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Summary

Several problems associated with capturing the effects of
bushfires on hydrological processes in the Goulburn River
catchment (6810 km2), Hunter Valley, Australia are inves-
tigated using a paired-catchment analysis. It is suggested,
first, that the within-year-missing data, as defined in this
paper, need to be examined carefully when using the
double-mass curve of annual total discharge in a paired-
catchment analysis. Second, in order to provide an accurate
precipitation background, which is one of the most impor-
tant prerequisites for a paired-catchment analysis, the use
of annual average precipitation is strongly recommended
together with annual total precipitation when there are large
amounts of within-year-missing data. Third, caution is
needed in comparing multi-year average precipitation and
streamflow data before and after the fire when the data
series is not statistically long enough, since the average
values for precipitation and streamflow over a different
number of years may produce completely contrasting
results. Fourth, the analysis of the flow duration curve,
which is another useful technique in paired-catchment anal-
ysis, needs to be interpreted from the precipitation duration
curve. This is because the change of flow duration curve
can be caused either from the change of precipitation or the
fire. Fifth, the change in streamflow, calculated by sub-
tracting the average streamflow for the non-fire years from
the observed streamflow for the years in which fires
occurred, is not an efficient way of capturing the fire effects.
The problem associated with this approach is not just that
the streamflow is strongly dependent on rainfall, as reported

elsewhere, but also, it can lead to misinterpretation using
the hydrograph when the average streamflow in non-fire
years is close to the average streamflow in fire years.

By taking into account the above problems there was no
effect of fires found on streamflow in the Goulburn River
catchment. This result contrasts with the conclusions
reported from other studies that have reported an immediate
increase in streamflow by experimental analyses, paired-
catchment analyses or modelling studies. Instead, it is shown
that the spatial pattern of precipitation over the Goulburn
River catchment is more important in shaping the
hydrograph than the effects of bushfires. The ratio of fire
extent to catchment area is approximately 4% in this study,
which we suggest is a minimum area required to identify
a hydrological response to the fires. The fact that other
studies have focused more on capturing the generally
expected effect of an immediate increase in streamflow
after fire, than on why this effect occurs, makes it highly
desirable to undertake micro-meteorological experiments to
obtain observed evapotranspiration data before and after
fire. Also, it is important to develop a coupled soil-
vegetation-atmosphere-transfer dynamic mechanism and
high resolution numerical weather prediction model with
a distributed hydrological model in order to simulate more
realistically the effect of fire on hydrological processes.

1. Introduction

As one of the foci of the International Project
of Land Use=Cover Change (LUCC) of



International Geosphere and Biosphere Program
(IGBP), the impact of bushfires on hydrological
processes has been an important subject in
meteorology, hydrology, forestry and soil science
for a long time.

The main effect of fire on hydrological pro-
cesses from documented studies is increased
streamflow after the fire. Bosch and Hewlett
(1982), and Sahin and Hall (1996) generalized
that for a 10% reduction in cover by fire, the
water yield from conifer-type forest increased
by some 20–25 mm, by 6 mm from eucalyptus
type forest and by 17–19 mm from deciduous
hardwood. Scott (1997) analyzed the increases
in stream-flow caused by both clear-felling and
wildfire in South Africa. He showed that the
clear-felling effect was dominated by large
increases in total flow (96% over three years),
of which storm-flow and quick-flow volumes
formed only minor parts. After the wildfire, how-
ever, increases in total flow were small (12%),
while the storm flow increases were three- to
fourfold in the first year and approximately dou-
ble in the second year. The wildfire caused fire-
induced water repellency in the soils that led to
overland flow on mid-slope sites, where soil per-
meability normally far exceeds local rainfall
intensities. It is argued that these results sup-
port the hypothesis that stream-flow generation
processes were changed by the wildfire in that
overland flow made a direct contribution to storm
flows, but that clear-felling had no such effect.
With both experimental data and historical
records from a catchment, Helvey (1980) found
that the first post-fire year was a period of transi-
tion in which the soil profile retained more water
than in previous years and measured runoff was
8.9 cm greater than the predicted value based
on pre-fire conditions. Runoff from the burned
catchment during subsequent years was much
greater than measured values before the fire.
With long-term fire data from 1949 to 1994 in
southern California, Loaiciga et al (2001) also
found the signal of annual streamflow increase
up to 20–30% in fire-impacted water years (with
3 year carryover effect) relative to non-fire
years. A group from Melbourne, Australia
(Langford, 1976; Kuczera, 1987; Cornish and
Vertessy, 2001; Watson et al, 2001) showed that
fire in Eucalyptus forest was followed by a 2–3
year increase in streamflow, then decreases in

