
Introduction
Weather critically influences fire behaviour.
Antecedent conditions control availability and mois-
ture content of the fuels, and thus influence the likeli-

hood of ignition. Once a fire is established, its
behaviour is influenced by temperature, humidity
and wind. Of these, fire behaviour is perhaps most
sensitive to changes in wind speed, as evidenced by
the sensitivity of the McArthur Forest Fire Danger
Index (FFDI) (Luke and McArthur 1978) to changes
in wind speed, particularly at the higher ranges of
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Wind changes associated with the southeastern Australian ‘cool change’
contribute to significant fire control issues, and so the forecasting of the
passage of these cool changes is a vital component of the meteorological
support for fire management operations. These ‘wind change’ forecasts
have been subjectively verified for some years, and this report proposes
an objective system that identifies wind change timing from a single sta-
tion time series of observations. Thus the verification of wind change
forecasts using this objective system is reproducible, defensible, and also
offers potential efficiencies in terms of personnel.

The algorithms developed use fuzzy logic functions of rate of
direction and rate of speed change, and gust speed to determine a
‘change time’, and these objectively determined change times are
compared with the subjectively determined wind change timings for
four fire seasons. It is shown that some 85 per cent of the objective
timings are within 2.5 hours of the subjective timings. More impor-
tantly, the objective system identifies a start time and an end time
for the change period, and more than 95 per cent of the subjective
wind change timings occur within these time windows.

A number of wind change events are discussed in some detail to
demonstrate both the performance of the system and the complexi-
ty of wind change structures over southeastern Australia on days
when the Victorian Regional Forecast Centre had issued Wind
Change Forecast Charts.
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speed (Sullivan 2001). Changes in wind direction
are also crucial to the fire manager as an abrupt
change in wind direction can change a flanking fire
front to become a much wider head fire, and poten-
tially place fire-fighters attacking the flanking fire at
great risk (Cheney et al. 2001). Cold frontal (cool
change) passages in southeastern Australia in sum-
mer are frequently dry, and are often marked by an
abrupt change in wind direction, with strong and
gusty winds both before and after the change, as well
as high temperatures and low relative humidities in
the pre-frontal air. Such systems are consequently
recognised as the archetype of extreme fire weather
in southeastern Australia (Bureau of Meteorology
1984, 1985, 2003; Brotak 1980) and many of the
deaths associated with bushfires in southeastern
Australia have occurred on days of cold-frontal pas-
sage. The weather on Ash Wednesday, 16 February
1983, one of the worst bushfire events in Australia,
is an extreme example of such a wind change
(Bureau of Meteorology 1984; Mills 2005a). A par-
ticular aspect of the fires on that day was the huge
increase in fire area and rapid fire spread after the
wind change (Oliver et al. 1984). While major and
extreme events like Ash Wednesday tend to domi-
nate community awareness, a wind change need not

be extreme to adversely affect fire behaviour. For
example, Leggett (1996) documents the influence of
a superficially benign wind change on the behaviour
of the Berringa fire (25 February 1995), when most
of the 11 000 ha lost were burnt after the passage of
a weak coastal wind change.

The importance of forecasting wind changes asso-
ciated with cold frontal passages is seen by the
required practice in the South Australian, Victorian
and New South Wales Regional Forecast Centres of
the Australian Bureau of Meteorology to issue a Wind
Change Forecast Chart ‘on days when a significant
(e.g. frontal) wind change is expected and the fire
danger is expected to be very high or extreme’
(Bureau of Meteorology 2004). An example of such a
chart is shown in Fig. 1. The Victorian wind change
forecasts are subjectively verified at the end of the fire
season at nine stations. The observed time of the wind
change is determined by inspection of time series of
automatic weather station (AWS) observations at the
verification stations, and also by using the spatial and
temporal consistency provided by manual surface
analyses prepared in the Victorian Regional Forecast
Centre (VRFC). These procedures and their results
are described by Van Zetten et al. (2001) and Morgan
(2002). This verification procedure provides a valu-
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Fig. 1 Typical wind change forecast chart issued by the Victorian Regional Forecast Centre of the Australian Bureau
of Meteorology.



able post-season assessment of forecast performance;
but it is subjective, therefore may vary from person to
person and from year to year, and is time-consuming.

An important form of guidance material used by
the forecasters in the preparation of these wind
change forecasts are the mesoscale numerical weath-
er prediction (NWP) forecasts from the Bureau’s
Limited Area Prediction System (LAPS) (Puri et al.
1998) suite. Examples of such forecasts have been
presented in Mills (2002, 2005b) for some significant
frontal wind changes. To date there has been no sys-
tematic verification of the NWP forecasts of wind
change timing, and little has been presented in the lit-
erature to suggest that there might be a preferred tech-
nique to perform this function. Hewson (1998)
describes an elegant technique to delineate a cold
front on an NWP forecast based on a thermal param-
eter, and this technique qualitatively matches the
position of the ‘wind change’ associated with dry
summertime cold fronts in southeastern Australia.
However, if the position of this ‘line’ were to be veri-
fied then a verifying analysis that matches the fore-
cast in scale, structure and dynamic consistency
would be required, and if this was part of a data
assimilation system then there may be some questions
raised as to the independence of the verifying analy-
sis. Case et al. (2004) describe a contour matching
technique to objectively identify sea-breeze onset
times in analysis and forecast wind fields over eastern
Florida, and the complexity of the problem is readily
apparent in that paper.

