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ABSTRACT

Background. Wildfires are thought to become more prevalent during periods of extended dry
weather. This issue is examined using two dryness metrics commonly applied in Australian fire
management agencies. Aims. This paper investigated links between wildfire incidence and the
Keetch—Byram Drought Index (KBDI) and McArthur’s Drought Factor (DF) across the state of
Victoria, Australia. Methods. Weather records and data from 41 418 wildfires that occurred
across the State over a | 7-year period were compiled to examine the distributions of KBDI and
DF on days with fires smaller and larger than 5 ha in area and all days, using kernel density plots.
Key results. Days with fires, particularly days with fires that escaped initial attack, have higher
DFs and KBDIs compared with all days. These differences vary between regions and are greatest
in areas with moist climates. Conclusions and implications. An appreciation of dryness
conditions using tools such as KBDI and DF is useful for understanding fire potential, particularly
in areas that experience higher and more regular rainfall.

Keywords: drought, Drought Factor, dryness, fire occurrence, fuel availability, ignition timing,

Keetch—Byram Drought Index, moisture deficit.

Introduction

Wildfires and weather conditions conducive to their rapid spread are common during the
summer period in Victoria, Australia (Long 2006; Harris et al. 2017), with many major
fire events occurring in fire seasons experiencing severe rainfall deficit conditions
(e.g. Esplin et al. 2003; McCarthy et al. 2012; Victorian Auditor General’s Office
2020). Droughts and dry periods tend to occur at regional scales, influencing the
propensity of fires and fire spread across landscapes through the extensive drying of
fuels, including coarser fractions such as logs and fallen branches, and areas that usually
act as natural barriers to fire spread such as gullies and moist sheltered slopes (Bradstock
et al. 2009). They can also lead to increases in fine fuel load in forest areas through the
shedding of leaves from trees and shrubs (Ruthrof et al. 2016; Nolan et al. 2020). When
dry periods extend over many weeks, they have a higher probability of coinciding with
weather conditions that support rapid fire initiation and spread and challenge suppres-
sion efforts (Gill 1983). Many previous studies have linked droughts and dry weather
with increased fire activity using metrics such as the number of fires and area burned
(e.g. Meyn et al. 2010; Dimitrakopoulos et al. 2011; Chen 2022) and the incidence of
large fires (e.g. Preisler et al. 2008; Bradstock et al. 2009; Barbero et al. 2015).

Two dryness metrics, the Keetch-Byram Drought Index (KBDI) (Keetch and Byram
1968) and McArthur’s Drought Factor (DF) (McArthur 1967), have been applied in
Victoria and many other parts of Australia for over 50 years to track the effects of rainfall
and drying conditions to estimate fire potential for fire management.

Collection: Fire and Climate
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The KBDI was developed to provide a long-term indica-
tion of seasonal drying in the top (0.2m) layers of soil in
south-eastern USA. It is a simple bucket book-keeping model
computed through the tracking of daily rainfall amounts and
maximum temperatures to estimate the effect of daily
evapo-transpiration increases and precipitation decreases
on soil dryness. Its values sit on a hypothetical scale between
0 (saturated soil) and 200 (extreme drought, maximum soil
moisture deficiency) that represent the amount of rainfall
(in mm) required for the soil to become fully saturated
(Sullivan 2001). KBDI values tend to increase slowly during
dry periods but can drop sharply with rainfall events and
can provide a good seasonal view of dryness (e.g. Janis et al.
2002; Finkele et al. 2006Db).

