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Abstract
In this study, we explore the conditions that led to the unprecedented wildfire that occurred 
in the Chernobyl Exclusion Zone in April 2020 and the effect of this fire on 137Cs dis-
persal, as wildfires are important drivers of 137Cs resuspension, with potentially harm-
ful consequences for the receiving ecosystems. We characterised the historical wildfire 
record between 2000 and 2020 using the MCD64A1.006 MODIS Burned Area Monthly 
Global 500 m dataset and assessed the climatic conditions associated with these wildfire 
events using ERA5-Land reanalysis data. We also examined fire danger indices at the time 
of these wildfires. We then explored the widespread effects of the April 2020 wildfire on 
137Cs resuspension and subsequent deposition using the NOAA-HYSPLIT model, conclud-
ing that the impacts of such resuspension on areas further afield were minimal. Results 
show that climatic conditions leading to severe wildfires are increasing, especially during 
March and April. High soil moisture, relative humidity and extreme temperature anomalies 
are associated with the largest wildfires on record, and fire risk indices at the time of the 
April 2020 fire were higher than for other large fires on record. We have estimated that 
3854  GBq of 137Cs resuspended during the CPPF, with atmospheric transport dominant 
over Russia, Ukraine, Moldova and Kazakhstan. The observed increase in large wildfires 
will have implications for wildfire-driven soil erosion processes, which will further exacer-
bate the effects of atmospheric-driven 137Cs redistribution.

Keywords  Radionuclide dispersal · Climate and weather anomalies · Wildfire regime · 
Chernobyl Exclusion Zone

1  Introduction

Over recent years, there has been increasing concern surrounding the rise in wildfire 
frequency and extent within the Chernobyl Exclusion Zone (CEZ), largely due to the 
resuspension of radionuclides and their subsequent deposition in receiving ecosystems. 
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Several studies have quantified the impact of these wildfires on the resuspension of 
radionuclides, due to the potential risk that dispersal may pose to areas further afield 
(Hohl et  al. 2012; Evangeliou et  al. 2016; Ager et  al. 2019). Radionuclides are pre-
sent throughout the CEZ, originating from the 1986 nuclear disaster at the Chernobyl 
Nuclear Power Plant (ChNPP). The nuclear disaster dislocated the roof of the reactor, 
releasing a radioactive cloud which spread across the majority of Europe with varying 
intensities (Yankasova and Hannam 2013; Skrynyk et al. 2019). The CEZ, which cov-
ers around 2600 km2, was formed shortly after the disaster, due to the potentially lethal 
levels of contamination deposited in the area making it unsuitable for continued human 
habitation (Dusha-Gudym 2005; Hohl et al. 2012). Forests within the CEZ are largely 
unmanaged which, in combination with increasing forest dieback attributable to local 
climate change, increases the risk of particularly catastrophic fires (Evangeliou et  al. 
2015).

Wildfires pose a threat to areas downwind of contaminated soils, due to their potential 
to release radionuclides stored in vegetation and soils, and the subsequent displacement by 
wind. Released during the Chernobyl disaster, caesium137 (137Cs) and strontium90 (90Sr) 
are the two most dangerous radionuclides present within the CEZ (Evangeliou et al. 2014). 
Notably, there is proportionally more 137Cs than 90Sr within the top 5  cm of soil across 
the CEZ, making it more likely to be displaced by a wildfire event (Yablokov et al. 2009; 
Evangeliou et al. 2014).

In April 2020, 365 km2 of the CEZ burned, and of this fire complex, the Chernobyl 
Power Plant Wildfire (CPPF), which burned between 8 April and 24 April, was particularly 
notable, due to its proximity to the ChNPP and the fact that it became the largest singu-
lar fire on record within the CEZ, covering 169 km2 (Fig. 1). The area of the CPPF was 
considered previously to be at relatively low risk of wildfire, but this area is also highly 
contaminated with radionuclides (Ager et al. 2019; Hohl et al. 2012). The CPPF was trig-
gered by an act of arson (Alimov 2020; Chornokondratenko and Marrow 2020). Prior to 
the CPPF, the largest fire on record within the CEZ occurred in April 2015 (109 km2) and 
attracted attention due to its extreme size (Evangeliou et al. 2016).

