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Abstract

The aim of this paper is to illustrate the effects of selected catchment storage thresh-
olds upon runoff behaviour, and specifically their impact upon flood frequency. The
analysis is carried out with the use of a stochastic rainfall model, incorporating rain-
fall variability at intra-event, inter-event and seasonal timescales, as well as infrequent
summer tropical cyclones, coupled with deterministic rainfall-runoff models that incor-
porate runoff generation by both saturation excess and subsurface stormflow mecha-
nisms. Changing runoff generation mechanisms (i.e. from subsurface flow to surface
runoff) associated with a given threshold (i.e. saturation storage capacity) are 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 occur-
rence and magnitude of surface runoff events, in this way contributing to steeper flood
frequency 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 insights into the complex interactions between rainfall variability and thresh-
old 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 observed 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 proper-
ties that have a bearing on the rainfall to runoff to flood peak transformation, presented
within a stochastic framework (Eagleson, 1972; Wood, 1976; Sivapalan et al., 1990,
2005). For a given storm event, apart from its dependence on rainfall intensity and
volume, the flood peak is a function of storm duration and the response time of the
dominant flood producing process (Robinson et al., 1997a; Gupta and Waymire, 1998).
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However, time scales of subsurface flow and evapotranspiration, and longer time scales
associated with rainfall, e.g., seasonality, are also important since together they deter-
mine the antecedent flow and soil moisture conditions in the catchment through the
memory of previous, even distant, storm events via the catchment’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.
Similarly, the catchment runoff response is associated with processes such as over-
land flow, subsurface flow and baseflow which also operate at a range of different time
scales, associated with the various pathways that water takes to the catchment out-
let 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,
interactions 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; Bléschl and Siva-
palan, 1997; Sivapalan et al., 2005) have explicitly incorporated the effects of within-
storm patterns 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 car-
ried out by Robinson and Sivapalan (1997a, b) and Sivapalan et al. (2005), which
showed that the inclusion of within-storm patterns contributed to a steepening of the
flood frequency curves. This behaviour suggested that the nonlinearity of the interac-
tions between temporal rainfall patterns and runoff processes may be significant, but
such behaviour was not investigated 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 ex-
ceedance of an antecedent soil moisture deficit, and the ongoing rainfall rate exceeds
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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 sub-
surface heterogeneity (e.g., bedrock topography, preferred pathways etc.) (Spence and
Woo, 2003). The role of threshold nonlinearities in surface and subsurface hydrology
has become an intense area of research in recent years. For example, Bloschl 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 spite of the practical importance of catchment thresholds, which is well recognized
by engineering hydrologists involved in flood estimation (Chow et al., 1998; Institution
of Engineers Australia, 1987), the effects of catchment thresholds have received little
attention in derived flood frequency analyses. The primary purpose of this study is
an investigation into the effect of catchment thresholds, their interactions with nonlin-
ear rainfall-runoff processes, and their combined impacts on flood frequency. A Monte
Carlo simulation based derived flood frequency approach (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. This study is pre-
dominantly an exploratory one, carried out in a hypothetical catchment, but utilizing
parameters from the Lake Warden catchment, located near Esperance, Western Aus-
tralia. It has been motivated by specific flooding problems in the catchment where the
presence of a large number of “finger lakes” of various sizes introduces obvious thresh-
olds to the rainfall-runoff transformation, which are deemed to have a significant impact
on the triggering of floods and on the shape of the flood frequency curve (Kusumas-
tuti et al., 2005; Spence and Woo, 2005). In two instances over the past decade,
environmentally destructive flood events have occurred from paired high depth rain-
fall events, where flooding has occurred only after the second, and significantly lesser
magnitude rainfall event. The overall scientific objective is to gain insights into the roles
of threshold nonlinearities on catchment storm response, their impact on the temporal
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frequency of occurrence and magnitude of the resulting flood peaks, and consequently
on the flood frequency curve. Given the specific occurrence of flooding events in the
catchment after the occurrence of summer storms, an additional objective is to under-
stand the dominant process controls of intermittent flood events caused by summer
storm events associated with infrequent tropical cyclones, and their impact on flood
frequency.

