods estimated from observed
rainfall data, while the summer cyclonic component assumes
each year to consist of just 3 months, with a different set of
storm durations and inter-storm periods reflecting the infre-
quent tropical cyclones. These two sequences are then su-
perimposed, by concatenation, to obtain a complete rainfall
time series.

2.1.1 Synoptic rainfall model

The model is capable of generating synthetic realizations
of rainfall time series consisting of discrete rainfall events
whose arrival times, durations, average rainfall intensity and
within-storm intensity patterns are all random governed by
specified probability density functions (pdf). Storm du-
ration and inter-storm period are both considered to be
exponentially-distributed, although with seasonally-varying
mean values:

fτr (tr |δ) =
1

δ
exp

(

−
tr

δ

)

tr > 0 (1)

fτb
(tb|γ ) =

1

γ
exp

(

−
tb

γ

)

tb > 0 (2)

whereδ is the mean storm duration, andγ is the mean inter-
storm period. These mean values are considered to vary de-
terministically with time of year according to the following
sinusoids:

δ = δr + αr cos

{

2π

ω
(τ − τr)

}

(3)

γ = γb − αb cos

{

2π

ω
(τ − τb)

}

(4)

whereδr andγb are the seasonally averaged storm duration
and inter-storm period, respectively,τr andτb are seasonal
phase shifts which are assumed to be equal,αr andαb are
the amplitudes of the seasonal variations oftr andtb, respec-
tively, τ is the time of year, andω is the total number of time
units in a year (i.e.,ω=8760 h).

The mean storm intensityi is a random variable stochas-
tically dependent upon storm durationtr ; that is, i and tr
follow the joint pdf, fI,Tr (i, tr |δ),which is also seasonally

varying due to the variation ofδ. Correlation betweeni and
tr is expressed as:

E [i|tr ] = a1t
b1
r CV 2 [i|tr ] = a2t

b2
r (5)

with the coefficienta1 assumed to also vary seasonally in
order to account for variability of rainfall generating mecha-
nisms within the year:

a1 = a1m + a1a cos

{

2π

ω
(τ − τa)

}

(6)

The power functions given in Eq. (5) provide relationships
betweentr and the first two moments offI (i|tr), the condi-
tional distribution ofigiven tr , which is assumed to follow
the gamma distribution:

fI (i|tr) =
λ

Ŵ(κ)
(λi)κ−1 exp(−λi) (7)

Both λ and κ are gamma distribution parameters and are
functions of storm durationtr . These parameters can be ex-
pressed, in terms oftr and the coefficients of the conditional
statistics:

κ =
t
−b2
r

a2
andλ =

t
−b1−b2
r

a1a2
(8)

The mean storm intensity is further disaggregated to hourly
intensity patterns (within-storm pattern) using stochastically
generated mass curves (Huff, 1967). The temporal pattern
generated by the stochastic rainfall model is highly depen-
dent upon the random variablesw, which governs how the to-
tal depth of rainfall within the event is disaggregated sequen-
tially until the required temporal resolution of event rainfall
is achieved. The random variables are drawn from a beta
distribution that is given by:

fw(w) =
1

B(η1η2)
wη1−1(1 − w)η2−1 (9)

The selection ofη1 andη2 is significant, as it is the mag-
nitude of these parameters that controls the patterns of vari-
ability of rainfall within the event around the median. For
the purposes of this study it is assumed thatη1=η2; this re-
sults in a normalised mass curve which is symmetrical about
w=0.5. The higher the values forη, the more the values
tend to be centred onw=0.5. However if small values are
used the resulting random variables drawn tend to be dis-
tributed at the extremes withw values approaching zero or
one. The values ofη used in this study are 0.5, 1.5, and 3.
This choice of theη values is based on the analysis of within
storm patterns of several years of storm data in the study re-
gion (Hipsey et al., 2002; Robinson et al., 1997b). Figure 1
presents typical rainfall hyetographs generated by the model
for different values ofη. The average intensity, and hence
the total rainfall volume, is the same in all three cases. The
simulated patterns demonstrate that lowerη values produce
highly variable, even intermittent rainfall patterns, whereas
higherη values generate less variable rainfall, approaching
almost uniform rainfall intensities.
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Fig. 1. The variability of individual storms in the rainfall time series
for (a) η=0.5,(b) η=1.5 and(c) η=3.0.