Wildfire management within the CEZ has changed little over the past years, and there-
fore, it is likely the ongoing changes in the area’s wildfire regime have been influenced by 
regional variations in climate. Within the CEZ, high temperatures and low precipitation 
levels have been linked previously to significant fires (Evangeliou et al. 2015; Ager et al. 
2019). Drier soils and increased wind speed have been linked to increased flammability 
and fire spread (Krueger et al. 2016; Chaparro et al. 2016; Sungmin et al. 2020). Both long- 
and short-term weather trends are intertwined with wildfire risk determined by longer-term 
climatic conditions and are major factors in determining fire characteristics (Balabukh and 
Malystka 2017). Longer-term antecedent conditions in the weeks and months preceding 
a wildfire event are often overlooked, despite fuel moisture and productivity levels being 
interlinked with these antecedent conditions (Crimmins and Comrie 2004). Higher tem-
peratures and longer drought-like conditions in the months preceding an event can decrease 
soil moisture content and produce landscape conditions which positively affect fuel conti-
nuity and potential fire spread (Evangeliou et al. 2015). Acute conditions are also impor-
tant for establishing the impact of climatic conditions on wildfire events. In particular, 
wind speed has been shown to have significant consequences for wildfire spread, and high 
winds have been stated to have occurred in association with the 2020 Chernobyl wildfires 
(Roth 2020; Ager et al. 2019).

The aim of this study is to determine why, in a relatively “low risk” area, the CPPF 
burned such a large area, and evaluate the severity of the burn, alongside the impact 
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of the atmospheric dispersal of 137Cs from the wildfire event. To achieve this aim, we 
answer the following questions:

1.	 What is the historical wildfire regime in the CEZ and has it changed between 2000 and 
2020?

2.	 How have the climatic drivers of wildfire changed over the same period?
3.	 To what extent did climatic conditions drive the large size of the CPPF?
4.	 What were the main impacts of this fire, in terms of burn severity, and the resulting 

atmospheric dispersal of 137Cs and its consequent re-deposition?

Fig. 1   a The location of the Chernobyl Exclusion Zone (CEZ) within Ukraine, and b the distribution of 
fires in April 2020 (mapped from the MODIS MCD64A1 fire product) shown in black, within the Cherno-
byl Exclusion Zone (CEZ), shown in grey. The perimeter of the Chernobyl Power Plant Wildfire (CPPF) is 
shown in red
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2 � Methods

To characterise the historical wildfire regime, we extracted the MCD64A1.006 MODIS 
Burned Area Monthly Global 500 m dataset using the Google Earth Engine (GEE) cloud 
processor, covering a timespan from 2000 to 2020. We then calculated monthly total burn 
area within the CEZ in R using the raster package (Hijmans and van Etten 2012).

We analysed how the climatic drivers of wildfire have changed between 2000 and 2020 
using ERA5-Land reanalysis monthly data (Copernicus Climate Change Service Climate 
Data Store 2020), at ~ 9 km resolution. We analysed rainfall, temperature (at 2 m), rela-
tive humidity, wind speed (at 10 m) and surface soil moisture (0–70 mm soil depth). We 
calculated anomalies for these variables relative to the 1981–2010 reference period. We 
focussed our soil moisture analysis on the uppermost soil layer, as this has the greatest 
influence on the overall flammability of the area (Benscoter et al. 2011). We determined 
relative humidity (RH, %) based on 2-m temperature (T, °C) and dew point temperature 
(Td, °C) using the August–Roche–Magnus approximation:

To determine the extent to which weather preceding the CPPF and at the time of outbreak 
contributed to the large area burned, we analysed the fire risk indices which indicate the 
level of fire risk and the potential intensity of fire. We used the Canadian Fire Weather 
Danger Rating System (CFFDRS) (Van Wagner 1987), which is the most widely used sys-
tem of assessing weather-related fire risk worldwide. We used the CFFDRS historical data 
product (Copernicus Climate Change Service Climate Data Store 2020) which is calcu-
lated using ERA reanalysis data. We focused our analysis on the Fire Weather Index (FWI) 
which is an integrated measure of potential fire intensity and is used as a general indicator 
of fire danger, the Fine Fuel Moisture Code (FFMC) which represents the moisture of for-
est litter fuels, and the Drought Code (DC) which is an indicator of the moisture content 
in deep compact organic layers (~ 10–20 cm deep) that have a slow drying rate. To put the 
CPPF into its historical context, we undertook this analysis for all fires greater than 1 km2 
between 2000 and 2020. To help interpret our analysis of fire risk indices, we also analysed 
daily weather anomalies calculated using ERA5-Land reanalysis daily data (Copernicus 
Climate Change Service Climate Data Store 2020) for the day of fire outbreak. To deter-
mine the extent to which weather conditions exacerbated (and eventually halted) the spread 
of the CPPF, we explored daily weather variables for the duration of the CPPF and in the 
days pre- and post-fire.