It is one of the aims of the ‘Fire Weather and Fire
Danger’ research project of the Bushfire Cooperative
Research Centre (http://www.bushfirecrc.com) to
develop an objective verification of mesoscale NWP
model wind change forecasts. As a first step we have
chosen to develop an objective technique to deter-
mine the time of maximum wind change at a given
location from time series of AWS data, as this can be
evaluated against the subjective verification times
determined in the VRFC and could be applied in their
routine practice to assist efficiency and uniformity of
practice. The results of this part of the project are
reported in this paper. Such a framework is compati-
ble with analysis of time series of NWP model output,
thus providing both model timing and verification
timing using the same algorithms, and it is intended
that these techniques will be applied to NWP model
data in later stages of this project.

The first part of this paper describes the database,
the study area used and the characteristics of wind
changes at several Victorian stations in order to pro-
vide a basis for the derivation of an objective wind
change timing algorithm. The algorithms are devel-
oped using the VRFC wind change days for the fire

seasons of 2001-02 and 2002-03, and the methodolo-
gy developed is summarised, with full details present-
ed in Huang and Mills (2006a) (hereafter HM06). The
performance of the system is assessed for those days
on which the VRFC issued wind change forecasts
during the 2000-01 and 2003-04 fire seasons, and
examples of its performance for selected individual
changes will be presented to highlight its characteris-
tics. A feature of the system developed and described
in this paper leads to the concept of a beginning time,
an end time, and a time of maximum wind change
rather than just a single change time, and identifies
substantial geographic variation in change structures
across Victoria. This may thus lead to the develop-
ment of new and more informative forecast products
for fire agencies.

Study area and data
The observation data used in this study are extracted
from the Australian Data Archive for Meteorology
(ADAM) database maintained by the Australian
Bureau of Meteorology. The observation time, wind
speed, wind direction, gust, screen-level temperature
and dew-point are extracted from the METAR and
SPECI database. The METAR data are observed at
half-hourly intervals at the stations used in this study,
and special observations (SPECI) are recorded when
the weather conditions meet specified criteria. The
wind speed and wind direction are normally 10-
minute averages for METAR and two-minute aver-
ages for SPECI observations. The gust is the maxi-
mum wind speed in the 10 minutes preceding the
observation time. Both METAR and SPECI data are
used in this study. In the analysis to follow, no differ-
entiation is made between METAR and SPECI data in
spite of the potential inhomogeneities due to the dif-
ference in averaging periods used in the two data
types. This is to take advantage of the higher time res-
olution afforded by the use of the SPECI data (and it
should be noted that METAR data are not recorded if
there has been a SPECI issued shortly before a routine
METAR is scheduled), which is considered to out-
weigh any disadvantages of this approach.

The VRFC has subjectively determined the wind
change time at selected automatic weather stations
(AWS) for days on which wind change forecasts
were issued in order to verify these forecasts (Van
Zetten et al. 2001; Morgan 2002). As one of the aims
of this study is to develop an objective system that
should perform the functions of the VRFC subjec-
tive verification, we base our development and test
datasets on these stations, and only for the wind
change forecast days. The locations of these stations
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and the topography of southeastern Australia are
shown in Fig. 2, while the names of these stations
and the numbers of wind changes recorded during
the four fire seasons 2000-01 to 2003-04 are listed in
Table 1. Among the AWS stations, Albury (YMAY)
only had half-hourly data from the 2002-03 fire sea-
son, and no subjective wind changes were recorded
there during the 2002-03 season, while only one
wind change was identified during the 2003-04 fire
season at Mt Hotham (HOTH). Accordingly these
two stations are not included in this study. (Morgan
(2002) discusses the difficulties of identifying
change passages across the higher elevations of east-
ern Victoria.) Data from the fire seasons of 2001-02
and 2002-03 were used to develop the objective
method to determine wind change timings, while
data from the fire seasons of 2000-01 and 2003-04
were set aside for independent testing.

Parameter changes associated with
‘cool changes’
The VRFC subjective wind change timing is a unique
time and implies an abrupt change consistent with the
conceptual model of a frontal passage as a disconti-
nuity, although their procedures acknowledge that the
change may be more complex. In those cases the con-
vention is that the ‘final shift to southwesterlies’ will
be represented on the wind change forecast chart
(Bureau of Meteorology 2004). It must be noted that
this convention still includes the assumption, or at
least the implication, that the ‘final shift’ will be
abrupt, or at least clearly identifiable.

