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Abstract: Modern geospatial technologies and permanently updated wildfire monitoring datasets are the basis of im-
proving forest firefighting on different administrative scales. One of the tasks is to use the spatial representation of forest 
fire locations during the fire season and offer timely suitable technical options for accessing them. We developed a GIS 
technology to create forest fire ground access routes for special firefighting vehicles moving from a ground firefighting 
base (fire-chemical station) to the place of the forest fire detection; the technology includes a statistical and geospatial 
accessibility analysis of the routes. The key data are a transport model consisting of public roads and forest glades on 
the regional scale. We described the main principles of the transport model construction and usage, and their imple-
mentation for the Russian Federal Districts. An access routes database for the 2002–2019 fire seasons, a central part of 
the Siberian Federal District, was produced and analysed. By using a hot spot analysis, we confirmed that forest fires are 
poorly accessible away from the centre of the Siberian District. The created road accessibility maps show “a proposed 
ground access zone” within the key area to fight forest fires for the fire seasons to come.
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Transport modelling is currently a fairly well-
developed research domain. New challenges to this 
topic are related to the trend of sustainable terri-
tories development, which is determined by the 
transport accessibility (Liu, Zhu 2004), the develop-
ment of decision support systems and a forest road 
network model (Akay et al. 2012; Akay et al. 2015), 
and the optimisation of the transportation costs 
as shown by Akay (2019). It is noted (Loidl et al. 
2016) that the research should be continued in the 
areas of using geospatial data for transport models, 
studying spatially disaggregated transport models, 
and geovisualisation. Transport models are created 

and maintained on city, regional, and federal scales 
for different applications. In transport Geographic 
Information System (GIS) developments for re-
gional coverage data, the problem of creating and 
developing a system of transport thematic models 
is still relevant, for example, the construction of 
optimal routes in a web GIS environment (Alazab 
et al. 2011). In recent decades, scientific and in-
dustrial communities have expressed the need to 
develop and to improve transport models in the re-
gions (Kotelnikov et al. 2017).

Forest sustainable management is characterised 
by a set of complex activities of cultivation, con-
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servation and restoration. They should be in line 
with the World Climate Treaty and be based on 
pragmatic and scientific solutions, as mentioned 
in the paper (Goldammer et al. 2017). Research-
ers have addressed a variety of aspects related to 
climate change, natural and human-related dis-
turbances in the forest domain, for instance, the 
creation of forest road networks undertaken by 
Krumov (2019, 2020), transportation planning 
(Malladi, Sowlati 2017) and a fire management 
paradigm (Dunn et al. 2017). GIS is actively being 
used in forest fires management issues (Oleynikov, 
Markov 2014). Long-term field and space (aerial 
and satellite) observations are the main actual data 
sources to analyse the forest firefighting situation 
(Loupian et al. 2006). 

At the conjunction of regional transport mod-
elling and forest sustainable management, both 
terms are widely used and covered, yet there is still 
some niche for some interdisciplinary research like 
the ground accessibility to forest fires. This topic 
is of particular interest and meaning for the Rus-
sian Federation where there is still some certain 
room for improvement in the data analysis of for-
est fires and the development of adequate technical 
solutions to keep control of the forest firefighting 
situation on the regional scale of the Federal Dis-
trict (FD), which was firstly established in Russia 
in 2000 and nowadays considered as a new type of 
administrative-territorial unit (Decree of the Presi-
dent of the Russian Federation 2000, https://base.
garant.ru/12119586/). The value and necessity of 
the monitoring of regional forest fires and the re-
lated road accessibility have already been discussed 
in some papers, for instance, (Loupian et al. 2006; 
Podolskaia et al. 2019b, c).

OBJECTIVES

The objectives of this work were:
(i) to develop a technology to construct access 

routes from a fire-chemical station to the place of the 
forest fire’s detection for operational firefighting ac-
tivities on a regional scale in Russia, 

(ii) to perform a technology test on the example of 
one Russian FD (Siberian, or Sibirsky federalny ok-
rug) in order to produce an example of the database 
for the 2002–2019 archived fire seasons and then 

(iii) to perform a statistical and geospatial analysis 
of the access routes within the zones of the fire-chem-
ical stations responsibility. 