We used the differenced Normalised Burn Ratio (dNBR; Eq. 2) to determine burn sever-
ity of the CPPF (for the CPPF fire perimeter from the Copernicus Emergency management 
Service 2020), calculated using GEE (Soverel et al. 2010).

We related the dNBR values to the USGS burn severity levels (Key and Benson 2006; 
Supp. Info S2).

To evaluate radionuclide dispersal resulting from the CPPF, we determined the pre-
fire concentrations of 137Cs and then estimated the resuspension of 137Cs during the fire, 
followed by modelling its subsequent atmospheric dispersal using the NOAA HYSPLIT 

(1)RH = 100

(exp
(

17.625Td

243.04Td

)

(exp
(

17.625T

243.04T

)

(2)dNBR = PreFireNBR−PostFireNBR
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(Hybrid Single Particle Lagrangian Integrated Trajectory) model (Stein et  al. 2015; 
Rolph et  al. 2017). To determine the spatial variation of soil 137Cs prior to the CPPF 
in 2019, we applied the approach used by Ager et  al (2019). Specifically, we used a 
point-based dataset of soil of 137Cs from 1995 (Kashparov et  al. 2017) and then used 
these 1995 levels to estimate 2019 levels using a half-life of 17 years (Paller et al. 2014; 
Eq. 3):

where A is 2019 contamination and A0 is 1995 deposition values, DP (the number of years 
since the inventory was taken) is 24  years (1995–2019) mapping, and Te (the effective 
half-live) is 17 years (as suggested by Paller et al. 2014). We used the empirical Bayesian 
kriging (EBK) interpolation method within ArcMap 10.3.1 to estimate soil 137Cs for 2019 
across the area affected by the CPPF. We used the EBK method because of its high levels 
of accuracy and its ability to outperform other methods, such as the empirical posterior dis-
tribution method (Krivoruchko and Gribov 2020; Samsanova et al. 2017).

We determined the overall amount of 137Cs released from the CPPF based on the con-
centration of 137Cs within the top layer of soil, following the approach of Evangeliou et al 
(2016), where 20% of labile soil 137Cs (which we calculated for the CPPF zone using Eq. 2) 
is emitted to the atmosphere during a wildfire (Paliouris et  al. 1995; Amiro et  al. 1996; 
Yoschenko et al. 2006; Evangeliou et al. 2016). Recently, Evangeliou and Eckhardt (2020) 
used a 137Cs emission factor of 1.2%—informed by laboratory experiments by Hao (2018), 
which concluded that between 1 and 2.5% of the total caesium in pine needles was emitted 
during a fire. Therefore, our assumption that 20% of labile soil 137Cs is emitted during a 
fire is likely to represent an upper limit on this environmental hazard. We did not explicitly 
consider 137Cs emitted from vegetation due to a paucity of empirical data and considerable 
uncertainty in estimating original 137Cs concentrations within different vegetative species 
(Paatero et al. 2009; Yoschenko et al. 2006; Bondar et al. 2014).

We modelled the resuspension of the radionuclide 137Cs using the Lagrangian atmos-
pheric dispersal modelling system HYSPLIT Desktop Version 4.2.0. We ran the model 
for the period 8 April–18 April. Our parameterisation of HYSPLIT is given in the 
supplementary information. An important parameter in HYSPLIT is the height of the 
wildfire smoke plume, as this is extremely influential in determining the dispersal of 
radionuclides (Brown et  al. 2011; Evangeliou et  al. 2015; Nelson et  al. 2008, 2013). 
Whilst the CPPF was not completely eradicated until the 24 April, its smouldering sta-
tus past the 18 meant further smoke plume heights could not be retrieved (Reevel 2020; 
Chornokondratenko and Marrow 2020). We extracted the height of the wildfire smoke 
plume from the 2020 Copernicus Atmospheric Monitoring Service Information Global 
Fire Assimilation (CAMS GFAS 2020) database, which uses a one-dimensional plume 
rise model (PRM) (Freitas et al. 2007) to quantify smoke plume top and bottom height 
(Remy et al. 2017; Kaiser et al. 2012). We then processed the dataset in R, to extract 
smoke plume values for the exact location of the CPPF. HYSPLIT is parameterised 
using single values for the base and top heights of the smoke plume, for the entire dura-
tion of the fire, and does not permit use of time-varying values. We therefore used the 
lowest smoke plume value of 200 m and highest value of 2418 m to define the vertical 
height of the suspended 137Cs, which thus represents the maximum possible dispersal of 
137Cs. We ran the HYSPLIT model using an 80° extent to cover the entirety of Europe, 
western Asia, and northern Africa and the Middle East. We ran HYSPLIT using the 
GDAS 1° meteorological dataset, because its temporal coverage extended to April 2020.