An example of a sharp wind change at Melbourne
Airport (YMML) on 11 January 2002 is shown in the
meteogram in Fig. 3. The VRFC determined the wind
change to be at 1300 Australian Eastern Daylight
Saving Time (AEDT), when the wind direction
changed from 010° to 260° in 13 minutes. The wind
speed had been around 8 m s-1 before the change, but

dropped at the change before increasing to above 12
m s-1 immediately following the change, with a very
significant increase in gustiness in the post-frontal
airstream. The temperature trace showed a sharp, but
relatively small decrease at the change while the dew-
point showed a clear increase.

Figure 3 presents an example of a clear and unam-
biguous wind change. However cool changes show a
great degree of variability in their structure and the
choice of a ‘wind change time’ is not always this clear.
The case of 18 March 2002 is an example that illus-
trates this point; Figs 4 and 5 show the meteograms at
Melbourne Airport and Mildura for that day. At
Melbourne Airport the wind backed from 350° to 290°
between 1330 and 1728 AEDT, veering to 310° before
an abrupt change from 310° to 180° between 1800 and
1828 AEDT (Fig. 4). Accompanying this rapid back-
ing was a temperature fall of 9°C and a dew-point rise
of 18°C between 1800 and 1813 AEDT. The VRFC
change time was 1800 AEDT, consistent with the
sharp direction change and the change in temperature
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Fig. 2 Map showing locations of automatic weather
stations used in the study, together with the
topography of southeastern Australia.

Table 1. Names and locations of automatic weather stations used in this study, together with the number of wind changes
forecast and verified by VRFC for the four fire seasons from 2000-01 to 2003-04.

Station abbreviation Station name Latitude Longitude No. of wind changes

YMIA Mildura Airport -34.2306 142.0839 52
YHSM Horsham Aerodrome -36.6711 142.1719 55
PTFA Port Fairy -38.3933 142.2317 41
YMML Melbourne Airport -37.675 144.8422 56
YSHT Shepparton Airport -36.4303 145.3936 64
YLTV Latrobe Valley Airport -38.2094 146.475 52
YMES East Sale Airport -38.1083 147.1300 62
Total 382



and dew-point at that time, but does not communicate
the 60° backing over some four hours prior to the
change (although this information may have been
included in other forecast products). The wind change
on the same day at the inland station of Mildura
(YMIA) was far less obvious from the meteogram of
observations at that site (Fig. 5). The dew-point
increase took more than three hours, unlike the abrupt
increase at Melbourne Airport. The wind direction
commenced backing from the northeast at around
0900 AEDT, showed a more rapid rate of change at
around 1400 AEDT, just after the maximum speed
was observed, and largely settled to 210° between
1800 and 2200 AEDT. For most of that time the wind
direction change was less than 30° per half hour. The
temperature stopped rising at around 1430 AEDT,
somewhat earlier than would be expected for a normal
diurnal cycle, and started to decline after 1700 AEDT.
The VRFC identified the wind change time to be at
1800 AEDT.

These differences in the structure of the changes
are consistent with the differences between the struc-
ture of the changes inland and near the coast
described and discussed by Mills (2002, 2005b).
Broadly, though, the common features of these
changes are:
• a backing of the wind, which can be abrupt, but

which can also be slower and ill defined;
• wind speed and gustiness maxima before and, on a

significant number of occasions, after the change,
and, often, a short lull at or just before the sharpest
direction change;

• some degree of temperature fall and dew-point rise
with many of these changes.
The temperature fall is an inherent component of

the cold-frontal nature of these systems, although it
can be masked by diabatic heating of the post-frontal
air mass (e.g. Mills 2005b), while the dew-point
increase is a result of the maritime origin of the post-
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Fig. 3 Meteogram at Melbourne Airport for the cool
change of 11 January 2002. The upper panel
shows mean wind speed (solid), gust speed
(dotted), and wind direction (diamonds), while
the lower panel shows temperature (solid) and
dew-point (dotted). Times are in hours AEDT.

Fig. 4 Meteogram of observations at Melbourne
Airport for the cool change of 18 March 2002.
The upper panel shows mean wind speed
(solid), gust speed (dotted), and wind direction
(diamonds), while the lower panel shows tem-
perature (solid) and dew-point (dotted). Times
are in hours AEDT.

Fig. 5 Meteogram of observations at Mildura for the
cool change of 18 March 2002. The upper
panel shows mean wind speed (solid), gust
speed (dotted), and wind direction (diamonds),
while the lower panel shows temperature
(solid) and dew-point (dotted). Times are in
hours AEDT.



frontal air mass and the continental origin of the pre-
frontal air mass. These structures are consistent with
published studies and consensus knowledge of these
systems in southeastern Australia.

Based on this assessment, and given that our first
aim was to develop an objective system that per-
forms the functions of the VRFC verification
process, we make the a priori assumption that any
algorithm developed will include some measure of
rate of wind direction change, a rate of wind speed
change and may include measures of temperature
and dew-point rate of change. Preliminary assess-
ment of the data indicated that rapid direction fluc-
tuations in conditions of ‘light and variable winds’
would also require that some low wind speed thresh-
old be included. Therefore, in order to develop
thresholds or parameter ranges with which to deter-
mine wind change timing we first examine the range
of rates of wind direction change, the wind speeds,
gust speeds, then the rates of temperature and dew-
point change associated with the VRFC wind change
days at the seven verification stations.