The DF provides a daily indication of both the slowly
varying long-term influences and the short-term effects of
wetting of fine forest fuels to indicate their availability to
burn (Sullivan 2001). It is calculated using time since the
last rainfall event (up to 20 days), the quantity of rain and
KBDI as inputs, and varies between 1 (wet) and 10 (fine fuel
is fully available). As with KBDI, DF does not consider the
influence of topography or different vegetation and soil
types in its native form, although some specialised applica-
tions of it for fire spread simulators have adjustments for
canopy density and topography (Duff et al. 2018). DF is a

direct input into the Forest Fire Danger Index (FFDI) and the
associated McArthur (1967) fire spread model, is used for
the calculation of the Fire Behaviour Index within the new
Australian Fire Danger Rating System for forest and pine
fuels (Matthews 2022) and is used to estimate fuel availa-
bility in the Vesta Mk 2 forest fire model (Cruz et al. 2022).

There have been no previous investigations of links
between these commonly applied dryness metrics and fire
occurrence. This paper uses a state-wide dataset to compare
the distribution of KBDI and DF on days with small fires and
days with fires that burned more than 5 ha with their distri-
butions for all days. Comparisons are made between districts
with different climates and ignition rates.

Methods

Records from wildfire incidents occurring between July 2003
and June 2020 in the state of Victoria, Australia, were sourced
from the Victorian Country Fire Authority and the Department
of Energy, Environment and Climate Action (DEECA; known
as the Department of Environment, Land, Water and Planning
(DELWP) prior to 1 January 2023). Each fire record contained
information on the time the fire was reported and the esti-
mated location of its ignition point. These locations and dates
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The locations of weather districts across Victoria and the weather stations used within this study.
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were cross-referenced with spatial and meteorological datasets
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(R Core Team 2023) (v4.2.1) using the ggplot2 package
(v3.4.1) (Wickham 2016). The significance of differences
in mean KBDI and DF on days with and without fires was
assessed using Student’s t-test, with a null hypothesis of no
mean difference in KBDI or DF between the days tested. The
significance of differences between distributions was
assessed using Kolmogorov—-Smirnov tests.

Results

State-wide distributions of KBDI and DF on days with small
fires and escaped fires and all days are presented in Fig. 2.
These plots show that on most days, KDBI conditions are
very low while DF values are mostly within the higher part
of its range, indicating most days are affected by some short-
term drying but are less influenced by longer-term drying.
KBDI values were more likely to be low on days where small
fires occurred and higher on days with escaped fires, with a
maximum of ~60 (Fig. 2a). Days with escaped fires also
tended to have higher DFs than those with small fires and all
days (Fig. 2b). Very low KBDI was more common on days
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when grassfires occurred than when forest fires occurred
(Fig. 2c), as demonstrated by Kolmogorov-Smirnov tests
comparing the grassfire and forest fire distributions, with
P values below 10~ °. Mean KBDIs were higher for days with
fires in forest fuel types than for days with grassfires.

The profiles of DF (Fig. 2b, d) reveal a notable aberration
in its distribution for groups with a local peak at ~6.2. This
anomaly is an artefact of the DF calculation in which 6.2 is the
maximum possible value that can be obtained when the KBDI
is less than 20. This trait is the result of the equations used to
calculate DF (Finkele et al. 2006a, 2006b), as detailed in the
Supplementary material.

Comparisons of DF on days with KBDI less than and
greater than 20 (Fig. 3) show that DFs below 5 are
uncommon on days with KBDIs below and above 20 (39.3
and 7.7% respectively). Most (75.3%) days with fires have
DFs between 5 and 6.2 when the KBDI is below 20. When
the KBDI is more than 20, nearly all (92.8%) fires occur on
days with DFs more than 6.2, with 39.6% of days with fires
occurring when the DF is 9 or above.