(3)A = A0 ∗ (0.5)(DP−Te)



	 Natural Hazards

1 3

3 � Results

3.1 � The wildfire regime between 2000 and 2020

Most of the fires within the CEZ are small (Fig. 2a). Only 9% of the fires between 2000 
and 2020 burned an area greater than 100 km2. The CPPF is by far the largest discrete 
fire event to have occurred during this period. The dominant wildfire season in the CEZ 
occurs between February and April (Fig. 2b). April is the principal wildfire month in 
terms of total burn area, although this pattern is driven entirely by the CPPF in April 
2020, as prior to the CPPF, March was the dominant month. The CPPF burned 365.6 
km2, which exceeded the previous largest fire on record (the 2015 wildfires which 
occurred between February and April 2015) by 68.3 km2. Over this period there is a 
significant upward trend in burn area (R2 = 0.19, p = 0.0695) (Fig. 2c).

Prior to the CPPF, between 2000 and 2019, the western part of the CEZ had higher 
burn frequency, with some areas burning up to seven times during this 20-year period 
(Fig.  3a). The south-westernmost corner of the CPPF has partially burnt up to three 
times between 2000 and 2019 although the rest of area has no history of wildfires over 
the last 20 years (Fig. 3b).

3.2 � Climate and conditions surrounding wildfires within the CEZ

Due to the importance of climatic conditions on wildfire risk, we analysed how climatic 
anomalies have changed between 2000 and 2020. Between 2000 and 2020 analysis of 
monthly climatic variables shows a significant decrease in soil moisture and relative 
humidity (Fig. 4, Table 1). We also analysed trends in climatic variables for the domi-
nant wildfire months: February, March and April. There are no significant changes in 
any of the climatic variables investigated for February. There is a significant increase in 
temperature for March and a significant decrease in soil moisture, relative humidity and 
wind speed. April also shows a significant decrease in soil moisture and relative humid-
ity, alongside precipitation. Wind speed also sees a significant increase in April.

3.3 � Conditions at the time of wildfire outbreak

The FWI, FFMC and DC at the start of the CPPF were some of the highest values on 
record (Fig.  5a). Other fires with high FWI values did not result in large burn areas. 
Upon closer inspection of the weather variables that are used to derive the fire risk indi-
ces (Fig.  5b), it is clear that the particularly large fires all had particularly high tem-
perature anomalies, whilst the CPPF was outstandingly high. Although the 2015 fires 
(which prior to the CPPF were the largest fires on record) had slightly elevated FFMC, 
and moderately elevated DC, the overall fire risk, as indicated by the FWI, was much 
lower than for the CPPF. The much higher DC at the start of the CPPF indicates the 
pronounced dry conditions at greater depths in the compact organic layers. Analysis of 
weather anomalies at the start of each wildfire shows a consistent pattern of positive 
temperature anomalies (Fig. 5b). The weather conditions at the start of the CPPF were 
outstanding inasmuch as temperature anomalies were the highest recorded at the start of 
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Fig. 2   a Histogram of wildfire 
burn area between 2000 and 
2020; b total area burned per 
month between 2000 and 2020, 
by fire size; c wildfire burn area 
within the CEZ (km2) by year, 
from January 2000 to April 
2020 showing linear regression 
(R2 = 0.19, p = 0.0695) and the 
0.95 confidence interval
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all wildfires on record (temperature anomaly of 12 °C), and soil moisture anomalies and 
relative humidity anomalies were also particularly low.

Actual weather conditions throughout the duration of the CPPF are shown in Fig. 6A–I. 
Temperature anomalies were high in the days preceding the fire and were high for most 
of the duration of the CPPF. Precipitation, soil moisture and relative humidity anomalies 
were negative for the full duration of the fire. The rainfall in mid-April within the CEZ was 
instrumental in reducing the fire intensity and fire spread, and the fires ended towards the 
end of April. Wind speed was not consistently anomalously high; however, some high val-
ues were recorded during the middle and towards the end of the fire.

