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A synoptic climatology of 94 flash-floods occurring near Sydney from 1957 to 1990
is presented. Flash-floods essentially occur with four types of synoptic flow: easterly
troughs, lows, pre-frontal flow and post-frontal flow. All types are associated with
upper-level short waves or deep cut-off lows. The first two, which are subtropical
excursions, are responsible for the bulk of Sydney’s rain and dominate the numbers
of flash-floods. They exhibit weak diurnal and seasonal modulation with preference
towards the warmer months. These systems typically have little convective available
potential energy (CAPE) (~ 1000 J/kg), but also have little convective inhibition.
The other two types occur in association with the northerly margin of extra-
tropical fronts. They exhibit strong diurnmal and seasonal modulation with
preference towards the warmer months. Typically, they possess much more CAPE
(~ 1800 J/kg) but given considerable convective inhibition, convection is triggered
by the lifting over the shallow cold front and concentrated in mesoscale convergence

lines.

Introduction

Flash-flooding from short duration heavy rainfall
is a problem in the Sydney metropolitan area.
Armstrong and Colquhoun (1976) give meteoro-
logical details of a storm on 10 March 1975 in
which one person drowned. The insurance loss in
1991 dollars was $52.4m. Numerous vehicles
were washed from streets into stormwater chan-
nels and/or the major waterways of the affected
area. J. Colquhoun (personal communication
Bureau of Meteorology, Sydney, Australia) details
a storm on 25 April 1974 in which one person
died. The insurance loss was $80.5m. Bureau of
Meteorology (1973) gives an account of storms on
21 August 1971 in which flash-flooding caused
damage estimated at $3m. Bureau of Meteorology
(1985) describes the Sydney storms between 5 and
9 November 1984 in which insurance losses from
flash-flooding exceeded $100m.
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Numerous accounts of flash-flooding with dis-
astrous consequences from short duration heavy
rainfall have been reported in the United States.
These include reports on: the Enid flood (Merritt
et al. 1974); the Las Vegas flood (Randerson
1976); the Big Thompson flood (Maddox et al.
1977); an Oahu flood (Shroeder 1977); the
Johnstown flood (Hoxit et al. 1978); and the
Cheyenne flood (Chappell and Rodgers 1988).
Maddox et al. (1979), in an attempt to develop
more effective procedures for forecasting flash-
floods in the United States, classified 151 flash-
flood events by identifying common synoptic
weather patterns. They found eight features com-
mon to many of the events but noted the problem
of determining a flash-flood watch area was simi-
lar to that of determining severe thunderstorm or
tornado watch areas. The large variability of par-
ameters from meteorological processes interact-
ing on several scales of motion made definition of
a set of necessary conditions extremely difficult.
Shepherd and Colquhoun (1985) have discussed
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the limitations of various quantitative pre-
cipitation forecast techniques. These techniques
include numerical models, statistical regression
methods and ‘nowcasting’.

The main disadvantage of operational numeri-
cal models is the underestimation of rainfall
totals. High resolution numerical models present
better results with currently availdble data by cap-
turing both baroclinic and small-scale processes
(Leslie et al. 1987). However, at the storm scale
they require a large amount of good quality data
for initialisation and also, may be very sensitive to
the initial conditions (Brooks 1992). Moreover,
they are very short term (up to 24 hours) and com-
putationally expensive, which currently presents
problems in the operational mode. Also, subgrid-
scale and cloud microphysical parametrisations
are inadequate, especially for extreme events
such as flash-floods. Brooks (1992) does not see
much hope in the immediate future for the use of
3-dimensional cloud-resolving numerical models
in an explicit mode to predict the timing, location
and intensity of convection and precipitation.

Model output statistics (MOS) have been used
(Mills' and Tapp 1984) to develop regression
equations relating synoptic-scale numerical
models to local weather. While model errors
might be taken into account with this procedure,
MOS is currently poor at predicting extreme.rain-
fall at a particular site. Any statistical scheme,
including MOS, typically underestimates ex-
tremes and this is especially the case for extreme
rainfall in flash-floods. This is because small-scale
moist processes associated with storms, such as
those of cumulonimbus and cumulus clouds, are
beyond the resolution of the current operational
models.