MATERIAL AND METHODS

The following vector datasets in geographical co-
ordinates, WGS (World Geodetic System) 84 were 
used in the present research:
– �data on the public roads and forest glades from the 

former Soviet road maps of 1:200 000; 
– �dataset with fire-chemical stations as the main 

asset of the forest firefighting technical forces con-
centration in Russia, a point feature class covering 
the central part of the Siberian FD;

– �data on the forest fires detected by the MODIS 
(Moderate Resolution Imaging Spectroradiom-
eter) satellite system, extracted from the Russian 
information system of forest fire monitoring, or 
ISRM-Rosleskhoz (Kotelnikov et al. 2019).
The technology to automate the construction 

of ground access routes for the forest firefighting 
management in the Russian FDs includes three 
stages (Figure 1). Firstly, a transport model consist-
ing of public roads and forest glades on the extent 
of the Russian FD is being created, at the second 
stage, we presented a methodological and techno-
logical solution for the automated construction of 
ground access routes on the scale of Russian FDs. 
The third stage includes the analysis of the roads/
glades’ accessibility to forest fires by statistical and 
geospatial tools. The described stages were imple-
mented in the geoinformation software ArcGIS 
from ESRI (ESRI, Redlands, USA). 

The preparation of the transport model for the 
FD consists of several consecutive stages, namely: 
merging layers of public roads and forest glades into 
a one linear feature class of a geodatabase file; the 
creation and verification of the topology; adding a 
speed attribute for the public road and forest glade; 
calculating the length and access time of the road/
forest glade segment; the creation of a road and 
forest glade network by the tools of the Network 
Analyst ArcGIS. The values of the special trans-
port speed vary within the 0–60 km per hour range 
depending on the road class, in our research, they 
can be of two types: without taking the elevation of 
the start point relative to the elevation of the end 
point of the road segment or glade into account, 
“flat” values (2D), or the speed values can be “cor-
rected” by the elevation values (3D). For the pres-
ent research, we used the 3D-variant. The method 
of constructing the transport model in 2D and 3D 
was taken from the paper (Podolskaia et al. 2019a). 
The resulting transport models for all the Russian 
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FDs are stored in the ESRI geodatabase data format 
which is convenient for the subsequent construc-
tion of access routes. Thanks to the unified data 
organisational structure and the topology verifica-
tion at the stage of combining the road layers, the 
geodatabase files of the Russian FDs can be merged 
into one common database across the country 
without any geometric or attribute duplication. 

RESULTS

We have developed a Python-based set of pro-
grams that uses the data transport network for a 
specified FD to create a route shapefile, to construct 
a map displaying routes and to export the routes to 
a geodatabase. Calling the program for the selected 
FD opens a list of workflows (Figure 2), there are two 
ways to run the technology: (1) creating routes in the 
range of the dates of the fire season (time interval 
can be limited by months or year) and (2) creating 
routes for a given date.

Technology’s tests were carried out for the data of 
the Siberian FD. To organise the data, we created a 
system of directories such as “Models” (Model Build-
er files), “Output” (shapefiles with routes), “Projects” 
(ArcGIS MXDs (map exchange documents), and 
“Scripts” (Python script files). The “Models” direc-
tory includes Model Builder programming blocks 

exported to Python format (“Scripts” directory). The 
script to create the access routes (shown schemati-
cally on Figure 3) uses the road network, the data on 
the forest fires and the set of fire-chemical stations 
as the input variables.

Statistical analysis
The retrospective statistics of the created forest 

fires access routes for the Siberian FD are shown 
in Table 1 for the 2002–2019 fire seasons. This da-
tabase, from the archive of 18 years with about 
200  000 records, helped in the estimation of next 
fire season’s data volume for the Siberian FD and 
confirmed that geodatabase file can handle such a 
number of records. The historical data about the fire 
season’s number of days (days when forest fires oc-
cur) were of help to estimate the volume of such a 
database too. 

Figure 1. General scheme of the 
technology

Figure 2. Workflows to create the forest fires access routes 
(example for the Siberian Federal District)
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The statistical data from Table 1 on the three pa-
rameters (length, time and speed) shows that 2016 
is characterised by the highest variety of the ac-
cess time values (till almost 4 hours), the longest 
routes were created in 2003, 2007 and 2016 (the 
fire seasons with the most remotely located forest 
fires relative to the fire-chemical stations), and the 
mean and median speed (40 km per hour) are very 
homogeneous. 