The first, and perhaps most necessary, parameter
is, of course, the rate of wind direction change.
Inspection of the meteograms for the VRFC change
days shows that in a significant proportion of
changes, the wind direction change is not monotonic,
and so the greatest direction range during a given time
interval may be greater than the difference between
the directions at the beginning and end of the change
interval. Accordingly we introduce the concept of
‘change range’ (Rdir) that is the sum of the absolute
direction changes between successive observations
accumulated over a given period (fully defined in
Appendix B of HM06). Of course, if the wind direc-
tion changes steadily throughout the change period,
then Rdir will equal the difference between the direc-
tions at the beginning and end of the period. The
selection of the time interval over which Rdir should
be calculated is a critical decision. Figure 6 shows the
accumulated frequency of the number of detected
wind direction changes in the development set with
Rdir (degrees) calculated over half-hour (Rdir05) and
two-hour intervals (Rdir2). In about 70 per cent of the
VRFC wind change cases the wind direction change
is greater than 60° in 30 minutes (Rdir05), but there
are about 15 per cent of wind changes when Rdir05 is
less than 40°. However, in about 90 per cent of cases
Rdir2 is greater than 60°. The relatively smooth
increase in percentage of VRFC wind changes identi-
fied with decreasing values of Rdir suggest that, while
it might be difficult to determine an unambiguous
threshold value of Rdir05 or Rdir2, a value of Rdir2 ≥
45° will identify more than 95 per cent of the VRFC
development cases.

The accumulated frequency of the VRFC wind
changes as a function of threshold mean wind speed
and gust speed are shown in Fig. 7. The distribution is
reasonably linear; with the proportion of wind
changes resolved increasing with decreasing wind
speed. However, a significant percentage of changes
are associated with relatively low wind speeds (40 per
cent < 5 m s-1, and 10 per cent < 3 m s-1). The pro-
portion of changes detected increases more rapidly
with gust speed than with mean speed, with around 90
per cent of the VRFC wind changes associated with
gust speeds > 4 m s-1. Given that it might reasonably
be expected that wind direction fluctuations may be
large, but not necessarily significant, in light wind
conditions (‘light and variable winds’), and that even
the VRFC wind change days have a proportion of low
wind speeds, then if a low wind speed threshold is to
be used to eliminate direction changes associated with
these ‘light and variable’ winds, the use of the gust
speed, rather than the mean speed, offers the potential
to provide more sensitive discrimination.

As most of the VRFC wind changes are frontal in
nature there is usually some degree of temperature
decrease and dew-point increase associated with
these changes, as seen in Figs 3 to 5. Accumulated
frequency distributions for the number of VRFC
wind changes associated with different thresholds of
temperature and dew-point change are shown in Fig.
8, and it is seen that a significant number of VRFC
changes are associated with relatively low rates of
change of temperature and dew-point, and that the
slopes of these distributions is relatively ‘flat’.
However, more discrimination is gained if the distri-
bution of dew-point depression change is used as the
discriminator. This also has the advantage of only
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Fig. 6 Accumulated frequency of identified VRFC
wind changes with varying change of wind
direction Rdir (degree) thresholds for the fire
seasons 2001-02 and 2002-03.



using a single, rather than two discriminating param-
eters. As the maximum dew-point depression change
rate (|rdpd|) may not occur at exactly the VRFC wind
change time, the maximum |rdpd| during the period
two hours before and after VRFC wind change time
is used here. The change rate of temperature (rTa),
dew-point (rTd) and dew-point depression (|rdpd|) are
in °C h-1.

Figure 8 shows that more than 50 per cent of
VRFC wind changes are associated with a dew-
point depression change (|rdpd|) of >12°C h-1. There
is, however, considerable station-to-station variabil-
ity (see Table 2), with some 80 per cent of VRFC
wind changes at Melbourne Airport associated with
dew-point depression changes >12°C h-1, while the
inland (Horsham, Shepparton and Mildura) and the
valley (Latrobe Valley Airport and East Sale) sta-
tions show percentages between 40 and 50 per cent.
These results for the inland stations are consistent
with the arguments of Mills (2005b) that post-
frontal diabatic processes act to counter adiabatic
cooling (cool advection) in the post-frontal air
mass, which would influence the temperature con-
tribution to dew-point depression decrease. Notably
the two valley stations (YMES and YLTV) show
some 20 per cent of their changes to have |rdpd|<
4°C h-1, though being closer to the coastline than
the three inland stations. This suggests that factors
specific to this locality modify the ‘cold front’ par-
adigm of cool-change structure in this region. The
overall results, though, highlight the fact that most
VRFC wind changes are associated with synoptic-
scale weather systems rather than local circulations,
and thus |rdpd| is a potentially useful determiner of
such wind changes.

