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Abstract. Soil moisture has important effects on fuel availability, but is often assessed using drought indices at coarse
spatial resolution, without accounting for the fine-scale spatial effects of terrain and canopy variation on forest floor

moisture. In this study, we examined the spatial variability of air temperature, litter temperature and near-surface soil
moisture (y, 0–100 mm) using data from field experiments at 17 sites in south-east Australia, covering a range of
topographic aspects and vegetation types, within climates from semiarid to wet montane. Temperatures and y in

mountainous environments were found to vary at much finer spatial scales than typical drought index grid dimensions
(several kilometres). Using terrain elevation, local insolation ratio and plant area index, we developed semi-empirical
microclimate models for air and litter temperatures, then used modelled temperatures as input into calculations of the

Keetch–ByramDrought Index, a widely used index of soil moisture deficit. Drought index results based on predicted litter
temperature were found to explain 91% of the spatial variation in near-surface soil moisture at our experimental sites.
These results suggest the potential for routine hillslope-scale predictions of forest floor moisture status, which may be

useful in the management of fire, particularly prescribed burning, in complex terrain.
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Introduction

Background

Forest fires exhibit complex behaviour, partly because of strong
spatial and temporal variation in the key factors affecting fire
behaviour, including meteorology (Bradstock et al. 2010),
topography (Sharples 2009; Schunk et al. 2013), barriers to fire

propagation (Agee et al. 2000), extent of suppression effort
(Martell and Sun 2008) and fine-fuel moisture content (Anderson
and Rothermel 1965; Van Wagner 1987). These factors can be

difficult to predict at high spatial and temporal resolution,
creating challenges for modelling at hillslope scales.

The prediction of fine dead fuel moisture content is especially

challenging and has been the subject of extensive research
(Matthews 2014). Litter fine-fuel moisture and availability vary
over short time scales (typically hours) through absorption and

desorption of atmospheric moisture (Viney 1991; Slijepcevic
et al. 2013) and over longer time scales (days to weeks) through
the influence of soil moisture and precipitation (McArthur 1967).
Soil moisture is also important in determining the moisture

content and flammability of live fuels (Pellizzaro et al. 2007;
Krueger et al. 2016).

Consequently, forest fire prediction systems typically rely on
information about soil moisture status as a key input into fire
behaviour calculations, usually in the form of a moisture deficit

(the amount of water that must be added to bring the soil up to
field capacity). Soil moisture status can be predicted with
dynamical models that account for canopy rainfall interception,
soil infiltration and evapotranspiration (e.g. Lee et al. 2007;

Cáceres et al. 2015), although such models are rarely used in
operational fire predictionwhere rapid calculations are required.
Instead, it is common practice to estimate soil moisture deficit

using a drought index, such as the Nesterov Index (Nesterov
1949; Groisman et al. 2007), the Canadian moisture codes (Van
Wagner 1987), or the Keetch–Byram Drought Index (KBDI;

Keetch and Byram 1968).
Drought indices such as these are typically generated

by weather forecasting or fire management agencies over
large regions using a grid resolution of several kilometres
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(Riley et al. 2013). This provides a useful regional overview, but

is unable to represent hillslope-scale variation due to changes in
aspect, vegetation density or soil type (Sharples 2009; Nyman
et al. 2014). Fuel moisture plays a critical role in the outcome of

prescribed burning (Burgan 1987; Reid et al. 2012), and needs to
be quantified at a fine spatial scale for burn simulations to be
effective (Ferguson et al. 2001). As soil moisture is known to

influence fuel moisture and fuel availability, particularly in the
lower layers of forest litter (Hatton et al. 1988), this indicates
the need to reduce the spatial scale of gridded soil moisture

products, while retaining sufficient spatial coverage to support
regional fire risk management.

In practice, the prediction of soil moisture status at a desired
target resolution is not straightforward as the most relevant

predictors depend on the spatial scale of interest, from broad
climatic gradients at continental scale (,1000 km), to soil and
vegetation type variation at intermediate scales (,10–100 km)

and terrain and vegetation density at hillslope scales (Western
et al. 2002). Key processes affecting spatial patterns may also
depend on seasonal dynamics, with local-scale factors having a

greater influence during dry periods (Grayson et al. 1997).
Consequently, soil moisture exhibits considerable spatial
complexity (Svetlitchnyi et al. 2003; Busch et al. 2012; Korres
et al. 2015).

Downscaling soil moisture information to hillslope scale can
be achieved through detailed modelling of moisture dynamics
(e.g. Running 1991; Kang et al. 2004). However, this requires

extensive calibration and parameterisation of several submodels
over the region of interest. Here an alternative approach is used,
starting with a simple drought index and developing modifica-

tions to account for spatial variation in the drying rate at
hillslope scale. For this purpose, we chose the KBDI, a widely
used index of soil moisture deficit (Keetch and Byram 1968).

The KBDI is a simple moisture budget model, intended to
represent the effect of drought on forest fires burning in deep
duff and upper soil layers containing organicmatter (Keetch and
Byram 1968). Although model parameters were developed

using data from a single region (south-eastern USA; Nelson
(1959)), it is common practice for the index to be used in a

largely unaltered form across many continents and forest types

(Janis et al. 2002; Dolling et al. 2005; Liu et al. 2010; Lucas
2010; Varol and Ertuğrul 2016). The key assumptions behind
the KBDI are listed in Table 1.

Operational fire management efforts in the USA and
Australia rely on routine calculations of the KBDI, which is
used as a general indication of forest dryness. In several

Australian states, the KBDI is an input into calculations of dead
fuel availability (Finkele et al. 2006), which in turn is used to
estimate fire danger and rates of spread (McArthur 1967; Noble

et al. 1980). There is some evidence that the KBDI performs
well in predicting live fuel moisture (Dimitrakopoulos and
Bemmerzouk 2003) and thewater potential of live plantmaterial
(Xanthopoulos et al. 2006), but poorly in predicting dead litter

moisture (de Dios et al. 2015).
Given the critical importance of forest litter in fire behaviour

(Sullivan et al. 2012), and the link between moisture in near-

surface soil and litter (Hatton et al. 1988), this suggests the need
to develop specific indicators ofmoisture (ormoisture deficit) in
near-surface soil, defined here as soil to a depth of 100 mm.