The average number of created routes is 11 220 
(or about 91 % of the total number of forest fires 
in the studied archive), or about 200 000 routes to 
access 220 500 forest fires, which obviously means 
that majority of the forest fires that occurred in 
2002–2019 were accessible by ground transport. 
The average access time lies within 2 and 4 hours, 
the average length is within 63–93 km, and the av-
erage route speed varies from 38 to 41 km per hour. 
The median length, time and speed are 50.04 km, 
1.26 hours and 40.68 km per hour, respectively. 

Geospatial analysis
We converted the routes’ polylines into points, 

considering the last vertex of the route as the final 
destination of the route or place of the forest fire 
and keeping the attributes of time, length and speed 
associated to the forest fire point, every point is the 
centre of the forest fire accessible from the nearest 
fire-chemical station.

A thematical map of road accessibility to the for-
est fires for the Siberian FD was produced in sev-
eral possible ways of rasterisation: access time (in 
hours), route length (in kilometres), and route av-
erage speed (in kilometres per hour). For the ac-
cess time map, we used the Russian forest legisla-
tion document’s (Recommendations on the use of 
forces and technical means to extinguishing forest 
fires 2014, http://legalacts.ru/doc/metodicheskie-
rekomendatsii-po-primeneniiu-sil-i-sredstv-dlja-
tushenija/) accessing limit of three hours from the 
forest fire’s detection moment for the ground pro-

Table 1. Length, time and speed of the forest fires access routes in 2002–2019 for the Siberian Federal District

Year 
of fire 
season

Number 
of forest 

fires

Number  
of access 

routes

Length of 
access routes 

(km)

Mean 
length 
(km)

Mean 
time 

(hours)

Mean 
speed 

(km per 
hour)

SD 
length 
(km)

SD 
time 

(hours)

SD speed 
(km per 

hour)

Median  
length 
(km)

Median 
time 

(hours)

Median 
speed 

(km per 
hour)

2002 9 308 8 812 763 637.28 86.70 2.79 38.92 57.61 2.24 7.39 57.73 1.52 40.52

2003 19 836 18 436 1 651 260.07 89.60 2.73 39.01 61.08 2.14 7.18 58.90 1.50 40.32

2004 12 197 11 536 890 322.53 77.21 1.94 40.64 51.38 1.32 5.99 52.32 1.34 41.24

2005 12 257 11 670 867 763.89 74.39 1.92 41.04 49.49 1.34 5.97 50.42 1.25 41.53

2006 13 952 12 819 902 527.03 70.44 2.36 39.32 46.01 2.04 6.66 48.44 1.23 40.31

2007 11 952 10 891 951 083.36 87.34 2.36 40.67 61.78 1.80 6.52 54.31 1.42 41.80

2008 17 339 15 395 1 104 758.16 71.80 1.97 40.16 47.38 1.42 6.13 49.05 1.21 40.83

2009 10 522 9 984 625 695.34 62.73 1.76 40.11 38.08 1.23 6.35 46.13 1.11 40.74

2010 12 342 11 877 773 450.72 65.18 1.73 40.78 39.46 1.14 5.82 47.71 1.17 41.12

2011 12 074 11 257 777 632.81 69.19 2.18 39.59 46.57 1.82 7.06 46.40 1.15 40.65

2012 14 130 12 187 900 927.63 74.03 2.60 38.58 49.45 2.33 7.55 50.28 1.26 39.93

2013 5 103 4 513 293 137.10 65.08 2.44 38.65 44.35 2.37 7.77 43.96 1.08 40.10

2014 14 665 13 424 1 008 948.67 75.24 2.60 39.23 52.52 2.38 7.29 40.52 1.22 40.52

2015 6 101 5 712 405 046.52 70.97 2.67 38.90 48.71 2.60 8.05 46.97 1.16 40.60

2016 7 035 6 018 560 463.16 93.22 3.78 37.76 68.99 3.80 8.68 55.35 1.37 39.72

2017 9 537 8 560 703 221.88 82.29 3.04 38.99 61.57 3.02 7.57 49.70 1.24 40.43

2018 11 314 9 691 768 484.60 79.37 2.86 39.05 58.07 2.77 7.53 49.77 1.22 40.59

2019 20 817 19 186 1 586 281.94 82.54 2.56 40.19 58.91 2.21 6.75 52.76 1.29 41.27

