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• Wildfires are of growing concern in
Chernobyl contaminated areas.

• Resuspension of radionuclides from
wildfires has potential adverse health
effects.

• Webuilt a wildfire simulation system to
predict risk of fires and resuspension.

• The results revealed hotspots for fire ig-
nitions and resuspension.

• Targeted fuel breaks and ignition pre-
vention could reduce future
resuspension.
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This paper examines the issue of radionuclide resuspension from wildland fires in areas contaminated by the
Chernobyl Nuclear Power Plant explosion in 1986. This work originated from a scientific exchange among scien-
tists from the USDA Forest Service, Ukraine and Belarus that was organized to assess science and technology gaps
related towildfire riskmanagement. Awildfire riskmodeling systemwas developed to predict likely hotspots for
large fires and where wildfire ignitions will most likely result in significant radionuclide (Cesium, 137Cs) resus-
pension. The systemwas also designed to examine the effect of fuel breaks in terms of reducing both burn prob-
ability and resuspension. Results showed substantial spatial variation in fire likelihood, size, intensity, and
potential resuspension within the contaminated areas. The potential for a large wildfire and resuspension was
highest in the Belorussian Polesie Reserve, but the likelihood of such an event was higher in the Ukrainian Cher-
nobyl Exclusion Zone due to a higher predicted probability of ignition. Fuel breaksweremost effective in terms of
reducing potential resuspension when located near areas that had both high ignition probability and high levels
of 137Cs contamination. Simulation outputs highlighted how human activities shape the fire regime and likeli-
hood of a large fire in the contaminated areas. We discuss how the results can be used to develop a fire
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Fig. 1. Map of the study area showing 137Cesium (Cs) d
Chernobyl reactor explosion in Ukraine, Russia, and Belaru
tent represents the assessment study area with the Cher
area used for fuel break simulations shown in Fig. 6. The
in 1986.
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management strategy that integrates ignition prevention, detection, effective suppression response, and fuel
breaks. Specifically, the modeling system can now be used to explore a wide range of firemanagement scenarios
for the contaminated areas and contribute to a comprehensive fire management strategy that targets specific
drivers of fire by leveraging multiple tools including fire prevention and long-term fuel management. Wildfire-
caused emissions of radionuclides in Belarus, Ukraine, and Russia are a socio-ecological problem that will require
defragmenting existing risk management systems and leveraging multiple short- and long-term mitigation
measures.

Published by Elsevier B.V.
1. Introduction

On April 26, 1986, a routine test of reactor #4 at the Chernobyl Nu-
clear Power Plant led to an explosion and 10-day fire (Davoine and
Bocquet, 2007; Talerko, 2005). About 30 firefighters died during or
shortly after from radiation exposure, and N200,000 km2 of Europe
were contaminated with levels of 137Cs above 37 kBq m-2. Over 70% of
this area was in the three most affected countries, Belarus, Russia, and
Ukraine. The deposition of radionuclides was extremely varied by com-
position (primarily 137Cs, 90Sr, 239Pu) and amount depending on what
part of the reactor was burning where rain intersected contaminated
air masses (Yablokov et al., 2009; Chapter 1). Greater than 116,000 peo-
plewere evacuated in the spring and summer of 1986 from the area sur-
rounding the Chernobyl power plant to non-contaminated areas and
N320,000 people were eventually permanently relocated (IAEA, 2006).
Two exclusion zones were created around the reactor, one in Ukraine
(Chernobyl Exclusion Zone, CEZ; 260,000 ha) and the other in Belarus
(Polesie State Radioecological Reserve, PER; 240,000 ha) (Fig. 1)
where access is restricted for purposes other than maintaining infra-
structure and stabilizing the four nuclear power plants. A wide range
of impacts from the radioisotope deposition have been recorded both
within and outside of the zones (Brown et al., 2011; Møller et al.,
2012). Health effects include numerous diseases and maladies associ-
ated with exposure to radioisotopes from the initial explosion and sub-
sequent reactor fire (Yablokov et al., 2009; Chapter 2). Seven-million
people are now receiving (or are at least entitled to receive) special al-
lowances, pensions, and health care privileges as a result of the Cherno-
byl incident (IAEA, 2006).

There are multiple concerns with the increasing incidence of large
wildfires in the contaminated areas, including fire fighter exposure to
radionuclides, and the long distance transport of resuspended radionu-
clides in smoke plumes (Evangeliou et al., 2016; Pazukhin et al., 2004).
Despite restricted access, human caused fires have been common in
both the CEZ and PER, with 1147 ignitions in the CEZ between 1993
and 2013 (Zibtsev et al., 2015). Fires are ignited by vehicles, machinery,
eposition levels from the 1986
s (De Cort et al., 1998).Map ex-
nobyl Exclusion Zone substudy
data represent contamination
electrical transmission lines, arson, and other anthropic events (Dvornik
et al., 2017). These fires burn through a mosaic of abandoned forest
plantations and agriculturalfields andhave grown in severity and inten-
sity as a result of accumulating forest and grassland fuels, especially in
the large areas covered by Scots pine plantations established during
the Soviet era (Fig. 2A; Appendix A, Fig. A1) (Usenia and Yurievich,
2017). Climate anomalies including periods of drought and high tem-
perature have exacerbated the fire problem (Evangeliou et al., 2015).
A significant number of fires are ignited in agricultural areas surround-
ing the CEZ that spread into the reserve. Two human caused wildfire
events in April and August of 2015 burned 14,939-ha, one ofwhich orig-
inated from a peat ground-fire near the village of Illintsi, and then
spread into the CEZ toward the vicinity of the Buriakovka radioactive
waste disposal point. Wind and limited accessibility by firefighting
equipment contributed to delayed containment of both fires. Fire-
fighters engaged in fire suppression actions are exposed to radionu-
clides through direct contact and smoke inhalation (Chakrabarty et al.,
2006; Kashparov et al., 2015). The secondary exposure to humans
from radionuclide particles transported in smoke is a difficult problem
to assess and is influenced by many factors: distance, wildfire intensity,
duration and size, and characteristics of the smoke plume (Brown et al.,
2011).

