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ABSTRACT

This research investigates the application of well-established fire danger and drought indices in conjunction with high-resolution meteor-
ological data for the purpose of forecasting wildfire risk along railway corridors. By benchmarking the forecasted risk against a dataset of
documented wildfire incidents, the study demonstrates the efficacy of this approach in discriminating between high and low wildfire risk
along railway tracks. The fire danger index, as described in this study, is currently in a prototypical implementation phase within railway
companies and serves as a valuable tool to guide decision-making processes in wildfire risk mitigation.

The analysis encompasses an examination of 80 fires occurring within the vicinity of the Austrian railway network, with a particular focus
on the southern ramp of the Tauernbahn. The assessment of these fires involves the calculation of saturation deficit, drought index, and
fire risk on both daily and hourly bases, considering variables such as precipitation, snowmelt, and local terrain features. The results reveal
a clear association between elevated fire risk and the occurrence of wildfires, with the highest risk concentrated in low-lying areas and on
south-facing slopes. This research provides valuable insights and a quantitative approach to wildfire risk assessment, equipping railway

operators with the necessary tools to safeguard their operations and infrastructure from the impact of wildfires.

INTRODUCTION

Railway networks are essential components of modern transportation infrastructure, facilitating the movement of goods and passengers
across vast distances. However, railroad lines often traverse through different landscapes and ecosystems, making them vulnerable to the
threat of wildfires. Fire danger risk modeling in the context of railway safety is an indispensable tool for assessing and mitigating these risks.
This specialized field of fire danger risk modeling focuses on evaluating the potential impact of wildfires on railway operations and safety.
It considers a multitude of factors, including weather conditions, vegetation types, terrain characteristics, and historical fire data specific to
railway corridors. By integrating these variables into predictive models, railway operators can proactively identify areas at elevated risk and

implement measures to protect passengers, freight, and infrastructure.

METHODS

The McArthur Fire Danger Index MFDI is a widely used and established system for assessing and quantifying the risk of wildfire ignition and
spread in a given area. Developed in Australia by A.G. McArthur in the 1960s, it remains a fundamental tool for fire management worldwide
[Yeo et al. 2015].

For railway safety, this index is vital because wildfires near railway tracks can pose significant threats. The MFDI considers factors such as
temperature, humidity, wind speed, and precipitation to assign a numerical rating indicating the level of fire danger. When the MFDI value

is high, it signifies elevated fire risk, which is essential information for railway operators.
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Figure 1: Calculation flow of the utilized multi-level fire risk model.
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An overview of how the MFDI is calculated from the different meteorological parameters is illustrated in the flow chart in Figure (1), and

calculated as follows:

MFDI = 2Fexp[—0.45 + 0.987log(DI + 0.001) — 0.0345RH, i + 0.0338T ey + 0.0234FFpay]

formular 1

with the relative flammability of vegetation F, the drought index DI, the minimal relative humidity RHmin [%], maximal temperature Tmax
[°C], and the maximal wind speed FFmax [km/h]. The MFDI has a bandwith between 0 (low-moderate, no risk) and 10 (extreme risk). The
relative flammability constant depends on the land cover class [Martins et al. 2020]. While F is a parameter field that is constant in time,
RHmin, Tmax, and FFmax are the extremal values of the respective parameter within the timespan that the MFDI is calculated for.

The most complex input parameter for the MFDI is the drought index DI, for which a modified form of the Keetch-Byram Drought Index
is used [Keetch and Byram 1968], defined as

0.191(Q + 104)

RRSUI’H

DI =

formular 2
It takes into account the updated saturation deficit Q, the precipitation sum of the last precipitation event RRsum and the time span since

last precipitation event AtRR. Q is calculated iteratively by calculating its daily update AQ:

AQ=S5 (C—Qr)-(0.968exp(0.0875Typqx+1.5552)—8.3)
1+10.88exp(—0.001736RRsym year)

formular 3

where C is the field capacity of the soil [Zhang and Schaap 2018] (a hydraulic property indicating he water remaining in a soil after it has
been thoroughly saturated), Q’ is the modified saturation deficit that has the netto precipitation of the previous day subtracted, and S is a

modification factor to take into account the differences in orientation of the terrain slope relative to the sun at noon.

In order to calculate a forecasted MFDI with high spatial resolution and accuracy, as needed by infrastructure stakeholders, a high-resolution

forecast of the meteorological input parameters to the MFDI is crucial.

Here, UBIMETSs forecasting system that utilizes the VERA algorithm is used. VERA (Mayer and Steinacker 2012) is an analysis method that
interpolates spatially irregularly distributed meteorological data onto a high-resolution grid and thus provides analyzed values for any points
within a defined domain by including high-resolution background fields, so-called fingerprints, in an analysis. These are physically motivat-
ed parameter fields that have a pronounced, qualitative influence on the parameter to be analyzed, e.g. a high-resolution model of the abso-
lute topography, or a field describing the thermal characteristics at each location (example: valleys contain less air volume and air mass than

plains, but receive the same irradiation. Therefore, the air in valleys heats up more during the day or cools down faster during the night).