The paper begins with descriptions of the stochastic rainfall 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 without thresholds to a non-linear bucket with multiple stor-
age 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 series of runoff generation and flooding events and upon flood frequency could be
examined. The implications of these results are then examined for flood estimation
practice and approaches to future monitoring aimed at prevention and amelioration of
catastrophic floods that may occur in the study region.

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 considering separate synoptic
components (year-round) and a cyclonic component in summer months. The synoptic
component 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 infrequent tropical cyclones. These two
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sequences are then superimposed, 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 consist-
ing 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 duration and inter-storm period are both considered to
be exponentially-distributed, although with seasonally-varying mean values:

1 t
ff,(trla) = 5 exp <_Er) t, >0 (1)
f 1 L
7, (tplY) = v exp kv t, >0 2

where § is the mean storm duration, and y is the mean inter-storm period. These
mean values are considered to vary deterministically with time of year according to the
following sinusoids:

6=6,+a,cos{%r(1—1,)} (3)

y=yb—abcos{%r(1—1b)} (4)

where 6, and y,, are the seasonally averaged storm duration and inter-storm period,
respectively, 7, and 7, are seasonal phase shifts which are assumed to be equal, a,
and a,, are the amplitudes of the seasonal variations of ¢, and ¢,, respectively, 7 is the
time of year, and @ is the total number of time units in a year (i.e., @= 8760 h).
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The mean storm intensity / is a random variable stochastically dependent upon storm
duration t,; that is, / and ¢, follow the joint pdf, ;7 (7, t,|6),which is also seasonally
varying due to the variation of 6. Correlation between / and ¢, is expressed as:

. b . b
E [ilt,] = ayt,t CVZ[ilt,] = apt,? (5)
with the coefficient a; assumed to also vary seasonally in order to account for variability
of rainfall generating mechanisms within the year:

2
aq =ayy +3a1,C08 {Eﬂ(’[ - Ta)} (6)

The power functions given in Eq. (5) provide relationships between ¢, and the first two
moments off,(i|t,), the conditional distribution of /given ¢,, which is assumed to follow
the gamma distribution:

At = Fosi) exp(-) 7)
Both 1 and « are gamma distribution parameters and are functions of storm duration
t,. These parameters can be expressed, in terms of ¢, and the coefficients of the
conditional statistics:

-b, —by-b,

r tr
K= and 1 = (8)

as aqa,
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 dependent upon the random
variables w, which governs how the total depth of rainfall within the event is disaggre-
gated sequentially until the required temporal resolution of event rainfall is achieved.
The random variables are drawn from a beta distribution that is given by:

fu (W)

wh=1(1 = w)! (9)

- B(n4ny)
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The selection of n; and n, is significant, as it is the magnitude of these parameters
that controls the patterns of variability of rainfall within the event around the median.
For the purposes of this study it is assumed that r7,=n,; this results in a normalised
mass curve which is symmetrical about w=0.5. The higher the values for 7, the more
the values tend to be centred on w=0.5. However if small values are used the re-
sulting random variables drawn tend to be distributed at the extremes with wvalues
approaching zero or one. The values of 17 used in this study are 0.5, 1.5, and 3. Fig-
ure 1 presents typical rainfall hyetographs generated by the model for different values
of n. The average intensity, and hence the total rainfall volume, is the same in all three
cases. The simulated patterns demonstrate that lower 7 values produce highly vari-
able, even intermittent rainfall patterns, whereas higher n values generate less variable
rainfall, approaching almost uniform rainfall intensities.

2.1.2 Cyclonic summer rainfall model

A particular feature of rainfall that is crucial in the study region is the inclusion of the
effects of large, infrequent but important tropical cyclones that tend to occur during the
summer months of December, January and February. The town of Esperance experi-
enced 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 heaviest rainfall
event in the region since rainfall records began in 1889, and the resultant environmen-
tally catastrophic flood was estimated to have a return period of around 200 years.
The same modelling framework outlined for synoptic rainfall (Sect. 2.1.1) was used
in the cyclonic summer rainfall model. Several alterations were made in order to ac-
count for the different characteristics of cyclonic events. The summer cyclonic storm
model generates a stochastic time series of 90 days duration representative of Decem-
ber, January and February, which was accomplished by setting parameter @ to 2160 h
(Egs. 3, 4 and 6). An equal probability of occurrence was applied to each summer
month. The seasonal component of the stochastic rainfall model was removed as trop-
ical storm arrivals appeared to totally random showing little preference for any of the
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three summer months. Therefore the amplitude of seasonal variations of storm dura-
tion a, (Eq. 3), inter-storm period a,, (Eq. 4) and mean intensity a,,(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
parameter y,, (Eqg. 4) was therefore set as 700 days or 16800 h (i.e., roughly 8 times
90 days).