The growing wildfire problem led to a collaborative effort between
Ukrainian Government ministries and the United States Forest Service
(Lasko, 2016) to develop strategies for improvingfire suppression capa-
bilities, increasing firefighter safety by providing respiratory protection
and other protective equipment, and identifying fuel management mit-
igation activities (Lasko, 2011). These early studies also pointed to the
need for wildfire risk maps to identify areas of concern for firefighters,
and to implement strategic fuel breaks and other long-term forest man-
agement strategies. Prior research on the wildfires in contaminated
areas included impact assessments under scenarios where the entire
CEZ burned in a single fire event (Evangeliou et al., 2014; Hohl et al.,
2012). In the Hohl et al. (2012) study, five exposure pathways were ex-
amined: 1) external irradiation caused by immersion in a radioactive
cloud during plume passage, 2) inhalation of radionuclides during
plume passage, 3) external irradiation caused by deposited radionu-
clides on soil during the year following a wildfire, 4) ingestion of radio-
nuclides in contaminated food during the first years after a wildfire, and
5) inhalation of resuspended radionuclides during the first year follow-
ing awildfire. Hohl et al. (2012) concluded that the dosage to people liv-
ing andworking in the CEZwould exceed acceptable levels, but doses to
populations further than 30 km from the release point would not re-
quire evacuation. Ingestion doses to children (1-y) and older adults
would exceed acceptable levels, but would not result in government ac-
tions to restrict intakes of contaminated vegetables, meat and milk. In a
later study by Evangeliou et al. (2015) wildfires within the CEZ in 2002,
2008 and 2010 were estimated to cumulatively redistribute an esti-
mated 8% of the total 137Cs deposited in the 1986 disaster and predicted
to result in significant health effects.

Reconciling these and other studies to assess the potential health ef-
fects from wildfires in the contaminated areas is a complex problem
owing to fire physics, combustion processes, radionuclide resuspension
and transport, and the climate uncertainty associated with extreme
wildfire events. In the near term, more detailed analyses are warranted



Fig. 2.A)Major vegetation types and boundaries for the Chernobyl Exclusion Zone (CEZ) inUkraine, and the Polesie Radioecological Reserve (PER) in Belarus. The study area boundarywas
expanded beyond the contaminated areas to capture wildfire exchangewith adjacent lands where field burning and other activities are conducted that provide potential ignition sources.
B) Fuel model assignments used in the wildfire simulation. Fuel models were according to Scott and Burgan (2005) and were estimated from a combination of remote sensing data and
field observations. See Methods section for additional details.
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to describe andmaphighly likely future fire events to help informongo-
ing efforts by government institutions to improvewildfiremanagement
strategies (Zibtsev et al., 2015). For instance, prior fire studies lack spa-
tially explicit information on potential wildfire likelihood and impacts
that are key inputs into spatially explicit risk abatement strategies
(Ager et al., 2015; Miller and Ager, 2013). In this paper we describe
the application of a fine scale wildfire simulation system to map
where wildfires are most likely to ignite, spread, and resuspend radio-
nuclides. The system incorporates spatial data on ignition likelihood,
fuel loads, and 137Cs deposition to simulate fire events and resulting
resuspension. In contrast to prior studies that assumed that the entire
exclusion zone burned in one or more catastrophic fires (Evangeliou
et al., 2014; Hohl et al., 2012), this analysis was conducted at a finer
scale and calibrated with local data. We discuss how the modeling
framework and results of our assessment can be used to improve fire
management strategies by linking specific drivers of high impact events
with multiple management tools including ignition prevention, pre-
suppression planning, suppression, and fuel management to minimize
future wildfire activity within contaminated areas.
2. Methods

2.1. Study area

The 1.278 106-ha study area included the Polesie Radioecological Re-
serve in Belarus (PER) and the Chernobyl Exclusion Zone (CEZ) in
Ukraine (Fig. 1). Extending the study area beyond the boundaries of
the reserves allowed us tomodel and measure the effect of fires started
outside the CEZ and PER. In Belarus, the PER is staffed to monitor radio-
activity in the reserve and provide management recommendations to
the Department for Mitigation of Consequences of the Catastrophe at
the Chernobyl NPP of the Ministry of Emergency Situations (DMCCC)
(Usenia, 2002; Usenia and Yurievich, 2017). In Ukraine, management
of the CEZ is under the control of the State Agency of Ukraine on Exclu-
sion Zone Management.

About 65% of the study area is forested (7663 km2), composed of
plantations of Scots pine (Pinus sylvestris, 5207 km2) and mixed broad-
leaf stands of oak (Quercus robur), birch (Betula pendula), aspen
(Populus tremula), and alder (Alnus glutinosa), the latter covering
~2456 km2 (Fig. 2A). The rest of the study area is abandoned agricultural
fields now vegetated with forage grasses that are transitioning into
mixed conifer-hardwood forests. Deciduous forests are generally
found in the bottomlands and wetter sites.

2.2. Fire simulation model

We used FConstMTT (Brittain, 2017), a command line version of
FlamMap that models fire spread with the Minimum Travel Time
(MTT) (Finney, 2002) algorithm. This program is part of a larger family
of fire simulation models that are widely used for tactical and strategic
planning (Alcasena et al., 2016; Noonan-Wright et al., 2011;
Palaiologou et al., 2018; Salis et al., 2013). FConstMTT uses as inputs
data on fuels, fire weather (wind speed, wind direction), fuel moisture,
and spatial ignition probability. These data sources are described indi-
vidually below.

2.2.1. Fuels data
Inputs for thewildfire simulations requiredmaps of surface and can-

opy fuels. Surface fuel model maps (Scott and Burgan, 2005) were de-
veloped for the study area using Landsat-classification of land cover
(Fig. 2B; Appendix A, Table A1) to describe the primary carrier of fire
(grass, shrubs, litter). We identified and mapped 11 land cover classes
(Fig. 2A) and then assigned a surface fuelmodel (Fig. 2B) and associated
fuel load, fuel type and potential fire behavior. A training dataset was
generated using a stratified random sampling frame using recommen-
dations fromOlofsson et al. (2014). TheHansen et al. (2013) Global For-
est Change (GFC) dataset was used for stratification of the study area
into four strata: two stable (forested and non-forested areas) and two
change classes (forest loss and forest gain). The sample size was calcu-
lated proportionally to strata areas to provide at least 50 samples to
characterize each stratum. The distribution of samples by GFC strata
was as follows: non-forested area – 450, forested area – 416, forest
loss – 50, forest gain – 50. All samples were visually interpreted using
the Collect Earth plugin for Google Earth (Bey et al., 2016). The assigned
classes are presented in an error matrix (Appendix A, Table A2).

Nearly cloud-free Landsat 8 OLI top of atmosphere (TOA) reflectance
images were used for the land cover classification. First we selected
2016 Landsat images having cloud coverage b 5%. Next, clouds were
masked if the cloud-likelihood score exceeded 10%. The processing of
images was performed by a cloud scoring algorithm in Google Earth En-
gine (GEE) (Gorelick et al., 2017) using a combination of brightness,
temperature and Normalized Snow Index (NDSI). To increase accuracy
of the classification we applied a phenology-oriented approach using



Fig. 3. Area burned and number of fires (A) between 1993 and 2016 in the study area
including official statistics and MODIS data and (B) between 1991 and 2013 in the
Belorussian Polesie Radioecological Reserve (PER) (Kudin, 2014; spatial attributes not
available and therefore not included in simulations). Note the substantial drop in
ignitions in the PER after expanded fire suppression measures and access security
restrictions were implemented in after extreme fires in 2003 (Usenia et al., 2017). Less
than 2% of the fires in the Chernobyl Exclusion Zone were documented as lightning
caused, the remaining either unknown or documented as human caused. Leading causes
of fire include field burning, machinery from logging operations, hunters and other
recreational activities.