2.1.2 Cyclonic summer rainfall model

A particular feature of rainfall that is crucial in the study re-
gion is the inclusion of the effects of large, infrequent but im-
portant tropical cyclones that tend to occur during the sum-
mer months of December, January and February. The town
of Esperance experienced severe summer storms in January
1999 and again in February-March 2000. A total of 209 mm
of rainfall was recorded in the January 1999 event, the heav-
iest rainfall event in the region since rainfall records began
in 1889, and the resultant environmentally catastrophic flood
was estimated to have a return period of around 200 years.

The same modelling framework outlined for synoptic rain-

Table 1. Rainfall Model parameters.

Parameter Equation
Value

Units

Synoptic
rainfall
model

Cyclonic
summer
rainfall model

δr
αr

γb

αb

τr = τb
ω

a1
a1m

a1a

b1
a2
b2

(3)
(3)
(4)
(4)
(3),(4)
(3),(4)
(6)
(6)
(6)
(5)
(5)
(5)

11
4.4
100
69
0
8760
–
0.40
–0.30
0.08
3.4
–0.55

24
0
16800
0
0
2160
2.4
0
0
0.08
2.0
–1.5

hours
hours
hours
hours
month
hours
–
–
–
–
–
–

fall (Sect. 2.1.1) was used in the cyclonic summer rainfall
model. Several alterations were made in order to account
for the different characteristics of cyclonic events. The sum-
mer cyclonic storm model generates a stochastic time series
of 90 days duration representative of December, January and
February, which was accomplished by setting parameterω to
2160 h (Eqs. 3, 4 and 6). An equal probability of occurrence
was applied to each summer month. The seasonal compo-
nent of the stochastic rainfall model was removed as tropical
storm arrivals appeared to totally random showing little pref-
erence for any of the three summer months. Therefore the
amplitude of seasonal variations of storm durationαr (Eq. 3),
inter-storm periodαb (Eq. 4) and mean intensitya1a(Eq. 6)
were all set to zero. From the analysis of rainfall records in
the region the temporal frequency of cyclonic rainfall events
appeared to be, on average, once in 7–8 years, the inter-storm
parameterγb (Eq. 4) was therefore set as 700 days or 16800
hours (i.e., roughly 8 times 90 days). Table 1 presents the
rainfall model parameterisations both for synoptic and cy-
clonic storms, which is based upon observed rainfall records
for the Esperance region.

2.2 Rainfall-runoff models

Following Farmer et al. (2003), four models describing the
most common hydrological processes in a catchment were
utilized in this work, ranging from a simple linear bucket
(Model 1) to a relatively more complex nonlinear bucket
with thresholds (Model 4) as illustrated in Fig. 2. Model 1
is a very simple conceptualisation of the hydrological pro-
cesses within a catchment, which transforms the rainfall in-
put into runoff simply as a function of precipitation, storage
and evaporation. Potential evaporation data is obtained from

Hydrol. Earth Syst. Sci., 11, 1515–1528, 2007 www.hydrol-earth-syst-sci.net/11/1515/2007/
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measured pan evaporation from Esperance Meteorological
Bureau. The range of measured annual potential evaporation
values is between 1500 mm to 2000 mm. The runoff models
developed in this paper used a fixed value of annual potential
evaporation, equal to the mean annual potential evaporation
of approximately 1700 mm. The governing equations for the
processes represented in Model 1 are:

dS

dt
= i(t) − Ep(t) − Q(t) (10)

Q(t) =
S(t)

tc
(11)

whereS is storage in mm,t is time in hours,Q is runoff in
mm/h, andtc is the catchment response time (hours).

Model 2 expands upon Model 1 by adding a field capacity
threshold,Sf c, such that flow will occur only if the storage
exceeds this threshold. Field capacity is a commonly-used
conceptual threshold, representing the water content below
which capillary forces are larger than those of gravity, such
that drainage and runoff are negligible. Model 2 has the same
equation for describing storage change with time (Eq. 10) as
Model 1, but uses a different equation forQ(t).

