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ARTICLE INFO ABSTRACT
Keywords: Fire remains one of the main natural disturbance factors in the European boreal zone and understanding climatic
Forest fires forcing on fire activity is important for projecting effects of climate change on ecosystem services in this region.

Disturbance regimes
Climate-fire interactions
Trends in drought conditions
Climate-related risks

We analyzed records of annually burned areas in 16 administrative regions of the European boreal zone
(countries or administrative units within countries) and fire weather variability to test for their spatio-temporal
patterns over the 1901-2017 period.

Over the 1992-2017 period, the region exhibited large variability in forest fire activity with the fire cycles
varying from ~1600 (St. Petersburg region) to ~37000 years (Finland). The clustering of administrative units in
respect to their burned area, suggested the presence of sub-regions with synchronous annual variability in burned
areas. Large fire years (LFYs) in each of the clusters were associated with the development of the high pressure
cell over or in immediate proximity of the regions in question in July, indicating climatic forcing of LFYs.
Contingency analysis indicated that there was no long-term trend in the synchrony of LFYs observed simulta-
neously in several administrative units. We documented a trend towards higher values of Monthly Drought Code
(MDC) for the months of April and May in the western (April) and northern (April and May) sections. The
significant positive correlation between biome-wide fire activity index and June SNAO (Summer North Atlantic
Oscillation) (r = 0.53) pointed to the importance of large-scale atmospheric circulation, in particular the summer
European blocking pattern, in controlling forest fires across EBZ. The forest fire activity of the European boreal
zone remains strongly connected to the annual climate variability. Higher frequency of strongly positive SNAO
states in the future will likely synchronize years with a large area burned across the European boreal zone.

1. Introduction European boreal zone (EBZ) over the Holocene, controlling the evolu-
tion of vegetation cover and contribution of this biome to the global
Forest fires have been the main natural disturbance force in the geochemical cycles (Conard and Ivanova, 1997; Pitkanen and Huttunen,
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Index; GFED, Global Fire Emissions database; LFYs, Large Fire Years; MDC, Monthly Drought Code; NAO, North Atlantic Oscillation; PCs, Principal Components;
PDO, Pacific Decadal Oscillation; SNAO, Summer North Atlantic Oscillation.
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1999; Carcaillet et al., 2007; Greisman and Gaillard, 2009; Ohlson et al.,
2011; Clear et al., 2014; Kharuk et al., 2021). Since the 19th century, the
EBZ has been experiencing an increasingly pronounced west-east
gradient in fire activity. In its western sections, the fires have been
largely suppressed since late 19th century with its modern fire cycle
reaching 10-20k years (Drobyshev et al., 2012). In contrast, the eastern
fringes of EBZ have a fire cycle of about 300-600 years (Drobyshev and
Niklasson, 2004), i.e. the levels reconstructed prior to the onset of
intensive forest use across Fennoscandia (Niklasson and Granstrom,
2000). Variability in climate conditions, modern and historical patterns
of forest use, and the overall forest accessibility for the forest industry
are likely the main drivers of this gradient. Although there is a general
consensus on the importance and the mechanisms of human impact on
geographical variability of fire activity across the EBZ (Granstrom and
Niklasson, 2008), the role of climate in shaping this and future
geographical gradients in fire activity remains poorly understood.
Indeed, the vast majority of the studies looking at climate-fire in-
teractions within the European boreal zone have been done in Fenno-
scandia (Prentice et al., 1991; Drobyshev et al., 2016; Lehtonen et al.,
2016; Aakala et al., 2018; Krikken et al., 2019), a region experiencing a
much stronger influence of North Atlantic climate, as compared to more
easterly located sections of the EBZ. The increase in climate con-
tinentality towards the easterly section of the EBZ is of particular in-
terest for understanding the response of forest fire regimes to climate
variability. This is because previous studies have pointed to higher
sensitivity of more continental boreal forests to historic climate changes
(Drobyshev et al., 2014, 2017).

Climatic forcing on fire activity affects multiple ecosystem services
provided by boreal forests (Gauthier et al., 2015). Recent years with a
large amount of burned area (such as during 2018 in Sweden) occurred
in the parts of the EBZ where forest management and fire suppression
policies have been generally effective in controlling the forest fires
(Pinto et al. 2020). This observation and the heavy reliance of all
regional economies on forest resources both call for a systematic anal-
ysis of the modern and projected patterns in fire activity. Here we pro-
vide a synthesis of the observational records of the annual burned areas
resolved at the scale of large administrative regions within EBZ. In doing
so, we discuss spatio-temporal patterns in fire activity, its association
with climatic fire proxies, and the synchrony of the occurrence of years
with a large forest area burned (later referred to as large fire years,
LFYs). We put forward three hypotheses, all tested over the 20th and
early 21st centuries: (H1) over the studied timeframe, LFYs exhibited a
trend towards higher synchrony across the EBZ, (H2) fire weather haz-
ard increased in EBZ or some of its sections, and (H3) there is a rela-
tionship between forest fire activity in EBZ and large-scale patterns of
atmospheric circulation. To test these hypotheses, we used cluster ana-
lyses to partition the EBZ into regions of temporally synchronous annual
fire activity. We based our clustering on the annual dynamics of fire
activity only, not considering the properties of the analyzed regions nor
their geographical positions.

To widen the time horizon of the analyses, we reconstructed 117-
year long chronologies of annually burned forest areas for members of
the clusters with the highest correlation between the observational fire
record and the climatological proxy of fire weather. Finally, we analyzed
the association of fire activity with temperature, precipitation, 500 mPa
pressure fields and indices of atmospheric circulation to deduce the
large-scale climatological controls of fire activity.