3.4 � Impacts of the CPPF

The most severe burning occurred in the centre of the CPPF and to the north-east (Fig. 7a), 
burned areas with moderate–high and high severity occurred in close proximity to the 
Chernobyl Power Plant alongside the town of Prip’yat (Fig.  7b). The resulting smoke 
plume from the CPPF reached an upper height ~ 2500 m nearer the start of the fire, decreas-
ing to ~ 2000 m in the latter stages (Fig. 8). 

Fig. 3   a Number of fires between January 2000 and December 2019 within the CEZ derived from the 
MODIS burn product. The perimeter of the CPPF fire in April 2020 is also shown; b the MODIS burn data 
for the same temporal length, for the area contained within the CPPF perimeter
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Based on the distribution of soil 137Cs within the area burnt, we have estimated that 
3854  GBq of 137Cs was resuspended during the CPPF. The resulting atmospheric con-
centrations of 137Cs changed throughout the lifespan of the wildfire as a result of prevail-
ing atmospheric conditions. The 137Cs resuspended during the CPPF originally dispersed 
south, before spreading east and north-east (Fig. 9).

By 15 April, concentrations of 137Cs had spread far enough north to be within the Arctic 
Circle, albeit in small quantities. The southernmost extent of 137Cs dispersal was north-
ern Africa, with Egypt being predominantly affected. Atmospheric transport was dominant 
over western Russia, Ukraine, Moldova and Kazakhstan with atmospheric concentrations 
greater than 0.000001 Bq m3. As a result of this pattern of atmospheric dispersal of 137Cs, 
most areas downwind of the CPPF experienced deposition between 0.0001 and 0.01 Bq 
m2 (Fig. 9). The area in the immediate vicinity of the CEZ and area to the south experi-
enced deposition of 137Cs in concentrations greater than 1 Bq m2 and as high as 10 Bq m2 
(Fig. 10).

4 � Discussion

The CPPF is the largest singular wildfire that has occurred in the CEZ since the area was 
established, and it occurred in a location not previously established as high risk. However, 
an absence of previous large fires in this area, as indicated in Fig.  2a, will have led to 
greater fuel accumulation, and this may have predisposed the area to the unprecedented 
wildfire experienced in 2020 (Kauffman 2004; Keeley et al. 2004; Ager et al. 2019). In a 
comprehensive study of wildfire risk in the CEZ, Ager et al. (2019) estimated that the fire 
size potential in the area of the CPPF was 3.25 km2, which is considerably smaller than 
the observed burned area of 169 km2. Thus, it is clear that the assimilation of information 
on the historical wildfire regime, climatic conditions, vegetation properties, forest manage-
ment regime, and modelled ignition probability, fire burn probability and fire size potential 
simply had not signalled that such a large wildfire could have occurred in this area. The 
significant increase in burn size area over the last 20 years, as shown in Fig. 2c, supports 
other conclusions within the literature that larger wildfires are becoming more common 
within the CEZ (Evangeliou et al. 2014; Ager et al. 2019) and that this trend is likely to 
continue when considering the persistent changes in climate in this region during the domi-
nant wildfire season (Fig. 4).

Progressive warming and drying of both surface and deep soil layers throughout 
March and April is highly conducive for the production of extremely flammable vegeta-
tion. Near-surface soil-moisture deficits in particular increase sensible heating, which 
results in warmer surface air temperatures and increased evaporative demand, amplify-
ing the conditions that make the environment more susceptible to wildfire (Westerling 
et al. 2006; Holden et al. 2018; Sungmin et al. 2020). Surface moisture and temperature 
anomalies have been significantly increasing across these already wildfire-prone months 
(Fig. 4). If this trend continues, it is likely the area will experience larger wildfires due 
to the increased flammability of fuel stores. Wind speed, which drives the spread of fire, 
increased significantly singularly within April across the 21-year period (Fig. 4). This 
suggests that April is potentially becoming more important in terms of consistent co-
occurrence of favourable conditions for wildfire ignition and spread. Long-term climatic 
conditions have significant implications for wildfire size and duration, with our results 
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indicating that the changes occurring within the CEZ over the last 21 years are increas-
ing the areas susceptibility to large wildfire events.