Q(t) =
(S(t) − Sf c)

tc
(12)

whereSf c is the field capacity threshold in mm.
Model 3 introduces a bucket capacity,Sb (mm), such that

runoff is now separated into two components: subsurface
flow, Qss (mm/h), when catchment storage exceeds the field
capacity threshold; and saturation excess runoff or surface
runoff (Qse, mm/h) when the bucket capacity is exceeded
(Fig. 2). In view of the climate and soils in this region, the
main runoff generating mechanism is subsurface stormflow,
whereas infiltration excess runoff and deep groundwater flow
are rare phenomena. For that reason, these two runoff com-
ponents are not included in the model. The governing equa-
tion for the processes represented in Model 3 is:

dS

dt
= i(t) − Qss(t) − Qse(t) − Ebs(t) − Eveg(t) (13)

In order to account for the effects of heterogeneity of vege-
tation cover, total evaporation is divided into bare soil evap-
oration (Ebs) and transpiration (Eveg). The evaporation term
in Model 3,Ep(t) in mm, is separated into evaporation from
vegetation or transpiration,Eveg in mm and bare soil evapo-
rationEbs in mm. Transpiration is a function of the percent-
age of vegetation covering the catchment,M, and potential
evaporation,Ep. The introduction ofEbs andEveg to replace
Ep in Models 3 and 4 is to provide continuity with previous
modeling studies (e.g., Farmer et al., 2003). The model struc-
ture presented here worked well for many catchments in this
region.

Eveg = MEp if S(t) ≥ Sf c (14)

Fig. 2. Bucket configurations for Models 1, 2, 3 and 4. The differ-
ence between Models 3 and 4 is the nonlinearity ofQss in Model
4 (Eq. 20).

Eveg = MEp

(

S(t)

Sf c

)

if S(t) < Sf c (15)

Bare soil evaporation is a function of potential evaporation
and the portion of the catchment covered by vegetation.

Ebs = Ep(1 − M) if S(t) ≥ Sb (16)

Ebs = Ep(1 − M)

(

S(t)

Sb

)

if S(t) < Sb (17)

Total runoff from the catchment is the summation of sub-
surface flow and surface runoff. Subsurface flow (Qss) is a
linear function of storage above field capacity and concentra-
tion timetc.

Qss =







(

S(t)−Sf c

tc

)

Sf c < S(t) < Sb
(

Sb−Sf c

tc

)

S(t) > Sb

(18)

Surface runoff (Qse) occurs if the soil is fully saturated
which occurs when the storage exceeds the bucket capacity
(Sb).

Qse = S(t) − Sb if S(t) > Sb (19)

The bucket capacity,Sb, is assumed to be equal toSb=φD,
whereφ is the catchment-average soil porosity andD is the
catchment-average soil depth. Bucket capacity,Sb, was cal-
culated based on the estimated average depth of the upper
layer of the duplex soils in the Lake Warden Catchment, mul-
tiplied by the porosity of the soil. The field capacity thresh-
old Sf c is on the product of the catchment-average field ca-
pacity,fc, andD.

Model 4 is similar to Model 3, but with a non-linear
storage-discharge relationship for subsurface flow. The lin-
ear storage-discharge relationship (Eq. 18) with single pa-
rametertc, is thus replaced with two parametersa and b.
The aand b values used in this study are normally esti-
mated through recession analysis carried out on the measured
streamflow data.

Qss =











(

S(t)−Sf c

a

)
1
b

Sf c < S(t) < Sb

(

Sb−Sf c

a

)
1
b

S(t) > Sb

(20)

Parameters of the rainfall-runoff models for Model 1 to
Model 4 are described in Table 2.
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Table 2. Rainfall-runoff model parameters.

Parameters
Normal value/Range/List

Units

Model 1 Model 2 Model 3 Model 4

Storage-
discharge
relationship
tc 100 100 100 – hour
a – – – 70 mm0.5h0.5

b – – – 0.5 –
Soil properties
Sb – – 150,

300
50–400 mm

Sf c – 45 45, 90 15–120 mm
Vegetation
M – – 0.1 0.1 –
Rainfall model
parameter :
η 0.5, 1.5,

3
0.5, 1.5,
3

0.5, 1.5,
3

0.5, 1.5,
3

–

3 Results

3.1 Schematic description of thresholds in catchment storm
response

To illustrate the impacts of threshold nonlinearities, we will
first compare time series runoff response for each of Models
1 to 4 schematically. Figure 3a shows typical rainfall inputs
and Fig. 3b the corresponding runoff generated by Models
1 and 2. In Model 1 the catchment is conceptualized with
infinite storage and no threshold, and as a result runoff mag-
nitude is determined by the rainfall volume, evaporation and
catchment’s response time.