4 A.A. Ager et al. / Science of the Total Environment 696 (2019) 133954
four seasonal cloud-free Landsat mosaics as described in Hansen et al.
(2010): annual, summer, autumn, April–October. The April–October
mosaic addresses the leaf-on period in Ukraine and improves discrimi-
nation between woody and herbaceous types of vegetation. The
compositing approach used criteria based on per-pixel analysis and se-
lection from multiple cloud-free observations of the same pixel. If sev-
eral such pixels exist in a compositing period, the observation with
the maximum Normalized Difference Vegetation Index (NDVI) was se-
lected (Hansen et al., 2014). For annual, summer and autumn mosaics,
the list of predictor variables included TOA reflectance of visible and in-
frared bands (Band 4 – Band 7), NDVI and bands of Tasseled-Cap Trans-
formation (TCT).

TCT bands were derived following the procedures of Baig et al.
(2014) where the original Landsat 8 OLI bands were converted into im-
ages that represented brightness, greenness, and wetness. To capture
seasonal changes in vegetation, the predictor variables for the April–
October mosaic were extracted using statistical rules as follows: mini-
mum andmaximumvalues, 1st, 3rd quartiles andmedian of TOA reflec-
tance for selected spectral bands (Band 4–Band 7) and NDVI. We also
incorporated geographical position data (i.e., latitude and longitude)
as ancillary non-spectral covariates. A Random Forest (RF) classifier
(Breiman, 2001) was used in GEE, both to classify imagery by land
cover categories defined during visual image interpretation and to as-
sess accuracy. RF is a nonparametric ensemble learning approach
which uses bagging or bootstrap aggregation to produce unbiased esti-
mates of classification error (out-of-bag, (OOB) error). The overall accu-
racy of the classification estimated by OOB sampling was 95.6%. There
was some misclassification between forests and other land cover types
where woody vegetation occurs (e.g., shrubland and grasslands with
trees). Coniferous and deciduous forestswere distinguishedwith higher
accuracy compared to mixed forests.

Given the absence of spatially explicit forest inventory data for the
entire study area, we used the Forest Vegetation Simulator (Dixon and
Keyser, 2008) to estimate canopy fuels (canopy bulk density
(kg m−3), height to live crown (ft), total stand height (ft), canopy
cover (%)). We built a regression model using CEZ inventory data as
training inputs, and regression analysis to predict values outside the
area covered by the training data set. Area burned by two large fires in
April and August 2015 were mapped using Landsat 8 OLI time series,
and the canopy values for that area was set to 40% based on field data.
Canopy Height (CHT) and Canopy Bulk Density (CBD) were mapped
for the study area using the RF regression model with the same list of
predictor variables used in the land cover classification. The model
was fitted using N23,000 forest polygons for which median values of
spectral features had been extracted. Canopy Base Height (CBH) was
predicted with a nonlinear regression model using the ratio of CBH/
CHT as a response function of CC and CHT. Initial simulations generated
acceptable fire behavior although CBH required a downward adjust-
ment to 10% of original values in the open Scots pine stands (b50% can-
opy) to obtain the crown fire activity observed in recent fires. We
suspect that the estimation process did not capture the regeneration
inmany of the open Scots pine stands that serve as ladder fuels that cat-
alyze crown fire behavior. Raster grids for surface and canopy fuels for
the simulations were constructed at a 100-m resolution.

2.2.2. Ignition history and probability grid
Existing ignition history data for the contaminated areas are incom-

plete in terms of spatial coverage and timespan (Kudin, 2014; Zibtsev
et al., 2015). The ignition history for CEZ is outdated and some known
large fires are missing, while ignition data for the PER are not available
in a digital map format. To build a complete data set that captured
fires/ignitionswithin the entire study area (Ukrainian and Belorussian),
official statistics maintained at CEZ were used for the years 1993–2016
(State Special Enterprise Picnichna Puscha, 2019), and MODIS (MOD/
MYD14) daily data (NASA, 2015) for 2000–2016. In addition, major
fire perimeters were mapped manually using Landsat images.
A time series of Landsat imagery for all MODIS hotspots was ana-
lyzed to delineate major fires from 2000 to 2016 for the study area.
Since fires with a duration of N1 day can appear as multiple hotspots
in the MODIS data, we grouped connected ignitions for each day into
separate fires and identified centroids for each of them. For each fire
event we created cloudless pre-fire and post-fire image composite mo-
saics. A total of 1680fires and associated ignition points from theMODIS
data were identified and mapped. MODIS was combined with the em-
pirical data (2458 ignitions, Fig. 3) to create a smoothed ignition proba-
bility map using a kernel density function in ArcMap with a search
radius of 10,000-m (Fig. 4A). The resulting map was sampled in a
Monte Carlo process to locate ignitions for the wildfire simulation.

2.2.3. Fire weather and fuel moisture
Wind speed and directionwere derived from historical records from

the weather station at the Ukrainian State Hydrometeorological Service
at Chernobyl city (51.2763° N, 30.2219° E) for the period 1988–2016.
Median values of wind gust and wind direction by day-of-year were
used over a total of 10,000 days (Appendix A, Table A3). Although we
used a constant wind speed and direction for each fire and ignored in-
traday wind shifts, the resulting perimeters resembled historical events
(see Appendix A, Fig. A2). This is because most of the growth for large
multiday fires is achieved in relatively few extreme spread events.
These extreme events occur under constant wind direction. This is
why most historical fire perimeters are ellipsoids or daily ensembles
thereof that generate a larger ellipsoid shape. While detailed intraday
(e.g., hourly) weather inputs can be used in fire simulation systems
(Noonan-Wright et al., 2011), computational limitations prevent their
application for large-scale risk-estimation problems, and only provide
marginal improvements in the process due to uncertainty. National
risk assessments in the US use daily rather than intraday fire weather



Fig. 4. Ignition probability (A), expected flame length (B), burn probability (C) and fire size potential (D) for the study area predicted from simulation outputs. Historical ignitions (black
dots in panel A) are from 1992 to 2016 provided by fire management staff within the Chernobyl Exclusion Zone (CEZ), and obtained from MODIS for the remainder of the study area;
resulting ignition probability map was derived from kernel density smoothing. Ignition hot spots are outlined with numbered circles and correspond to the following ignition patterns:
1) international roads, local settlements and their inhabitants, agricultural burning and minimal border security; 2) roads, CEZ staff activity, power lines, forestry, settlers; 3) railroads;
and 4) nuclear waste management and other CEZ staff activity, and settlers. Burn probability values represent the likelihood of a fire in a specific location given a single ignition event
within the study area. Expected flame length is the frequency weighted flame length for all fires that burned a specific pixel. Hotspots result from a combination of high ignition
frequency in historical data and large areas of fuel with high spread rates. Fire size potential generated from simulation outputs. Each simulated ignition point was colored according to
the size of the resulting fire. The map shows where ignitions have the highest potential to generate large fires without considering the likelihood of an ignition. PER = Polesie
Radioecological Reserve.
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conditions in simulations for wildfire risk assessments (Finney et al.,
2011).