Determining wind change timing
The examples in the previous section, and others in
HM06, show that even on those days when a signifi-
cant frontal wind change is forecast, a range of struc-
tures is experienced. This makes it difficult to select a
unique set of direction, speed or dew-point depression
parameter thresholds that will determine the occur-
rence or timing of a cold-frontal wind change.
Accordingly we have developed fuzzy logic functions
to determine the change timing and strength. The
basic idea of fuzzy logic is that instead of a yes-or-no
answer being based on whether a parameter is above
or below a threshold value, a continuous function is
used to estimate the likelihood that a threshold is
exceeded. Such fuzzy rule-based methods have been
used in meteorology by, for example, Bardossy et al.
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Fig. 7 Accumulated frequency of identified VRFC
wind changes with varying wind speed (U) and
gust gu thresholds for VRFC wind change
cases of fire seasons 2001-02 and 2002-03.

Fig. 8 Accumulated frequency of identified VRFC
wind changes with varying maximum change
rate of temperature (Ta), dew-point (Td) and
dew-point depression (DPD) thresholds for
VRFC wind changes cases of fire seasons 2001-
02 and 2002-03.

Table 2. Frequency (%) of VRFC wind changes associ-
ated with varying threshold values of dew-
point depression change (|rdpd|, °C h-1) for the
seven stations used in the verifications.

Station |rdpd|>12°C h-1 |rdpd|>8°C h-1 |rdpd|>4°C h-1

YMML 80 83 90
PTFA 68 79 89
YHSM 50 62 88
YSHT 50 64 90
YMIA 44 72 96
YLTV 45 55 79
YMES 38 67 79



(1995) to classify atmospheric circulation patterns
and by Keenan (2003) in hydrometeor classification.

We postulate that a change parameter (x) can be
developed and that three thresholds, xc1, xc2 and xc3,
can be specified such that if the change parameter is
less than xc1 it is regarded that no change has
occurred. The likelihood that a change has occurred
increases as the parameter x increases from xc1 to xc2
and the likelihood of significant change increases
from xc2 to xc3; when the parameter is greater than xc3,
the change is significant. It is further required that the
likelihood of a change occurring is continuous across
thresholds. Then, the likelihood that a change has
occurred can be determined by the closeness of the
change parameter to a given threshold, while varying
the thresholds might provide some measure of the
‘significance’ of the change.

This paper focuses on ‘timing’ the VRFC wind
changes, and since the primary variable that determines
this time is the maximum rate of direction change, we
develop a Wind Change Rate Index (WCRI) using
fuzzy functions. Included in this index is a component
that allows for a direction change being more signifi-
cant if the mean or gust speed (gu) is large, that for
some changes there is a significant speed change at the
‘wind change time’, and that these can aid the determi-
nation of the wind change time.

We define parameters for wind direction change
(rd) and speed change (ru). The wind direction rate
change rd at a time tj is the larger of the wind direc-
tion change rates (Ddir) between successive observa-
tions, and the range (Rdir) (that is the maximum dif-
ference between wind directions) over a period of half
an hour either side of the observation is as follows:

The change rate for wind speed ru at a time tj is

We then develop fuzzy functions of these parameters
to create a Wind Direction Rate Index (WDRI) and a
Wind Speed Rate Index (WURI), which will be com-
bined to form the Wind Change Rate Index (WCRI)
that determines a value of wind change rate at each
observation time.

A generic form of the fuzzy functions for each of
rd, ru and gu (gust speed) is defined as follows:

where fz(x) is fuzzy function of x and xc1, xc2 are
thresholds for x. The values of y1 and y2 limit the
range of each of these functions to 0-1. The thresholds
xc1 and xc2 used in the individual fuzzy functions of
rd, ru and gu are listed in Table 3 and their schematic
form is shown in Fig. 9.

The WDRI and WURI are then defined as

and

where the weighting parameter wg (wg = 2.0 is used
here) gives greater weight to rd (ru) than gu in the cal-
culation of WDRI (WURI). When both rd (ru) and gu
are very high, the WDRI (WURI) is close to 100. To
reduce the implications of wind speed sampling time
difference between METAR and SPECI, the gust
speed (gu) is used instead of wind speed to determine
WDRI and WURI.

The Wind Change Rate Index, WCRI, at a given
time t is then defined as

and so incorporates both speed and direction change.
Values of gust speed gu ~ 6 m s-1 and wind direction
change rd ~ 60 degree h-1 will lead to a WCRI of ~ 36.

A simple conceptual model of a wind change has
been developed based on the meteograms shown in
Figs 3 to 5, and many others, and is shown in Fig. 10.
We define wind direction to exist in one of four states,
calm, steady, transition and change states, defined by
the criteria specified in Table 4. We then define a typ-
ical wind change to commence with a change from a
stable to a transition state, with a starting time tsc, to
pass into a change state at time tds, pass back from
change state to transition state at time tde and then to
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Table 3. Values of constants used in the calculation of
the fuzzy functions fz(rd), fz(ru) and fz(gu).

rd (degree h-1) ru (m s-1 h-1) gu (m s-1)

xc1 20 2.0 2.0
xc2 160 10.0 10.0
y1 0.0 0.0 0.0
y2 1.0 1.0 1.0



a final stable state at tec. The ‘change time’ (tmx) is
defined to occur at the time between tds and tde at
which WCRI is a maximum. This ‘objective wind
change timing’ (tmx) is that which will be compared
with the VRFC subjective wind change time. A com-
prehensive description of the way in which tsc and tec
are determined is found in Appendix E of HM06.