The catchment storage capacity remains infinite in Model
2, but a field capacity threshold is introduced. As a conse-
quence, rain must first bring soil moisture to a basic level
of wetness,Sf c, at which point excess water becomes avail-
able for runoff generation. Since subsurface flow is zero at
field capacity, the reduction of storage to below field capac-
ity is due to evaporative drying during the inter-storm period.
Figure 3b shows that the field capacity threshold enhances
the intermittency, with not all storms generating a runoff re-
sponse.

Model 3 gives the system a finite storage capacity which,
if reached, is capable of generating saturation excess surface
runoff. Figure 3c shows the storm events and corresponding
runoff responses (subsurface flow,Qss , and surface runoff,
Qse) generated by Model 3. Differing from the response
time for subsurface runoff, surface runoff is assumed to be
immediately transferred downstream (response time∼0 h).
The occurrence of surface runoff is determined by the value
of the bucket capacity.

Model 4 assumes a non-linear storage-discharge function
for subsurface flow. The difference between a linear and non-
linear storage-discharge relationship for subsurface flow can
be seen by comparing Models 3 and 4 (Fig. 4), where the two
models show similar recession behaviour but different peak
responses. During low flow, Model 3 produces a higher flood
peak than Model 4. Conversely, during high flow, the flood
peak produced by Model 3 is lower than that from Model
4. Previous work has examined the impact of the nonlin-
ear storage-discharge relationship (Farmer et al., 2003) in
Australian catchments similar to the Lake Warden scenario.
Farmer et al. (2003) found an under prediction of the flow du-
ration curve by using a linear parameter, and an improvement
in the flow duration curve with the utilization of a nonlinear
approach.

3.1.1 Effects of bucket capacity

Soil depth is an important controlling parameter in flood
events given the fact that soil moisture storage excess is a
direct contributor to flooding. To investigate the effect of soil
depth on the runoff response, Model 4 with bucket capaci-
ties of 100 mm, 150 mm, and 200 mm are used to generate
runoff responses (surface runoff and subsurface flow). Fig-
ures 5a, b, and c show that soil depth significantly impacts the
frequency of occurrence of saturation excess surface runoff,
i.e. deeper soils require more rainfall to fill, such that surface
runoff is less likely to occur. Even when a deep soil gener-
ates saturation excess, the volume of saturation excess will
be less than for shallower soils. Larger soil depths are also
capable of generating higher rates of subsurface flow prior to
becoming saturated, such that the contribution of subsurface
flow to total runoff will be larger for deeper soils.

Hydrol. Earth Syst. Sci., 11, 1515–1528, 2007 www.hydrol-earth-syst-sci.net/11/1515/2007/
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Fig. 3. Schematic representation of rainfall and corresponding
runoff generated by Models 1, 2 and 3 (M1, M2, M3) usingη=0.5.

3.1.2 Effect of within storm pattern

To investigate the impact of the degree of within-storm vari-
ability of rainfall intensity upon flood frequency, rainfall
time series with three different values ofη were considered
(η=0.5, 1.5 and 3). Figure 6 illustrates the impact of each
η value upon subsurface flow and surface runoff. The fig-
ure shows that variation inη significantly impacts the magni-
tude of surface runoff, but has a negligible impact upon sub-
surface flow. The impact of within-storm variability, which
represents variability at small timescales, is most significant
for a fast-response mechanism, such as surface runoff. In
contrast, mechanisms with a large response, such as subsur-

Fig. 4. Comparison between runoff responses generated by Models
3 and 4 (M3 and M4) usingSb=300 mm andη=0.5.

face flow, will attenuate the small timescale variability. The
magnitude of surface flow is determined primarily by the rate
of the rainfall and the within-storm rainfall pattern. For the
shallow soils of the Lake Warden Catchment, where surface
runoff occurs frequently, within-storm variability will there-
fore have a significant impact upon flood response.