Conditions in the months prior to the CPPF fire in particular, when examined using 
the FWI, the FFMC and DC, indicate that the area was climatically ripe for a wildfire 
event, with the FWI and DC values being some of the highest on record (Fig. 5). These 
results suggest that the chosen indices could be used in future to evaluate the predispo-
sition of the CEZ to a large wildfire event at a particular point in time. Consequently, 
producing these indices in real time may help in highlighting when certain management 
strategies, such as the creation of fuel breaks, would be appropriate. Our analysis also 
indicates that temperature anomalies may be the most significant factor within the FWI, 
as these high-temperature anomalies consistently coincide with the largest wildfires. 
Extreme temperatures directly impact soil moisture and relative humidity, allowing fire 
spread to be much greater (Balabukh and Malytska 2017). These findings are corrobo-
rated by previous research, concluding that high temperatures predispose the CEZ to 
large wildfire events (Borsuk and Zibstev 2013; Balabukh and Malytska 2017). As tem-
peratures continue to increase, it is reasonable to assume that the trend of increasing 
wildfire burn area will continue, with more frequent “unprecedented” wildfire events. 
What is clear is that without taking into account the effects of extreme climatic anoma-
lies on ecosystem properties, wildfire risk modelling systems, such as the one developed 
in Ager et al (2019), are unable to predict the likelihood of wildfires such as the CPPF 
occurring.

The analysis of very short-term weather prior, during and straight after the CPPF 
(Fig. 6) indicates that before the initiation of the fire, temperature, relative humidity and 
soil moisture variable reported anomalous values. These results are as expected when con-
sidering the high FWI and DC values explored earlier and also support the conclusion that 
anomalous climatic variables predispose the area to wildfire events. Anomalously, high 
wind speeds were recorded during several days of the CPPF’s duration—however these are 
not consistent (Fig. 6f). Whilst these high winds are likely to have contributed to the rapid 
fire spread, their inconsistency suggests they may not have been the most influential factor 
in the substantial spread of the CPPF. Further research could be undertaken here to quan-
tify the importance of individual short-term climatic variables on fire size.

From a management perspective, our results are useful inasmuch as they highlight the 
influence of climatic anomalies on the potential wildfire size, whereby it appears extreme 
temperature and soil moisture anomalies are consistently linked to large wildfires. Con-
tinuation of these severe anomalies is likely to normalise conditions such as enhanced fuel 
aridity, where “unprecedented” fires such as the CPPF are more likely to occur. Other stud-
ies have also found that anthropogenic climate change will lead to a rise in future fire activ-
ity within the CEZ, as long as fuels are not limited (Evangeliou et al. 2015; Abatzoglou 
and Williams 2016; Balabukh and Malystka 2017). Furthermore, our results suggest that 
the CFFDRWS could be used as a monitoring system and as a predictor surrounding the 
potential for large wildfire events, as the CPPF had some of the highest FWI and DC values 
on record.

Fig. 4   Climatic anomalies (relative to the 1981–2010 baseline period) for temperature, precipitation, sur-
face soil moisture (0–70 mm), wind speed and relative humidity for the CEZ, from January 2000 to April 
2020. Data for all months across all years are shown in grey, whilst data for the dominant wildfire months 
of February, March and April are shown in red, blue and green, respectively. Linear trendlines and 95% 
confidence intervals are shown for each dataset (annual and for February, March and April). Corresponding 
statistics of the linear regression are given in Table 1

▸
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Table 1   Regression coefficients 
for climatic anomalies 
(temperature in °C, precipitation 
in mm, soil moisture in %, 
wind speed in m/s and relative 
humidity in %) shown in Fig. 4

 Significant trends where p < 0.05 are shown in bold

Variable All months Feb March April

Temp 0.0002 0.1229 0.08684 0.0483
Prec 0.0000  − 0.01302  − 0.04358  − 0.04801
SM  − 0.0005  − 0.04915  − 0.3199  − 0.02796
WS 0.0000  − 0.02175  − 0.04149 0.04880
RH  − 0.0006  − 0.8838  − 0.5066  − 0.5641

Fig. 5   a FWI (fire weather index), FFMC (fine fuel moisture code) and DC (drought condition) at time of 
fire outbreak and b climatic anomalies at time of fire outbreak (temperature (TEMP) in °C, precipitation 
(PREC) in mm, soil moisture (SM) in %, wind speed (WS) in m/s and relative humidity (RH) in %. In both 
plots points are scaled by wildfire size
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The CPPF was unprecedented both in terms of the area burned and also in terms of its 
close proximity to the Chernobyl reactor and its location in terms of the high concentra-
tion of soil 137Cs in this part of the CEZ. Large areas within the CPPF perimeter experi-
enced moderate to high severity burning (Fig. 7a) which can be attributed to the forma-
tion of “fuel ladders” in unmanaged forests (see Evangeliou et al. 2015) that can lead to 
crown fires and the most severe burning. Some clusters of high severity burn are located 
towards the centre of the fire (Fig. 7b), which tends to be the area that is most difficult to 
access due to the intensity of the burn posing a high risk to firefighting personnel (Dusha-
Gudym 2005; Evangeliou et  al. 2015). Unlike previous wildfires in the CEZ, the physi-
cal footprint of the fire was in extremely close proximity to the Chernobyl reactor. Whilst 
the recent installation of a €1.5-billion New Safe Confinement structure should protect the 