Average 12 249 11 220 863 035.70 75.06 2.46 39.60 52.30 2.11 7.01 50.04 1.26 40.68

SD – standard deviation
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tection zone and made two maps: forest fires clas-
sified with differentiation (A) in less than 3 hours, 
3–6, 6–9 and more than 9 hours of access and  

(B) in less than 1 hour, 1–2, 2–3 and more than  
3 hours (Figure 4). Only the data on the central 
part of the Siberian FD are shown and analysed in 

Figure 3. Python script to create the access routes (example for the certain date of the fire season, Siberian Federal District)

Figure 4. Road accessibility to the forest fires by access time: (A) grouped by 3 hours, (B) grouped by 1 hour

(A)�

(B)
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Figure 4–7, the uncoloured territory (white colour) 
has no data, the data on the fire-chemical stations are 
shown on the maps of Figure 4–5 for reference.

The road accessibility to the forest fires was differ-
entiated by (A) the route length and (B) the average 
route speed (Figure 5). Figure 5A logically refers to 
the map of Figure 4A by using the same time interval. 
As we can see from Table 1, the mean and median 
speed of travelling along the access routes are about 
40 km per hour, so this value was the multiplier for the 
“3-6-9” hour time set to create the map (Figure 5A).  
The average route speed map (Figure 5B) indirectly 

shows the development of the road network and how 
fast the firefighting vehicles can move to reach the 
forest fire.

For the regional evaluation of the road accessibil-
ity from the fire-chemical stations to the wildfires, we 
have used the hot spot analysis described by Mitchell 
(2005). A set of Thiessen polygons was created and 
considered as the area of the fire-chemical station’s 
responsibility, for simplification, we agreed that the 
stations have the same value and technical resources. 

The calculation of the transport fire access (TFA) 
ratio (the number of accessed forest fires to the total 

Figure 5.  Road accessibility to the forest fires by (A) length and (B) average route speed

(A)�

(B)
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number of the fires that occurred in 2002–2019) was 
performed and the final evaluation map (Figure 6,  
with the legend and notions of a hot spot analysis) 
was produced. We have used the TFA ratio as inci-
dent values and have analysed them within the areas 
of the fire-chemical stations areas of responsibil-
ity. The hot spot groups are presented with values 
–3, –2, –1, 0, 1, 2, and 3 (the legend of Figure 6). 
As we can see from Figure 6, there are two clusters 
distinguished by their homogeneity. The “red” zone 
has high values (hot spots) and 99% confidence, the 
“blue” ones are low ones (cold spots) with the same 

confidence. We tried to explain these anomalies by 
using two parameters: the road network density 
(number and length within the polygon) and the for-
est cover around the stations. A cold spot indicates 
high forest cover values, an area covered by forests 
to the area of the fire-chemical areas of responsibil-
ity, measured from the MODIS 230 m vegetation 
map (Bartalev et al. 2015), and a low density of the 
road and glades network. A hot spot cluster is char-
acterised by a small amount of forests and a devel-
oped road/glade network, thus, has a good transport 
fire access ratio.

Figure 7. Transport accessibility vs Forest cover by Thiessen polygon groups

Figure 6. Hot Spot analysis of the fire-chemical stations road accessibility
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The calculated values of four parameters (forest 
cover, transport accessibility ratio, roads/glades 
density by number and length) were shown rela-
tive to the area of Thiessen polygon (Figure 7). The 
larger the forest cover area is, the less accessible 
the forest fires are. The roads/glades in terms of 
their length and number within the Thiessen poly-
gons also look have a logical function: from mini-
mum in group “–3” (underdeveloped network in 
the north and north-eastern part of the key area) 
to the maximum in group “3” (well-developed net-
work in the west). 