streamflow over the following one to two
decades when re-growth was established. They
pointed out that a difference in transpiration is
the most likely cause in the mature forest con-
suming less water than the re-growth forest. In
the Bushrangers experiments (O’Loughlin et al,
1982), it was shown that the fire eliminated most
transpiration in the following two summers, and
caused a doubling in baseflow in relation to that
from an undisturbed control. They then empha-
sized that analysis should be done separately for
summer and winter periods, primarily because
different responses between two catchments
could only be expected when the potential for
transpiration is high. By contrast, few other
studies have reported no hydrological response,
or only minor, hydrological response to fire
(Van Lear et al, 1985; Lindley et al, 1988;
Jakeman et al, 1993).

The classic method of exploring fire effects on
hydrological processes is to perform laboratory
experiments (Aston and Gill, 1976) and field
experiments on runoff (Dobrowoski et al, 1992;
Robichaud and Waldrop, 1994; Cerda et al, 1995;
Keller et al, 1997; Nelson et al, 1999; Morales
et al, 2000; Murakami et al, 2000; Robichaud,
2000; Benavides-Solorio and MacDonald, 2001;
Veenhuid, 2001) and fire-induced soil water
repellency (DeBano, 2000; Scott, 2000; Letey,
2001) with rainfall simulators. However, paired-
catchment analysis becomes more appropriate
when the research scale is extended from small
plots to catchment scale. When the control and
treated parts of the catchment are calibrated
against each other using several years of data
before and following fire, the catchment response
to the fire can be evaluated. There are many
documented studies using this method (e.g.,
Langford, 1976; Helvey, 1980; Homes and
Wronski, 1982; Kuczera, 1987; Cornish and
Vertessy, 2001; Loaiciga et al, 2001; Roberts
et al, 2001; Townsend and Douglas, 2000;
Watson et al, 2001) employing techniques of
analysis such as double-mass curve, flow dura-
tion curve, statistical regression and others. On
the other hand, paired-catchment analysis must
be used with discretion.

For example, one of the drawbacks of a paired-
catchment analysis is that it is difficult to assess
the hydrological impact of fire solely when the
changes in amount and temporal distribution of
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rainfall over the period are in question. The rea-
son is that changes in the amount and dynamic
behaviour of catchment scale runoff after a fire
may be due to either alterations to the physical
nature of the catchment surface, or natural vari-
ability in the climate such as the amount and
intensity of incident rainfall, or both. Missing
data is another problem, which can easily result
in misleading conclusions. In addition, the data
record may not be long enough for statistical
analysis and can limit the value of paired-catch-
ment analysis, which is a method that greatly
relies on statistical techniques. To treat the prob-
lem of short data length, Watson et al (2001)
proposed a seasonal regression model with lag-
one auto-regressive error that can be applied to
monthly streamflow data rather than yearly data,
which can effectively increase the length of
data record. Also, the need for catchment control
data is another limitation of paired-catchment
analysis. When control catchment data is not
available, a dummy variable method can be
applied (Scott and Wyk, 1990; Scott, 1997).

In this paper, we will analyze a case study to
highlight these problems by using a paired-catch-
ment analysis to test the fire effects on hydrolog-
ical processes in the Goulburn River catchment,
Hunter Valley, Australia. The structure of the
paper is as follows. Section 2 provides a brief
description of the Goulburn River catchment
and the timing and areal extent of fire to which
the catchment has been subjected. This is fol-
lowed in Sect. 3 by a description of five problems
associated with paired-catchment analysis, which
are often neglected by other studies, and the
method we use to avoid the effects of these prob-
lems. In Sect. 4, a threshold of minimum area of
burnt catchment vegetation is then proposed in
order to identify the fire effects on hydrological
processes, based on the results of the case study.
An explanation for the effects of fire on stream-
flow is then explored in Sect. 5 with a compar-
ison extended to the conclusions from other
studies. Finally, conclusions are presented in
Sect. 6.