In addition to its effects on litter, moisture in this soil layer may
have a substantial influence over the live fuel moisture in near-
surface vegetation, which also plays a key role in forest fire
behaviour (Cheney et al. 2012).

Nyman et al. (2015b) proposed indicators based on theKBDI
but using air or litter temperatures under the forest canopy,
instead of air temperaturemeasured in standard open conditions.

This effectively alters the drying rate in the KBDI soil moisture
budget, with below-canopy temperatures providing an indica-
tion of near-surfacewater loss processes such as evaporation and

transpiration by grasses and other shallow-rooted vegetation.
When combined with microclimate models for forest air and
litter temperatures, this approach allows predictions of near-

surface soil moisture deficit at the hillslope scale, which can be
tested against field measurements of soil moisture.

Research objectives

The purpose of this study is to illustrate the first-order spatial
effects of complex terrain and canopy density variation on

Table 1. Keetch–Byram Drought Index (KBDI) assumptions regarding moisture input, loss and retention processes

Process Assumptions

Moisture input Soil water recharge occurs through rainfall with an adjustment for interception losses, assumed to occur in the canopy; litter interception

is not explicitly considered.

A fixed interception threshold of 5 mm is assumed, below which effective rainfall is set to zero. In the case of consecutive days of rain,

with insufficient time for the canopy to dry between showers, the 5 mm is only subtracted once, on the first day when cumulative

rainfall exceeds 5 mm.

Moisture loss The daily rate of soil water loss is modelled with an evapotranspiration (ET) function, where transpiration is assumed to be the major

component of ET. There is no explicit treatment of evaporation from soil, surface runoff or deep drainage, but saturation excess runoff

is implicitly handled by discarding additional water input once the index has reached zero.

Post-rainfall ET is assumed to follow an exponential decay curve in the absence of further rain.

Spatial variation in ET is modelled using a function of mean annual rainfall, acting as a proxy for vegetation density and thus tran-

spiration rate. Temporal variation in ET ismodelled using only dailymaximum temperature and the previous daily estimate ofmoisture

deficit; wind speed, vapour pressure deficit and solar radiation are not considered.

Moisture retention Soil moisture is assumed to be held within an abstract quantity of soil, duff or litter, considered to have a field capacity of 203 mm

(8 inches). The index ranges from 0 mm (soil at field capacity) to 203 mm (maximum deficit, indicating wilting point). Actual soil

depth and porosity are not considered.
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temperature and near-surface soil moisture deficit, by using
simple semi-empirical models supported by field measure-
ments. This work aims to support the development of tools

that can be applied by fire managers in complex terrain
usingwidely available data as input. Specifically, this research
seeks to:

� use field experiments to investigate the extent of hillslope-

scale spatial variation in near-surface soil moisture, air
temperature and litter temperature in natural forests within
complex terrain;

� develop simple microclimate models for below-canopy air
and litter temperature, and parameterise these models
using field measurements and readily available weather
data;

� investigate whether the use of these modelled temperatures in
calculating the KBDI enables effective prediction of the
spatial variability in near-surface soil moisture.

Materials and methods

Study area

Experiments were conducted in forests and woodlands of
Victoria, in south-east Australia (Fig. 1a). Climate in this region

varies from alpine to semiarid, with most areas experiencing
a mediterranean climate with relatively cool, wet winters
(June–August) and hot, dry summers (December–February).
Mean annual temperature in Victoria ranges from 4 to 178C, and

precipitation ranges from ,250 to 2500 mm year�1 (Fig. 1b),
with greater rainfall in coastal mountain ranges and high-
elevation areas. Locations with rainfall of more than 800 mm

year�1 support dry to wet temperate eucalypt forests, with
lower-rainfall areas supporting more drought-tolerant vegeta-
tion types including open woodland, heathy woodland and

mallee.
The terrain across the study area is highly variable (Fig. 1c),

with the Great Dividing Range (reaching from the central west
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Fig. 1. Study area and site locations in relation to climate and topography. (a) Outline of the Australian continent with the state of

Victoria shown in the south-east. (b) Annual average rainfall and the location of experimental sites andBureau ofMeteorology (BoM)

reference sites. A rectangle highlights sites east of Melbourne along an orographic rainfall gradient. (c) Elevation map of Victoria

showing 23 BoM sites chosen for determination of a local lapse rate (see Eqn 4). (d) Close-up view of rainfall gradient sites, with

greyscale indicating the Budyko radiative index of dryness (aridity) as described in Nyman et al. (2014), and inset providing further

detail of experimental sites in the Reefton area.
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to the north-east) resulting in strong orographic effects on
rainfall (Fig. 1b). Terrain elevation along the main ridge of the
divide increases from ,500 m (above sea level) in the central

west to just under 2000 m in the north-east, and within this
mountainous region, changes in rainfall and elevation interact to
create substantial variability in vegetation. Where rainfall is

.1200 mm year�1 and elevation is ,1500 m, forests are
typically dominated by tall species such as mountain ash
(Eucalyptus regnans F. Muell.) or alpine ash (E. delegatensis

R. T. Baker). Areas with lower rainfall (800–1200 mm year�1)
contain more open forest supporting a wider range of eucalypt
species. The complex terrain in these ranges also produces
strong heterogeneity in vegetation, due to differences in insola-

tion caused by variations in slope, aspect and terrain shading
(Nyman et al. 2014).

Fire is an integral aspect of vegetation ecology in this

region (Gill et al. 1981), and wildfires are a major risk to
communities and assets (Blanchi et al. 2006). Fire regimes
vary with vegetation type, with fire-tolerant vegetation in the

drier areas adapted to frequent burning (Noble and Slatyer
1981). Tall temperate forests, generally in the eastern part of
the state, are prone to infrequent stand-replacing fires that

burn primarily during extreme fire conditions (Bradstock
2008). In open woodlands and mallee in the western part of
the state, the fire regime is more complex and variable, with
some areas experiencing very long inter-fire intervals (Clarke

et al. 2010).