Fig. 6   Weather conditions for the CEZ in the days preceding, during and after the CPPF, for precipitation, 
temperature, wind speed, soil moisture and relative humidity. Dashed red lines mark the start and end dates 
of the CPPF. Dashed blue lines (B–J) highlight the 0 line, with values above this line showing positive 
anomalies and values below showing negative anomalies
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reactors remains (Chircui 2020; Shylenko 2020), it is nevertheless important that this area 
be protected from fire. Containment of the CPPF has been partly attributed to the arrival 
of rainfall across the Kiev Oblast (Pavlovska 2020; Mack 2020). Without this rainfall, it is 
possible the area of high severity burning would have continued to spread up to and engulf-
ing the area around the reactor, which contains a higher proportion of the area’s radionu-
clides, alongside waste storage facilities originating from when the plant was still in use. 
Thus, had this area been completely consumed by the fire, the atmospheric dispersal of 
137Cs would have been significantly enhanced, indicating that more management is needed 
to ensure that this does not occur. Relying on potential precipitation events to quench the 
flames, in particular due to clear evidence low precipitation anomalies are becoming more 
common (Fig. 4), could lead to a catastrophic scenario.

Our estimate of 3854 GBq of 137Cs resuspended during the CPPF is considerably lower 
than the estimate of 10,900 GBq for two fires in 2015 that burned 108 km2 (Evangeliou 
et  al. 2016). Conversely, our estimate is an order of magnitude higher than the estimate 
of 341 GBq for the entire April 2020 wildfire complex (Evangeliou and Eckhardt 2020), 
although this difference can be attributed to methodological differences concerning the 
approaches used to estimate emissions, all of which have considerable uncertainty asso-
ciated with them. A validation of atmospheric concentrations of 137Cs in the Evangeliou 

Fig. 7   a The entirety of the area affected by the CPPF wildfire and the spatial variation of burn severity; b a 
close-up of the burn severity in areas of close proximity to the Chernobyl reactor and Prip’yat (west)
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and Eckhardt (2020) found that modelled concentrations were underestimated compared 
with ground-based measurements across Europe, which they state maybe due in part to an 
underestimation of the proportion of 137Cs that is resuspended.

HYSPLIT model results showed that the atmospheric transport and subsequent deposi-
tion of 137Cs that was resuspended by the wildfire was transported over a vast area, north-
wards up to the Arctic Circle, and southwards to northern Africa. Stoulos et  al (2020) 
reported slightly elevated atmospheric concentrations of 137Cs in northern Greece, between 
11 and 13 April, due to an intensification of the wildfire as it progressed, and the height 
at which the air masses were travelling towards this region (between 1500 and 2000 m). 
These elevated concentrations were captured in the footprint of 137Cs concentrations mod-
elled by HYSPLIT (Fig. 9). Whilst the amount of 137Cs suspended within the atmosphere 
can pose a risk due to inhalation of contaminated air (Ager et al. 2019) and the dispersal 
of 137Cs occurred over a vast area of eastern Europe and western Asia, these atmospheric 
concentrations were generally low and are therefore likely to have posed negligible risk. 
In terms of the deposition of 137Cs, other than in the area in very close proximity to the 
southern part of the CEZ where deposition values reached greater than 10 Bq m2 (Fig. 10), 
deposition values were very low, mostly between 0.0001 and 1 Bq m2. These patterns of 
deposition are comparable with those found by Evangeliou and Eckhardt (2020). Deposi-
tion levels reported here are in the same range as those reported by Evangeliou et al (2016) 
for the CPR and are unlikely to translate into hazardous amounts for those living in the 
worst affected areas. For example, the 2015 wildfires were expected to have exposed those 
in close proximity to radiation levels below that of a medical chest X-ray (0.02 mSv) and 
skull X-ray (0.06 mSv) when deposition levels were converted into effective doses (Evan-
geliou et al. 2016). As levels approximated by our modelling are within the same range of 
those produced in this paper, this comparison against medical procedures is useful to aug-
ment the conclusion the resuspension of 137Cs from the CPPF event poses no public health 
risk.