2. The Goulburn River catchment
and its fires

The Goulburn River catchment is a mid- to large-
scale catchment in the Hunter Valley, NSW,

Australia (Fig. 1). Its mean annual potential evap-
oration is about 1500 mm, which far exceeds its
mean annual precipitation of 600 mm. Its climate
therefore can be described as semi-arid.

The soils of the region comprise several types.
Deep, fertile, alluvial soil along the floodplains
is several kilometres wide in places. Cracking
clays are derived from weathered basalt on the
Merriwa Plateau. Skeletal soils are found in the
southern sandstone plateau and in the eastern
mountain area. On steep slope areas, podsolic
and solentic soils are derived from carboniferous
rocks. Owing to the highly erodible nature of the
common soil profiles and rising groundwater
table, the Goulburn River catchment experiences
continuing problems of erosion and dryland
salinity.

The vegetation consists of woodland-shrub-
lands on the poor, thin soils of the sandstone hills
surrounding the Goulburn River catchment. In
the woodland-shrubland area, there is a shrub
under-story. Woodlands occur in response to
one or more of the environmental factors of poor
soils, lower rainfall, exposure and=or extremes of
temperature. The sub-formations occurring in the

Fig. 1. Location map displaying burned areas from five
fires in the Goulburn River catchment, Hunter Valley,
Australia
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Goulburn River catchment are Eucalyptus tall
woodland, Eucalyptus woodland-shrubland, Eu-
calyptus woodland, Eucalyptus open-woodland
and grassland.

In the Goulburn River catchment, there are two
discharge stations, Sandy Hollow (32� 2003900 S,
150� 60500 E), with a catchment area of 6,810 km2

and the other one, Cogan (32� 2004900 S, 150�

3402300 E), with a catchment area of 3,340 km2.
Over the period from 1973 to 2000, the mean
annual flow is 2.83 m3 s� 1 at the outlet of Cogan
and 5.81 m3 s� 1 at the Sandy Hollow cross
section, ranging from zero on many days each
year at the two stations to 704.14 m3 s� 1 (Cogan)
and 1229.48 m3 s� 1 (Sandy Hollow), on the same
day of March 5, 1977. From Fig. 1, it can be seen
that all the fires are concentrated downstream of
Cogan station, which establishes it as a ‘‘control’’
catchment for paired-catchment analysis in our
study. Precipitation data are available at five
stations in the Goulburn River catchment. The
averaged precipitation (Average_3) over the three
stations consisting of Cassilis, Bylong1 and
Bylong2 is used to represent the area of the catch-
ment upstream of Cogan. The averaged precipita-
tion (Average_5) over the five stations consisting
of Cassilis, Bylong1, Bylong2, Merriwa and
Sandy Hollow are used to represent the area
of the catchment downstream to Sandy Hollow.
There is no record of observed evaporation data
for the Goulburn River catchment. The potential
evapotranspiration data from Australia Sunken
Tank at Scone (32� 0304800 S, 150� 5503600) and
Paterson (32� 3704700 S, 151� 3503100 E) are used
as the potential evaporation data closest to the
Goulburn River catchment.

Records of fire data from 1970 to 1999 in the
Goulburn River catchment show that there were
five fire events with fire affecting an area cover-
ing over 15 km2 as indicated in Table 1 and Fig.
1. It can be seen that although burning was not
stable at a regular site, most of the areas burned
towards the centre of the catchment. The geogra-
phy relating to bushfire in the Goulburn River
catchment is characterized by a few general pat-
terns. Bushfire maps, including those shown in
Fig. 1, suggest that most bushfires tend to be
concentrated in the centre of the catchment and
propagate eastward. This is because typically
hot, dry and gusty westerly winds originating
from inland Australia drive the fires (Speer et al,

1996). These winds are the result of a strong
atmospheric pressure gradient near the Earth’s
surface extending north from low-pressure sys-
tems south of the Australian continent. The wes-
terly airflow is subsequently funnelled through
the Goulburn Pass, located between the Great
Dividing Range and the Liverpool Range, and
through the Hunter Valley towards the coast.
During summer and especially after several
months of hot temperatures and low humidity,
there is abundant, dry, combustible biomass in
the study area. Under these conditions of hot
temperatures, low humidity, gusty winds and
dry vegetation, wildfires, once ignited, can burn
substantial areas of the catchment.