Fuelmoistureswere derived fromweather data (1995 to 2016) from
the Ukrainian Hydrometeorological Center (2016) by estimating the
97th percentile ERC-G fuel moisture content (Nelson, 2000). Fuel mois-
ture was adjusted by vegetation type (conifer, hardwood, grass) and
month of year to reflect the phenology of different vegetation types
(Appendix A, Tables A3 and A4). Specifically, Behave simulations were
used to adjust fuel moistures by month of year to achieve reasonable
spread rates and flame lengths on empirical observations of past fires
and expert judgement. The calibration replicated the early-season dry-
ing of grass fuels and the resulting fast fire spread-rates observed in
past grass field fires in the study area and elsewhere in Eastern
Europe. The seasonal calibration of the fuel moisture also captured the
relatively slow early season spread-rates observed in the conifer and
hardwood forests due to the higher fuel moisture conditions and later
phenology of understory vegetation. The net result is that we were
able to replicate the bimodal fire frequency regime (early season grass
fires, later season conifer fires) observed in the central region of
Ukraine.

2.2.4. Fire calibration and sensitivity analyses
A number of calibration procedures were performed where histori-

cal and simulated fires were compared in terms of spread rates, perim-
eters, and size distributions. To achieve a size distribution that
approximated historical fires (Appendix A, Table A5), 5000 wildfires
were simulated using a range of burn periods to build a relationship be-
tween fire size and burn period. We then created a frequency distribu-
tion of burn periods that coarsely replicated historical fire sizes, a
methodology utilized in previous fire modeling studies (Ager et al.,
2018). We also qualitatively compared the shape of historical fire pe-
rimeters with selected simulated fire events of similar size.
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2.2.5. Wildfire scenarios and exposure assessment
Webuilt a set ofwildfire scenarios based on dailywind speed and di-

rection, and monthly fuel moistures files (Appendix A, Tables A3 and
A4). Scenarios were sampled by FConstMTT with equal probability
and used to execute a fire simulation. This Monte Carlo process was re-
peated to simulate a total of 1.5 105 fires. Ignition locations were deter-
mined by sampling the spatial ignition probably map developed from
historical ignition data. We used one unique weather record per day
and twelve fuel model files. The weather data were median values ex-
tracted from the CEZ weather database for 1988–2016.

We used fire simulation outputs to describe spatial variation in burn
probability and intensity within the study area. The fire simulation sys-
tem generates a burn-probability grid that is calculated as the count of
the number of times a pixel burned divided by the total number of sim-
ulatedfires. Burn probability represents the likelihood of a pixel burning
given one ignition within the study area under the associated simula-
tion parameters. Fire intensity was measured as the average flame
length across all fires that burned each pixel. Predicted flame length
varies among simulated fires depending on whether the pixel was
burned in a flanking, heading, or backing fire (Finney et al., 2011).
2.3. 137Cs spatial distribution

Contamination levels were derived from the Atlas of Caesium-137
Contamination of Europe after the Chernobyl Accident (De Cort et al.,
1998), which depicts total deposition of 137Cs contamination
(kBq m−2) once the radioactive release from the reactor had stopped
(De Cort et al., 1998, pg. 21). Specifically, national deposition maps for
Ukraine, Belarus, and western Russia were digitized and projected
using ArcGIS and then merged into a single raster grid at 100 m resolu-
tion. Note that there are several other published contamination maps
(Avramenko et al., 2009; Kashparov et al., 2001) that are all derived
from this Atlas, the exception being the plot data of Kashparov et al.
(2018) (Fig. 1).

137Cs has highmobility due to its similarity to potassium, and awide
range of factors remove 137Cs from ecosystems, sequester it, or reduce
its availability to comubst in a fire (Whicker and Schultz, 1982). For in-
stance, studies of 137Cs migration between 6 km and 30 km from Cher-
nobyl (Shcheglov et al., 2014) showed that 60–87% of the 137Cs had
migrated to the mineral soil in the first 15 years after the reactor fire,
where it is not available for combustion. To account for both physical
decay and removal from the ecosystem by natural processes, we used
an effective 137Cs half-life (Te). There are less than a handful of studies
that estimate Te for 137Cs, and values range widely depending on soil
type, season of year and type of vegetation, among other factors
(Burger and Lichtscheidl, 2018). We identified the data of Paller et al.
(2014) as applicable to Chernobyl due to the similar ecosystem. Paller
et al. (2014) studied the Te of 137Cs around the Savannah River flood-
plain in the southeastern US where contamination from nuclear facili-
ties has been measured and monitored since 1965. The site is similar
to the flood plains of the Prypiat River, although wildfires are rare. The
Te of 137Cs in Savannah River floodplain soil and vegetation was esti-
mated at 17.0 years (95% CI = 14.2–19.9).

We estimated 2018 137Cs `contamination according to

A ¼ A0 � 0:5ð ÞDP=Te

where A = 2018 contamination and A0 = initial or 1986 deposition
values, and DP = 32 years since the inventory (1986–2018) mapping,
and Te = 17 years. Note that the effect of prior large wildfires (Zibtsev
et al., 2015) was not explicitly factored into Te primarily because the
areas recently burned are not likely to burn again until fuels are suffi-
cient to carry a fire that exceeds suppression capacity.
2.4. Resuspension of radionuclides

Resuspension of radionuclides was estimated by overlaying simu-
lated fire perimeters with maps of 137Cs contamination and assuming
a fixed proportion of deposited 137Cs contained within the perimeters
would be resuspended from the fire. Specifically, each of the simulated
fire perimeters was intersected with gridded data on 2018 137Cs con-
tamination levels (kBq m−2). Resuspension was then estimated with
an emission factor and the total estimated emissions were assigned to
the ignition location. These data were smoothed with inverse distance
weighting to create amap of the potential 137Cs emissions from a fire ig-
nition location. While a wide range of emissions factors have been re-
ported (Amiro et al., 1996; Evangeliou et al., 2016; Hao et al., 2018;
Horrill et al., 1995; Kashparov et al., 2000; Talerko, 2011), most studies
report values in the range of 2%–5% (Hao et al., 2018; Kashparov et al.,
2000; Talerko, 2011; Yoschenko et al., 2006). Emission-factors within
the range of 2–5% have been successfully used for simulations and fore-
casting of radiological consequences of several real wildfires at dis-
tances from about 20 to 200 km from the wildfire (Bogorad et al.,
2016; Kovalets et al., 2015; Talerko, 2011). An emission factor of 4–5%
is typically used in Ukraine for real-time forecasting of radiological con-
sequences of wildfires in the CEZ (SNRIU, 2019; Talerko et al., 2010).
Given these sources, we chose an emission-factor of 5%, recognizing
that 137Cs emissions are related to burn severity since the bulk of the
contamination within combustible material is in the duff layer (Amiro
et al., 1999). Widely different rates of resuspension likely occur within
actual wildfires that are a mosaic of fire intensities.