The nine weather districts experienced a range of weather
conditions (Table 1) with the driest station (Walpeup, Mallee
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Fig. 2. Kernel density plots of the distributions of KBDI (a, c), and Drought Factor (b, d) associated with small (orange) and
escaped (red) fires (a, b), and fires in forest (green) and grassland (brown) Fire Danger Index (FDI) fuel types (c, d) in comparison
with KBDI and Drought Factor compiled using observations from a central weather station in each of the nine weather districts

across Victoria during the |7-year study period.
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Kernel density plots of the distributions of Drought Factor on days when KBDI <20 (g, c), and 220 (b, d) showing

abundance of days with small (orange) and escaped (red) fires (g, b), and fires in forest (green) and grassland (brown) Fire Danger
Index (FDI) fuel types (c, d) using observations from a central weather station in each of the nine weather districts across Victoria
during the |7-year study period. Note the different x-axis scales.

district) receiving less than half the annual rainfall of the
wettest (Orbost, East Gippsland district). Fire loads and the
number of days with fires also vary widely, with the weather
district with the most fires (Central) having 6.6 times
(13 454) the number of fires of the district with the least
fires (Wimmera, 2044) (Table 1). These districts also have
the smallest and highest proportion of escaped fires. The
Central weather district has more than twice the number of
fires of any other district. This district contains the most
populated parts of the state and the high number of fires is
likely to be due to the large population, and the small
proportion of escaped fires may be a result of more effective
suppression as a result of higher-density road networks and
resource bases, as well as more efficient detection and milder
weather conditions.

Distributions of KBDI vary considerably across the nine
weather districts, with mean KBDI values for all days rang-
ing from 23 in Central district to 115 in the Mallee district
(Table 2). Notably, the two driest districts, Mallee and
Wimmera, have KBDI distributions that show more frequent

higher values than the other districts (Fig. 4). Fires seldom
occur during low KBDI conditions in these two dry districts,
with only 2.3% (40 of 1729) and 11.4% (138 of 1209) of
days with fires having a KBDI of 20 or less. Days with fires
had significantly higher KBDIs than those with no fires in all
weather districts, with t-test P values below 10~ °. The other
districts have moister climates and KBDI values are very low
on most days. In these districts, days with escaped fires were
mostly distributed within higher KBDI ranges than for all
days at the centrally located weather stations (Fig. 4). KBDI
for days with small fires were mostly distributed between
those for all days and days with escaped fires. Interestingly,
the mean KBDI was higher on days with small fires than
days with escaped fires in the Mallee and Wimmera weather
districts (Table 2). Days with small fires were more common
during very low KBDI conditions in the Central district than
they were for any other district.

DF distributions were also quite varied between the
weather districts with Mallee and Central regions again
exhibiting the low and high extremes (Table 3). DF is near

5
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Table 2. Mean KBDI on all days, days with no fires, any fire, small fires (<5 ha), escaped fires (=5 ha) and fires that started in grass FDI fuel
types and forest FDI fuel types within each weather district during the study period (I July 2003 to 30 June 2020).

Weather district

Mean KBDI for all days

Mean KBDI (s.d.) on days with:

(s.d.) [min.—max.] No fires Fires Small Escaped Grass Forest
fires fires fuel fires fuel fires
Mallee 114.5 (42.9) [0-183.7] 113 (43.1) 120 (42.3)¢ 120 (42.4) 111 @424 118 (43.2) 125 (40)®
Northern Country 69.5 (45.1) [0-184.7] 59 (50) 79 (48.6)¢ 79 (48.6) 86 (45.2* 79 (48.7) 83 (46.6)"
North East 57.8 (42) [0-175.5] 50 (45.1) 75 (45)° 74 (45) 94 (40.9)° 75 (45.4) 82 (43.2)¢
Wimmera 77.5 (38.6) [0-167.2] 75 (45.9) 86 (43.6)° 87 (43.7) 85 (39.5) 85 (43.3) 90 (41.5)
North Central 44.5 (36.9) [0-147.3] 38 (41.1) 60 (41.3)° 60 (41.5) 75 (33.5)° 61 (40.9) 64 (41)
East Gippsland 35.7 (31) [0-134.8] 33 (33.5) 46 (33.3)C 46 (33.3) 48 (31.5) 43 (32.2) 50 (32.7)¢
South West 36.2 (29) [0-139.8] 29 (35) 51 (36.9)¢ 50 (36.8) 61 (35.3)¢ 51 (37) 54 (36)
Central 22.8 (19.3) [0-97.8] 16 (20.3) 25 (22.5)¢ 25 (22.5) 36 (23.6)° 26 (22.6) 28 (22.8)°
West and South 35.5 (31.1) [0-146.4] 31 (34.9) 43 (36.7)° 43 (36.7) 55 (38.9)¢ 43 (36.5) 48 (36.9)°