Nowcasting methods, based on radar data and.
surface observations, have shown some success in
providing warnings in parts of the New South
Wales region. Separate figures for flash-flood
warnings' are. not available but in 1992/93, 24
severe storm warnings were issued with a prob-
ability of detection (PODY)*, false alarm ratio
(FAR) and critical success index (CSI) of 0.55,
0.33 and 0.43 respectively. The warnings, how-
ever, have very short lead times (up to about one
hour). Also, radar-derived rainfall rates.in heavy
convection have limited accuracy, especially at
large radar range. Better estimates could. be at-
tained with radar capability providing time inte-
gration of rainfall which can be calibrated against
a ground-based network. Assuming an average
surveillance distance of 50 km between a radar
site and a critical watershed, the minimum basin

*POD is defined as the ratio of correctly-forecast severe events to
known severe events. FAR is the ratio of severe weather predic-
tions that fail to verify, to total severe weather predictions. CS1
is the ratio of successful predictions to the number of severe
events occurring or forecast to occur. A CSI value of unity
represents-a perfect set of forecasts.

size that can be resolved is 2.6 km? if the radar has
a 1° beamwidth and 5.2 km? for a radar with a 2°
beamwidth. Similarly, techniques for estimating
thunderstorm flash-flood rainfall from satellite
imagery (Scofield and Oliver 1977) provide mini-
mal lead times unless-the storm duration is more
than one or two hours such as for squall lines and
mesoscale convective systems (Scofield et al.
1990). -

Notwithstanding the drawbacks mentioned for
the first two methods, synoptic information could
be used for more accurate flash-flood forecasting
if the synoptic settings under which flash-flooding
occurs in the Sydney area were better known. This
observation is the motivation of this paper. Flash-
flood forecasts based on synoptic information
could also-act as a catalyst to run a fine mesh
model under appropriate conditions. Such fore-
casts would represent the first stage of an oper-
ational flash-flood warning system. It may lead to
a next stage where heavy rainfall can be moni-
tored based on radar observations, with time inte-
gration of rainfall, and a ground-based mesoscale
network. As the third and final stage, with the help
of hydrological models, a warning can be dissem-
inated if needed. A system such as this is proposed
for the Sydney region and is described by ISMES
(1992).

Knowledge of the subsynoptic patterns dis-
cussed herein can be useful to the forecaster in two
respects. It can be used as a first step, based on
analyses, to indicate a likelihood of flash-flood-
producing rain. Secondly, once high resolution
limited area models are run routinely, their out-
put-can be compared to the typical subsynoptic
patterns presented here to give advanced warning
of flash-flgud-producing rain situations.

This paper presents a synoptic-mesoscale
classification of a sample of flash-flood events
that occurred in the Sydney metropolitan area
from 1957 to 1990. Ninety-four flash-flood events
were subjectively classified into four synoptic
categories (Table 1). The following section dis-
cusses the methodology used in the study. The
synoptic patterns are then described with case
studies and seasonal distribution of each pattern.
The next section discusses the temporal dis-
tribution, both monthly and diurnal, as well as
other relevant statistics. Problems in the report-
ing of flash-flooding are also noted. Finally, esti-
mates of important meteorological parameters
are discussed.

Data and method

The essential difference between a normal flood
and a flash-flood is the speed with which it occurs.
When the duration between the causative rainfall
event and the flood is less than six hours, a flood is



Speer and Geerts: Climatology of flash-floods in Sydney

89

Table 1. Ninety-four flash-floods in the Sydney metro-
politan area for the period 1957 to 1990
classified as percentages into four synoptic

categories.
Synoptic categories Occurrence
Easterly troughs 39%
Lows 17%
Pre-frontal 31%
Post-frontal 13%

termed a flash-flood (Hall 1981). Because the time
between a short duration rainfall event and flood
i1s not usually known, a rainfall duration defi-
nition has been adopted for this study. A flood
was accepted as a flash-flood if the duration of the
rainfall causing the flood was six hours or less. The
flash-flood events in this study represent 60 per
cent of all floods from 1957 to 1990 in the Sydney
metropolitan area (see Fig. 1 for location map).