2.5. Fuel break management scenario

We created a fuel break scenario based on existing roads and natural
fuel breaks along streams and canals (see Zibtsev et al. (2015); Appen-
dix A, Fig. A3). The vast majority of the planned fuel breaks have never
been built, and those that were, have not been maintained (Zibtsev
et al., 2015). We simulated the creation of this network by changing
the fuels to non-burnable within continuous 200-m wide linear seg-
ments. In total, this represented approximately 930-km of fuel breaks
for a total area of 186-km2 (7% of the CEZ). This compares with a total
fuel break length of 111-km proposed in the 1990s. Those proposed
fuel breaks averaged 20-m in width for a total of 2.76-km2 (0.1% of
the CEZ), as documented in the fire management plan for the CEZ
(Zibtsev et al., 2015). We processed the fuel break scenario with the
same procedures above, and then quantified the response of the fuel
breaks in terms of the change in burn probability, the number of fires
that encountered each of the fuel breaks, and the change in fire fre-
quency distribution. For the encounter rate, we discretized the fuel
breaks into 2-km segments and intersected them with the simulated
fire perimeters to estimate how many fires encountered each fuel
break segment. We mapped the encounter rate and examined change
between the fuel break scenario versus no treatment. In this way, we
were able to quantify the efficiency of individual fuel break segments.
We then calculated the difference between the pre- and post-
treatment potential emissions for each fire ignition by overlaying the
perimeter on the 2018 contaminationmap. Thesemapswere smoothed
with a kernel density procedure and differenced to map the avoided
emissions from the fuel break scenario.

3. Results

3.1. Comparison of historical ignition patterns between the PER and CEZ

Our combined ignition data set derived from official fire databases
andMODIS reports showed substantial spatiotemporal variation in igni-
tion locations and differences between CEZ and PER (Fig. 4A). In the CEZ,
ignitionswere clustered near human infrastructure and villages outside
the zone and overall were highly non-random. Examination of fire
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causes for the CEZ showed b2% were lightning caused, with the bulk of
the documented ignitions attributable to humans although 63% of the
ignitions in the CEZ data were of unknown origin. Ignitions in the CEZ
were 18 times higher than in the PER, and over the period examined
(1993–2016 for the CEZ and 2001–2016 for the PER) the annual rate
of ignitions was 37 yr−1 in the CEZ versus 3 yr−1 in the PER. The spike
in ignitions in the CEZ around 1995 (Fig. 3A) was attributed to dimin-
ished fire management capacity following the breakup of the Soviet
Union (Zibtsev et al., 2015). The major drop in ignitions in the PER
after 2003 (Fig. 3B) corresponds to the initiation of enhanced security
measures in the PER (Usenia et al., 2017).

An important observation on the spatiotemporal patterns of fire ac-
tivity was the identification of a bimodal wildfire season related to both
ignition cause and fuelmoistures. Field burning practices by inhabitants
on the edge of the CEZ and in resettled areas cause spring grass fires,
while fires in forested areas are caused by industrial and other human
activities later in the summer when forest fuel moistures decline.

3.2. Fire simulation outputs

Comparison of simulated and historical fire perimeters showed
qualitative similarities in terms of shape and size and incidence within
the study area (Appendix A, Fig. A2). Comparison of historical fire distri-
bution with simulated fire sizes also showed that the simulations pro-
duced fires that mimic historical distributions (Appendix A, Fig. A4).
Data show some underestimation of rare, large fire events (e.g.
10,000–13,000 ha) by the simulation model, owing to rare climatic
events that are not captured in the median wind speed and average
fuel moisture data. However, additional simulations, (e.g., 1 million)
could potentially result in these large historical fire events.

Maps of the fire simulation outputs show spatial variation in ex-
pected fire behavior as measured by likelihood (burn probability), in-
tensity (expected flame length), and fire size (Fig. 4B–D). Burn
probabilities (Fig. 4C) showed relatively high values in the southwest
portion of the study area where high ignition frequency in historical
data and large areas of fuel with high spread rates are located. Higher
Fig. 5. (A) Potential 137Cesium (Cs) emissions from simulated ignitions and resulting fire. Eac
resuspended within the resulting fire perimeter. The map shows where ignitions have the hi
and resuspend 137Cs. (B) Expected 137Cs emissions accounting for historical ignition patterns
Reserve.
values of expected flame length (Fig. 4B) were more diffuse than burn
probability, and generally corresponded to areaswith Scots pine planta-
tions. Fire size potential, or the propensity of ignitions to generate large
wildfires, showed high values in multiple areas within the study area,
especially for portions of PER where the burn probability was low
(Fig. 4D). The frequency distribution of predicted 137Cs emissions from
individual fire events varied from near 0 to a maximum of about 1.72
million kBq (Appendix A, Fig. A5), although predicted emissions for
86% of individual fires were b 8765 kBq. There were 47 fire events
where predicted emissions exceeded 2.8 105 kBq. The largest emissions
event was from a fire that burned 12,684-ha and started in the southern
portion of the Polesie reserve.

The emissions potential (Fig. 5A) that is a measure of the propensity
of an ignition location to spawn large fires that spread into contami-
nated areas showed high values in and around the most contaminated
areas, especially within the PER. The expected emissions, which factors
ignition probability (Fig. 4A) as well as fire size potential (Fig. 4D),
showed the highest values in the CEZ (Fig. 5B). Overall, the simulations
identified the areas of greatest concern with respect to both the poten-
tial and expected fire behavior considering historical ignition frequency,
fire intensity, spread rate, and contamination.

3.3. Effect of fuel break network

Effect of the simulated fuel break network on reducing burn proba-
bility within the CEZ was generally concentrated where ignition fre-
quency was the highest (Fig. 6). Note that the fuel break simulation
experiment was only conducted for the CEZ due to lack of spatial loca-
tion data for fuel breaks in the Polesie reserve. The change in fire size
distributions showed that the fuel break scenario reduced the incidence
of larger fires (Fig. 7A). The intercept frequency was used to measure
the performance of individual 2 km fuel break segments and showed
that a small number of fuel breaks accounted for the majority of the in-
tercept (Fig. 7B). Maps of the intercepts (Fig. 7B) showed intercept fre-
quency was highest in the southwest and southern portions of the CEZ.
The effect of the fuel break network on potential and expected
h simulated ignition point was colored according to the total 2018 137Cs contamination
ghest potential to generate large fires that also burn through highly contaminated areas
and burn probability. CEZ = Chernobyl Exclusion Zone, PER = Polesie Radioecological



Fig. 6. Effect of fuel breaks on burn probability from wildfire simulations within the
Chernobyl Exclusion Zone (CEZ) portion of the study area. Image was generated by
simulating wildfires on a landscape where the fuel breaks were considered non-
burnable fuels for 200-m in width.