3. Uncertainties arising
from paired-catchment analysis

3.1 Double-mass curve

The double-mass curve is one of the most useful
techniques in paired-catchment analysis. After
computing the cumulative streamflow amounts
for the treatment gauge and control gauge, and
plotting the former on the y-axis versus the latter
on the x-axis, a straight-line through the data
points is called the double mass curve. If there
are no errors or changes in the data for the treat-
ment gauge, all points will fall (approximately)
on a straight-line. Divergence from a straight-line
indicates a possible link to land-use changes such
as fire, to climatic change, to any data error or to
change of gauge location. We will concentrate
here on one of the reasons that may cause the
divergence, namely, missing data, which can be
easily neglected.

Missing data arises in two ways. The first is
data that is missing for an entire year, which we

Table 1. Fire data for the Goulburn River catchment
(6810 km2), 1970–2000

Year Area burned
(km2)

Percentage
of area burned (%)

Station

1979=80 39.93 0.59 Sandy Hollow
1984=85 20.5792 0.30 Sandy Hollow
1993=94 15.5364 0.23 Cogan
1993=94 5.24 0.16 Sandy Hollow
1995=96 24.6055 0.36 Sandy Hollow
1997=98 236.8 3.48 Sandy Hollow
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refer to as all-year-missing data. Figure 2a shows
the double mass curve based on the processed
data for which we omit all the data at the two
stations if correspondingly there are missing data
at any one of the two stations. A detailed check
of the data in this case is thus shown to be espe-
cially important, otherwise the change could
be falsely interpreted to result from land-use
change, namely, the result of vegetation burnt
by fire. The second is data for missing days of
less than one year, which we refer to as within-
year-missing data. It is the latter to which much
attention should be paid when drawing the
double-mass curve of annual total discharge. This
is exemplified, by a misleading double-mass
curve of the streamflow at Sandy Hollow and
Cogan stations (Fig. 2b), which is caused by a
lot of within-year-missing data for many years.

3.2 Annual total precipitation

In paired-catchment analysis, the rainfall over
the treatment catchment (in our case, the area
burnt by fire) is always used to compare the

pre-treatment and post treatment streamflow. If
it is found that there is an increase in streamflow
after the treatment and the rainfall decreased dur-
ing that time, a signal of the effects of the treat-
ment (fire in this case) on hydrological processes
can be regarded as being well captured. An accu-
rate estimate of the magnitude of rainfall amount
is essential otherwise the signal of the effect of
the treatment that is captured, is likely to be
false.

In the Goulburn River catchment there are
many within-year-missing data points in the pre-
cipitation series, as there are with discharge data.
This renders a comparison between Average_5
and Average_3 difficult to make. In order to
accurately compare the annual total precipitation,
we define an annual average precipitation as the

Fig. 2. Double mass curves based on (a) processed data, and
(b) raw data, from locations in the Goulburn River catchment

Fig. 3. The annual averaged precipitation and annual total
precipitation based on raw data
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averaged precipitation over the number of days
in the year when daily data is available
(mm day� 1).

The annual averaged precipitation and annual
total precipitation based on the original data se-
ries are shown in Fig. 3a, b, respectively. The
unusually high precipitation at Cassilis (Fig. 3a)
is due to the fact that the available precipitation
data for the corresponding year is only available
for several days, which is too small a time period
to represent an annual value. It can be also seen
that the annual total precipitation for Average_3
in 1983 is less than that in 1982 while the annual
average precipitation for Average_3 in 1983 is
larger than that in 1982. If there was a land-use
change, this may lead to a false conclusion of the
effect of the land-use change on hydrological
processes based on the precipitation record.