2. The study area
2.1. The climate of the region

The EBZ is generally characterized by a moist, cool continental
climate, ranging from subarctic conditions in the north and east to cool

temperature conditions in the west. The region is under the heavy in-
fluence of westerlies and Arctic air masses and is mostly of the Atlantic
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type (Suppl. Info. Fig. 1A through Fig. 1D). Mean annual temperatures
are generally low but vary considerably across the region, dominated by
a notable west-east temperature gradient. During the winter, the west-
ern sections of the EBZ is warmer than its easterly sections: in Southern
Scandinavia monthly mean temperature is generally within a few de-
grees of 0°C, while in the Komi republic average monthly temperatures
typically fall to between -15 °C and -20°C. In contrast, summer tem-
perature shows a clear South-North pattern augmented with the altitude
gradient in the Swedish Mountains. The highest mean temperatures in
excess of 20°C found in southern parts of the interior (e.g. Belarus) while
the lowest temperatures are found in the northern and western regions
where subarctic and maritime influences respectively continue to
dominate; temperatures below 10°C are typical to much of the Swedish
mountains, northern Finland and Norway. Precipitation varies sub-
stantially between the Atlantic coast and mountainous regions of Nor-
way and Sweden, and the considerably drier continental interior. During
winter, precipitation is generally between 30 to 50 mm per month in the
most of the EBZ interior but can exceed 300 mm per months at the
Atlantic coast of Norway. Summer precipitation in the EBZ is generally
higher with the mean monthly values of around 60 to 90 mm, with the
Norway and western Sweden receiving between 120 and 180 mm/
month, on average. The snow-free period lasts from April-May to
October-November in the most of the EBZ (Suppl. Info. Fig. 1E through
Fig. 1H). Prolonged periods of drought, while uncommon, are antici-
pated during the 21st century to be increasingly associated with soil
moisture deficit and earlier snow melt during spring (Ruosteenoja et al.,
2018).

2.2. The regional vegetation cover

The forests of the region stretch over four bioclimatic domains,
including northern boreal forests, mid-and south boreal forests, and
boreo-nemoral forests (Ahti et al., 1968; Aleksandrova and Yurkov-
skaya, 1989) (Fig. 1A). EBZ is the area of relatively low tree canopy
diversity with limited variability in the canopy structures across its W-E
extend. Scots pine (Pinus sylvestis L.) and Norway spruce (Picea abies (L.)
H. Karst) dominate the mid- and late successional stages, while downy
birch (Betula pubescens Ehrh.), silver birch (B. pendula Roth.), grey alder
(Alnus incana (L.) Moench) and aspen (Populus tremula L.) prevail in the
early successional forests. Siberian larch (Larix sibirica Lebed.) occur as a
generally minor contributor to the forest canopies on the eastern fridges
of EBZ. Boreo-nemoral forests commonly contain a considerable pro-
portion of hardwoods, the most important of them being pedunculated
oak (Quercus robur L.) and European beech (Fagus sylvatica L.). Despite
low canopy diversity, the region features a high variability in the types
and abundance of forest fuels due to the mosaic of forest patches with
contrasting growing conditions and times since the last disturbance.
Mesic and compositionally diverse forests with a varying proportion of
coniferous and deciduous species prevail in this biome. Xeric forests,
typically with abundant Scots pine and Cladonia spp. lichen on the forest
floor can be found predominantly across the northern sections of the
EBZ. Forests of the region often feature a continuous carpet-like layer
with mosses Pleurozium schreberi (Brid.) Mitt, Hylocomium splendens
(Hedw.) Schimp., Dicranum spp.) and lichen (Cladonia spp.). The layer
provides a common flammable fuel bed, where the majority of forest
fires ignite and spread (Schimmel and Granstrom, 1996). Mires and
hydric sites with abundant yet typically wet fuels are common in the
EBZ, although they rarely dominate at the sub-regional scales.

Available annual fire activity and respective reconstructions repre-
sented the regions in their entirety, making it impossible to partition fire
records among different vegetation types. It follows that some of the
fires contributing to the regional statistics might have occurred in the
tundra and/or peatlands. However, the vast majority of the studied
administrative units were located in the broadly understood boreal
region.
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Fig. 1. The geographic scope of the
study with the administrative units
providing the fire data (A) and the
clustering results based on their annual
forest fire activity (B). On Fig. 1A, the
dashed black line indicates the border
between Southern and Northern Swe-
den, adopted in this study. In B, the
classification is a result of the hierar-
chical clustering over the period be-
tween 1901-2017. Each  cluster
represents a group of administrative
units with synchronous annual fire ac-
tivity. The clustering diagram is pre-
sented in Fig. 2.
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3. Methods the scale of large administrative units, ranging in size from 45¢10° km?
(Estonia) to 417 010° km? (Russian Komi republic) (Fig. 1). In the case of
3.1. Data sources Sweden (450 ¢10° km?), the country was divided into southern and

northern sections, based on the earlier analyses of its modern fire ac-
In this study, we operated with the fire and climate data resolved at tivity (Drobyshev et al., 2012). Compilation of the modern fire records
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presented two main challenges: different temporal resolution of avail-
able datasets (e.g. daily in Sweden and annual for the majority of the
administrative units analyzed), and varying lengths of the records
(Table 2). We elected to conduct the analyses on the annual scale to
maximize their temporal coverage and to focus on the climate-fire
linkages extending over the whole fire season. We used two sources of
data on annually burned forest areas: official forest fire statistics main-
tained by respective state authorities and the dataset on burned areas
from the Global Fire Emissions Database (GFED) resolved at 0.25 de-
grees (Giglio et al., 2013). Official fire statistics for the administrative
regions of Russia was not available beyond 2012 and GFED was used to
extend these records to 2016. In bridging the official (state-provided)
and GFED data, we tested for the correlation between official and
satellite-based records over the overlapping period (1997-2012). For
several Russian administrative units, we observed a non-significant
correlation between official data and the GFED-based record. Two
possible contributors to low correlation values were the quality of the
official fire statistics, which has been previously reported to underesti-
mate the levels of fire activity (Soja et al., 2004) and the inclusion in the
GFED estimates of all land area (i.e. both forest and non-forest lands). In
this case, the correlation between Monthly Drought Code (MDC) and the
annually burned areas was used to extend the record (see the following
sub-sections).