Table 1 presents the rainfall model parameterisations both for synoptic and cyclonic
storms, which is based upon observed rainfall records for the Esperance region.

2.2 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
processes within a catchment, which transforms the rainfall input into runoff simply
as a function of precipitation, storage and evaporation. Potential evaporation data is
obtained from measured pan evaporation from Esperance Meteorological Bureau, with
an annual pan evaporation of approximately 1700 mm.
The governing equations for the processes represented in Model 1 are:

as

95 _ ity - Entt) - Ol (10)
o = 20 (1)

where S is storage in mm, t is time in hours, Q is runoff in mm, and ¢, is the catchment
response time (hours).

Model 2 expands upon Model 1 by adding a field capacity threshold, S;., 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
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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 (Eqg. 10) as Model 1,
but uses a different equation for Q(t).

_(S() - 5p0)

Q(t) :

(12)
where S;,, is the field capacity threshold.

Model 3 introduces a bucket capacity, S,, such that runoff is now separated into
two components: subsurface flow, (Q,;), when catchment storage exceeds the field
capacity threshold; and saturation excess runoff or surface runoff (Q4,) when the bucket
capacity is exceeded (Fig. 2). The governing equation for the processes represented
in Model 3 is:

25 = 1(0) - Qus(t) = Quelt) = Englt) = Evegl®) (13)
In order to account for the effects of heterogeneity of vegetation cover, total evaporation
is divided into bare soil evaporation (£,,) and transpiration (E,q). The evaporation
term in Model 3, E(f), is separated into evaporation from vegetation or transpiration,
E\eg and bare soil evaporation E,s. Transpiration is a function of the percentage of
vegetation covering the catchment, M, and potential evaporation, £ -

Eveg = ME, if S(t)> S, (14)
S(t

Eveg = MEp (#) |f S(t) < SfC (15)
fe

Bare soil evaporation is a function of potential evaporation and the portion of the catch-
ment covered by vegetation.

Eps = E,(1-M) if S(t)=S, (16)
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S(t
5w=EM1—M)(él)ifSU)<&, (17)
b
Total runoff from the catchment is the summation of subsurface flow and surface runoff.
Subsurface flow (Qg;) is a linear function of storage above field capacity and concen-
tration time 7.

(ﬁgh)sm<an<%

s = (22=) sw>s,

(18)

Surface runoff (Q,) occurs if the soil is fully saturated which occurs when the storage
exceeds the bucket capacity (S,).

Qse = S(t) =S, it S(t) > S, (19)

The bucket capacity, S;, is assumed to be equal to S,=¢D, where @ is the catchment-
average soil porosity, and D is the catchment-average soil depth. Bucket capacity, Sy,
was calculated based on the estimated average depth of the upper layer of the duplex
soils in the Lake Warden Catchment, multiplied by the porosity of the soil. The field
capacity threshold S;, is on the product of the catchment-average field capacity, 7,
and D.

Model 4 is similar to Model 3, but with a non-linear storage-discharge relationship for
subsurface flow. The linear storage-discharge relationship (Eq. 18) with single param-
eter ¢, is thus replaced with two parameters g and b. The a and b values used in this
study are normally estimated through recession analysis carried out on the measured

streamflow data.
.
S0-5e)? 5. <S(t)<S
Qss = ( ? ) e o (20)

(252) s> s,

Parameters of the rainfall-runoff models for Model 1 to Model 4 are described in Table 2.
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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 magnitude 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 consequence, rain must first bring soil moisture to a
basic level of wetness, S;., at which point excess water becomes available for runoff
generation. Since subsurface flow is zero at field capacity, the reduction of storage
to below field capacity is due to evaporative drying during the inter-storm period. Fig-
ure 3b shows that the field capacity threshold enhances the intermittency, with not all
storms generating a runoff response.