To avoid this problem, the series of annual
total precipitation and annual average precipita-
tion are compared. After omitting those years in
the two data series which contain less than a
year’s worth of data points, the annual total pre-
cipitation and the annual average precipitation
closely match each other, as should be the case
(Fig. 4). The annual average precipitation and
annual total precipitation can now be related to
the same changing pattern, and we can use either
annual average precipitation or annual total pre-
cipitation in further paired-catchment analysis.

It can be also seen in Fig. 4 that Average_3
and Average_5 follow each other closely prior
to 1983. However, there is a large difference
between them after 1983, which is related to
the fact that precipitation at Merriwa station is
significantly larger than precipitation at the other
four stations during this period. By redrawing
Fig. 4 without the contribution of Merriwa in
calculating the spatial average precipitation,
Average_5 actually becomes Average_4. It is
not surprising that precipitation over the whole
of the Goulburn River catchment (Average_4)
and that for Average_3 now follow each other
very closely as shown in Fig. 5. This provides
an opportunity for us to explore and compare
the impacts of the hydrological response to fire
and the unique behavior of the precipitation at
Merriwa station. It should be noted that all the
values of variables in this study are calculated
over the Australian fire year calendar, namely,
from October 1 to September 30 in order to make
them comparable with fire data.

3.3 Comparison of multi-year average
precipitation and streamflow

In comparing pre-fire and post-fire streamflow and
precipitation, caution must be exercised on the
number of years used in calculating multi-year
average precipitation and streamflow. Statistically,
any hydrological analysis is meaningful only when
the data time period is of sufficient length, usually
about 30 years. However, for fire studies, espe-
cially those related to field experiments, it is very
difficult to obtain such a long data series. Many
studies draw conclusions based on only a few years
of data (for example, Helvey, 1980).

This problem is highlighted in Fig. 6 by
exploring the effect of a 1993=94 fire on the
streamflow at Cogan station. Prior to and after
the 1993=94 fire, there were no fires in the catch-
ment near Cogan (see Table 1), so pre-fire and
post-fire multi-year average streamflow and pre-
cipitation can be directly compared. Indicted in
Fig. 6 is the multi-year average over 1 to 20 years
before the fire and over 1 to 7 years after the fire,

Fig. 4. As in Fig. 3, except based on processed data
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respectively, for streamflow and precipitation. It
can be seen that there is a problem in attempting
to compare the magnitude of the precipitation
with that of the streamflow, both of which highly
depend on the number of years used to calculate
the average. For example, if we compare the
pre-fire and post-fire average precipitation and
streamflow, shown in Table 2, over the same
number of years, there are three possible conclu-
sions that we may draw from the comparison: (1)
fire effect is captured in the hydrological pro-
cesses, that is, precipitation decrease is related
to streamflow increase, (2) there is a normal
rainfall-runoff relationship in the catchment,
namely, that precipitation increase=decrease cor-
responds to discharge increase=decrease, and (3)
further explanation is needed if an increase in
precipitation is followed by a decrease in dis-
charge. These conclusions also apply when the
averages of the post-fire and pre-fire years are
calculated over a different number of years. As
a result, we can have no confidence in saying
whether or not the correct signal of the effects
of the 1993=94 fire on hydrological processes at
Cogan has been captured.

3.4 Flow duration curve

Investigation of the flow duration curve is another
technique commonly used in paired-catchment
analysis. The flow duration curve displays a
cumulative distribution that illustrates the fraction
of time that flows are exceeded over the period of
the record. The contrast in flow duration curves
before and after the fire is used to represent the fire
effect (Helvey, 1980). However, again, we must
be very careful to interpret the curve correctly.

The flow duration curve for Sandy Hollow
(Fig. 7), will be used to analyze the effects of
the fires recorded from 1973 to 2000 on stream-
flow at Sandy Hollow. A three year carryover
effect following a bushfire (Loaiciga et al, 2001)
was used as the criterion to establish whether
or not streamflow was affected by vegetation
burning (see Table 1 and Fig. 1). Thus, for exam-
ple, the 1979=80 fire was considered to impact
streamflow during fire years 1979–1980, 1980–
1981 and 1981–1982. If a bushfire occurred
within three years of a previous one, then a
three-year carryover period was measured from
the time of the last bushfire. The three-year carry-
over effect of bushfires was based on field

Fig. 5. As in Fig. 4, except excluding Merriwa in calculat-
ing the spatial average

Fig. 6. The change in averaged streamflow and pre-
cipitation using the total number of years to calculate the
average

The effects of bushfires on hydrological processes using a paired-catchment analysis 37



observations reported by a number of researchers
(Langford, 1976; Helvey, 1980; Cornish and
Vetessy, 2001).