Sites and instrumentation

Field data were taken from three related experiments conducted
between December 2013 and August 2015. These experiments

involved six locations in south-east Australia (Hattah, Casterton,
Christmas Hills, Healesville, Reefton and The Triangle), as
shown in Fig. 1. Measurements included below-canopy air
temperature, litter temperature and near-surface soil moisture in

settings with contrasting vegetation, topographic aspect and
hillslope position.

Sites were chosen to support the development of models for

downscaling regional weather observations or forecasts to local
conditions below the canopy at 20-m resolution, making use of a
digital elevation model (DEM) and vegetation attributes.

At regional scales, rainfall is the main source of variation, so
the six locations were established to cover a wide range of
mean annual rainfall values (from 323mmatHattah to 1745mm

at The Triangle). The local-scale effects of topographic aspect
and hillslope position were examined by locating sites at
different aspects and hillslope positions. A total of 17 sites were
established (Table 2) in areas supporting a range of Ecological

Vegetation Classes (Cheal 2010).
Two locations (Hattah and Casterton) are within very flat

terrain in the west of the state, with the remaining locations

(Christmas Hills, Healesville, Reefton and The Triangle
(Fig. 1d)) in mountainous terrain. A single site was placed
at each of the flat-terrain locations. At Christmas Hills,

Healesville and The Triangle, paired sites were placed on
nearby north (equatorial) and south (polar) facing hillslopes.
At Reefton, sites were placed at three hillslope positions
(‘upper’, ‘midslope’ and ‘drainage’) on both north and south

facing slopes (Fig. 1d, inset), encompassing contributing areas
ranging from 760 to 18 800 m2. Three sites from a previous
study in the Upper Yarra catchment at Reefton (Nyman et al.

2015b) provided east and west aspects plus an additional south
facing site.

At each site, hemispherical photographs were taken either

early or late in the day to avoid interference from direct sunlight.
The photographic system consisted of a Coolpix 8400 camera
fitted with an FC-E9 fisheye lens and UR-E16 adaptor ring

(Nikon Corporation), and a SLM6 self-levellingmount (Delta-T
Devices). Plant Area Index (PAI) was calculated from each
image using the HemiView software system (Rich et al. 1999).
Mean annual rainfall data were obtained from a previous study

that interpolated long-term rainfall records in Victoria (Nyman
et al. 2014).

Screen-level air temperature (TSLA) at 1.5 m above the forest

floor was measured using a Campbell CS215 probe. Tempera-
ture within the litter layer (TLIT) was measured as the average of
readings in four litter packs at ground level, constructed from

PVC pipe 40 mm deep and 240 mm in diameter (Nyman et al.

2015a). Temperature readings were taken as 30-minute
averages, which were processed to form daily maxima. For each

experimental site, a reference site was determined as the nearest
Bureau of Meteorology (BoM) station with temperature data
(Table 3), and for each reference site, daily maximum tempera-
ture data were obtained for the period 1 July 2013 to 31 August

2015.
Volumetric near-surface soil moisture fraction (y) was mea-

sured using two moisture probes (Delta-T Devices) at each site,

averaged to provide a single time series. At most sites, ML3-
type probes were used, buried to a depth of,50mm. At the four
ReeftonAspect sites (Table 2),ML2x-type probeswere used at a

depth of ,60 mm, and at Hattah and Casterton, SM150-type
probes were used at a depth of,75 mm. Probes were calibrated
using manual soil moisture measurements as described in
Nyman et al. (2015b), except at Hattah and Casterton, where

the factory calibration for mineral soil was used. Given the
uncertainty in precisely delineating the upper horizons in typical
forest soils (Boone et al. 1999), all calibrated probe results were

considered to represent the average moisture in the top 100 mm
of soil. At each site, raw 30-minute averages were converted to
daily averages.

Analysis and modelling approach

Modifications to the KBDI

A metric version of the KBDI was used, incorporating the
corrections noted by Alexander (1990):

ETðtÞ ¼ ð203� KBDIðt � 1ÞÞð0:9681eð0:08748 TMAX ðtÞþ1:555Þ � 8:292Þ
1000ð1þ 10:88e�0:001736�PÞ

ð1Þ

KBDIðtÞ ¼ KBDIðt � 1Þ � Peff ðtÞ þ ETðtÞ
½min ¼ 0;max ¼ 203mm�

ð2Þ

The moisture-loss term ET(t) is the daily evapotranspiration
on day t, which is modelled as a function of long-term mean

annual rainfall (�P), daily maximum temperature (TMAX(t)), and

D Int. J. Wildland Fire S. F. Walsh et al.
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the previous daily estimate of soil moisture deficit (KBDI(t� 1)).
Spatial variations in long-term mean ET are accounted for by

using �P as an indicator of the mean transpiration rate (Keetch and
Byram 1968). As the numerator of Eqn 1 becomes negative when
temperature falls below 6.88C, a constraint was applied to ensure

ET(t)$ 0.
The moisture-gain term Peff(t) is the daily effective

precipitation:

Peff ðtÞ ¼ PðtÞ � IðtÞ ð3Þ

where P(t) is daily precipitation and I(t) represents interception
losses determined by a threshold algorithm (described in

Table 1).
For each experimental site, four alternative calculations of

the KBDI were prepared, depending on the information used for

TMAX(t) in Eqn 1:

� KREF, using air temperature (TREF) measured at the nearest

reference site (Table 3);
� KLOC, using open-air temperature (TLOC) estimated by adjust-

ing TREF for location (elevation and latitude);

� KSLA, a variant of theKBDI using screen-level air temperature
(TSLA); and

� KLIT, a variant of the KBDI using litter layer temperature
(TLIT).

The maximum KBDI value (203 mm) is somewhat arbitrary

(Keetch andByram1968), so the four drought index results were
converted to fractional soil moisture deficit values (K ¼ KBDI/
203), which were used as approximate estimates of the frac-
tional deficit in near-surface soil. The four K values were

then compared with measured volumetric near-surface soil
moisture (y). The KREF metric is essentially the original KBDI
in normalised form, and as such is not expected to perform well

in predicting near-surface y, but is included here as a bench-
mark model.