Gippsland

Superscripts indicate significant differences (t-test) between mean KBDIs on days with no fire and fires, small fires and escaped fires, and grass and forest fires at
the 0.05", 0.01° and 0.001 levels.
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Fig. 4. Kernel density plots showing the distributions of KBDI for small (orange) and escaped (red) fires across the nine weather
districts (a—i) in comparison with KBDI observations for all days (n = 6210) calculated from a centrally located weather station (blue
lines, station name given in parentheses).

its maximum on nearly all days within the Mallee district,
whereas this value is rarely reached in the Central district
(Fig. 5). Other districts tended to have a significant

proportion of days with high DFs, though not as extreme
as the Mallee district. Days with escaped and small fires
were more common when the DF was above the 6.2 peak
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Table 3.

Mean Drought Factor (DF) on all days, days with no fires, any fire, small fires (<5 ha), escaped fires (25 ha) and fires that started in

grass FDI fuel types and forest FDI fuel types within each weather district during the study period (I July 2003 to 30 June 2020).

Woeather district Mean DF for all days (s.d.)

[min.-max.]

Mean DF (s.d.) on days with:

No fires Fires Small Escaped Grass Forest

fires fires fuel fires fuel fires
Mallee 8.9 (1.83) [0.1-10] 88 (1.92) 92 (1.55° 9.1 (1.56) 9.2 (1.39) 9.1 (1.58) 9.3 (1.34)¢
Northern Country 7.6 (2.25) [0.1-10] 7 (2.43) 81 (192 8.1 (1.92) 84 (1.7)~ 8.1 (1.9) 8.3 (1.79)¢
North East 6.9 (2.43) [0-10] 6.4 (2.48) 79 )€ 7.9 (2.01) 8.7 (1.74)¢ 7.9 (1.98) 8.1 (1.97)¢
Wimmera 7.9 (2.09) [0.1-10] 78 (2.15) 85 (1.73)¢ 85 (1.73) 8.5 (1.58) 8.5 (1.74) 8.6 (1.68)°
North Central 6.6 (2.34) [0-10] 62 (2.35) 7.5 (202)° 7.5 (203) 8.1 (1.88)° 7.6 (2.01) 7.7 (1.99)¢
East Gippsland 6 (2.35) [0-10] 5.8 (24) 7 (1.89)¢ 7 (1.89) 73 (1.7)" 6.9 (1.81) 7.2 (1.88)°
South West 6.2 (2.2) [0.1-10] 5.8 (2.2) 7.3 (1.8)¢ 7.3 (1.79) 7.9 (1.55)¢ 7.3 (1.78) 7.5 (1.71)¢
Central 5.9 (1.76) [0.1-9.4] 54(1.87) 62 (1.64° 62 (1.64) 6.9 (1.5)° 6.3 (1.62) 6.4 (1.55)¢
West and South 6 (2.29) [0.1-10] 56(232) 68(201)C 68 (20l) 7.5 (1.85)° 6.9 (1.98) 7.1 (1.96)°

Gippsland

Superscripts indicate significant differences (t-test) between mean DFs on days with no fire and fires, small fires and escaped fires, and grass and forest fires at the

0.05*, 0.01® and 0.001 levels.

than all days, with escaped fires being proportionally more
common on days with the highest DFs except in the Mallee,
North Country and Wimmera districts. DFs were signifi-
cantly higher on days with fires than for days without
fires, with t-test P values below 10~ in all weather districts,
indicating a link between fire occurrence and short-term
rainfall deficits. Mean DFs were higher for days with
escaped fires in all weather districts except for Wimmera,
while differences in the Mallee weather district were not
significant (Table 3).