If in Fig. 7 we find that streamflow at each
cumulative percent value after the fire was larger
than that compared to pre-fire values, we can
then confidently conclude, as other researchers
have, that fire has affected streamflow. However,
Fig. 7 reveals information contrary to that found
elsewhere, which needs further explanation.
Since the flow duration for non-fire years based
on data from 1973 is the same as that from 1983,
we can be sure that the streamflow itself is con-
sistent for both periods, and so the difference in
discharge between fire years and non-fire years
must be due to other factors. The first factor to
consider is the difference in precipitation
amounts. Shown in Fig. 8 are the duration curves
for precipitation where the precipitation at
Merriwa is excluded from the spatial average
precipitation based on data from 1973 and
1983 (Fig. 8a, b, respectively), and where the
precipitation at Merriwa contributes to the spatial

average precipitation based on data from 1973 to
1983 (Fig. 8c, d, respectively). There is a signif-
icant difference between fire and non-fire years in
precipitation when considering the contribution
of Merriwa based on data dated from 1973.
Keeping in mind the fact that the precipitation
at Merriwa since 1983 is much higher than at
the other stations and higher than the precipita-
tion at Merriwa before 1983, it is clear that it is
the change in precipitation at Merriwa that
explains the difference in discharge between fire
and non-fire years at Sandy-Hollow, and not fire.

The corresponding difference between the dis-
charge and precipitation before and after the
1993=1994 fire (Figs. 9 and 10), again supports
the contention that precipitation amount plays
a more significant role than the effects of
fire. Furthermore, the difference in the duration,
based on data either starting from or ending at
different dates, is very small, which indicates that
our conclusion is independent of how much data
is used.

In summary, for a paired-catchment analysis,
we strongly recommend use of both the flow
duration curve and the precipitation duration
curve, in order to draw both a statistically and
physically-based conclusion.

3.5 The change in discharge

In paired-catchment analysis, another technique
that may be used to investigate the effect of fire
on streamflow, is to calculate the change in
streamflow by subtracting the average stream-
flow and precipitation for the non-fire years from
the observed streamflow and precipitation for the
fire years (Post et al, 1996). In Figs. 11 and 12, it
can be seen that the temporal trend reflected from
the change in streamflow=precipitation is similar

Fig. 7. Flow duration of streamflow at Sandy Hollow in fire
and non-fire years

Table 2. Conclusions to be drawn on fire effect based on multi-annual average precipitation (P) and discharge (D) over the
different number of years before and after the fire

Number of years for average P-increase D-decrease P-decrease D-increase Conclusion

1 X X Fire effect
2 X X Normal in hydrology
3 X X Why?
4 X X Normal in hydrology
5 X X Why?
6 X X Normal in hydrology
7 X X Why?

38 S. Liu et al



to that of streamflow=precipitation itself. Apart
from the 1993=1994 fire, the increase=decrease
in discharge after each of the bushfires is always
followed by an increase=decrease in precipitation
upstream Sandy Hollow. Since the 1993=1994

fire could potentially have affected the stream-
flow at both Cogan and Sandy Hollow and also,
because it is the fire that covered the smallest
area, it is too difficult to draw a valid conclusion
about the hydrological response to the fire from

Fig. 9. Flow duration of streamflow at Cogan before and
after the 1993=94 fire Fig. 10. Precipitation duration curve (Average_3) before

and after 1993=94 fire

Fig. 8. Duration curves for averaged precipitation excluding (a and b) and including (c and d) Merriwa precipitation for fire
and non-fire years from 1973 (upper panel) and 1983 (lower panel)
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the relationship between the increase in stream-
flow at Sandy Hollow and the decrease in preci-
pitation upstream Sandy Hollow.