Our study does not target the origin and the spatio-temporal patterns
of fire ignitions. The reason for this is two-fold. First, the spatial
coverage of these data is limited to Fennoscandia, mostly concerns
lightning ignitions (Granstrom, 1993; Larjavaara et al., 2005; Wallenius
et al., 2010) and few decades. Second, the vast majority of information
on effective fire ignitions is not obtained through observation, but relies
on a set of assumptions and/or guesses. Indeed, as a vast majority of
ignitions are not directly observed, their origin being generally deduced
based on the climatological and landscape contexts (e.g. presence of
human and human infrastructure). Instead, a large volume of research in
the boreal region has documented a strong relation between the regional
area burned and metrics of climatological fire hazard (Skinner et al.,
1999; Girardin et al., 2009; Drobyshev et al., 2012; Eden et al., 2020).
These observations further justify the use of burned area records and
climatological drought proxies to study biome-wide trends in fire
activity.

3.2. Monthly Drought Code (MDC) calculation

To contrast annually resolved annually burned areas with the local
fire climate, we calculated monthly drought codes (MDC) for the terri-
tory of each administrative unit by aggregating MDCs for the grid cells
with their geographical centers located within the respective units. MDC
is the monthly version of the Drought Code (DC), which is a component
of the Canadian Forest Fire Weather Index (Girardin and Wotton, 2009).
The DC was originally developed to capture moisture content of deep
layers of the forest floor (Turner, 1972). The numerical value of MDC
reflects a water holding capacity of 100 mm. Value of MDC are
numerically comparable with the values of the drought code, the orig-
inal component of the Canadian Fire Weather System, resolved with the
daily-resolution (Girardin and Wotton 2009). Higher MDC are indicative
of the higher climatological fire hazard, the values above 350 considered
as indicative of very strong hazard. Previous studies revealed a strong
connection between MDC and regional fire activity across the boreal
zone of the Northern Hemisphere (Girardin et al., 2009; Drobyshev
et al., 2012; Eden et al., 2020). The MDC calculation used the monthly
precipitation total and maximum monthly temperatures from the CRU
TS v. 4.02 (Harris et al., 2014). Details on the protocol of MDC calcu-
lation is available in the Supplementary Information Text 1.

3.3. Selection of the "best" cluster members

Efficiency of fire suppression, maximum length of burned area
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chronologies and the quality of these data varied within each of the
identified clusters. We, therefore, selected a single administrative unit
within each cluster as "the best representative” of that cluster for sub-
sequent analyses. The primary criterion for selection was the strongest
correlation of unit-specific burned area chronologies with the MDC
predictors within the cluster in question, and the secondary criterion
was the longest length of the burned area chronology. Adopting this
approach allowed us to partially remove spatial correlation across re-
gions and to obtain a subset of the initial data with the supposedly
highest data quality. The fire record of selected administrative units was
extended over the entire 20th century, using its linear relationship with
one or a group of MDC variables (see next section).

3.4. Reconstruction of fire activity

To identify the most skillful predictor of the unit-specific burned area
chronology, we ran response function analyses with the full range of
combinations of the monthly, mean bi-monthly and seasonal MDCs and
assessed the unique contributions of MDC variables into fire dynamics
for each unit. Response function analysis is a combination of (a) prin-
cipal component analysis, used to generate a reduced number of
orthogonal predictors (principal components, PCs) from a highly auto-
correlated set of climate variables, and (b) regression analysis, which
parameterizes the relationship between PC and the predictand, in this
case - an chronology of annually burned areas. For this step, we used the
function dcc with the stationary bootstrapping option of the R package
treeclim (Zang and Biondi, 2015). An identified set of variables was used
to reconstruct the annually burned areas outside the period covered by
the observational record. To this end, we divided the observational fire
record into equal calibration and verification subsets and assessed the
quality of reconstruction by a combination of three statistics: reduction
of error (RE), coefficient of efficiency (CE), and the Durban-Watson
statistic (DW) (Cook et al., 1994). We considered reconstruction skill-
ful, if it produced a CE value above zero. We calculated the recon-
struction statistics with the function skills in the R package treeclim
(Zang and Biondi, 2015).

3.5. Contingency analyses

To test for the changes in synchrony in the occurrence of LFY over the
20" and 21% centuries (H2), we used contingency analysis. The ratio-
nale for considering LFY only in the contingency analysis was two-fold.
First, we wanted to extract the portion of the record, which supposedly
reflected the strongest degree of climate forcing upon regional fire ac-
tivities. Across the boreal and temperate zones, the degree of regionally
(or synchrony) in the fire activity has been shown to be positively
correlated to the degree of climatic impact upon fire (Swetnam, 1993;
Falk et al., 2011; Drobyshev et al., 2015). By focusing exclusively on the
LFY’s, we disregarded years for which the contribution of non-climatic
factors to the amount of annually burned areas was likely higher. Sec-
ond, LFYs commonly provide one order of magnitude larger impacts,
both in terms of ecology and economy, as compared to “average” years
(Stocks et al., 1998), and understanding the pattern of their occurrences
is, therefore, of critical interest for developing mitigation strategies.

We identified LFYs as years belonging to the 90% distribution
percentile in the 117 year long (1901-2017) chronology of annually
burned areas for the respective administrative unit. The contingency
analysis was done, therefore, on the composite (observational +
reconstructed) LFY chronology for the "best" representative of each
cluster, i.e. the unit (administrative region) whose record had the
highest correlation with MDC predictors among members of respective
cluster.