Calculating the WCRI as a function of time for the
VRFC wind change days, using the threshold criteria
described above, the objectively determined tmx can
be compared with the subjectively determined verifi-
cation times from the VRFC (trfc). Note that an objec-
tive wind change will not be determined if the aver-
age wind speed during wind change period is less than
3 m s-1 and dew-point depression decrease rate is less
than 8.5°C h-1. We present this comparison separate-
ly for the two development seasons (2001-02 and
2002-03 fire seasons), and for independent data from
the 2000-01 and 2003-04 fire seasons. While the
VRFC determines a single change time in its verifica-
tions, the objective method determines a change time
tmx, but also determines a start time, an end time, and
a start and end of the period of ‘change state’ (see Fig.
10). While these times cannot be systematically com-
pared with any subjective estimates, they do provide
useful additional ways of assessing the performance
of the objective timings, as will be seen in the remain-
der of this section and in subsequent sections.

The difference between the trfc and tmx is comput-
ed and allocated to one of five classes (DTL1, DTL2,
DTL3, DTL4, DTL5) summarised in Table 5. The
first three classes all require that trfc lies within the
change period, i.e. tsc < trfc < tec. Level 1 (DTL1) rep-
resents the closest match with |trfc – tmx| less or equal
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Fig. 9 Top left: fuzzy function of fz(rd), wind direction change rate rd in degree/h; Top right: fuzzy function fz(ru),
wind speed change rate ru in m s-1 h-1; Left: fuzzy function of fz(gu), gust speed gu in m s-1.

Fig. 10 A schematic showing the conceptual structure
of the cool change used in the objective timing
decisions. tsc is for wind change start time and
tec is for end change time. tds and tde are the
time just before and after change state. tmx is
time when WCRI is maximum.

Table 4. Summary of wind direction states used in the
conceptual model of cool change structure
shown in Fig. 10.

Wind direction state Description

Calm (DirN) Wind speed < 1.5 m s-1
Steady (DirS) Rdir2 ≤ 20 degree or WCRI ≤7.5
Transition (DirT) Rdir2 > 20 and 7.5<WCRI <35
Change (DirC) WCRI ≥35



to half an hour; level 2 (DTL2) requires |trfc – tmx| less
or equal to 2.5 hours; level 3 (DTL3) requires |trfc –
tmx| > 2.5 h. The last two classes have trfc outside the
objective wind change period: for level 4 (DTL4), trfc
lies outside the objective wind change period but by
less than 2.5 hours, and for level 5 (DTL5) trfc is more
than 2.5 hours outside the objective wind change peri-
od, or the wind change is not detected by the objec-
tive method.

The comparison between the objective and the
subjective timings for the four fire seasons is shown
in Fig. 11. Around 70 per cent of the wind change tim-
ings show less than a half-hour difference between the
objective and the subjective timings, while trfc fell
within the objectively defined ‘wind change period’
on 95 per cent of occasions. No objective wind
change time was determined (DTL5) on one occasion
for the fire seasons of 2001-02 and 2002-03 and three
occasions for the two independent seasons. In all four
of these cases the wind speeds were below the
required threshold criteria. The performance of the
system is slightly worse using data from the two inde-
pendent years for the two shorter period difference
classes (DTL1 and DTL2), but overall these statistics
are extremely encouraging and, given the difference
between the VRFC and the objective methodologies,
the success rate is extremely gratifying.

Table 6 presents in more detail the information
provided by the objective change identification algo-
rithms. The mean difference between the tmx and trfc
is -2 minutes – much less than the standard 30-minute
interval between AWS METAR data in Victoria –
with the objective times on average being earlier that
the VRFC’s timing. The trfc is also, on average, sig-
nificantly closer to the end of the change period than
to its start, and also closer to the end of the significant
wind change period than to its start. This is consistent
with the requirement that the VRFC time will be at
the ‘final wind shift’ if there is uncertainty in the exact
time of the cool change.

The difference between subjective and objective
timings has significant regional variations. Figure 12
shows the same analysis as shown in Fig. 11, but sep-

arated by verification station. In general the objective
and subjective methods compare better at the coastal
stations of Port Fairy and Melbourne, with about 90
per cent of matches within 2.5 hours, than they do at
the inland stations where this percentage drops to
about 80 per cent at Horsham and about 70 per cent at
Mildura.