VERA is thus not a simple distance-weighted interpolation. Formally, it is an optimization procedure in which the largest possible proportion
of the analysis field is to be "explained" by a suitable combination of the fingerprint fields. The expression of the different fingerprints (fin-
gerprint weights) is thereby recognized at the stations and interpolated into the surface in such a way that the recognized spatial influence
varies as little as possible. Adjacent grid points are thus not independent of each other. At the same time, however, the interpolated input
values must also be reproduced as well as possible. Mathematically, this optimization problem is solved by cost or loss functions and in
the end provides components which, via the intersection with the high-resolution fingerprint data, lead to likewise high-resolution analysis
fields. Although the computational resolution of the model is usually several kilometres, target fields can thus be elegantly downscaled to
horizontal resolutions of less than 100 meters (e.g., in the case of temperature), thereby obtaining an enormous level of detail. In the case

of a temperature field, therefore, even subtle differences due to local terrain features can be realistically resolved.

RESULTS AND DISCUSSION
In order to assess the quality of the forecasted fire danger index, historical forecasts for the MFDI have been calculated for the areas around

the railway network of the Austrian railways. The values of the MFDI have then been correlated with wildfires reported in this area.
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A list of details of 80 fires along the southern ramp of the Tauernbahn between Mallnitz and Rothenthurn near Spittal an der Drau was
used to benchmark the quality of the fire danger index. The fires occurred between 2010 and 2021, and of the 80 fires, 56 were classified as
slope fires and served as the basis for the fire risk model evaluation. The vast majority of the fires occurred on the stretch between Penk in
Molltal and Pusarnitz in Lurnfeld. The days of the fires as well as the stations between which smoke development or fire outbreak occurred

were reported.

Within the communities bordering the southern ramp of the Tauern railroad (Mallnitz, Obervellach, Reifleck, Miihldorf, Lurnfeld, Lendorf,
Spittal an der Drau), 30,000 points were defined on a triangular grid in order to optimally represent the height variation (mean height error
between grid points < 2m). On these points, saturation deficit and drought index were calculated on a daily basis, and fire risk on an hourly
basis. For further analysis, results were sampled along the railroad track in a corridor 200 m wide.

In addition to precipitation in the form of rain, water from snowmelt was also considered. For this purpose, the UBIMET snow model, which
is a mass balance model taking into account increment due to new snow as well as melting due to energy absorption (radiation and heat
fluxes), was used to calculate snow depth, snow density, snow mass and the amount of meltwater in hourly resolution at these 30,000 points.
Since a high value of the fire risk does not necessarily lead to a fire, as a trigger such as flying sparks is always necessary, the parameters
of the fire risk model were taken and averaged for all days with and all days without fires and the distributions were calculated shown. A
perspective view of the mean fire indices with and without fires is shown in Figure (2). It can be seen that the highest fire risks occur pri-

marily in low-lying areas and on south-facing slopes.
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Figure 2: Perspective view of the topography along the southern ramp of the Tauernbahn. The coloring was carried out according to the mean fire risk for all days without (left) and with
(right) fires. It can be seen that the highest fire indices occur on the steep soouthern slopes, especially between the Kolbnitz and Miihldorf train stations in the Mdlltal. Areas without large

areas of vegetation, such as towns or the high mountains beyond the tree line, are colored black. The Tauernbahn route is shown by the white line.

The distribution of fire risk values for all days with (\w) and without (\wo) fires for all points along the railway line can be seen in Figure
(3) in the form of violin diagrams with integrated box plots. This shows that in cases with fires, both the mean and median are significantly
increased (mean 1.88 versus 0.73, median 1.14 versus 0.34). Also using a fixed threshold for discrimination reveals significantly more fre-
quent occurrence of fire indices above a threshold of 2 in fire situations than in non-fire situations. The fact that fires also occurred at very
low fire indices is due to the consideration of cases with very local smoke development on extremely steep and therefore locally prema-

turely snow-free embankments.
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Figure 3: Violin diagrams with box plots for fire risk for all cases with (left) and for all cases without fires (right). The horizontal width of the violins corresponds to the frequency of cases
normalized to 100% in each case with the fire risk values shown on the y-axis. The box plots each contain 50% of the cases (range between 1st and 3rd quartile), the solid line correspnds
to the median, the dashed line to the mean of the distribution. Negative values of the fire risk do not occur and are in the violin plot only a consequence of the smoothing of the frequency

distribution.

CONCLUSIONS

In this study, well-established indices for fire danger and drought were combined with high-resolution meteorological data for the forecast
of wildfire risk along railway tracks. The forecasted risk was benchmarked against a set of in total almost 100 documented wildfire cases
over a decade, and demonstrated a skillful discrimination between high and low risk of wildfire along railway tracks. Nevertheless, the
employed approach does come with certain limitations. One notable factor is the dynamic nature of vegetation conditions throughout the
year, leading to variations in ignition and combustion characteristics. Additionally, the restricted spatial resolution of specific datasets, which
fails to account for variances in vegetation density, poses a challenge. Furthermore, the influence of diverse fire suppression measures in
specific regions can impact the overall assessment of fire risk. To enhance the forecasting capabilities, potential extensions could involve
incorporating satellite information for regular updates to the foundational datasets and parameter fields. This would contribute to a more

dynamic and accurate representation of the evolving conditions influencing fire risk assessments.

The fire danger index presented here is already in a prototypical implementation used by railway companies and helps them in taking
actions — for example track cleaning to minimize the accumulation of combustible materials such as dry leaves, branches, or other debiris,
speed restrictions in areas with higher fire risk to decrease friction, and preventive measures at hotspots, such as selecting appropriate veg-

etation near the railway corridor - to minimize the risk of wildfire.
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