Reports of local/minor or ‘flash’-flooding
associated with the Nepean/Hawkesbury and
Georges river systems were excluded from the
study as reports of this type were often found to be
associated with long duration low intensity rain-
fall. Also, these river catchments are mainly
outside the Sydney metropolitan area. Another
notable case of reported widespread flash-flood-
ing in the Sydney metropolitan area, which was
excluded on the basis of rainfall duration, oc-
curred from the east coast low of 4/5 August 1986
(e.g., Lynch 1987). This flooding resulted from
rainfall of more than 24 hours duration. The rain-
fall in this case was also more intense than those
reports associated solely with the major rivers in
the metropolitan area. It is acknowledged that
flash-flooding can be reported with long duration
rainfall but in the great majority of cases it is
associated with the major rivers and is much
less intense (~15 mm/h) than rainfall of less
than six hours duration which is associated with
flash-flooding.

The reports of flash-flooding for this study were
identified from the Monthly Weather Reviews
of the NSW Regional Office of the Bureau of
Meteorology (BoM) and the recently developed
severe thunderstorm database of the NSW Re-
gional Office. Reports were mostly imprecise in
location and time, so pluviograph or pluviometer
data were obtained from the Sydney Water Board
(29 pluviographs, plus 25 pluviometers installed
during the 1980s) as well as from the BoM
(7 pluviographs). Rainfall measurement by a
pluviograph occurs by movement of a pen over
calibrated graph paper which completes a revol-
ution on a’cylinder every 24 hours. The rainfall
scale is in millimetres or points of rainfall and the

Fig. 1 Locations by synoptic type (easterly trough —
cross, pre-frontal — open circle, post-frontal —
solid triangle and low — open square) of flash-
floods in the Sydney metropolitan area for the
period 1957 to 1990. The division between
the eastern and western sectors is shown by
the straight, broken line. Locations of rain-
fall stations (solid circle) and pluviograph/
pluviometer (solid square) are also shown.
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time-scale is in five-minute intervals. The chart is
changed daily. or weekly. Pluviometer measure-
ment is digital to the nearest 0.2 mm at
two-minute intervals and the data are logged
automatically. These data (Fig. 2) showed that the
duration of significant rainfall was less than one
hour in about two-thirds of the flash-flood events
while very few events resulted from rain lasting
longer than two hours.

Given the advanced urbanisation of the Sydney
metropolitan area (Fig. 1), the flash-floods would
have resulted from one of two categories. Firstly,
there are those that would have resulted from
run-off of heavy rainfall into natural creeks where
flow and depth are normally minimal or non-
existent. Secondly, there are those that would
have resulted from heavy rainfall on a catchment
which had been substantially altered by man.

‘Urban development typically changes the run-off

characteristics of the catchment and enhances
flash-flooding in natural drainage courses down-
stream.
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Fig. 2 Duration of rainfall for flash-flood events in the
Sydney metropolitan area for the period 1957
to 1990.
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Flash-flood durations in each synoptic category
are shown in Table 2. There are two minimum
durations of five minutes, one in the easterly
troughs category and the other in the pre-frontal
category. These minimum durations were associ-
ated with pluviograph rainfall recordings of
23 mm and 20 mm respectively. Only a few had
durations out to six hours. Nearly all events were
associated with thunderstorms, especially the
frontal events.

Actual intensities in a watershed were esti-
mated by assuming the same temporal pattern as
observed at the nearest appropriate pluviograph.
Because of the small-scale variability of rainfall, a
coarse pluviograph network typically underesti-
mates both the actual maximum rain rate in the
watershed and the rainfall duration. Therefore,
this rain rate was estimated as the nearest pluvio-
graph rain rate adjusted upwards for each event,
if possible, by multiplication with a focussing
factor.