DISCUSSION

The results of the present study are based on ar-
chived data and are aimed at helping the decision-
making ability in the daily activities of regional for-
est firefighting management units. The time, length 
and speed of the access routes have been calculat-
ed and analysed statistically and cartographically. 
The statistical analysis of the obtained results (Ta-
ble 1, Figure 4–5) gave some understanding of the 
road data, the spatial location of the fire-chemical 
stations and the natural distribution of the forest 
fires through the years. As we can see from Table 1, 
the biggest differences in the values “routes/fires” 
belong to 2006, 2008, 2012 and 2018, and could 
be related to the accessibility to the forest fires in 
principle. In terms of access routes’ length, only 
the year 2008 is characterised by one of the biggest 
values for the selected data period. Thus, a cer-
tain number of forest fires were detected relatively 
close to the existing fire-chemical stations, but 
they were still not accessible, probably because of 
the road/forest glade’s absence nearby. The speed 
of the firefighting vehicle did not change much and 
varies within 5–10 km per hour only (that could 
be an indicator of quite homogeneous conditions 
of the road/forest glade along the created route), 
but access routes could be 40–70 km long (a little 
less than 2 times different), and the access time’s 
variety lies within 1–3.8 hours (almost 4 times dif-
ferent). The median values show that half of the 
routes have an access time less than 1–1.5 hours, 
and half of the routes are shorter than 40–60 km.

The statistic and cartographic interpretation led 
to an optimisation analysis where we evaluated the 
spatial correctness and locations of the existing 
firefighting activity centres, namely the forest fires 
stations. Statistically speaking, we got a picture of 

good accessibility to the forest fires from the ex-
isting stations. By using the sets of time intervals  
“3-6-9” and “1-2-3” hours, we made reference to 
the forest firefighting Russian rules and, at the 
same time, gave a reasonable travelled by special 
vehicle time estimation. 

There are two reasons of forming the zones in 
Figure 6. Firstly, the roads/glades network within 
the key area has some certain irregularity due to 
its history, economic development and other rea-
sons. Secondly, the forest cover is inhomogeneous 
by the area. The western part of the key area has a 
good enough roads/glades density to create access 
routes for the archived data. The “blue” zone with 
limited access logically neighbours the aviation 
protection zone to the north. 

The ground protection access zones within the 
central part of the Siberian FD could be extended 
for the upcoming fire seasons taking the existing 
locations of fire-chemical stations and the hot spot 
analysis of the road accessibility into account. We 
can call the territory covered by the “red” zone 
(Figure 6) as “the proposed ground access zone 
within the Siberian FD” which has to be analysed 
in future research. It should be noted that fire-
chemical stations location was evaluated by the 
Thiessen polygons, however, according to the rec-
ommendations from the Russian forest legislation, 
it could be undertaken by the forest unit (forestry).

CONCLUSION

The created transport models are cartographic 
products with attributes of traffic speed on public 
roads and forest glades. They can be used in a va-
riety of thematic tasks, examples in the forest in-
dustry include the assessment of travelled by fire 
brigade time and distance, forest protection and 
biodiversity conservation, as well as a new road 
network’s design. Additionally, the use of trans-
port models can expand and enrich research ac-
tivities of different interdisciplinary groups. As a 
direction for further studies, there is a need to de-
velop some methods and techniques to update the 
road network data.

GIS-technology was used to construct and cre-
ate the ground access routes based on the use of 
forest fires data, data on the fire-chemical stations 
and transport models on the scale of Russian FD. 
The technology has been tested for the retrospec-
tive dataset of forest fires of the Siberian FD. The 
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data structure is shown, the interface and work-
flows of the access routes construction is present-
ed. The route construction is shown in the form 
of a diagram describing how the script works. 
The technology could be of interest for manage-
ment units of various responsibility levels and can 
be used in logistic operations to deliver technical 
forces and means to the forest fires and, thus, to 
solve the transport problem of ground access by 
public roads and forest glades.

We received a database with access routes from 
the 2002–2019 archive data. Maps of the roads/
glades’ accessibility to the forest fires in time, 
length and average speed for the central part of the 
Siberian FD were produced. The main value of the 
road accessibility maps and the fire-chemical sta-
tion’s location estimation created from the archive 
data with the technology described is that the in-
formation plays a reference role in evaluating the 
current geometry of the ground forest protection 
zone. The information could be included in the re-
gional Forest Plans during the preparation of the 
upcoming fire seasons and then, consequently, in-
fluence the wildfire management optimisation.
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