Discussion

The distributions of KBDI and DF show that days with fires,
particularly with those with fires that escape initial attack,
tend to have higher values of DF and KBDI compared with
all days (Figs 4 and 5) and days without fires, with highly
significant differences in their means in all weather districts
(Tables 2 and 3). Differences in the DF distributions of days
with fires and all days are more apparent in weather districts
with wetter climates (Fig. 5). Differences in distributions of
KBDI are more subtle, but it should be noted that its role as
an input for the calculation of DF has a notable impact on
how quickly high DF values can be attained (see Fig. 3 and
the Supplementary material).

The plots presented here (Figs 2-5) show that there is
more difference between the distributions of DF on days
with fires and all days than there are of KBDI with these
day types. The implications of this are that it need only
take a drying event of a few weeks during a fire season to
lead to a spike in fire ignitions, including fires that escape
initial fire suppression efforts when the KBDI is moderately
high (> 20).

The use of DF and KBDI for estimating fuel dryness is
strongly engrained within Australian fire practices; how-
ever, regional differences in their influence indicate the
importance of local understanding in the interpretation of
their value. Neither KBDI nor DF incorporate latitudinal
differences in solar energy and evaporation or the influence
of topography or vegetation cover. The plots show that KBDI
and DF have less influence on fire occurrence in dry regions,
such as the Mallee weather district (Figs 4a, 5a), as they
exhibit less variability, and conditions are conducive to the
ignition and spread of fires most of the time (Krusel et al.
1993). Krusel et al. (1993) also found there to be limited
influence of KBDI on fire activity in this region and sug-
gested that the occurrence of larger fires in this area may be
linked to increased fuel continuity resulting from increased
fuel growth because of wetter conditions over previous
seasons. KBDI and DF have a more noticeable influence on
fire occurrence in areas with moister climates as high values
provide a strong indication of dryness anomalies. This obser-
vation is in agreement with those from previous research
that noted greater links between drying events and the
occurrence of large fires in humid areas than in areas with
dry climates (O et al. 2020).

The influence that weather and rainfall deficits has on
wildfire occurrence has important implications for the pre-
diction of fire activity and impacts under current and future
climates. Dry periods are frequent in Australia and are likely
to become more frequent and severe in future (e.g. Kirono
et al. 2020; Ukkola et al. 2020; Richardson et al. 2022).
Predicted increases in temperature will result in faster dry-
ing between rainfall events, and potentially more fires as a
result.

Future work on this topic should also seek a greater
understanding of the influence of factors such as ignition
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Fig. 5. Kernel density plots showing the distributions of Drought Factor for small (orange) and escaped (red) fires across the nine

weather districts (a—i) in comparison with Drought Factor observations for all days (n =6210) calculated from a centrally located

weather station (blue lines, station name given in brackets).

cause and vegetation type and investigate the influence that
preventative measures, such as fire restrictions, have on
limiting ignition numbers. KBDI and DF are only two of
many existing metrics that could be used for fire manage-
ment. Alternative metrics, or locally scaled versions of KBDI
and DF, may present more spatially consistent estimates of
the effects of drying on fire potential. Understanding the
effect that sub-diurnal change in fuel availability, through
the moisture content of fine dead fuels, has on fire incidence
would also be of value and could potentially also consider
the role of ignition cause.

Conclusion

Days with fires have higher KBDI and DFs than all days. Days
with fires that escape initial attack mostly have higher KBDI
and DF values than days with small fires (Tables 2 and 3).
Differences in the distributions of KBDI and DF on days with
fires and all days were greatest in districts with moister
climates. Predicted increases in the frequency and severity
of dry periods are likely to result in greater fire potential
(Richardson et al. 2021, 2022). Future research should be
directed to gaining a greater understanding of this

association with the aim of determining how and what fire
prevention measures can mitigrate increased ignitions.

Supplementary material

Supplementary material is available online.
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