Fig. 8   Height of the CPPF smoke plume. Data obtained from the Copernicus Atmospheric Monitoring Ser-
vice Information Global Fire Assimilation (CAMS GFAS 2020) database
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At the scale of the individual CPPF wildfire, the resuspension and subsequent deposi-
tion of 137Cs does not translate into hazardous amounts. However, during April 2020, a 
further 196 km2 of the CEZ also burned, and so the overall dispersal of 137Cs for this time 
period, from the entire wildfire complex, will be higher than the values reported here.

Wildfires drive radionuclide resuspension via the combustion of upper soil layers 
and vegetation, and subsequent dispersal via atmospheric processes, as described here 
and elsewhere. However, another pertinent issue that has only recently started to receive 
attention in relation to the CEZ (Igarashi et  al. 2020), is wildfire-driven increases in 
runoff and soil erosion. Hydrological processes are already considered to be one of the 

Fig. 9   137Cs concentrations within the atmosphere between 8 April 2020 and 18 April 2020 originating 
from the CPPF event
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major drivers of post-depositional radionuclide redistribution (Smith et al. 2004), irre-
spective of wildfire. It is well established that fire can enhance soil repellency, increased 
runoff and increased soil erosion (Certini 2005; Ebel et  al. 2012; Robichaud et  al. 
2016; Cole et al. 2020). Therefore, there is the potential for wildfires to result in com-
pound hazard effects, whereby they not only increase atmospheric dispersal of radionu-
clides, but also drive increases in hydrologically driven radionuclide dispersal within 
the hydrological system. Runoff generated within the CEZ flows into the main Prip’yat 
river, which is a critical component of the Dnieper river reservoir system. The Dnieper 
system is one of the largest surface water systems in Europe (IAEA 2006), and through 
this river system, there is potential for radionuclides to be transported into the Kiev met-
ropolitan area (Igarashi et  al. 2020). Therefore, understanding how surface runoff and 
soil erosion within the CEZ may impact downstream ecosystems is critical.

Past research within the CEZ has shown that the combustion of the top layer of soil 
is commonly associated with wildfire events, which results in the destruction of the top 
elements of soil (Dusha-Gudym 2005), rendering the soil more susceptible to erosion. 
In a series of plot-scale studies within the CEZ, Igarashi et al (2020) observed dissolved 
and particulate 137Cs fluxes of 4.9 and 160.9 Bq m2, respectively, on a previously burned 
site for a 286 mm rainfall event, compared with dissolved and particulate fluxes of 6.22 
and 8.63 Bq m2 at an unburned site for a 182 mm rainfall event. Their results indicate 
that wildfires do not cause increases in the dissolved 137Cs fluxes, but do result in a sig-
nificant increase in the erosion-driven particulate flux.

Thus, it is clear that a very important coupling between wildfire activity and runoff 
and erosion processes is likely to persist in the CEZ. This coupling has the potential to 
affect radionuclide dispersal to a greater extent than is reported in this study, and other 
recent studies (e.g. Ager et  al. 2019; Evangeliou and Eckhardt 2020) that have only 
considered wildfire-driven atmospheric dispersal, and requires further study, especially 
given the increase in extreme wildfires.

Fig. 10   Total deposition of 137Cs following the CPPF showing the entirety of the countries affected by dep-
osition of 137Cs originating from the CPPF alongside the area affected by the highest deposition values
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5 � Conclusion

Analysis of the historical wildfire record for the CEZ shows an overall trend of increasing 
wildfire burn area, which has a strong association with the extreme temperature, relative 
humidity and soil moisture anomalies that contribute to fuel aridity. HYSPLIT modelling 
results have shown that a single wildfire does not present a hazard in terms of the resus-
pension and subsequent atmospheric dispersal of 137Cs. However, the increasing frequency 
of “unprecedented” wildfires, alongside the likely coupling between wildfire and runoff-
driven redistribution of particulate 137Cs may lead to compound effects over both time and 
space (Bondar et  al. 2014). Thus, ultimately the deposition of 137Cs in downwind areas 
may potentially reach harmful concentrations, impacting food chains and increasing the 
likelihood of water supply contamination (Zibstev et al. 2011; Bondar et al. 2014).
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