We assessed the theoretically expected frequencies of LFYs observed
simultaneously (i.e. in the same year) in different clusters, by calculating
joint probabilities of LFYs under the random process. We assumed the
binominal distribution of the LFYs:
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_ N' x _N—-X
p(X) “aw_x’?
where N was the total number of clusters in analysis; X — the number of
clusters with LFY in a single year; p — the probability of LFY in a cluster,
and q - the inverse of this probability. The differences between expected
and observed frequencies were estimated with the Chi-square test
(Sokal and Rolf, 1995). Since Chi-square test does not provide the means
to assess the statistical significance of the occurrence of a particular
synchrony level, we bootstrapped the dataset 1000 times to obtain the
distribution of LFY occurrences to estimate the 0.90 distribution quan-
tile for each synchrony level (i.e. from O to 5, the total number of units in
this analysis) under the assumption of a random process. We, therefore,
considered the exceedance of the observed frequencies over the value of
0.9 quantile as an indication that a particular synchrony level was
associated with statistically significant departure from the random
process. We repeated this analysis for the July MDC values, which rep-
resented the 0.90 quantile of the MDC distribution for respective
administrative units. The choice of July MDC was based on the obser-
vation that this month was consistently selected as a predictor for re-
constructions of unit-specific chronology of annually burned areas
(Suppl. Info. Table 1).

3.6. Superposed epoch analysis

We evaluated the association of LFYs in the selected administrative
units with July 500 hPa pressure fields, using the Hadley Centre Sea
Level Pressure dataset (HadSLP2) (Allan and Ansell, 2006). Super-
imposed epoch analysis, or composite analysis (Kelly and Sear, 1984),
was used to quantify deviations of the pressure fields during the LFYs
from the long-term means and to evaluate the geographic pattern of
pressure anomalies associated with LFYs in each cluster. We run this
analysis on the periods with available observational data in the
respective cluster member, which was selected based on the results of
cluster analysis and of correlation between MDC and fire data (Table 2).
The statistical significance of the results was estimated through boot-
strapping of the long-term distribution of July mean values for respec-
tive periods.

3.7. Trends in fire weather
We used MDC chronologies to test for century long trends in fire
weather (H3). First, to test for the temporal trends in fire weather con-

ditions we regressed, cell-wise, monthly MDC chronologies for the

Table 1
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Table 2

Reconstruction skill of the monthly drought code (MDC) in respect to the annual
amount of burned areas in the studied administrative units. A.CE and B.CE refer
to the values of the coefficient of efficiency, a measure of reconstruction skill
with split calibration-verification scheme (A - early verification and late
reconstruction, B - the opposite). R> indicates the amount of variability
explained by MDC, when linearly regressed against the amount of annually
burned areas over the period with available observational fire data. Cluster
identity refers to cluster IDs on Figs. 1B and 2. Underlined are the units selected
as "the best representative" of a cluster.

Administrative Period with Cluster A.CE B.CE R?

unit observational data identity

Norway 1913-2017 4 0.048 0.06 0.035

Northern 1942-1975 & 4 0.336 0.331 0.369
Sweden 1996-2017

Southern 1942-1975 & 4 0.145 0.163 0.224
Sweden 1996-2017

Lithuania 1930-2017 1 0.349 -0.559  0.391

Latvia 1922-2017 1 -0.35 0.013 0.13

Finland 1901-2017 3 0.114 0.029 0.104

Belarus 1901-1958 1 0.309 0.41 0.584

Estonia 1921-2017 1 0.031 0.162 0.169

Pskov region 1992-2017 1 0.32 -0.109  0.487

Novgorod region ~ 1992-2017 5 0.403 -0.082  0.695

St Petersburg 1966-2017 5 -0.449 0.263 0.55
region

Tver region 1992-2017 5 0.468 0.297 0.746

Republic of 1992-2017 3 0.169 0.592 0.571
Karelia

Murmansk 1992-2017 2 0.579 0.333 0.572
region

Vologda region 1992-2017 5 0.1 0.002 0.27

Archangelsk 1992-2017 2 0.177 0.065 0.281
region

Komi 1950-2017 2 0.229 0.135 0.216

period of April through September against the global mean surface
temperatures (GMST, (Hansen et al., 2010)) for the entire EBZ over the
1901-2017 period. We used principal component analysis to study the
geographical variability in the behavior of July MDC, a common pre-
dictor of the annually burned areas in sub-regions of EBZ (as revealed by
the analyses done in this study), over the complete (1901-2017) and the
recent (1950-2017) period to map the loadings of the principal com-
ponents over the study region. To this end, we ran principal component
analysis (PCA) on the July MDC chronologies and constructed the dis-
tance matrix based on the Euclidean distances, using functions prcomp
and dist of the R package stats, respectively (R Development Core Team,

Descriptors of the administrative units whose fire data were used in the analyses. For the purposes of this table, Southern Sweden includes Gotaland and Svealand and
Northern Sweden includes Norrland. The St. Petersburg region does not include the City of St. Petersburg itself. FCmean refers to the fire cycle (FC) calculated on the
mean annually burned forest area during the period between 1992-2017. FCextreme refers to the fire cycle calculated on the three years with the largest amount of area
burned in the respective unit. Data sources used to compile this table are available in Supplementary Information Appendix 1.

Unit name Area, km?*10° Forested area, *10° ha Population, *10° Population density, per km? FC mean FC extreme
Norway 385.2 11880 5.433 13.9 12156 2930
Northern Sweden 242.7 12148 1.185 4.9 4438 2082
Southern Sweden 168.6 10115 9.142 54.2 15063 4676
Lithuania 65.3 2180 2.794 43.1 8060 2410
Latvia 64.6 3356 1.92 30.0 3185 673
Finland 338.1 22218 5.518 16.3 37119 16777
Belarus 207.6 7894 9.485 45.5 2016 383
Estonia 45.2 2232 1.329 29.2 3999 961
Pskov region 55.3 2148 0.642 11.6 2139 450
Novgorod region 55.3 3528 0.634 11.5 3634 835
St. Petersburg region 83.9 4667 1.814 21.6 1581 299
Tver region 84.1 4413 1.284 15.2 3707 748
Republic of Karelia 172.4 9850 0.624 3.42 4129 1223
Murmansk region 144.9 5423 0.754 5.16 3399 906
Vologda region 145.7 9980 1.177 8.1 6840 955
Archangelsk region 587.4 21695 1.111 2.69 2770 514
Komi Republic 415.9 28671 0.851 2.02 2008 315
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2018).