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, Q, and surface runoff, Q) gener-
ated by Model 3. Differing from the response time for subsurface runoff, surface runoff
is assumed to be immediately transferred downstream (response time ~0h). The oc-
currence 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 nonlinear storage-discharge relationship for subsur-
face 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 exam-
ined the impact of the nonlinear storage-discharge relationship (Farmer et al., 2003)
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in Australian catchments similar to the Lake Warden scenario. Farmer et al. (2003)
found an under prediction of the flow duration 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 capacities of 100 mm, 150 mm,
and 200mm are used to generate runoff responses (surface runoff and subsurface
flow). Figures 5a, b, and ¢ 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 generates
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.

3.1.2 Effect of within storm pattern

To investigate the impact of the degree of within-storm variability of rainfall intensity
upon flood frequency, rainfall time series with three different values of  were consid-
ered (n=0.5, 1.5 and 3). Figure 6 illustrates the impact of each r; value upon subsurface
flow and surface runoff. The figure shows that variation in n significantly impacts the
magnitude of surface runoff, but has a negligible impact upon subsurface 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 subsurface 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
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Warden Catchment, where surface runoff occurs frequently, within-storm variability will
therefore 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 excee-
dence series and annual maxima series (Chow et al., 1988). Annual exceedence series
considers data above a predetermined threshold as extreme, with an advantage of se-
lecting 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 analy-
sis in Australia (Pilgrim, 1987), selects 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 significantly, and that approach
has been adopted in this study.

The flood frequency curves generated by all 4 Models incorporating the selected
within-storm patterns are presented in Fig. 7. The lack of occurrence of runoff at low
return periods with Model 2 is due to the catchment storage being below the field
capacity threshold for the entire year as a result of low rainfall volume within those
years relative to evaporation. This difference in behaviour at low return periods is the
only significant difference in the flood frequency curves produced with Models 1 and
2, although flood frequency curves for Model 2 remain slightly lower than those for
Model 1, due to intermittent 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 frequency curves for Mod-
els 3 and 4. For example, Fig. 7a indicates that flood peaks associated with return pe-
riods of less than approximately 40 years are caused by subsurface flow only, whereas
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events with a larger return period have an additional surface runoff component.

Within-storm patterns have an observable impact upon the flood frequency curves
for Models 3 and 4 only at return periods after the break in slope, where surface runoff
is contributing to the flood peak (Figs. 7a, b, and c). Previous findings by Robinson
and Sivapalan (1997b) and Sivapalan et al. (2005) for models without threshold non-
linearities established that higher degrees of within-storm variability lead to steeper
flood frequency curves; the findings of this study clarify that such an impact is only
important for the portion of the flood frequency curve associated with a fast runoff re-
sponse mechanism, which is itself associated with the relative frequency of threshold
exceedence. The flood peaks predicted with high within-storm variability (7=0.5) reach
139 mm/h for the 1000 year return period flood, significantly greater than the predicted
flood peaks with medium (n=1.51) and low (17=3.0) variability.

As discussed previously, the bucket capacity (which represents soil depth), influ-
ences the relative frequency of activation of surface runoff. Based on observed
soil properties in several locations in the catchment, bucket capacities 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 earli-
est 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 period 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).

3.3 Runoff response of synoptic and cyclonic events

A schematic representation of one year of storm events containing both synoptic and
cyclonic storms and their corresponding flow components generated using Model 4
is presented 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 occurs just twice within the year; once by a cyclonic storm and once
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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 antecedent condition prior to the summer event and relatively high antecedent
conditions during winter (Fig. 9d). The low antecedent condition of catchment stor-
age during summer means that only a large-volume storm will be capable of triggering
surface runoff, such as the presented summer event (Fig. 9a) which has a depth of
230mm over 4 days. On the other hand, due to high antecedent conditions of catch-
ment storage during winter, smaller storm depths are capable of triggering surface
runoff.

A detailed examination of the occurrence of surface runoff and subsurface flow gen-
erated by synoptic events only, cyclonic events only, and by the combination of both is
presented in Tables 3a and b. The frequency of occurrence for surface runoff caused
by synoptic storm events is relatively low (Table 3a). The frequency of occurrence
for surface runoff including summer cyclonic events is only slightly larger. Consider-
ation of cyclonic events independently 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 synoptic storms, they are much more likely than synoptic storms to trigger surface
runoff, and therefore have a large potential to impact flood frequency. As the bucket
capacity increases, the frequencies of surface runoff, due to both cyclonic and syn-
optic events, decreases. For sufficiently deep soils (e.g. S;,=300 mm), surface runoff
triggering may be a summer phenomenon only.