Fig. 7. A) Change in fire size distribution with fuel breaks as implemented in Fig. 6 within
the Chernobyl Exclusion Zone (CEZ). Graph shows that fuel breaks increase the number of
small fires while reducing larger fire events. B) Intercept frequency and spatial location of
simulated fires and fuel break segments for the treated landscape in the CEZ. Fuel breaks
were discretized into 2 km segments and the number of encounters with wildfires were
recorded for the individual scenarios.
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emissions (Fig. 8) within the CEZ showed the highest reduction in areas
around the power plant (near Prypiat) and the southwest portion of the
CEZ where ignitions are relatively common. There were only minor dif-
ferences between the expected and potential emissions, the former con-
sidering ignition probability, while the latter is the effect of the fuel
breaks conditional on a fire ocurring.
4. Discussion

4.1. Summary of results

Fine-scale wildfire simulation modeling was employed to examine
potential wildfire-caused 137Cs emissions in the areas contaminated
by the Chernobyl nuclear disaster. The outputs from the simulation
modeling are consistentwith historical data on fire frequency, intensity,
and behavior (Zibtsev et al., 2011). The simulation outputs augment the
sparse historic record of large wildfire events to provide a set of predic-
tive and finer-scale maps of risk components absent in prior coarse-
scale studies (Evangeliou et al., 2015; Hohl et al., 2012). Specifically,
prior assessment of fire hazard in the CEZ, as reported in Zibtsev et al.
(2015), includes five hazard classes and does not consider post-fire con-
tamination, lacks any quantitative assessment of fire behavior or wild-
fire likelihood, and assumes an even space-time distribution of
ignitions. Moreover, it is commonly assumed that fire risk is higher in
the summer (Evangeliou et al., 2015) when, in fact, human activities as-
sociatedwith field burning occur in the spring and fall, thus significantly
influencing the temporal pattern of risk. The modeling outputs de-
scribed here provide plausible future fire event scenarios and the rela-
tive amounts of 137Cs resuspension from these events, in contrast to
previous coarse-scale studies that estimated radionuclide emissions
under the assumption that major portions of the CEZ burned
(Evangeliou et al., 2014; Hohl et al., 2012).

One broad limitation of our study is that we only considered effects
of wildfire on resuspension of 137Cs. Contamination by 238,239,240Pu, 90Sr
or 241Amwere not assessed.While the spatial distribution of these latter
radionuclides is similar to 137Cs (Appendix A, Fig. A6), the one signifi-
cant difference is the existence of a 137Cs specific deposition plume ori-
ented to the southwest that probably occurred on April 26 (Kashparov
et al., 2016; Fig. 1.4). However, resuspension from wildfire in relation
to fire severity is significantly different among the radionuclides,
owing to different soil migration patterns among the radionuclides
and variation in the soils themselves.

Our analysis revealed a number of hotspots in terms of both fire like-
lihood and intensity and identified locationswhere ignitions can poten-
tially result in large fires that contribute to radionuclide emissions
(Fig. 5B). These hotspots resulted from areas with high historical prob-
ability of ignitions, primarily in grasslands with high fire spread rates
that spread into conifer plantations that are highly susceptible to
crown fire. While grassland fuels have relatively low fire hazard poten-
tial, the rapid spread rate and potential to spread into forest fuels as
large spreading fronts results in a difficult suppression problem.

Our emissions potential map (Fig. 5A) shows the potential of each
ignition location to generate a fire and resuspend radionuclides. This
map can be overlayed onmaps of suppression difficulty, firefighting re-
sponse time, fuels composition (forest versus grass), and existing fuel
breaks to identify where existing wildfire management practices can
be refined and targeted to reflect potential emissions at specific ignition
locations. Our analysis allows identification of the source of risk, an ad-
ditional dimension of risk (Gardoni and Murphy, 2014) that should be
factored into risk evaluation, yet is not done inmostwildfire risk assess-
ments. We did not attempt to develop quantitative response functions
that explicitly linked fire intensitywith emissions, owing to large uncer-
tainty in the literature on emissions factors (see Section 2.4), but rather
use the outputs to examine spatial variation in potential emissions as-
suming an emissions factor of 0.05.



Fig. 8. Change in potential (A) and expected emissions (B) from a fuel break network as implemented in Fig. 6 in the Chernobyl Exclusion Zone (CEZ). For the untreated and treated (fuel
break) landscapes each simulated ignition point was colored according to the total 2018 137Cesium (Cs) contamination potentially resuspended within the resulting fire perimeter. The
smoothed map was then differenced to show the net reduction from the fuel breaks as either the potential (given an ignition, A), and the expected value corrected for the ignition
probability.
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Our study is also the first to examine the drivers of wildfire events
and juxtaposition of wildfires and contaminated areas within both
Belarus and Ukraine. The model outputs show that while the potential
for wildfire-caused radionuclide emissions is significant in the PER in
terms of fire size, intensity, and levels of contamination, the predicted
wildfire activity is quite low, as a result of low ignition frequency
(Fig. 4A) due to securitymeasures takenwithin the contaminated areas.

4.2. Identifying the drivers of fire in contaminated areas

The future trajectory of burned area over time within the CEZ and
PER is a complex question with multiple drivers of fire ignition, spread,
and intensity, and future climate all affecting radionuclide resuspension
from wildfires. The question of the relative importance of these drivers
deserves close scrutiny in the design of mitigation systems. Although
climatic anomalies were largely responsible for the recent large fires
in the CEZ, as elsewhere in Australia (Cruz et al., 2012) and theMediter-
ranean region, high intensity crown fire from fuel buildup in forests
compromised suppression efforts. Zibtsev et al. (2015) state that the
fuels buildup from the lack of forest management is the primary driver
of such conditions. Evangeliou et al. (2015) further argue that based on
relationships between forested area and burned area in central Europe,
succession of former agricultural areas into forests within the CEZ could
reduce fragmentation in forest fuels and lead to increased burned area.
However, there are several issues with downscaling fire regimes in cen-
tral Europe to the CEZ and PER, including the fact that under all but ex-
treme weather conditions, grass and shrub fuels have higher rates of
spread (Scott and Burgan, 2005) that result in higher burn probabilities
in fire prone areas. Globally, grass fires are naturally larger, faster
spreading, and account for the bulk of the annual area burned. While
it is true that high intensity forest fires are often more difficult to con-
trol, the higher spread rates of grassland fires can contribute to a
lower success rate on initial attack, and grassland patches can accelerate
fire into large forested areas. Fire spread is also strongly affected by fac-
tors other than forest-grassland ratios including the shape, size, and ar-
rangement of the respective fuel patches (Finney, 2001). Seasonal
weather also effects the relative spread rates of forests versus grasslands
since in both the CEZ and PER, forest fuels have relatively high fuelmois-
tures in the spring and are not susceptible to burning, while grasslands
and crop residues have relatively low fuel moisture and are highly
flammable.