3.8. Circulation indices and EBZ-wide fire activity

We formulated a fire activity index (FAI) for the whole EBZ, as the
sum of the normalized values of cluster-specific chronology of annually
burned areas. We then correlated gridded temperature and precipitation
fields with FAI to analyze the relative importance of two climate vari-
ables in controlling regional fire activity. We analyzed correlations of
indices of atmospheric circulation (NAO, SNAO, PDO, AMO and various
formulations of ENSO) on EBZ-wide fire activity index (later referred to
as FAI), calculated as the sum of normalized values of the "best mem-
bers" in each cluster, as identified in previous analyses. Since the June
SNAO revealed the strongest correlation with FAI (see the Results sec-
tion), we analyzed their association by Morlet wavelet analysis. The
analyses were run on a non-smoothed chronology and was realized in
the R package WaveletComp (Roesch and Schmidbauer, 2018).

4. Results

Since 1992, the fire cycles in the EBZ stayed at ~10%* years
(Table 1). We observed a large variability in the fire cycles calculated on
the three most fire prone years in the respective unit, with the shortest
cycles being recorded in the St. Petersburg region and the Komi Republic
(1581 and 2008 years, respectively) and the longest — in Finland and
Southern Sweden (37 119 and 15 063 years, respectively). The clus-
tering of administrative units in respect to their chronology of the
annually burned areas, suggested the presence of homogenous groups of
units along S-N and W-E gradients (Fig. 2). We identified five clusters
with the most western cluster encompassing the Baltic States, Belarus
and the Russian region of Pskov, and the most eastern cluster — the
Republic of Komi, the Arkhangelsk and Murmansk regions. Although
our clustering exercise was aimed primarily at reducing the number of
chronologies for subsequent analyses, it resulted in the grouping of
neighboring regions, pointing to the existence of sub-regional patterns of
fire activity.
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LFYs in each of the clusters were associated with the development of
the high pressure cells over the regions in question in July, indicating
climatic forcing of LFYs (Fig. 3). Contingency analysis indicated no long-
term trend in the synchrony of LFYs observed simultaneously in several
administrative units (Fig. 4): for both the LFY and MDC versions of
analyses, the regression of event frequencies against the time was
insignificant: for LFYs R?=0.001, p = 0.30; and for MDC extremes R?<
0.001, p = 0.43. We noted a pronounced decadal variability in the
synchrony levels. The general lack of trend indicated that the evolution
of climate over the EBZ did not lead to an increase in the geographical
extent of positive pressure anomalies during the warmer season.

The dynamics of drought conditions over 1901-2017, as approxi-
mated by MDC, suggested that most of the changes in fire weather
occurred during the start of the fire season. We documented a trend
towards higher values of MDC western section of EBZ for the month of
April (Fig. 5). For May, the positive trend was observed in a section of
Northern Europe centered on the Baltic Sea and over the northern
fridges of the EBZ (Fig. 5). Mid-season fire weather showed, however, no
upward long-term trend over the majority of the EBZ. In fact, sections of
the Scandinavian Peninsula appeared to show a decreasing MDC trend,
specifically — over southern portion of Scandinavian Peninsula in July
and on the northern tip of the Peninsula during the months of August
and September. An upward trend in MDC values was also observed at the
end of the fire season (month of September) in the south-western section
of the study area. Trends in MDC during the summer months were
largely absent, which would likely indicate the lack of a climatically
driven trend in fire severity.

The variability in maximum summer MDC across the EBZ, as
revealed by the PCA analysis, suggested the presence of two zones with
contrasting drought conditions: one located over the Scandinavian
Peninsula and the western fringes of North-West Russia and another one
stretching over the central and eastern sections of the EBZ (Fig. 6).
Concerns about a variation in climate data quality prevented analyses of
geographic variability in July MDC values over the first part of the 20th
century. During the summer months we observed strong correlation
between FAL on one side, and temperature, precipitation and MDC
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Fig. 2. Clustering of the composite (i.e. composed of both observational and reconstructed data) chronologies of the unit-specific amounts of burned forest area.
Calculations were done on the PCA-transformed data and used the first five PCs. Colored backgrounds indicate the regions, which were considered as "the best

representative” of that cluster for subsequent analyses.
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Fig. 3. Superimposed epoch analysis (composite analysis) of July 500 mPa fields during the five large fire years (LFY) in the cluster member with the longest

observational chronology. Significant departures are indicated with empty dots.

fields, on the other (Fig. 7). For the temperature fields, the areas of
significant correlations were largely associated with the Scandinavian
Peninsula and the south-western section of the EBZ. Significant corre-
lations of FAI with precipitation tended to extend more to the eastern
sections of EBZ, as compared with temperature fields. June and July
were months when precipitation signal in the FAI was the strongest.
MDC correlation field covered both the Scandinavian Peninsula and
more eastern parts of the region with July and August being the months
with the strongest correlations. The pattern apparently reflected
response of regional fire activity to the accumulation of water deficit in
the forest fuels towards the second half of the fire season.

FAI showed a positive association with the June summer NAO
(SNAO) over the 1992 -2017 period (Fig. 8A and 8B). The wavelet
coherence analysis conducted on composite (observational and recon-
structed) values indicated that such positive association of two variables
was mostly observed since the mid-1990s.

Correlations between monthly temperature fields and FAI varied in
time and were most pronounced in June and July (Fig. 7). In June, we
observed the positive association of two variables over the Fennoscandia
(with the strongest correlation over Finland), Baltic States and western
sections of the boreal zone in Russia. In July and August, the area with
significant correlation decreased, its center being located over the
southern part of the Baltic Sea. At the same time, negative correlation
was observed over the eastern fringes of the study area during these two
months. The strongest pattern associated with precipitation dynamics
was the zone with negative correlations, centered over the Archangelsk
region and stretching from Komi republic (in June) to south-western
Norway (in July).