In brief, the rainfall-runoff relationship after
most of the fires is indicative of a normal hydro-
logical response. This allows us to confidently
conclude that at least the hydrological response
to fire in the Goulburn River catchment is not
large enough to alter the naturally occurring
rainfall-runoff relationship. In other words,
precipitation still plays the main role in shaping
the hydrograph in the Goulburn River catchment.
Actually, the double mass curve shown in Fig. 2
has already provided a clue that there was no
abnormal process acting on the hydrograph at
either Cogan or Sandy Hollow.

4. Threshold percentage of influential
fire area to catchment area

In this study, the percentage of catchment fire
area to total catchment area is approximately
4%. From the paired catchment analysis above,
there was no significant signal of fire effect on
streamflow captured. By choosing only those
fires, which burned 4% or more of a catchment,
Loaiciga et al (2001), captured a signal of the
effects of fire on streamflow. The size of the
catchment area in their study was 272.21 km2,
which is the largest catchment area we are aware
of in similar studies. In a study showing that fire
has an effect on hydrology, the ratio of the treat-
ment area in the study, including either an area of

Fig. 11a. The change in precipitation (Average_3), (b)
streamflow at Cogan, (c) precipitation (Average_5), (d)
precipitation (Average_4), and (e) streamflow at Sandy
Hollow

Fig. 12a. Precipitation (Average_3), (b) streamflow at
Cogan, (c) precipitation (Average_5), (d) precipitation
(Average_4), and (e) streamflow at Sandy Hollow
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catchment or an area of experimental plot, is
much larger than 4% (Sahin and Hall, 1996). In
that sense, 4% can be regarded as a possible
threshold minimum area of catchment affected
by fire for which fire can produce marginal
effects on the hydrological processes of the
catchment.

5. Possible explanation of fire effects
on streamflow

For those catchments where fire effects on
hydrology have been found, there have been very
few studies to explain the reasons. Scott (1997)
explained fire effects by analyzing the catchment
evapotranspiration (E), which is the sum of evap-
oration from soil surface (Es) and open water
(Eo), of transpiration (Et) and intercepted precip-
itation (Ei) (Hewlett, 1982), expressed as

E ¼ Es þ Eo þ Et þ Ei: ð1Þ
In a well-wooded catchment, Ei and Et will be
the main components of the evapotranspiration.
After a fire, the original major components of the
above equation, namely, Et and Ei are reduced
to almost zero. This is compensated for by an
increase in Es as a consequence of increased net
radiation on the ground through reduced albedo
of the ash-blackened soil surface and increased
wind speed over it (Scott, 1997). Since observed
evapotranspiration data over the catchment
before and after a fire are not available, it is very
difficult to make a physically-based comparison
of the main component, Es after a fire with the
main component, Et before a fire. Other studies
concentrate only on transpiration. For example,
from field observations, Langford (1976), and
Roberts et al (2001) found that a difference in
transpiration is the most likely cause in the
mature forest consuming less water than the
re-growth forest. They reported a reduction in
streamflow from three to five years after the burn,
when re-growth was established. Yet a difference
in transpiration seems sufficient to explain the
flow decrease with the re-growth after the fire.
However, it is not sufficient to physically explain
why the flow increased immediately after the fire.
Without offering any measurable or calculated
value of the evapotranspiration before the fire
(where Ei and Et are the main components), or,
of the evapotranspiration after the fire (where Es

is the main component), Scott (1997) stated any-
way that, ‘‘overall, however, a reduction in evapo-
transpiration from the burned catchment can be
expected after fire’’.

It would seem that the main reason streamflow
increases after fire, especially in a small catch-
ment, is due to the removal (from combustion) of
plant litter from the soil surface. This effect is
important in reducing surface storage capacity
(retention and detention) on the site, in removing
obstacles from the flow of water, and in trans-
porting away eroded soil particles. Evapotrans-
piration will not cause an immediate increase in
streamflow since while it is raining, evapotrans-
piration is small. The most significant process
that evapotranspiration will effect, is the base
flow. Observational data is not available to con-
firm this. However, the fact that the annual aver-
aged potential evaporation at Scone remains the
same (4 mm day� 1) in both fire and non-fire
years and that other studies show that fire influ-
ences storm flow more than total flow (Scott,
1997), are two supporting arguments.