The KBDI requires an unbroken time series of temperature

data. To overcome gaps in measurement data (due to storm
damage, etc.) and to enable KBDI calculations over a longer
time period than that covered by field measurements, models

were designed for TLOC, TSLA and TLIT that make use of BoM

reference sites, which provide very reliable time series data for
temperature.

Air and litter temperature

Observed temperatures on north and south facing aspects
were compared, using data from four locations (Christmas Hills,

Healesville, Reefton and TheTriangle). At Reefton, results from
the three hillslope positions (upper, midslope and drainage)
were averaged to provide single datasets for north and south
facing aspects. A separate comparison was made to examine the

effect of varying hillslope position on temperature.
Building on microclimate studies by Running et al. (1987),

Moore et al. (1993),Wilson andGallant (2000) andNyman et al.

(2015b), we then developed a simple empirical model suitable
for predicting daily maximum air and litter temperature under
forest canopies. The model requires a daily maximum tempera-

ture measurement or forecast at a reference location (TREF), and
applies adjustments to account for:

� differences in elevation and latitude between the reference
and target locations (Lee 1978; Rolland 2003);

� the effects of slope, aspect and terrain shading on the amount

of shortwave radiation received at the target location, com-
pared with the reference location (Moore et al. 1993; Nyman
et al. 2015b); and

� shading caused by the forest canopy, assuming Beer–Lambert

extinction of shortwave radiation (Jarvis and Leverenz 1983).

The effects of elevation and latitude were quantified using a
10-year mean of the daily maximum open air temperature
ð �TMAX Þ, which can be expected to show systematic variation
across the landscape. This was modelled as a function of

elevation and latitude using an equation from Lee (1978),
modified to include a cosine transformation for the latitude term:

�TMAX ðZ;jÞ ¼ A� mh Z þ mj cosðjÞ ð4Þ

Here Z is elevation above sea level, j is latitude, and A, mh

andmj are parameters to be determined, with the fitted value of
mh providing an environmental lapse rate. Parameters were

fitted using Bureau ofMeteorologymeasurements for the period
2005–2014, using weather stations within the study area that

Table 3. Bureau of Meteorology (BoM) reference sites

Reference sites for each experimental location are selected as the nearest BoM site with temperature data. Shortwave insolation ratio, slope and elevation are

based on a 20-m digital elevation model (DEM). Distances and elevation differences are shown as a range over all experimental sites at a given location

Experimental

location

Reference site Reference site details Distance from reference

site to experimental sites

Elevation difference between

reference and experimental

sites (Z – ZREF)Latitude

ðjREFÞ
Shortwave insolation

ratio ð�SREFÞ
Slope Elevation

(ZREF)

(degrees) (degrees) (m) (km) (m)

Hattah Ouyen(BoM) �35.0682 1.01 2.4 64 34.4 �9

Casterton Casterton(BoM) �37.5830 1.00 0.8 134 4.7 �13

Healesville Coldstream(BoM) �37.7239 1.00 0.7 83 (range 15.4 : 15.7) (range 102 : 102)

Christmas Hills Coldstream(BoM) �37.7239 1.00 0.7 83 (range 9.4 : 9.8) (range 177 : 202)

Reefton Coldstream(BoM) �37.7239 1.00 0.7 83 (range 38.5 : 42.2) (range 225 : 537)

The Triangle Mt Baw Baw(BoM) �37.8383 1.26 16.6 1560 (range 25.5 : 25.5) (range �497 :�495)
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encompass a wide range of altitudes and latitudes. We consid-
ered only sites with at least 85% data capture, and excluded sites
in the major urban area of Melbourne to avoid the heat-island

effect (Torok et al. 2001). Twenty-three weather stations in
Victoria were identified, with elevations from 4 to 1847 m
(Fig. 1c).

Eqn 4 was then used to determine the difference in �TMAX

between each experimental site and its matching reference
weather station (Table 3):

D �T ¼ mhðZREF � ZÞ þ mj cosðjÞ � cosðjREFÞð Þ ð5Þ

The effects of slope, aspect and terrain shading on shortwave
radiation were calculated in a previous study of Victoria at 20-m

resolution using satellite-derived hourly surface irradiance,
terrain details and estimates of surface albedo, cloud cover
and proportion of diffuse radiation (Nyman et al. 2014). Results

included a topographic downscaling factor, referred to here as
the ‘shortwave insolation ratio’ (S), which is the total shortwave
radiation (direct plus diffuse) received at a specific location

divided by the amount expected if the terrain was level at that
location (Wilson and Gallant 2000).

Following (Nyman et al. 2015b), an annual average short-

wave insolation ratio ð�SÞ was used to represent the spatial
variation in solar energy input. To allow for reference sites that
are not on flat terrain, �S was divided by the annual average
insolation ratio at the reference location, giving a simple factor

ð�S=�SREFÞ that was used to relate experimental and reference site
temperatures.

The effect of canopy density variation was modelled by

applying a further adjustment, in the form of a Beer–Lambert
extinction term (Jarvis and Leverenz 1983). Attenuation was
assumed to be a function of PAI, incorporating the shading

effects of stems in addition to leaves.
Combining the effects of location, insolation ratio and

canopy shading, we constructed a model as follows:

TLOCðtÞ ¼ TREFðtÞ þ D �T ð6aÞ

TðtÞ ¼ f TLOCðtÞ
�s

�sREF
e�k:PAI

� �h

ð6bÞ

where f, k and h are parameters to be fitted, and TLOC(t) refers to

air temperature predicted using location effects only (Eqn 5).
It was assumed that Eqn 6 could be applied to both screen-level
air temperature (TSLA) and litter temperature (TLIT), using

separate parameterisations.

Fitting, assessment and comparison of models

Raw temperature data were processed to form daily statistics,
using a data capture threshold of 75% to ensure adequate

representation of the maximum temperature on each day. The
length of the data record varied somewhat among sites (Table 2),
so to ensure equal treatment of sites in the model fitting process,
a random sample of records was taken from the results for each

site. Sample size was determined from the site with the fewest
records (n¼ 192 days for air temperature, and n¼ 219 days for
litter temperature).