5. Discussion

A synthesis of EBZ fire activity over the 20t century indicated a
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Fig. 4. Contingency analysis for the occurrences of large fire years (A) and high July MDC values (B) over the 1901-2017 period. July MDC values represented the
0.90 quantile of the MDC distribution for a particular administrative unit. The red color indicates the level of LFY synchrony, which is significantly different from the

expectations assuming a random process, as estimated by the bootstrapping.

strong sub-regional pattern of fire-prone conditions and an apparent
lack of the region-wide long-term trends, rejecting H1. We observed a
century-long increase in the climatological fire hazard at the onset of the
fire season in the western and northern sections of the EBZ, supporting
H2. We observed a significant effect of SNAO on the EBZ-wide fire ac-
tivity. The result confirmed H3 and pointed to a likely gradient in the
impact of North-Atlantic atmospheric circulation on the forest fire ac-
tivity across the EBZ. Overall, our results suggested that although being
biogeographically similar (particularly — along the W-E gradient) the
EBZ exhibits a certain degree of heterogeneity, in terms of its climato-
logical fire hazard. We speculate that such heterogeneity might have
also existed over longer temporal scales. Below we provide a detailed
discussion of our finding.

5.1. Pattern of forest fire cycles across EBZ

The mean fire cycle in the studied administrative units varied be-
tween 1581 years (St. Petersburg region) and 37119 years (Finland)
(Table 1). These estimates are one to two orders of magnitude longer
than the fire cycles reconstructed across the Fennoscandia region prior
to 1800 AD, when the fire cycle typically ranged between 50 and 300
years (Niklasson and Granstrom, 2000; Wallenius et al., 2010; Rolstad
et al, 2017; Ryzhkova et al, 2020). Comparison of
dendrochronologically-derived fire cycles with those based on the
observational data is to be done with caution. The former tends to
represent fire regimes of drier sections of the landscapes, where the

decay of the deadwood preserving the scars from the historical fires,
occurs at a slower rate. In contrast, regional observational data repre-
sents the diversity of forest types in respective regions and the calcula-
tion of the fire cycle, in this case, relies on the total forested area within a
particular administrative unit. However, a similar scale of the differ-
ences between historical and 20™ and 21% century fire cycles and large
declines in fire activity has been documented in dendrochronological
records (Niklasson and Granstrom, 2000; Wallenius, 2011; Storaunet
etal., 2013; Ryzhkova et al., 2020). It indicates that the observed pattern
is not a product of methodological bias.

The decline in fire activity at the century-long scale possibly had
both climatic and human-related causes. Less fire-prone weather of the
post Little Ice Age era (Bergeron and Archambault, 1993; Bergeron and
Flannigan, 1995; Wallenius et al., 2007; Drobyshev et al., 2016),
abandonment of land use patterns involving fire, and increasingly effi-
cient fire suppression (Wallenius, 2011; Pinto et al., 2020) acted in
concert to reduce forest fire hazard. The pattern of 25-year mean fire
cycle did not exhibit a clear trend along a W-E gradient, although we
acknowledge a likely variation in the quality of forest statistics, and
specifically - a possible underestimation of fire activity in the Russian
section of the EBZ (Shvidenko and Schepaschenko, 2013). This indicated
that under non-fire prone years (which dominated during that period)
the amount of forest burned in the studied administrative units is
broadly comparable across the EBZ. However, the calculation of fire
cycle on three unit-specific extreme fire years (i.e. the years with the
largest amount of area burned during the period covered by
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Fig. 5. Trends in MDC over the EBZ during the 20th
and the early 21st centuries. The color refers to the

direction of the trend, with positive trend indicated by
the reddish colors and negative trend - by blueish
colors. The trend is approximated by the value of the b
coefficient in the linear regression between cell-
specific MDC chronologies and the global mean sur-
face temperatures (GMST, Hansen et al., 2010) over
1901-2017. A significant (p < 0.05) regression is
indicated with the circle on top of respective cell.
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observational data) revealed striking differences between Fennoscandia
and the Baltic States, on one hand, and the Russian regions, on another.
While the fire cycle of western regions remained at the scale of one or a
few thousand years, most of the Russian regions revealed fire cycles
much below 1000 years, approaching the historic levels of fire activity
reconstructed in Fennoscandia. This observation highlights two impor-
tant considerations. First, a generally high amount of forested land and a
lower density of human infrastructure, especially roads that facilitate
the fire suppression work, discriminate the regions more clearly during
the extreme fire years. Since the most “burnable” regions are also among
the largest ones across the EBZ, this pattern should ultimately lead to a
much higher contribution of eastern sections to the biome-wide balance
of atmospheric concentrations of the trace gases, including carbon di-
oxide. Second, our data underpins the importance of the large fire years
as the determinants of the cumulative estimates of regional fire activity.
Indeed, the difference between long-term mean fire cycle and its
“extreme version” reached approximately one order of magnitude in
most regions (Table 1). It follows that the accurate modelling of the
frequencies of extreme fire prone periods is of paramount importance to
provide realistic estimates of the future fire activity.

The differences between a region-specific long-term mean fire cycle
and its extreme version may potentially serve as a proxy for the

efficiency of fire suppression activities. As the studied units feature
similar climate and vegetation conditions, and, therefore, are broadly
comparable, this approach may have the potential to facilitate econo-
metric analyses aimed at optimizing prevention and suppression efforts.
At the scale of the large units, differences in the severity of fire-prone
weather may necessitate the weighting of such a proxy to better cap-
ture the “efficiency signal”. However, for the analysis at finer spatial
resolution (e.g. within single administrative regions), the high spatial
autocorrelation of fire prone conditions will likely render such adjust-
ment unnecessary, simplifying the analysis.

5.2. Regional patterns of fire activity within EBZ and its climatic controls

The clustering algorithm, although it was not constrained spatially,
identified, nonetheless, geographically adjacent units of EBZ (Fig. 1).
This indicated the presence of sub-regional patterns in fire activity,
which overrode multiple non-climatic effects, such as varying levels of
ignition frequencies, efficiency of forest fire management, as well as
differences in forest structure, fuels and the quality of fire statistics
across the administrative units.