As described above, the conceptual model of the
cool change shown in Fig. 10 leads to the concept of
a total change duration (tec-tsc), the time between the
beginning and end of the change state (DirC in Fig.
10) (tde-tds), and the time during which the WCRI is
greater than a specified threshold given that in many
changes WCRI may fluctuate considerably during the
change period. We can describe this time, which we
will term the accumulated High wind Change Rate
Time (HCRT), as:

with

where RIc = 35 is used in the calculations presented
in this report. In the simplest change structure, as
shown for example in Fig. 10, HCRT is equal to the
duration of DirC, i.e. (tde– tds), but there are more
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Table 5. Summary of the five levels of difference used to assess the reliability of the objective wind change timings com-
pared to the subjective wind change timings. DTL5 also includes changes not detected by the objective algo-
rithm.

Timing difference level Symbol Description

1 DTL1 | trfc - tmx | ≤ 0.5 h
2 DTL2 | trfc - tmx | > 0.5 h, but | trfc - tmx | ≤ 2.5 h
3 DTL3 | trfc - tmx | >2.5 h but tsc< trfc < tec
4 DTL4 trfc < tsc or trfc > tec but min[ | trfc – tsc |, | trfc - tec |] ≤ 2.5 h
5 DTL5 trfc < tsc or trfc > tec and min[ | trfc – tsc |, | trfc - tec |] > 2.5 h

Table 6. Average time difference in minutes for differ-
ent objective wind change parameters. tdc and
tde are the first time and last times for which
WCRI ≥ 35 during the wind change period.
Four fire seasons’ data used.

Average (mins)

tmx-trfc -2
trfc-tsc 153
tec-trfc 108
trfc-tds 129
tde-trfc 86



complex situations when more than one period of
DirC occurs between the start time (tsc) and end time
(tec) of the change period, and so the more general
formula above is used in the calculation of HCRT.

Table 7 shows mean times between stable states,
mean time between transition states, mean HCRT time,
and mean WCRImx for the VRFC changes at each of
the verification stations. There is significant variation
between stations, with the coastal stations of Port Fairy
and Melbourne tending to have shorter and stronger
changes than the inland stations of Horsham and
Mildura, with the statistics for Shepparton, East Sale
and Latrobe Valley falling between these two groups. It
may be that the different change structures at coastal
and inland stations documented and discussed in sever-
al studies (e.g. Chien et al. (2001) for landfalling fronts

in California and Mills (2002, 2005b) for southeastern
Australian examples) contribute to these differences in
timing behaviour from station to station. Increased fric-
tion over land, diabatic heating over land, and topo-
graphic blocking have all been proposed as factors that
strongly modify the structure of cold fronts as they
move from ocean to land.

The data in Table 7, when compared with Fig. 12,
perhaps indicate that agreement between the subjec-
tive and the objective methods of timing is closer
when changes are rapid or when the rate of change is
greater, although other local factors may play a role.
Some of these aspects are demonstrated in several
individual change cases below. These examples were
selected from either the development or the inde-
pendent seasons to illustrate different aspects of wind
change structure and how the objective timing algo-
rithms described above interpret these structures. A
number of further examples are presented in HM06.

Examples of individual changes
A case of a sharp change at Melbourne on 11 January
2002 was presented in Fig. 3. The wind backed 110°
between 1300 and 1313 AEDT, together with a sharp
increase in wind speed. WCRImx for this change was
100, the objective wind change period was from 1300
to 1326 AEDT, and both tmx and trfc were at 1314
AEDT. Another sharp wind change occurred at Port
Fairy on 11 March 2002 (Fig. 13). This change was
marked by an abrupt temperature and dew-point
change, with |rdpd| approximately 15°C h-1 around
0900 AEDT, and a sharp backing of the wind at
around 0700 AEDT. The objective method calculated
a change period between 0700 and 0730 AEDT, and
WCRImx = 82 at 0730 AEST. The subjective method
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Fig. 11 Objective and subjective timing difference for
seasons-D (fire season 2001-02 and 2002-03)
and independent data seasons-V (2000-01 and
2003-04).

Fig. 12 Comparison of objective and subjective tim-
ings for individual verification stations for the
four fire seasons.

Table 7. Mean change duration and HCRT (minutes)
for the individual verification stations for the
four seasons of VRFC wind change data used
in this study.

Station tec-tsc tde-tds HCRT WCRImx
(min) (min) (min)

YMML 241 214 117 89
PTFA 176 130 69 76
YHSM 285 238 120 68
YMIA 255 189 91 70
YLTV 224 178 99 79
YMES 350 310 150 79
YSHT 283 228 129 79

Average 261 215 112 78



also determined the change time to be 0730 AEDT.
For this well-defined and abrupt change there is per-
fect agreement between the subjective and the objec-
tive methods.

The wind change at Port Fairy on 11 January 2002
(Fig. 14) was a little more complicated, and provides a
good example of how the wind speed component of the
WCRI can lead to the objective change time being dif-
ferent to that determined by the subjective method. The
first backing of the wind occurred between 0630 and
0700 AEDT, and trfc was 0700 AEDT. The objective
method identified the start of the change period at 0630
AEDT, and the later backing between 0800 and 0827
AEDT as the more significant change, with the change
period ending at 0827 AEDT. WCRImx was determined
to be 99 at 0827 AEDT due to the substantial increase
in wind and gust speed after 0800. The dew-point
depression showed a small increase at the start of the
change period at 0630, but a much greater rate of
change between 0800 and 0827 AEDT, lending support
to the objective timing decision. This is an example of
how the maximum WCRI may not necessarily occur at
the time of the maximum direction change, but is mod-
erated by the wind speed, which can contribute to dif-
ferences between the subjective and objective timings.
The subjective timing was, however, within the objec-
tive wind change period.