The frequency of subsurface flow occurrence generated by synoptic events is rela-
tively much higher (i.e. 70%; Table 3b). A larger soil depth slightly reduces the occur-
rence 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 cyclonic storm events only is more than 70% at the shallowest bucket
capacity (S,=50mm), but decreases considerably with deeper bucket capacity. The
decrease of the frequency of subsurface flow occurrence due to the increase of field
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capacity threshold as the bucket capacity increases will increase the ability for evapo-
ration 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. subsur-
face flow and surface runoff) generated by Model 4 for synoptic events only, and for
synoptic 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 frequency of surface runoff, resulting in
a break of slope at lower return periods in the flood frequency curve. The inclusion
of cyclonic storms increases the frequency of surface runoff triggering directly, as sug-
gested 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 pe-
riod at which the subsurface flow reaches its maximum value (i.e. the saturated value
of subsurface flow, as given by equation 20 when S(f)>S,,.

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 incorporated. 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 generated by
Model 1 represents subsurface flow which has large concentration time.

Figure 11b clearly shows that the inclusion of cyclonic storm events using high within
storm variability (n=0.5) impact on an additional inflection point occurring at high re-
turn periods of the flood frequency response generated by Model 4. Given that the
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flood frequency curve for the low within-storm variability case does not exhibit this sec-
ondary inflection point, it suggests that the combination of large cyclonic storm depths
combined with strong within-storm variability 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 independently, are presented in Figs. 12a and b. In addition, the
impact of bucket capacities on the flood frequency response for each event is exam-
ined. The flood frequency curves generated 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 using S,=300 mm. Figures 12a and b
show that the flood frequency curves generated by summer cyclonic events curtail 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.

4 Discussion and conclusions

The paper 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 transformation, where runoff
response is not only nonlinearly dependent on the magnitude of rainfall inputs but also
on the catchment 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 sub-
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surface flow generation. For a given climate, the magnitude and frequency of occur-
rence of saturation excess, which is a threshold-activated process, are both inversely
related to the magnitude of the catchment storage capacity, S,; as this capacity in-
creases, both the magnitude and frequency of threshold 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 mag-
nitude of the flood frequency. A change in the dominant runoff generating mechanism
associated with threshold exceedence is manifested as an inflection point in the flood
frequency curve. The interactions between climatic inputs (rainfall intensities, evapo-
ration demand, dryness index, seasonality and within storm pattern), landscape prop-
erties (soil depth, field capacity and concentration time) and soil moisture/antecedent
condition (water balance), have been clearly demonstrated to control the rainfall to
runoff response, and therefore impact the flood frequency curve. This complex interac-
tion, although somewhat intuitive when its components are considered 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
catchment. The research indicated that summer storm characteristics and the inter-
action between winter rainfall and evaporation which affect the antecedent catchment
conditions for summer storm events strongly impacts the occurrence and magnitude of
the flood events. The difference of the catchment state between summer and winter
storm events lies in the antecedent catchment wetness, where the antecedent condi-
tion is driven by seasonality of synoptic events and seasonality 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 rainfall intensities occur during this period, the magnitude of
the flood peak will be at the greatest. However, the largest rainfall intensities occur dur-
ing summer months with relatively dry antecedent conditions, such that small floods
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are less frequent but a number of large floods have occurred. The flood frequency
curves for synoptic (year-round) and cyclonic (summer-only) storm events show a con-
tinuous 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 War-
den catchment. In general, the storages of the lakes tend to increase during winter and
almost dry during summer months. However, the flow contribution to the lakes follow-
ing large volume summer cyclonic events may exceed lake storage capacity, causing
overflow into the town and the wetlands system which is located downstream of the
catchment, as has occurred in recent years. This is a major concern to the manage-
ment of Lake Warden catchment and surrounding wetlands system. The Lake Warden
wetlands system is an important landmark and resting place to many migratory water
birds and rare flora species, and the system is listed in the “Ramsar List”, (the Ramsar
Convention is a list of wetlands of international importance formulated on the basis of
ecological, botanical, zoological, limnological or hydrological criteria) (CALM, 1997).
The quantification of the runoff during these events will assist the catchment and wet-
lands 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 pa-
rameterisation 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 validation 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 pro-
cess that largely depends 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 catchment coupled with rainfall-runoff model including catchment
thresholds can be used as a tool to predict and take precautionary measures to reduce
the impact of the floods in the Lake Warden catchment.
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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 response will improve the management capabil-
ities of the Lake Warden catchment and other similar catchments in the region. The
results are valuable for understanding the occurrence of subsurface flow and surface
runoff, which is essential to assist in the mitigation of the flood response of both syn-
optic winter and cyclonic summer storm events.