We identified two comparable published models for screen-
level air temperature that use TREF, �S and PAI as inputs (Moore
et al. 1993; Wilson and Gallant 2000), and one model for litter

temperature (Nyman et al. 2015b) that uses TREF and �S but not
PAI. Parameters were fitted for all models using non-linear
least-squares (nls) in R (R Development Core Team 2014), and

model parsimony was checked using the Akaike Information
Criteria (Akaike 1973).

Model performance in predicting an unknown site was

assessed using a leave-one-site-out cross-validation. To com-
pare the ability of eachmodel to represent topographic variation,
bias and root-mean-square error (RMSE) values were calculated
for site groupings based on similar topographic aspect.

A sensitivity study was also undertaken to examine the response
of each model to systematic changes in �S.

KBDI calculation

At each experimental site, the four normalised metrics (KREF,

KLOC, KSLA and KLIT) were calculated daily from 1 July 2013 to

30 June 2015, usingmeasured TREF andmodel estimates for TLOC,
TSLA and TLIT (Eqn 6). At two of the reference sites, Casterton
(BoM) and Ouyen(BoM), there were minor gaps in the tempera-

ture time series, whichwere filled using data from the closest BoM
stations – Dartmoor (near Casterton) and Walpeup (near Ouyen).

Daily rainfall is measured at BoM reference sites, but these

are often at a considerable distance from our experimental
locations (Table 3). As rainfall in complex terrain exhibits much
greater spatial variability than temperature (Daly et al. 2008),
time-series data were extracted from the nearest grid centroid in

a spatial dataset of interpolated rain gauge measurements (Jones
et al. 2009), freely available via the AustralianWater Resources
Audit – Landscape system at 5-km resolution (van Dijk and

Renzullo 2011).
All KBDI values were initialised to zero on 1 July 2013

(winter) to ensure initially wet conditions (Fujioka 1991). As the

rainfall dataset was derived from measurements to 0900 hours,
KBDI calculations were based on a daily update at 0900 hours,
requiring the use of the previous day’s maximum temperature

(Finkele et al. 2006). To examine the performance of the four
normalised KBDI metrics in predicting spatial variability in y, a
comparison was made between temporally averaged KBDI
results and y measurements at sites where data were available

for a comparable time period.

Results

Summary of observations

Near-surface soil moisture

Daily average near-surface y measurements for all experi-

mental sites are shown in Fig. 2, demonstrating complex
temporal dynamics in response to rainfall events, as well as
spatial variability, the latter being the focus of this study.

As expected, where paired north and south sites were
established, south (polar) facing sites were found to have higher
y than north (equatorial) facing sites (Fig. 2a–f). For the Reefton
Aspect Study (N, S, E and W aspects), the south facing site
showed higher y, with minimal differences between the other
aspects (Fig. 2g). At the driest site (Hattah), measured y was
close to zero for extended time periods (Fig. 2h). Seasonal

Temperature and near-surface soil moisture deficit Int. J. Wildland Fire G
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Fig. 2. Daily average near-surface soil moisture measurements. (a–f) Comparisons of north and south facing sites at Christmas

Hills, Healesville, The Triangle and Reefton from 1 December 2014 to 30 June 2015. (g) Comparison of N, S, E andW facing sites

at Reefton from 2 December 2013 to 2 November 2014. (h) Hattah and Casterton (dry, flat terrain sites) from 1 July 2014 to

2 July 2015.
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patterns were as expected, with minimum y during late summer

or early autumn at all sites.
The largest north–south difference in soil moisture was

observed at the Reefton midslope sites (Fig. 2e), which have

substantially different PAI values (2.36 vs 5.31) compared with
other site pairs. The smallest north–south difference was
observed at Healesville, where the PAI difference was lowest

(2.39 vs 2.68).
At 14 sites (all except the Reefton Aspect series), soil

moisture measurements were available for a comparable period

(1 December 2014–30 June 2015), with temporal averages
varying from 0.02 (Hattah) to 0.34 (The Triangle South). Six
of these sites were at Reefton, all within 3.7 km of each other,
where average y varied from 0.11 to 0.33 (71% of the total

observed variation), suggesting strong hillslope-scale vari-
ability. Across the same six sites, an association was found

between �S and average soil moisture (r2 ¼ 0.68, n ¼ 6), with

higher values of �S (more northerly aspects) associated with
lower y.

These results indicate that topographic aspect and canopy

density are both important in determining hillslope-scale varia-
tion in near-surface y, and that this local-scale variation is of
a similar magnitude to the effects of a substantial climatic

gradient.

Temperature

Daily maximum litter temperatures were found to be gener-
ally higher than maximum air temperatures (Fig. 3a–b), consis-
tent with previous studies of forest microclimate (Geiger et al.
1995). At the four locations with paired north and south facing

sites (Healesville, Christmas Hills, Reefton and The Triangle),
there were distinct north–south differences in litter temperature
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Fig. 3. Daily maximum temperature measurements for the period November 2014 to August 2015.

(a–b) Comparison of paired north (equatorial) and south (polar) facing sites for (a) air; and (b) litter temperature;

* indicates that Reefton data were averaged over three hillslope positions. (c–d) Comparison of litter temperature

at different hillslope positions in Reefton for (c) north facing; and (d) south facing sites.
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(Fig. 3b) and more subtle differences in screen-level air temper-
ature (Fig. 3a). The highest recorded litter temperature was
52.38Con 6February 2015 at ChristmasHillsNorth; on the same

day at Christmas Hills South (0.34 km away), litter temperature
reached only 32.68C.At Reefton, litter temperature did not show
a clear relationship with hillslope position, but was found to
systematically decrease with increasing PAI (Fig. 3c–d), sug-

gesting that PAI may be a more efficient parameter for model
development than hillslope position, which has been shown to
exert a complex influence on canopy density (Hwang et al.

2009; Nyman et al. 2015a).