Table 2. Duration of storm rainfall for Sydney metro-
politan area flash-floods 1957 to 1990.

Synoptic No. Duration of storm rainfall
afte 1;’_ of (minutes)
sory cases min. max. mean st. dev.

Easterly troughs 34 5 330 122 102
Pre-frontal 29 5 140 36 29
Lows 18 15 360 89 103
Post-frontal 13 10 180 65 54

The rationale for using a focussing factor is
based on the presence of far more 24-hour rain-
gauges than pluviographs maintained by the BoM
(see Fig. 1). The focussing factor is defined as the
ratio of the wettest 24-hour rain-gauge amount
near/in the watershed to the 24-hour accumulated
rainfall at the nearest appropriate pluviograph.

This procedure, then, gives an estimated inten-
sity at a site nearest to the flash-flood for the same
duration as at the pluvio site. One problem arising
from using this procedure is that the shorter the
duration and the smaller the area of the heavy
rainfall being considered, the more likely are
errors, especially in data-sparse areas. Errors are
also introduced if there is rainfall in the 24-hour
period outside of the period of rainfall causing the
flash-flood.

Owing to the short time-scale of flash floods, the
occurrence of the flooding is usually little affected
by watershed characteristics that vary in time,
especially the soil moisture and base run-off.
However, low rainfall intensity flash-floods are
strongly influenced by the base state, so there is no
unique relation between rainfall and flood inten-
sity. Ten easterly trough flash-flood events had
other rainfall which occurred in the same 24-hour
period prior to the flash-flood event rainfall.
However, of these, only three were characterised
by 24-hour rainfall of more than twice the rainfall
amount of the flash-flood-producing storm.

Reports of flash-flooding (Fig. 1) are concen-
trated in the hilliest areas (mainly the eastern
sector). There are some pockets of high flash-flood
concentration, for example near the centre of the
city.

The density of flash-flood events is lower in the
western sector (Table 3(a)). All of the lowest inten-
sity events occurred before 1980 (Table 3(b),
Fig. 3). Many of them, especially those in 1961
and 1963 (Fig. 3), occurred in the western sector
on saturated ground after prolonged rain on
higher ground (Fig. 4) in their catchments further
to the west. Higher intensities may have occurred
in the western sector, but if so, were not observed

Table 3(a). Geographical distribution of Sydney metro-
politan area flash-floods 1957 to 1990 by
synoptic category.

Synoptic category Eastern sector Western sector

Easterly troughs 25 9
Pre-frontal 18 11
Post-frontal 8 5
Lows 12 6
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Table 3(b). Geographical distribution of low/high in-
tensity events and number of pluviogauges,
1957 to 1979 and from 1980 to 1990.

% Low % High No. of
intensity intensity Total pluvio-
<40mm/h =40 mm/h flash- gauges
1957 1980 1957 1980 1 ld' 1957 1980
Sfloods
1o to to to 1o to
1979 1990 1979 1990 1979 1990
Eastern
sector 19 — 81 100 63 24 36
Western
sector 38 — 62 100 31 12 25

Fig. 3 Time series of flash-flood events per year in the
intensity categories <40 mm/h and =40 mm/h
in the Sydney metropolitan area from 1957 to
1990. A three-year running mean of all cases is
also shown. El Niiio years are shown on top as
bars, the lengths of which represent the annual
Southern Oscillation Index (SOI).
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due to the sparse pluviograph data in this area,
particularly before 1980. Since 1980, the number
of pluvio gauges in Sydney has nearly doubled. So
it may be that the denser network detects higher
intensities closer to the centres of storms which
in the past would have been considered as ‘low
intensity’ cases.

This climatology suffers from its inherent scale
dependence. The synoptic-mesoscale analyses
presented next have been linked to the regional
flash-flooding (Fig. 1). Even though the obser-
vational network has increased around the
Sydney metropolitan area in recent years, the only
consistent classification for the time period con-
sidered is synoptic and emphasises the mean sea
level pressure chart.