3.2 Flood frequency for synoptic events

The two most commonly used partial series for flood analysis
are the annual exceedence series and annual maxima series
(Chow et al., 1988). Annual exceedence series considers data
above a predetermined threshold as extreme, with an advan-
tage of selecting every significant flood present within the
data series. The annual exceedence series consists of the n
largest flood peaks for a record of n-year duration. Annual
maxima series, which is the most commonly used technique
for flood frequency analysis in Australia (Pilgrim, 1987), se-
lects the largest flood peak for each year of the data series and
is the approach used in this study. There is a risk associated
with using annual maximum series where often significant
floods with respect to the entire data may be omitted because
of another large flood in the same year. However, the use of
sufficiently long time series may reduce these effects signifi-
cantly, and that approach has been adopted in this study.

The flood frequency curves generated by all 4 Models in-
corporating the selected within-storm patterns are presented
in Fig. 7. There is a significant difference in behaviour at low
return periods as shown by the results generated by Models
1 and 2. In addition, the flood frequency curves for Model
2 remain slightly lower than those for Model 1, due to inter-
mittent drying below field capacity.

The impact of the storage capacity threshold upon the
flood frequency is manifested as a break in slope, associated
with a change in flow mechanism from subsurface flow to
saturation excess surface runoff, as shown by the flood fre-
quency curves for Models 3 and 4. For example, Fig. 7a
indicates that flood peaks associated with return periods of
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Fig. 5. The impact of bucket capacity generated by Model 4 using
η=0.5 and(a) Sb=100 m,(b) Sb=150 mm, and(c) Sb=200 mm.

less than approximately 40 years are caused by subsurface
flow only, whereas events with a larger return period have an
additional surface runoff component. The flood frequency
curves presented in Fig. 7 for Models 3 and 4 indicate a shift
in position, which is due to the nature of the determinis-
tic rainfall-runoff model, particularly the differences in the
storage-discharge relationships used for subsurface flow.

Within-storm patterns have an observable impact upon the
flood frequency curves for Models 3 and 4 only at return pe-
riods after the break in slope, where surface runoff is con-
tributing to the flood peak (Figs. 7a, b, and c). Previous find-
ings by Robinson and Sivapalan (1997b) and Sivapalan et
al. (2005) for models without threshold nonlinearities estab-

Fig. 6. The impact of within storm patterns generated by Model 4
usingSb=150 mm and(a) η=0.5,(b) η=1.5, and(c) η=3.

lished that higher degrees of within-storm variability lead to
steeper flood frequency curves; the findings of this study clar-
ify that such an impact is only important for the portion of the
flood frequency curve associated with a fast runoff response
mechanism, which is itself associated with the relative fre-
quency of threshold exceedence. The flood peaks predicted
with high within-storm variability (η=0.5) reach 139 mm/h
for the 1000 year return period flood, significantly greater
than the predicted flood peaks with medium (η=1.5) and low
(η=3.0) variability.

As discussed previously, the bucket capacity (which rep-
resents soil depth), influences the relative frequency of ac-
tivation of surface runoff. Based on observed soil proper-
ties in several locations in the catchment, bucket capacities
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Fig. 7. Flood frequency curves for the four models using(a) η=0.5,
(b) η=1.5, and(c) η=3, andSb=150 mm.

of 100 mm to 400 mm were utilized to study the sensitivity
of flood frequency to soil depth (Fig. 8). It is evident that
the flood frequency curve for a bucket capacity of 100 mm
has the earliest break compared to that for larger buckets
(i.e. deeper soils). The inflection point in the response has
moved from a return period of around 40 years to a return pe-
riod of 500 years for a bucket capacity of 400 mm. With the
decreasing frequency of surface runoff, the impact of within-
storm variability upon flood frequency also decreases for
deeper soils (results not shown here for reasons of brevity).

Fig. 8. Flood frequency curves generated by Model 4 usingη=0.5
and variousSb.

3.3 Runoff response of synoptic and cyclonic events

A schematic representation of one year of storm events con-
taining both synoptic and cyclonic storms and their corre-
sponding flow components generated using Model 4 is pre-
sented in Fig. 9. A single summer cyclonic event occurs early
in the year and synoptic events occur mostly between June
and August (Fig. 9a). Saturation excess surface runoff oc-
curs just twice within the year; once by a cyclonic storm and
once by a synoptic event in winter (Fig. 9b). Subsurface flow
responds to both cyclonic and synoptic events (Fig. 9c) The
catchment storage fluctuates throughout the year with dry an-
tecedent condition prior to the summer event and relatively
high antecedent conditions during winter (Fig. 9d). The low
antecedent condition of catchment storage during summer
means that only a large-volume storm will be capable of trig-
gering surface runoff, such as the presented summer event
(Fig. 9a) which has a depth of 230 mm over 4 days. On the
other hand, due to high antecedent conditions of catchment
storage during winter, smaller storm depths are capable of
triggering surface runoff.