Traditional statistical flood frequency analyses based on limited records of flood se-
ries do not recognize the underlying processes and change of dominant processes with
increasing return period. In the presence of significant thresholds and climatic features
such as infrequent summer flood events caused by tropical cyclones traditional tech-
niques are fraught with considerable difficulties. Flood records that do not contain sam-
ples 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 frequency 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 assess the frequency of such extreme
floods through a much more realistic assessment of the associated changes in process
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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Table 2. Rainfall-runoff model parameters.
D. I. Kusumastuti et al.

Parameters Model 1 Model2 Model 3 Model 4
Storage-discharge relationship

t. (hour) 100 100 100 -
a(mm®°h%®) - - - 70
b - - - 0.5
Soil properties

Sy - - 150 150
Ste - 45 45 45
Vegetation

M - - 0.1 0.1
Rainfall model parameter :

n 0.5 0.5 0.5 0.5
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Table 3a. The frequency of occurrence for surface runoff.

HESSD
3, 3239-3277, 2006

Threshold effects in
catchment storm
response

D. I. Kusumastuti et al.

s, F(Qse)

Winter storm Winter & summer Summer storm
storms

50 0.069101 0.069658 0.40367

100 0.005288 0.005610 0.21101

150 0.000352 0.000533 0.11927

200 0.000036 0.000109 0.05505

250 0.000012 0.000024 0.00917

300 0.000000 0.000012 0.00917
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Table 3b. The frequency of occurrence for subsurface flow.

HESSD
3, 3239-3277, 2006

Threshold effects in
catchment storm
response

D. I. Kusumastuti et al.

s, f(Qss)

Winter storm Winter & summer Summer storm
storms

50 0.758054 0.759657 0.73394

100 0.739957 0.742415 0.64220

150 0.725717 0.728942 0.57798

200 0.714194 0.718315 0.55963

250 0.705097 0.709579 0.54128

300 0.697904 0.702467 0.52294
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Fig. 1. The variance of individual storms in the rainfall time series for (a) n1=0.5, (b) 7=1.5 and

(c) n=3.0.
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Fig. 2. Bucket configurations for Models 1, 2, 3 and 4.
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Fig. 3. Schematic representation of rainfall and corresponding runoff generated by Models 1,

a0
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2 and 3 (M1, M2, M3). For parameters, see Table 2.
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Fig. 4. Comparison between runoff responses generated by Models 3 and 4 (M3 and M4) using

S5,=300mm and n=0.5.
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(a)

(b)

(c)

Fig. 6. The impact of within storm patterns generated by Model 4 using S,=150 mm and (a)

a0
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Fig. 7. Flood frequency curves for the four models using (a) 7=0.5, (b) n=1.51, and (c) n=3.

For parameters, see Table 2.
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Fig. 8. Flood frequency curves generated by Model 4 using n=0.5 and various S,.
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(a)

(c)

Fig. 9. Storm event and the corresponding flow components generated by Model 4 using
S,=150mm and =0.5 in one year time window for (a) rainfall, (b) surface runoff, (¢) subsurface
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Fig. 10. Flood frequency curves for (a) surface runoff and (b) subsurface flow generated by _
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(a)

(b)

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) for n=0.5 and n=3. For param-

eters, see Table 2.
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Fig. 12. Flood frequency curves generated by Model 4 using n=0.5 and (a) S,=150mm and
(b) S,=300 mm by synoptic storm only (Syn) compared to cyclonic summer storm only (Cyc).
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