Large fire years in each cluster were associated with the development
of high-pressure cells. In Northern Europe, this pattern reflects warmer
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Fig. 6. Loadings of the first three PCs of the maximum summer MDC in the
study region over the 1901-2017 period.

and drier weather conditions (Brunner et al., 2017; Schaller et al., 2018)
leading to the rapid drying of forest fuels, preconditioning them for
effective ignitions and fire spread (Johnson and Wowchuk, 1993; Fauria
and Johnson, 2008). The association between positive pressure anom-
alies in the mid-tropospheric (500 hPa) and periods of strong fire ac-
tivity has been earlier demonstrated on the composite record of the
Northern Swedish fire record, combining fire statistics and dendro-
chronological reconstructions (Drobyshev et al., 2015). Overall, the high
pressure systems developing during the LFYs in specific clusters (Fig. 3)
resembled summer versions of Scandinavian blocking, a daily weather
regime identified on the winter time daily data (Cassou, 2008). We
noted that although large fires years in every cluster were associated
with a high-pressure cell in its proximity, these cells were often not
centered on the cluster in question (Fig. 3). This was consistent with the
observation that subsidence of the air is higher at the ridge edges,

10

Agricultural and Forest Meteorology 306 (2021) 108467

leading to more severe fire conditions through higher rates of fuel drying
and stronger surface winds, both promoting fire spread (Fauria and
Johnson, 2006; Hayasaka et al., 2019) and possibly also lightning ac-
tivity (Price, 2009).

We did not reveal a century-long trend in the synchrony of LFY
occurrence across EBZ and, similarly, no trend was visible for the MDC
values indicative of the periods with strong fire hazard (Fig. 4). This
result indicated that the geographical extent of high-pressure cells,
likely correlated with the degree in the LFY synchrony, did not experi-
ence a directional change over the studied period. The general lack of
EBZ-wide synchrony in the fire activity may be related to the presence of
a dipole, i.e. the opposite behavior, of the fire weather, as revealed by
the principle component analysis (Fig. 6). We detected such a dipole in
respect to the values of the July MDC, which showed inverse loading of
the first two principal components over the Scandinavian Peninsula and
the eastern section of the EBZ. This pattern probably explains the
asynchronous pattern of forest fire activity over the EBZ: while fire-
prone conditions occur over the Scandinavian Peninsula, wet condi-
tions dominate over the areas in the vicinity of the western slopes of Ural
Mountains. Consistent with this explanation was the occurrence of
negative pressure anomalies in the vicinity of the Ural mountains during
the years with strong fire activity and high pressure conditions in the
most western of the identified clusters (Cluster 4 including Sweden and
Norway, the first panel of Fig. 3). Similarly, an EBZ-wide index of fire
activity suggested non-homogenous pattern of correlation with mean
maximum temperatures over July and August, with the western sections
of the EBZ exhibiting positive correlations, while the eastern sections —
the negative ones (Fig. 7). The mechanistic explanation of this pattern is
unclear, although we speculate that the meandering pattern of the jet
stream, controlling the intrusions of cold and dry Arctic air into the EBZ
from the Arctic region, may be at play here. The absence of a trend in the
synchronicity of LFYs and extreme MDC values over the 20th and early
21st centuries (Fig. 4) indirectly suggested that geographic localization
of this dipole remained relatively stable over that period. Amplification
of the jet stream’s meandering pattern in the future (Coumou et al.,
2018) may act towards increasing differences in fire weather among
sub-regions of the EBZ during the fire season. This would make the
region-wide LFYs less likely. In this context, the projected increase in the
severity of the fire weather and frequencies of the extreme droughts in
the boreal regions, including the European sector (Flannigan et al.,
2009; de Groot et al., 2013), would likely have strong sub-regional
signatures earlier demonstrated in the circumboreal analyses on the
historical data (Girardin et al., 2009).

Although MDC dynamics did not suggest an EBZ-wide increase in the
fire hazard, our results pointed to pronounced sub-regional and seasonal
patterns of its dynamics (Fig. 5). A century-long increase in the summer
MDC values occurred in the western section and northern sections of the
EBZ and was limited to the spring period. This pattern may reflect an
earlier onset of the warm season (Parmesan and Yohe, 2003; Menzel
et al., 2006), increasing the temporal gap between the snow-free period
and summer precipitation. The declining trend in the snow cover depth,
observed in most of Finland over the 1961-2014 period (Luomaranta
etal., 2019), is consistent with this observation. It is important to realize
that drier spring conditions could be an important contributor to the
state of forest fuels towards the second half of the fire season. An attri-
bution study of the severe fire season in Sweden in 2018 suggested that
spring drought was a likely precursor of the increase in fire activity in
that year (Krikken et al., 2019). The increase in the forest fire hazard
during early part of the fire season, observed in this study, was in
agreement with the observation of an earlier onset of the fire season in
other parts of the boreal domain (Hanes et al., 2019).

5.3. Temperature and precipitation controls of EBZ fire activity

Correlations between the regional fire activity index FAIL on one
hand, and the warm season temperature and precipitation fields, on the
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Fig. 7. Correlation between the annual fire activity index (FAI) and CRU 4.03 maximum monthly temperature, total monthly precipitation, and MDC (Monthly
Drought Code) fields for May through August over the 1992-2017 period. Colored areas have a significance of the correlation coefficient at 0.10 or higher.

other, demonstrated a pattern consistent with strong control of drought
conditions upon biome-wide and annually resolved fire activity (Fig. 7).
Correlation between FAI and the maximum June temperature was sig-
nificant over the whole Scandinavian Peninsula and included the areas
which had the longest snow cover in the EBZ (Supp. Info. Fig. 1). In
parallel, we observed a negative correlation between FAI and precipi-
tation in the north of the Scandinavian Peninsula. The pattern began to
appear already in May. Since the largest proportion of annually burned
area there comes from the late season fires (Fig. 2B in the Drobyshev
et al. 2012), the pattern we document here indicates the role of early
season conditions in the accumulation of the water deficit in the forest
fuels. Such predisposing of forest fuels to fire spread by spring and
summer conditions appears to be characteristic of the northern regions
of EBZ, as the area of significant associations for both temperature and
precipitation moves southward during the fire season. We speculate that
such a pattern indirectly points to the role of snow amounts and the
speed of its disappearance as drivers of late-season fires.