A detailed examination of the occurrence of surface runoff
and subsurface flow generated by synoptic events only, cy-
clonic events only, and by the combination of both is pre-
sented in Tables 3a and b. The frequency of occurrence
for surface runoff caused by synoptic storm events is rel-
atively low (Table 3a). The frequency of occurrence for
surface runoff including summer cyclonic events is only
slightly larger. Consideration of cyclonic events indepen-
dently shows that slightly over 40 percent of cyclonic storm
events are able to generate surface runoff in the shallowest
bucket (50 mm); even though, numerically, the number of
cyclonic events is negligible relative to the number of synop-
tic storms, they are much more likely than synoptic storms
to trigger surface runoff, and therefore have a large poten-
tial to impact flood frequency. As the bucket capacity in-
creases, the frequencies of surface runoff, due to both cy-
clonic and synoptic events, decreases. For sufficiently deep
soils (e.g.Sb=300 mm), surface runoff triggering may be a
summer phenomenon only.
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Fig. 9. Storm event and the corresponding flow components gen-
erated by Model 4 usingSb=150 mm andη=0.5 in one year time
window for (a) rainfall, (b) surface runoff,(c) subsurface flow,(d)
catchment storage.

Table 3a.The frequency of occurrence for surface runoff.

Sb
f (Qse)

Winter storm Winter &
summer
storms

Summer
storm

50
100
150
200
250
300

0.06910
0.00529
0.00035
0.00004
0.00001
0.00000

0.06966
0.00561
0.00053
0.00011
0.00002
0.00001

0.4037
0.2110
0.1193
0.0551
0.0092
0.0092

Table 3b. The frequency of occurrence for subsurface flow.

Sb
f (Qss)

Winter storm Winter &
summer
storms

Summer
storm

50
100
150
200
250
300

0.758
0.740
0.726
0.714
0.705
0.698

0.760
0.742
0.729
0.718
0.710
0.702

0.734
0.642
0.578
0.560
0.541
0.523

The frequency of subsurface flow occurrence generated
by synoptic events is relatively much higher (i.e. 70%; Ta-
ble 3b). A larger soil depth slightly reduces the occurrence
of subsurface flow, indicating threshold effects, as the field
capacity threshold may increase with deeper soil depth. The
frequency of occurrence of subsurface flow generated by cy-
clonic storm events only is more than 70% at the shallow-
est bucket capacity (Sb=50 mm), but decreases considerably
with deeper bucket capacity. The decrease of the frequency
of subsurface flow occurrence due to the increase of field
capacity threshold as the bucket capacity increases will in-
crease the ability for evaporation to cause drying below field
capacity.

3.4 Analysis of flood frequency curves including cyclonic
events

An examination of the flood frequency of the individual flow
components (i.e. subsurface flow and surface runoff) gener-
ated by Model 4 for synoptic events only, and for synop-
tic and cyclonic events combined, is presented in Fig. 10.
The figure indicates that the addition of summer cyclonic
storms significantly increases flood magnitudes, by more
than an order of magnitude relative to the synoptic-only case.
The inclusion of summer cyclonic events also increases the
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Fig. 10. Flood frequency curves for(a) surface runoff and(b) sub-
surface flow generated by synoptic events only (Syn) and synoptic
and cyclonic events (Cyc+Syn) using Model 4 withSb=150 mm and
η=0.5.

frequency of surface runoff, resulting in a break of slope at
lower return periods in the flood frequency curve. The in-
clusion of cyclonic storms increases the frequency of surface
runoff triggering directly, as suggested in Table 3a, as well
as indirectly by increasing antecedent soil moisture leading
up to the synoptic rainfall peak in winter. Interestingly, the
flood frequency curve due to subsurface flow only is not
significantly impacted by the inclusion of cyclonic events
(Fig. 10b), with the only difference being a slight decrease
in the value of the return period at which the subsurface flow
reaches its maximum value (i.e. the saturated value of sub-
surface flow, as given by equation 20 whenS(t)>Sb.