A more complex example of a slow change that
occurred at Mildura on 18 March 2002 was present-
ed in Fig. 5. The objective method determined a
change period from 1000 to 1730 AEDT, with tmx at
1430 AEDT, just a little after the temperature had,
against the normal diurnal trend, ceased to rise and
just after the peak in both mean speed and gust
speed. The VRFC timed the change some 3.5 hours
later than the objective timing, at 1800 AEDT, just
outside the objective wind change period, during a
period of slightly more rapid backing and after the
temperature had commenced to fall. WCRImx in this
case was a relatively low 37. Although this wind
change lasted 7.5 hours, WCRI > 35 only occurred
at 1430 AEDT and HCRT was 30 minutes. Another
slow change occurred at Horsham on 3 April 2002
(Fig. 15). In this case the objective method evaluat-
ed two change periods, the first from 0830 to 1000
Australian Eastern Standard Time (AEST) with a
WCRImx of 36 at 0930 AEST, and the second from
1307 to 1600 AEST with a WCRImx of 48 at 1522
AEST, near the last major backing of the wind
direction, and coincident with the sharp increase in
wind speed and discontinuities in the temperature
and dew-point time series at that time. (The WCRI
was below the threshold of 35 between 1330 and
1430 AEST.) The trfc was 1330 AEST, at a time of
slightly weaker backing of the wind, but just after

the wind speed had increased somewhat, and within
the second objective wind change period. HCRT for
the first change was 30 minutes (WCRI>35 at 0930)
and for the second was 67 minutes. These two
examples illustrate some of the difficulty in identi-
fying a single unambiguous ‘wind change time’ in
cases of less-abrupt wind change systems.
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Fig. 13 Meteogram of observations at Port Fairy for
the cool change of 11 March 2002. The upper
panel shows mean wind speed (solid), gust
speed (dotted), and wind direction (diamonds),
while the lower panel shows temperature
(solid) and dew-point (dotted). Times are in
hours AEDT.

Fig. 14 Meteogram of observations at Port Fairy for
the change of 11 January 2002. The upper
panel shows mean wind speed (solid), gust
speed (dotted), and wind direction (diamonds),
while the lower panel shows temperature
(solid) and dew-point (dotted). Times are in
hours AEDT.



Concluding remarks
A system using fuzzy functions of data from half-
hourly AWS observations has been presented as a
method of objectively determining wind change tim-
ing from single-station observation time series. The
fuzzy functions have been developed with the synop-
tic conceptual model of the summertime cool change
in mind, and based on data from those days on which
the VRFC issued wind change forecast charts, and so
expected that a significant cold-frontal wind change
would occur on that day. Comparison of the objective
timings for days when the VRFC had issued wind
change forecast charts showed a very high level of
agreement with the VRFC subjective verification tim-
ings that are based on manual surface synoptic analy-
ses for both dependent and independent data periods.
In those cases when there is less good agreement
between the two methods, case studies show good rea-
sons for this and do not necessarily indicate a failure
of the system, but rather reflect the different assump-
tions made. Thus the initial aims of the project, to
develop an objective, reproducible wind change tim-
ing algorithm have been achieved, and it would be
worthwhile to trial this method in subsequent verifica-
tion of wind change forecasts as it should reduce the
effort required to perform this task. The algorithm
includes information about the start time, end time and
measures of the ‘strength’ of the wind change. The
results presented show that a large proportion of ‘cool
changes’ in Victoria during the summer have a ‘change

period’ of some hours duration, and so suggests that
these parameters could be useful adjuncts to the wind
change forecast if it can be shown that they can be
forecast with sufficient accuracy.

In this paper the fuzzy logic functions have only
been applied to METAR time series on days when the
VRFC expected the passage of a significant cold-
frontal wind change associated with Very High or
Extreme FFDI. As such a very significant synoptic
stratification of the full data record has been made.
However, there is no reason why the algorithms
should not be applied to the complete record at any
station for which half-hourly observations are avail-
able and the results assessed. In Part 2 of this project
(see Huang and Mills 2006b) the results of this
process will be presented for the seven verification
stations used in the current paper. It will be shown
that this process can lead to the concept of station-
based wind change climatology, and can also identify
significant non-frontal wind change types.

Finally, there is an increasing need to be able to
verify the performance of mesoscale NWP model
forecasts of weather systems of all types, and this
algorithm lends itself to this purpose. This will enable
the performance of the Bureau’s mesoscale NWP
forecasts on cool change days to be documented, and
will also provide a basis on which the predictability of
other features of these cool changes, such as start and
end times, to be assessed.
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