The correlation structure of the maximum temperature field (Fig. 7)
suggested a geographically non-homogenous pattern of correlation,
with the eastern sections of the EBZ exhibiting negative association with
FAL This result was consistent with the observation of the dipole pattern
in the loadings of MDC PCs, indicating the contrasting behavior of
climatological fire hazard between the western and eastern sections of
the EBZ (Fig. 6). Since the FAI is a cumulative measure of fire activity
and is based on the fire statistics from single regions with the best data
quality, it is expected that its correlation with climate variables should,
to a certain degree, reflect the positions of these regions. It is, therefore,
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possible that the observed pattern might be, in part, caused by the fact
that the "best members" of the regional clusters were located in the
western section of the study area. In contrast, the association of FAI with
precipitation revealed a much more coherent and geographically larger
pattern, suggesting that that precipitation variability was the “syn-
chronizing factor” in respect to the EBZ-wide forest fire activity. This is
consistent with the analysis of climate-fire relationships on dendro-
chronologically reconstructed fire histories in a network of Northern
European sites (Aakala et al., 2018). In particular, the authors of that
study suggest regional precipitation patterns as a “credible determinant
of fire synchrony” at the decadal scales.

5.4. EBZ fire activity and SNAO

The positive correlation between FAI and June SNAO pointed to the
importance of atmospheric circulation in controlling forest fire activity
over EBZ. As opposed to the NAO, which simply quantifies the north-
south pressure difference that conditions the strength of westerly
winds across the Atlantic, the SNAO is, a representation of a "summer
European blocking pattern" (Guemas et al., 2011) and defined as the first
Empirical Orthogonal Function (EOF) of sea level pressure levels in the
extratropical North Atlantic. The SNAO has been shown to be of critical
importance in controlling drought periods in Europe (Folland et al.,
2009). A positive SNAO state corresponds to an anticyclonic weather
pattern and features a strong positive pressure anomaly centered over
the Scandinavian Peninsula (Fig. 1 in (Folland et al., 2009)). We
observed variations of this pattern in the analyses of LFYs for selected



1. Drobyshev et al.

n L ]
A .
e | Ry =028 . i
_g p=0.004
2 « | period 1992-2017 .
Fo
=
-
[*)
L3+
2
Lo
T T T T
2 A 0 1 2
June SNAD
“'B
x 15
=
£ 10
=
55
v 0 |.|| I“ A ,| I
i | |
5
=10

1948 1954 1960 1966 1972
Years

16

1
1948 1554

1960 1966 1972 1978 1984 19890
Years

cluster members (Fig. 3). Of particular relevance for our study is a strong
negative correlation between SNAO and precipitation (Figs. 4 and 6 in
(Folland et al., 2009)), a pattern that is consistent with a strong negative
correlation of July precipitation with FAI, an index representing
EBZ-wide fire activity (Fig. 7).

A clear mechanistic link between SNAO and fire prone conditions in
Northern Europe resulted in strong correlation between June SNAO and
EBZ-wide FAI (r = 0.53, p < 1072). We speculate that although SNAO
captures a tangible amount of fire-related pressure variability in that
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Fig. 8. Association between regional fire activity index (FAI)
and June SNAO. A - linear regression between FAI and June
SNAO over 1992-2017, with a 0.95 confidence envelope,
adjusted R? and significance indicated; B - annual chronolo-
gies of FAI (dark line) and June SNAO (blue line); C - Morlet
bi-variate wavelet coherency analysis. Shown are the phase
synchrony (horizontal arrows pointing to the right indicate
in-phase variability at specific period), significance of coher-
ence (areas circled with a thick white line), coherence levels
indicated by color, and the time domain not affected by edge
effects (the cone of influence).
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region, the large geographical extent of EBZ and the role of sub-regional
weather patterns might be the factors limiting its predictive skill in
respect to a EBZ-wide index, as suggested by the geographical pattern of
loadings of the first three PCs of July MDC (Fig. 6). In the spectral
analysis of SNAO and FAI, we observed the strongest correlation at near-
annual scales and since the 1990s (Fig. 8). It is unclear what could be a
driver of this pattern. Since the majority of the regional fire records were
the reconstructed time series prior to 1992, there is a possibility that the
change in significance reflected a transition from the observational to
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predominantly reconstructed sections of the chronologies.
6. Conclusion

Despite exhibiting strong gradients in climate conditions, modern
and historical patterns of forest use, the infrastructure and human
population densities, the forest fire activity of the European boreal zone
remains strongly connected to the annual climate variability. Scale-wise,
the levels of modern fire activity across the EBZ (Table 1) is one to two
orders of magnitude lower than those reconstructed dendrochronolog-
ically for the 1500-1700 period. Such reconstructions mostly cover the
northern sections of the EBZ and may overestimate historical fire ac-
tivity, by preferentially relying on the data from drier parts of the
sampled landscapes. However, the scale of the differences and the fact
that the dendrochronological reconstructions themselves capture the
decline in the burned areas, support the notion that the EBZ features
historically low levels of fire activity. A non-homogenous pattern of fire
prone conditions across the EBZ suggests an equally non-homogenous
response of fire activity to the future climate variability. However, it
is likely that a higher frequency of strongly positive SNAO states in the
future will synchronize years with large areas burned across the EBZ.
Analyses of the seasonal evolution of fire prone conditions is of imme-
diate value for partitioning annual long-term trends in fire activity.
Despite a cumulative nature of the strong droughts, a critical prerequi-
site of fire with largest ecological and economic impacts, there is a
certain degree of independence between early- vs. late-season fire
weather conditions (Duffy et al., 2005; Hayasaka et al., 2020), which is
worth exploring in the future studies. The current study did not explore
the link between the ocean SST temperatures and fire activity, although
such a relationship has been documented for both North American
(Shabbar et al., 2011) and Scandinavian (Drobyshev et al., 2016) boreal
regions, and these analyses are well-warranted.
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