The flood frequency responses for the complete (cyclonic
and synoptic) rainfall model and for the synoptic events only
are shown for Model 1 (Fig. 11a) and Model 4 (Fig. 11b)
for both low and high within-storm variability. For the linear
model (Model 1) the magnitude of the 1000-year flood peak
is approximately halved if cyclonic events are not incorpo-
rated. This is a direct result of the larger storm depth due to
cyclonic event at high return period. The impact of within
storm pattern variability is insignificant (Fig. 11a) even at
high return period of the flood frequency, as the runoff gen-
erated by Model 1 represents subsurface flow which has large
concentration time.

Fig. 11. Flood frequency curves generated by(a) Model 1 and(b)
Model 4 using synoptic events only (Syn) and synoptic and cyclonic
events (Cyc+Syn) forSb=150 mm,η=0.5 andη=3.

Figure 11b clearly shows that the inclusion of cyclonic
storm events using high within storm variability (η=0.5) im-
pact on an additional inflection point occurring at high re-
turn periods of the flood frequency response generated by
Model 4. Given that the flood frequency curve for the low
within-storm variability case does not exhibit this secondary
inflection point, it suggests that the combination of large cy-
clonic storm depths combined with strong within-storm vari-
ability can lead to rare, extreme magnitude flood responses
(Fig. 11b).

The flood frequency responses generated by Model 4 for
the cyclonic events, and for the synoptic events indepen-
dently, are presented in Figs. 12a and b. In addition, the
impact of bucket capacities on the flood frequency response
for each event is examined. The flood frequency curves gen-
erated by synoptic events show the response on the impact
of bucket capacity, such that the flood frequency curve for
a bucket capacity of 150 mm has an early break compared to
that usingSb=300 mm. Figures 12a and b show that the flood
frequency curves generated by summer cyclonic events cur-
tail at return period of∼40 years, due to the requirement of
a minimum storm volume which is required to overcome the
field capacity and soil depth thresholds present due to the dry
antecedent conditions prevalent in summer.
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Fig. 12. Flood frequency curves generated by Model 4 usingη=0.5
and (a) Sb=150 mm and(b) Sb=300 mm by synoptic storm only
(Syn) compared to cyclonic summer storm only (Cyc).

4 Discussion and conclusions

The paper has investigated the effect of catchment thresholds
upon flood frequency. The catchment thresholds that were
examined include field capacity storage and a total storage
capacity. For the parameterisation of climate and landscape
used in this study, which relate to a specific catchment in
Western Australia, model results suggest that most storms
trigger a subsurface flow response, with surface runoff due
to saturation excess occurring relatively rarely.

Analysis of the effect of thresholds has been performed
systematically in this study, by utilizing a range of simple
to complex models which add a single threshold at a time.
Thresholds cause nonlinearity in the rainfall-runoff transfor-
mation, where runoff response is not only nonlinearly depen-
dent on the magnitude of rainfall inputs but also on the catch-
ment thresholds. The field capacity threshold requires the
rainfall to bring soil moisture to a basic level of wetness, the
point where excess water will enable subsurface flow gen-
eration. The role of field capacity is clearly demonstrated
in the results produced by Model 2 (as compared to Model
1), with the lack of occurrence of runoff at low return peri-
ods (Fig. 7, for Model 2) being due to the catchment storage
falling below the field capacity threshold for the entire year
as a result of low rainfall volume in those years relative to

potential evaporation. For a given climate, the magnitude
and frequency of occurrence of saturation excess, which is a
threshold-activated process, are both inversely related to the
magnitude of the catchment storage capacity,Sb; as this ca-
pacity increases, both the magnitude and frequency of thresh-
old exceedence will decrease.

The derived flood frequency approach adopted in this work
demonstrated the impact of thresholds, where the thresholds
impart a significant change on the shape and magnitude of the
flood frequency. A change in the dominant runoff generating
mechanism associated with threshold exceedence is mani-
fested as an inflection point in the flood frequency curve.
The interactions between climatic inputs (rainfall intensities,
evaporation demand, dryness index, seasonality and within
storm pattern), landscape properties (soil depth, field ca-
pacity and concentration time) and soil moisture/antecedent
condition (water balance), have been clearly demonstrated
to control the rainfall to runoff response, and therefore im-
pact the flood frequency curve. This complex interaction,
although somewhat intuitive when its components are con-
sidered in isolation, can result in system behaviours that are
not normally considered in the modelling of rainfall to runoff
transformations, nor in the design of engineered flood control
systems.