Flash-flood synoptic patterns

Easterly troughs

A trough in the easterlies is the most common syn-
optic category producing flash-floods (Table 1).
There are two obvious synoptic types within this
category.

The first type occurs where the surface trough
moves east, from a quasi-stationary position
mostly on the western side of the ranges (Fig. 5).
This type is accompanied either by upper north-
westerlies ahead of an approaching short wave or
by a cut-off low over southeast Australia (see
Table 4 for 500 hPa flow patterns). Moisture ex-
tends well into the mid-troposphere. This type is
referred to as the onshore trough. This type of sur-
face trough has been discussed in another context
as a potential precursor to east coast cyclogenesis
(Holland et al. 1987) in which strong onshore
gradient winds occur between a developing sub-
synoptic surface low just off the coast and a strong
high pressure system poleward of the low. The
flooding from east coast lows is produced by rain-
fall over a longer period than six hours.

A variation of the onshore trough occurs where
the trough extends from a mesoscale low some-
times over the metropolitan area but more usually
in the Hunter Valley. An example of this variation
occurred where a trough over eastern NSW with a
mesoscale low near Dubbo at 0500 UTC 24 Oct-
ober 1987 was moving slowly east. By 0800 UTC
(Fig. 6) the mesoscale low was in the Hunter
Valley with a trough extending southwards
through the Sydney metropolitan area. During the
three hours from 0800 to 1100 UTC, significant
rainfall occurred over the city and North Shore/
northern beaches (30 mm/h at Observatory Hill,
Sydney). At 1100 UTC the mesoscale low was off
the coast just east of Newcastle with the trough
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Fig. 5 Mean sea level pressure (hPa) chart for 0200
UTC, 25 March 1968, one and a half hours
before flash-flood rainfall.

Table 4. The number of flash-flood events in each syn-
optic category and type, categorised into three
flow patterns at 500 hPa (unavailable for three
cases).
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Fig. 6 Mean sea level pressure (hPa) chart for 0800
UTC, 24 October 1987, at the time of the
heaviest rainfall.

N

Short  Cut-off

Short ! I ’
Synoptic roug
category Surface type trough axis to Vicor
axis "y T
0 E or Tasman
Sw Sea
Easterly onshore i 13 S
troughs  offshore —_ 9 6
Lows offshore — 6 6
onshore — — 4
Pre-frontal mesoscale low — 10 —
convergence line — 18 —
Post-frontal — 13 —

extending southwest still over the metropolitan
area where any rainfall now had become very
light. Minor flooding occurred in the Georges
and Nepean/Hawkesbury river systems. Flash-
flooding was not reported over the heaviest rain-
fall areas so the event was not included in the data
base.

Another example of the onshore trough, with no
flash-flooding occurring in the Sydney metropoli-
tan area, was the Dapto flood event described by
Shepherd and Colquhoun (1985). The twelve
hours of heavy rainfall on the Wollongong escarp-
ment south of the Sydney metropolitan area, they
concluded, was essentially produced by deep con-
vection in the vicinity of a mesolow, present for
six of the twelve hours. Orographic lifting contrib-
uted to rainfall along the escarpment before and
after the period of heaviest rain.

The second type, referred to as the offshore
trough, occurs where a quasi-stationary surface
trough in the easterlies is located just off the coast
and parallel to the coast, with a ridge along the
coast (Figs 7(a),(b)). The trough then can either
dissipate in situ after the flash-flood event or, as in
the case of Fig. 7, move west across the coast into
the metropolitan area and then move offshore
again. The positions of the surface trough in this
case, before and after the flash-flood event, are
offshore (Fig. 7(c)). At the time of the flash-
flood event the trough axis lies through the
metropolitan area.

In other offshore trough cases (not shown), sur-
face convergence in the trough is aided by differ-
ential friction, with south to southwesterly surface
winds on the coast in a southeasterly gradient
flow.

The topography also explains surface conver-
gence near the coast. It is well known (e.g. Holton
1992) that if orography slopes locally upward in a
downstream direction, vortex lines in the lower
layer are compressed and the flow in the lower