Temperature prediction

The 10-year mean of daily maximum temperature across the
study area was found to be well predicted via Eqn 4, with
adjusted r2 ¼ 0.99. Fitted parameters were A ¼ �70.7 (8C),
mj¼ 117 (8C) andmh¼ 7.53 (8C km�1), with significant effects

observed for both elevation and latitude. Results were used in
Eqn 5 to determine the mean adjustment for location ðD �TÞ
between each experimental site and its matching reference site.

The proposed model and comparable alternatives were
parameterised using data from all 17 experimental sites. Fitted
parameters, model bias and Akaike Information Criteria (AIC)

values are listed in Tables 4 and 5, along with two very simple
estimates (TREF and TLOC) that take no account of topographic
aspect or canopy density.

Model performance at sites grouped by topographic aspect is
summarised in Fig. 4 (bias) and Fig. 5 (RMSE). Compared with

the alternatives presented, the proposed model (Eqn 6) was
found to have lower overall bias and generally lower bias on
specific topographic aspects, for both air and litter temperature.

For air temperature, the proposed model performed as well as
comparable models in terms of RMSE, and for litter tempera-
ture, the proposed model showed lower RMSE than alternative
models.

A leave-one-site-out cross-validation found that the pro-
posed screen-level air temperature model was able to explain
90–99% of the variation in TSLA at an unseen site, with an overall

r2 of 0.95. A similar analysis found that the proposed litter
temperature model explained 82–92% of the variation in TLIT at
an unseen site, with an overall r2 of 0.87. Detailed cross-

validation results are provided in the online supplementary
material (Tables S1 and S2).

To further illustrate the response of the model to topographic
aspect, model sensitivity to systematic variation in �S was

examined (Fig. 6). Noting that PAI may be correlated with
radiation input at hillslope scale (Kutiel and Lavee 1999;
Sharma et al. 2011), a relationship was determined between

shortwave insolation ratio and canopy density using nine sites
from Reefton (PAI ¼ 8.02 � 4.68�S, r2 ¼ 0.77, n ¼ 9), which
allowed PAI to vary in a realistic manner as �S was varied.

Elevation was kept constant, �SREF was set to 1.0 and a fixed
value of 208Cwas used for themodel input temperature TLOCðtÞ.

For air temperature, a substantial discontinuity was found at
�S¼ 1 (level ground) in the pair of equations used byMoore et al.
(1993), equal to twice the fitted constantC, which would predict

Table 5. Litter temperature models: fitted parameters, model bias and Akaike Information Criteria (AIC)

Model Origin Fitted parameters Bias (8C) AIC (� 103)

TREFðtÞ n/a 1.2 n/a

TLOCðtÞ � TREFðtÞ þ D �T Lee (1978) n/a �0.5 n/a

f TLOCðtÞ�Sh Nyman et al. (2015b)
f¼ 1.02;

h¼ 0.621
0.2 23.3

f TLOCðtÞ �S=�SREF

� �
e�k:PAI

� �h

Proposed model

f¼ 1.42;

h¼ 0.333;

k¼ 0.402

0.0 20.8

Table 4. Screen-level air temperature models: fitted parameters, model bias and Akaike Information Criteria (AIC)

Models byMoore et al. (1993) andWilson andGallant (2000) have been adapted to usePAI instead of LAI, and forPAIMAXwe have used 5.31, the largest of our

measured values (see Table 2)

Model Origin Fitted parameters Bias (8C) AIC (� 103)

TREFðtÞ n/a 2.3 n/a

TLOCðtÞ � TREFðtÞ þ D �T Lee (1978) n/a 0.6 n/a

TREFðtÞ � mhDzþ C �S � 1=�S

� �
1� PAI=PAIMAX

� �
Wilson and Gallant (2000) C¼ 2.27 0.7 14.1

TREFðtÞ � mhDzþ C �S 1� PAI=PAIMAX

� �
for �S41

TREFðtÞ � mhDz� C=�S

� �
1þ PAI=PAIMAX

� �
for �So1

Moore et al. (1993) C¼ 0.614 0.3 13.6

f TLOCðtÞ �S=�SREF

� �
e�k:PAI

� �h

Proposed model

f¼ 1.01;

h¼ 0.165;

k¼ 0.102

0.1 13.4
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Fig. 6. Model sensitivity to changes in shortwave insolation ratio ð�SÞ for (a) screen-level air temperature; and (b) litter temperature, with an input temperature
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purposes of this analysis, we considered �S values from 0.60 to 1.40, a somewhat larger range thanwas covered by our experimental sites (Table 2). Values of all

model parameters (C, f, h, k and PAIMAX) can be found in Tables 4 and 5.
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unrealistic step changes in gently undulating terrain. The equa-
tion by Wilson and Gallant (2000) removes this discontinuity,

but predicts that the canopy has no effect when terrain is level, as
�S � 1=�S ¼ 0. Also, in this test scenario where PAI is allowed to
increase as �S decreases, the Wilson and Gallant (2000) model

predicts increasing air temperature when �S is below,0.75. The
proposed model provided a continuously increasing function of
�S, consistent with the expected response to solar energy input.

For litter temperature, the proposed model generated lower
temperature predictions than Nyman et al. (2015b), except at
high values of �S. On level ground, the fitted model of Nyman
et al. (2015b) predicts that daily maximum litter temperature is

always very similar to open-air temperature (T ¼ 1.02TLOC).
In contrast, the proposed model finds that litter is either warmer
or cooler than open-air temperature, depending on canopy

density (from Eqn 6, with �S ¼ �SREF ¼ 1, predicted peak litter
temperatures are cooler when PAI . ln( f )/hk).

KBDI using predicted air and litter temperatures

Using 14 sites operating over a comparable time period

(December 2014–June 2015), we calculated time-averaged

values of near-surface soil moisture and the four normalised
KBDI metrics (KREF,KLOC,KSLA and KLIT). The results indicate

a generally non-linear relationship between near-surface y and
normalised KBDI (Fig. 7), with KLIT being the strongest pre-
dictor (r2 ¼ 0.91) and KREF being the weakest (r2 ¼ 0.63).