While the buildup in forest fuels contributed to increasing area
burned in the last decade, the potential for large fires is largely driven
by human activities both outside and inside the CEZ that result in fire ig-
nitions. While the increased fuels caused by lack of management con-
tribute to reduced suppression effectiveness, increased fire severity,
and larger fires, the potential to mitigate this through ignition preven-
tion is clearly shown in the historical ignition data within the Polesie re-
serve (Figs. 3B and 4A). Improved security to reduce unauthorized
access to the PERwas instituted in 1991 to address thewildfire problem
that resulted in a dramatic drop in ignitions (Figs. 3B and 4A), burn
probablity (Fig. 4C), and risk of resuspension (Fig. 5B). The vast bulk
of the ignitions and area burned within the CEZ and PER was caused
by activities related to burning of crop residue andweeds, industrial ac-
tivities, and arson (Dancause et al., 2010; Zibtsev et al., 2015). The 9241-
ha fire in April 2015, for instance, started as a field burn by local vil-
lagers, persisted as a peat fire over the winter, and then re-ignited in
the springwithin a dry grassland and spread to the CEZ. A number of re-
centfires including onenear the reactor in 2017was either intentionally
set or resulted from negligence (e.g., cigarette smoking) (personal com-
munication). Illegal and unmonitored re-settlement within the CEZ are
contributing tomore ignitions related to farm activities. This contradicts
the assessment of Evangeliou et al. (2015; pg. 61), which states that,
“most fires in these areas were attributable to natural causes such as
lightning.” However, historical databases list confirmed lightning fires
in only 4 years of the 17-year record and amounted to 2.75% of the
total ignitions with an average size of 7.5-ha. Moreover, the spatial pat-
terns of ignitions are clearly correlated with human activities.

4.3. The potential for risk transmission from wildfires

The April 2015 wildfire in the CEZ and additional fires in the Polesie
reserve (ca. 10,000 ha) and in other contaminated areas redistributed
radionuclides over the northern and eastern parts of Europe, and anAu-
gust wildfire (5698 ha) affected Central and Southern Europe. These re-
leases of radionuclides by wildfire smoke were classified as Level 3 on
the INES (International Nuclear Events Scale) that corresponds to a seri-
ous incident, in which non-lethal deterministic effects are expected
(Evangeliou et al., 2015; IAEA, 2013). Experimental burning of vegeta-
tion within the CEZ under marginal, moist, burning conditions, con-
cluded that these small experimental fires impacted a relatively small
area downwind and that the contribution of such fires to the redistribu-
tion of radioactivity in and outside the CEZ would be negligible
(Yoschenko et al., 2006). Prior investigations of potential wildfire
137Cs emissions have presented dramatically different scenarios and
emissions estimates, but meaningful comparisons with our study are
difficult. Evangeliou et al. (2014) analyzed wildfire scenarios that as-
sumed burning of 10%, 50%, and 100% of the contaminated forests in
Russia, Belarus, and Ukraine, but the specific forests are not identified
in terms of contamination levels. The emissions from the 10% estimate
was 0.29 PBq, whereas randomly burning 10% of our study area that
captures the bulk of the contaminated area, yields an estimate of



Table 1
Wildland fire system components and key recommendations for enhancing short- and
long-term risk management within the Chernobyl Exclusion Zone (CEZ).

Wildland fire system
component

Recommendationsa

Wildland fire ignition
prevention

• Initiate public and industrial ignition prevention
programs (Prestemon et al., 2010)

• Improve border security to reduce unauthorized
access to the CEZ (Ager et al., 2015)

• Training for industrial workers (gas pipeline/-
electrical network, foresters, road construction,
drivers engaged) in practices to reduce fire igni-
tions

• Restrict all agricultural burning within the CEZ
• Establish and enforce regulations to reduce wild-
fires from agricultural burning outside the CEZ
within a 10 km buffer

Initial attack and extended
suppression

• Build a wildland fire decision support system
(Noonan-Wright et al., 2011)

• Adopt an Incident Command System (ICS) to pro-
vide effective management and coordination of
firefighting resources for initial attack and
extended duration wildfire events (Lasko, 2011)

• Reexamine procedures for firefighter operations in
radioactively contaminated environments and
establish protocols for firefighter exposure moni-
toring (Lasko, 2011)

• Implement a system of fire detection and meteoro-
logical observation sites to provide continuous
wildfire detection and meteorological monitoring

• Acquire dependable helicopter capability to enable
rapid, surveillance, assessment, and suppression of
wildfires (Lasko, 2011)

• Map water sources for aerial and ground suppres-
sion resources

• Build a suppression transportation routing system
to minimize response time to wildfire ignitions
(Zibtsev et al., 2015)

• Institute a protocol that dedicates all CEZ field and
fire staff to wildfire initial attack when fire weather
danger exceeds class IV and wind speed is N6 m/s

Fuels management • Assess wildfire risk and potential to develop and
prioritize fuels management activities (Hao et al.,
2009; Lasko, 2011; Usenia et al., 2017)

• Establish a network of firebreaks (Oliveira et al.,
2016; Syphard et al., 2011)

• Develop a strategy for managing harvested, radio-
active wood (e.g., incineration, solidification, or
long-term storage and sequestration)

• Expand research into strategic restoration of hard-
wood forests and develop landscape management
plan to reduce potential for large crown fire events

Strategic management and
risk governance

• Continue to develop and integrate fire prevention,
detection, fire suppression, and fuels management
actions into an operational and comprehensive fire
management plan (Zibtsev et al., 2015)

• Develop and incorporate GIS layers (e.g., fire
hazard, forest conditions, radioactive
contamination, transportation systems, fire break
locations, energy transmission networks, fire
history, water sources, and wildfire response facili-
ties) into the CEZ fire management plan (Hao et al.,
2009; Lasko, 2011)

• Translate remote sensing technology, fuels
management, fire behavior assessment, wildfire
suppression, and incident command system refer-
ence material into Ukrainian to facilitate technol-
ogy transfer to Ukrainian fire managers (Hao et al.,
2009; Lasko, 2011)

• Integrate wildland fire mitigation planning with
Biosphere management planning (Government of
Ukraine, 2019); continue cooperation and coordi-
nation of fire management activities with Polesie
Radioecological Reserve