The study of the impact of summer cyclonic storm events
on flood frequency was an additional aim of this work, given
historical instances of summer flooding in the study catch-
ment. The research indicated that summer storm character-
istics and the interaction between winter rainfall and evapo-
ration which affect the antecedent catchment conditions for
summer storm events strongly impacts the occurrence and
magnitude of the flood events. The difference of the catch-
ment state between summer and winter storm events lies in
the antecedent catchment wetness, where the antecedent con-
dition is driven by seasonality of synoptic events and sea-
sonality of evaporation. During winter months the rainfall
rate exceeds the evaporation rate causing relatively wet an-
tecedent conditions, and therefore small floods are frequent
due to small to medium rainfall intensities. If large rain-
fall intensities occur during this period, the magnitude of
the flood peak will be at the greatest. However, the largest
rainfall intensities occur during summer months with rela-
tively dry antecedent conditions, such that small floods are
less frequent but a number of large floods have occurred.
The flood frequency curves for synoptic (year-round) and cy-
clonic (summer-only) storm events show a continuous curve
with the break demonstrating the change of mechanism and
the largest flood peak at the highest return period is due to
cyclonic summer events.

The study has some implications for our understanding of
other types of catchment threshold behaviour, such as the
overflow behaviour of small lakes within the Lake Warden
catchment. In general, the storages of the lakes tend to in-
crease during winter and almost dry during summer months.
However, the flow contribution to the lakes following large
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volume summer cyclonic events may exceed lake storage ca-
pacity, causing overflow into the town and the wetlands sys-
tem which is located downstream of the catchment, as has
occurred in recent years. This is a major concern to the man-
agement of Lake Warden catchment and surrounding wet-
lands system. The Lake Warden wetlands system is an im-
portant landmark and resting place to many migratory wa-
ter birds and rare flora species, and the system is listed in
the “Ramsar List”, (the Ramsar Convention is a list of wet-
lands of international importance formulated on the basis of
ecological, botanical, zoological, limnological or hydrologi-
cal criteria) (CALM, 1997). The quantification of the runoff
during these events will assist the catchment and wetlands
management.

However, the utilization of the method presented has its
own limitations in that the results presented here only dealt
with a hypothetical catchment and the model parameterisa-
tion is limited to the catchments which have similar climatic
and catchment characteristics. Climatic and hydraulic data
from the study catchment is also limited such that a vali-
dation of the model cannot be performed. Furthermore the
rainfall-runoff model utilized in this study is simple and does
not include a rate threshold, and the process that largely de-
pends on the intensity of rainfall and related to infiltration
excess runoff. Nevertheless, the model developed using long
time series of synthetic rainfall data adapted to the catch-
ment coupled with rainfall-runoff model including catchment
thresholds can be used as a tool to predict and take precau-
tionary measures to reduce the impact of the floods in the
Lake Warden catchment.

Overall the study has provided valuable insights into the
process controls of flood frequency which can be achieved
through utilization of the derived flood frequency method. A
better understanding of the mechanisms that trigger runoff,
their frequency of activation, and magnitude of runoff re-
sponse will improve the management capabilities of the Lake
Warden catchment and other similar catchments in the re-
gion. The results are valuable for understanding the occur-
rence of subsurface flow and surface runoff, which is essen-
tial to assist in the mitigation of the flood response of both
synoptic winter and cyclonic summer storm events.

Traditional statistical flood frequency analyses based on
limited records of flood series do not recognize the under-
lying processes and change of dominant processes with in-
creasing return period. In the presence of significant thresh-
olds and climatic features such as infrequent summer flood
events caused by tropical cyclones traditional techniques are
fraught with considerable difficulties. Flood records that
do not contain samples from these infrequent floods tend to
over-estimate their return periods, whereas records that do
contain samples from these summer floods tend to under-
estimate their return periods, as in both cases the flood fre-
quency analysis is dominated by the more common winter
floods. Derived flood frequency analysis procedures such
as the one presented here can be extremely useful to as-

sess the frequency of such extreme floods through a much
more realistic assessment of the associated changes in pro-
cess controls. They also focus attention on the conditions
under which these extreme floods are caused, which enables
managers and engineers to design monitoring schemes that
can help predict or prevent such floods from ever occurring.
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