KBDI results using TSLA are somewhat lower than when
using TLOC, consistent with the effect of canopy shading, which
acts to reduce dailymaximum temperature and thus drying rates.

A greater range of KBDI values was found when using TLIT
compared with TSLA, consistent with the observed ranges for
these two temperatures (Fig. 3).

CalculatedKLOC,KSLA andKLIT time series for north and south

facing sites at two locations (Christmas Hills and Reefton) are
shown in Fig. 8, exhibiting the expected pattern of rapid drying
during summer (December–February) and low deficit conditions

in winter (June–August). The larger north–south difference in
predictions at Reefton is due to greater north–south differences in
PAI and �S, compared with Christmas Hills (see Table 2).

As theKBDI is a cumulative indexwith a drying rate affected
by temperature, any hillslope-scale variation in temperaturemay
become amplified during dry periods, resulting in substantial

site-to-site differences in estimated soil moisture deficit by the
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Fig. 7. Field-measured near-surface volumetric soil moisture fraction plotted against normalised Keetch–Byram Drought Index (KBDI) with various

temperature treatments. Data represent averages over the period 1 December 2014 to 30 June 2015: (a) using nearest Bureau of Meteorology reference

temperature with no adjustments; (b) using open-air temperature estimated by adjusting reference site temperature for location (elevation and latitude);

(c) using predicted screen-level air temperature; and (d) using predicted litter layer temperature. Fitted curves are of the form y ¼ ae–bx (Nyman et al. 2015b).
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end of a typical dry season. The proposed metrics KSLA and KLIT

demonstrate such local differences, but a comparison of Fig. 8
(right panel) with Fig. 2g for February–April 2014 shows that

KSLA has somewhat underpredicted the difference between the
north and south sites at Reefton, and KLIT has overpredicted
the effect. In contrast, atChristmasHills, theKLITmetric provides

amore realistic prediction of north–south differences inmoisture
for February–April 2015 (Fig. 2a) compared with KSLA.

Discussion

Temperature

At hillslope scales, topography and canopy shading interact in
complex ways to affect the amount of solar radiation reaching

the forest floor (Zou et al. 2007). In the present study, we
compared several simple models of forest air and litter
temperature that consider the effects of location, topographic

0

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

K
LO

C

Christmas Hills North

Christmas Hills South

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Reefton Aspect North

Reefton Aspect South

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

K
S

LA

Christmas Hills North

Christmas Hills South

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Reefton Aspect North

Reefton Aspect South

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

K
LI

T

Christmas Hills North

Christmas Hills South

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Reefton Aspect North

Reefton Aspect South

(a) (b) 

(c) (d)

(e) (f ) 

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Ju
l-2

01
3

Aug
-2

01
3

Sep
-2

01
3

Oct-
20

13

Nov
-2

01
3

Dec
-2

01
3

Ja
n-

20
14

Feb
-2

01
4

M
ar

-2
01

4

Apr
-2

01
4

M
ay

-2
01

4

Ju
n-

20
14

Ju
l-2

01
4

Aug
-2

01
4

Sep
-2

01
4

Oct-
20

14

Nov
-2

01
4

Dec
-2

01
4

Ja
n-

20
15

Feb
-2

01
5

M
ar

-2
01

5

Apr
-2

01
5

M
ay

-2
01

5

Ju
n-

20
15

Fig. 8. Time series of normalised Keetch–ByramDrought Index (KBDI) for a 2-year period, comparing north and south facing sites at two locations –

Christmas Hills (left panels), and Reefton (right panels), and comparing three metrics based on different temperature treatments: (a–b) KLOC, using

location-adjusted temperature; (c–d) KSLA, using predicted screen-level air temperature, and (e–f) KLIT, using predicted litter temperature.
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variation in solar radiation and canopy shading on temperature.
By using physical reasoning to develop a new semi-empirical
model, lower overall bias and lower aspect-specific bias were

obtained in comparison with alternative simple microclimate
models. The low-parameter model proposed here necessarily
ignores some influences on microclimate, such as forest struc-

ture (Frey et al. 2016), but has the practical advantage of
representing a large fraction of observed spatial variation while
requiring minimal input data.

The effects of location on daily maximum temperature were
assessed using site elevation and a lapse rate, with a minor
adjustment for latitude. The 10-year mean lapse rate was
accurately determined for the study area, but variability due to

season (Stone and Carlson 1979), cloud cover (Running et al.

1987), hillslope position (Rolland 2003) and elevation (Grab
2013) were not assessed. In practice, the importance of these

issues depends on the distance between reference and target
locations. In our study area, the network of BoM temperature
measurements is quite sparse, with large distances between

experimental sites and reference sites (up to 42 km), thus
imposing a somewhat stringent test of model performance.
In forecasting applications, gridded temperature predictions

would be typically available at a resolution of 5 km or less,
providing a more local reference temperature and consequently
reducing uncertainty in this component of the model.

In this work, the motivation for predicting forest air and litter

temperatureswas to examine the effects of terrain and canopy on
drying rates for near-surface soil, but there may be other
applications, including litter decomposition rates (Moore et al.

1999) and seedling establishment (von Arx et al. 2013). Appli-
cation of the model is limited by availability of canopy density
data (PAI), but remote sensing methods can generate very high

resolution maps of vegetation (Gao et al. 2012; Johansen et al.

2012), which could be calibrated where sufficient ground-based
canopy measurements exist. Although the experiments reported
here have spanned a range of forest types, climates, topographic

aspects and canopy densities, the parameterised models pre-
sented in Tables 4 and 5 are only valid for the study area (Fig. 1)
and should not be used beyond the experimental ranges of �S
(0.74–1.29) and PAI (0.35–5.31), or in forest types that are
substantially different from those at our experimental sites
(Table 2).