• Reexamine and update firefighting tactics, protec-
tive equipment, and fire personnel training to
safely fight wildfires in radioactively contaminated
environments (Lasko, 2016)

Table 1 (continued)

Wildland fire system
component

Recommendationsa

• Reexamine and update protocols for monitoring
firefighter exposure to radioactive contamination
(Lasko, 2016)

• Build institutional system for coordinating and
integrating firefighting management and opera-
tions for CEZ wildfire response personnel

a Recommendations are a synthesis of Zibtsev et al. (2015), Lasko (2011); Lasko (2016),
Hao et al. (2009), and the authors of the current study.
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0.0014 or 200 times less than Evangeliou et al. (2014). Note that 10% of
our study area could be burned in wildfires without significant emis-
sions considering the extreme spatial variability in 137Cs deposition
(Fig. 1), and that much of the forests in the contaminated areas are de-
ciduous forests in bogs and wetlands with high fuel moistures,
protected by waterways and rivers, and unlikely to burn at high inten-
sity if at all under any known weather scenario. In a more recent
study of actual wildfire events, Evangeliou et al. (2015) combined satel-
lite images of real fires in 2002, 2008, and 2010 with measurements of
radioactive 137Cs deposited on the area, and models of air movements
and fires. They estimated that these wildfires have cumulatively
redistributed over Europe an estimated 8% of the original amount of
137Cs released in the 1986 disaster. Specifically, they estimated that of
the 85 PBq of 137Cs released by the Chernobyl accident, between 2 and
8 PBq are still contained in the upper layer of soil in the exclusion
zone. The three fires released 2–8% of the 137Cs (assuming for the entire
incident not just Chernobyl), and some 0.5 PBq in smoke. This was dis-
tributed over Eastern Europe and detected as far south as Turkey, and as
far west as Italy and Scandinavia.

4.4. Fuel breaks

Our modeling system is particularly well suited for designing and
testing alternative fuel break networks to quantitate performance in
terms of encounter rate,fire size distribution and avoided emissions. Al-
though optimal protection from the fuel breaks was assumed, meaning
they were rarely breached by the simulated fires, this is a best-case sce-
nario, and results are still useful to communicate the utility of fuel break
systems to national and international audiences, and can be used for
strategic planning to improve existing fuel break systems. The CEZ for-
est management plan called for 111.9 km of fuel breaks of variable di-
mensions, most N20-m wide, primarily along external perimeters and
roads. They are essentially no longermaintained, and no digital map ex-
ists of either the originally planned fuel breaks or a strategic plan to
build them (Zibtsev et al., 2015). This is in contrast to the well-
maintained fuel break network in the PER maintained by fire manage-
ment organizations (Appendix A, Fig. A3B). Forest management has
not been implemented in the CEZ due to lack of funding and only 50%
of planned thinning was carried out between 2004 and 2006, despite
the fact that extensive areas have low contamination (45%) and man-
agement is allowed. Fuel breaks could be strategically designed in the
CEZ to use natural breaks along streams and marshes, and boundaries
along former farm fields to improve suppression effectiveness while
considering the potential for large fire spread into contaminated areas.
Prioritization of fuel breaks can be accomplished bymappingof contam-
ination levels along all the roads tofind the road segments that aremost
effective at blocking fire spread from non-contaminated to highly con-
taminated areas. The network could also be expanded outside of the
CEZ to lower the risk of incoming fires from ignition hotspots immedi-
ately outside the zone. New technologies would facilitate the creation
and maintenance of fuel breaks through forested areas, including high
capacity chipping machines and nuclear waste solidification capacity.



11A.A. Ager et al. / Science of the Total Environment 696 (2019) 133954
Future application of themodel can be refined to consider localized con-
ditionswith respect to crown fire and spotting. In thisway themost vul-
nerable fuel break segments can be identified.

4.5. The future of fire management in contaminated areas

The spatial patterns in risk factors identified in this study and prior
reports by USDA Forest Service fire managers (Lasko, 2011; Lasko,
2016) and Ukrainian scientists (Zibtsev et al., 2015) can help managers
and policymakers develop a comprehensive fire management strategy.
USDA Forest Service specialists are now combining these various layers
to create a zonal strategymap to prioritize various integratedmitigation
actions. For example, information on travel time (Zibtsev et al., 2015),
ignition potential (Fig. 4A), and contamination (Fig. 5) reveal where
road access needs to be improved for prevention patrolling, fire infra-
structure maintenance and initial attack. In this way effective manage-
ment of fire risk and radionuclide re-suspension within the
contaminated areas can take a multifaceted approach as developed in
the US cohesive firemanagement strategy (USDA-USDI, 2013). Here, ig-
nition prevention, detection, initial attack, suppression, and fuel man-
agement investments designed to manage wildfire risk are space-time
optimized and spatially allocated as determined from modeling exer-
cises like that conducted in this study. Although there is some progress
toward this type of analysis (Zibtsev et al., 2015), and many policy doc-
uments to support it (Hao et al., 2009; Lasko, 2016), prior work has
lacked landscape fire behavior information like that generated in the
current study and failed to consider integrating fuel breaks with other
firemanagement activities. In the long run, leveraging firemanagement
science to build a multifaceted fire management plan will need a well-
organized risk governance system. Response to wildfire events in the
CEZ is bifurcated with two agencies: the State Specialized Forestry En-
terprise Pivnichna Puscha (Ministry of Ecology and Natural Resources
- State Agency for Exclusion Zone Management) and the Department
of Emergency Response (State Emergency Service of Ukraine). The fu-
ture of wildfire management is further complicated by the newly
formed Biosphere Reserve (Government of Ukraine, 2019) that estab-
lishes a zone of waste management (10-km surrounding the reactor
site) with the remaining area in one of three zones (core protected,
buffer to the core, and anthropogenic activities). The zones permit in-
creasing levels ofmanagement intensity, ranging from the total prohibi-
tion of management activities in the protected zone to intensive forest
management activities in the anthropogenic zone. The impact of the
Biosphere Reserve on fire management is uncertain at this time. Al-
though fire suppression activities are expected to be allowed in all
zones, fuel break construction, road building, and vegetation modifica-
tion projects would be limited to zones allowing anthropogenic man-
agement. The probability of human caused ignitions might decrease in
the core nature reserve and buffer zones if human access is strictly con-
trolled but may increase in controlled regime and anthropogenic zones
where access and industrial forest operations are expected to increase.

Finally, to bridge our work with prior wildfire research and policy
discussions concerning wildfires in contaminated areas (Hao et al.,
2009; Lasko, 2011; Zibtsev et al., 2015) we created a comprehensive
set of key recommendations (Table 1) for the development of a strategic
wildfire management plan for the CEZ. These recommendations should
be implemented with the understanding that under projected changes
in climate, drought-induced fires will increasingly challenge fire man-
agement programs and resuspended radionuclides will potentially cre-
ate adverse health consequences to the affected population and
environment.
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