From the above discussion, there is much
scope for future work. Firstly, obtaining micro-
meteorological experiments before and after a
fire is very important because fire or other land
use change activities can affect the surface forc-
ing conditions of the system, and consequently
the partitioning of the available energy into the
densities of sensible and latent heat fluxes. This
will provide sufficient observed data of evapo-
transpiration before and after fire, physically
explaining why and how streamflow responds
to a bushfire.

With observations of energy exchange data
available, the second step is to establish a
dynamic distributed hydrological model. As it
will contain many measurable parameters related
to land use change from the effects of fire, such
as leaf area index and albedo, both water and
energy transfer in the vertical direction and water
movement in the horizontal direction the distrib-
uted hydrological model should be integrated
with a Geographical Information System
(Mackay and Band, 1997; Storck et al, 1998;
Matheussen et al, 2000; Mengelkamp et al,
2001; Kosner, 2001). It is reasonably straight-
forward to simulate the effects of fire via the
physical mechanism of water and energy transfer
within a Soil-Vegetation-Atmosphere-Transfer
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system (SVAT), which can explicitly reflect the
change in vegetation before and after a bushfire.
The SVAT model to be used in further research is
one developed by Mo (1998).

Also, in future, work will commence on the
significant small-scale hydrological responses to
rainfall events that occur before and after a bush-
fire. This work will link a high resolution atmo-
spheric prediction model (Speer et al, 1996;
M€oolders, 1998; Yu et al, 1999; Ibbitt et al,
2000, Kalma, 2001; M€oolders, 2001) to the
dynamic hydrological model. The numerical
weather prediction model we will use is The Uni-
versity of New South Wales HIgh RESolution
model (HIRES) developed by one of authors
(LML) (see, for example, Leslie et al, 1985;
Leslie and Purser, 1995; Speer et al, 1996).

6. Conclusions

A paired-catchment analysis carried out on the
Goulburn River catchment, Hunter Valley, Aus-
tralia revealed five problems after a detailed
check of the data used in the analysis. First,
within-year-missing data needs to be examined
carefully when using the double-mass curve of
annual total discharge in a paired-catchment
analysis. Second, in order to provide an accurate
precipitation background, which is one of the
most important prerequisites for paired-catch-
ment analysis, the use of annual average precipi-
tation is strongly recommended together with
annual total precipitation when there are large
amounts of within-year-missing data. Third, cau-
tion is needed in comparing multi-year average
precipitation and streamflow data before and
after the fire when the data series is not statisti-
cally long enough, since the average values for
precipitation and streamflow over a different
number of years may produce completely con-
trasting results. Fourth, the analysis of the flow
duration curve, which is another useful technique
in paired-catchment analysis, needs to be inter-
preted from the precipitation duration curve. This
is because the change of the flow duration curve
before and after fire can be due to either fire or a
change in precipitation. Fifth, the change in
streamflow, calculated by subtracting the average
streamflow for the non-fire years from the
observed streamflow for the years in which fires
occurred, is not an efficient way of capturing the

fire effects. The problem associated with this
approach is not just that the streamflow is
strongly dependent on rainfall, as reported else-
where, but, also, it can lead to miss-interpretation
using the hydrograph when the average stream-
flow in non-fire years is close to the average
streamflow in fire years. After taking into account
the possible effects of these five problems there
was no signal found on the effect of fires on
streamflow in the catchment. Instead, precipita-
tion at one of the five stations plays the dominant
role, indicating that the spatial pattern of precip-
itation in this catchment is more important in
shaping the hydrograph than the effects of bush-
fires. The percentage of the total catchment area
affected by fire in this study is less than 4%,
which we suggest as a minimum threshold area
needed to identify if there is a hydrological
response to the fires. Future work will concen-
trate on micro-meteorological experiments and
the development of a coupled SVAT dynamic
mechanism to a high resolution numerical
weather prediction model with distributed hydro-
logical model. This is required to better explore
the causes of fire effects on hydrological pro-
cesses by model simulation.
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