Near-surface soil moisture deficit

Forest fire behaviour is influenced by moisture in all major fuel

strata, including litter, live vegetation, bark and suspended fuels
(Gould et al. 2011). A drought index designed to indicate the
general level of forest dryness may be a poor indicator of litter
moisture and the live moisture in low (near-surface) vegetation,

which are the critical fuels involved in low-intensity prescribed
burns. At daily time scales, near-surface soil moisture may
provide a better indication of themoisture status of litter and live

surface fuels (and consequently the behaviour of low-intensity
fires). The results in Fig. 2 indicate strong hillslope-scale vari-
ation in near-surface soil moisture, but information on these

spatial patterns is not typically available to fire risk managers.
Bymodifying an established drought index (KBDI), we have

highlighted the potential for capturing the spatial variation in
near-surface soilmoisture deficit in forested environments using

only simple models with a low number of parameters (Fig. 7).
The KBDI was specifically developed for forests (Keetch and
Byram 1968), and as such, it operates within a more constrained

parameter space compared with the larger problem of a land-
scape with multiple vegetation types, which requires a more
general approach to soil moisture (e.g. Zhang et al. 2001;

Rodrı́guez-Iturbe et al. 2006). In addition, the modifications
proposed here have focused on an easily measurable quantity,
namely temperature, which simplifies the task of experimentally

determining model parameters for a given region.
Nevertheless, this simple method neglects other key factors

that could be expected to affect rates of near-surface soil
moisture loss, including soil properties (Taufik et al. 2015),

vapour pressure deficit (Gharun et al. 2014; Williams et al.

2015), wind speed (Jones 1992; Fisher et al. 2005), subsurface
water movement (Lin et al. 2005; Lee et al. 2007) and drought-

induced tree mortality (Hember et al. 2016). The extent of
shallow-rooted near-surface vegetation may play a key role
in determining transpiration losses from near-surface soil

(Blanken et al. 1997), and direct evaporation may be a critical
factor in some forest types, particularly where the canopy is
more open (Raz-Yaseef et al. 2010; Schlesinger and Jasechko

2014). A further limitation is that moisture loss is represented in
the KBDI with a generic function of temperature, which could
be improved by using a local calibration (Garcia-Prats et al.

2015), although this would need to be sufficiently general to

work with varying forest types.
Hillslope-scale variation in the soil wetting process is also

expected in complex terrain (Nyman et al. 2015b). Reductions

in effective rainfall may occur through canopy interception or
litter interception, the latter possibly representing a substantial
proportion of total interception in eucalypt forests (Bulcock and

Jewitt 2012; Dunkerley 2015). The KBDI interception algo-
rithm treats all canopies identically, and may eliminate a large
fraction of incoming rainfall in climates where much of the
rainfall occurs as light showers. Given the operational use of

the KBDI across entire continents with varying forest canopies
and climates, replacing the fixed-interception method with a
more comprehensive algorithm (e.g. Rutter et al. 1971; Gash

1979; van Dijk and Bruijnzeel 2001) would be well justified,
although this has not been attempted here.

A further consideration is that during wetter periods, the

KBDI has a tendency to saturate, giving near-zero deficit results
(Fig. 8), although observations indicate that near-surface soil
moisture exhibits a broad peak over the winter months, with no

clear upper limit (Fig. 2). This may be due to soil moisture loss
processes that are not represented in the KBDI (e.g. vertical or
lateral drainage), or to inaccuracies in the drying rate during wet
conditions. For most fire behaviour applications, this is not an

issue, but some caution is required when using the proposed
metrics in late autumn or early winter on south facing slopes,
where near-surface soil moisture levels may be approaching

field saturation.

Implications for fire management

In predicting forest fire behaviour, a range of fuel strata may
need to be considered, from live fuels, which are affected by
moisture in the root zone (Pellizzaro et al. 2007), to suspended
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dead fuel, which is affected by atmospheric processes only
(Anderson and Anderson 2009). Our near-surface soil moisture
analysis is relevant for surface fires where litter and live near-

surface vegetation are the dominant fuels. It is particularly
relevant to the use of prescribed fire in complex terrain, where
the fine-scale spatial pattern of forest floor moisture is generally

unknown but may have a considerable effect on burn outcomes.
Observations at our field sites suggest that aspect and canopy

density variation in complex terrain causes large variations in

near-surface soil moisture deficit at the hillslope scale. This in
turn is likely to drive variations in moisture levels in litter and
near-surface fuels, creating a complex mosaic of potential fire
behaviour. For severe wildfires where spot-fire development is a

major process (Koo et al. 2010), this fine-scale mosaic may act
as a control on the probability of new spot-fire ignitions in fuel
beds (Viegas et al. 2014), although how this would affect the

overall spread of a severe fire is unclear.
For low-intensity prescribed fire, burn patchiness is likely to

be affected by the pattern of forest floor moisture (Penman et al.

2007). Given the likely influence of near-surface soil moisture
on litter fuel moisture, and the key role of litter moisture in burn
success (Slijepcevic et al. 2015), the ability to predict the fine-

scale spatial pattern of soil moisture deficit may be of value in
the scheduling of prescribed burns. This could potentially be
achieved by using the near-surface drought metrics proposed in
this study, together with standard coarse-resolution gridded

weather forecasts andmaps ofPAI derived from remote sensing.

Conclusions

Using only topographic information, canopy density and tem-

perature measured at a reference location, a predictive model
was developed for daily maximum temperatures under the
canopy of a range of Victorian forest types in different climates,

with model r2 values of 0.95 (air) and 0.87 (litter). The proposed
model was developed using physical principles (lapse rate,
topographic effects on insolation and canopy light extinction)

and exhibited lower bias than comparable published models,
while also representing the interaction between solar energy
input and canopy shading terms in a more realistic manner.

By modifying the Keetch–Byram Drought Index to utilise

modelled air and litter temperatures, simple metrics were
obtained for determining the first-order effects of forest micro-
climate on near-surface soil moisture deficit. Across 14 sites, we

were able to explain 84 and 91% of observed spatial variation in
near-surface soil moisture using the proposed metrics KSLA and
KLIT respectively. Near-surface soil moisture is likely to have a

key influence on the moisture of litter and near-surface fuels,
which are of fundamental importance in both wildfire and
prescribed fire. This work has illustrated the extent of

hillslope-scale variation in near-surface soil moisture, and
highlighted the potential for routine spatial predictions of
near-surface soil moisture deficit in complex terrain.
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