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70Years of observational weather
data show increasing fire danger
for boreal Europe and reveal bias of
ERAS reanalysed data

Johan Sjostrom*™, Frida Vermina Plathner! & Anders Granstrom?

Retrospective analyses of fire danger typically use reanalysed data, but its relation to observed fire
danger is not well researched. Here we use daily weather observations to calculate fire danger for
nine weather stations in Sweden, spanning 1100 km N-S, for the period 1951-2020, making it among
the longest series of observed fire danger to date. All sites except the northernmost one exhibited
increasing seasonal FWI-metrics over the period and linear trends were statistically significant for
three sites. On average, annual peak 7-day moving-average FWI increased by 18% over 70 years.
Increasing trends were mostly driven by higher noon-temperature and not by altered precipitation
patterns. Further, observed fire danger differed substantially from that based on ERA5 reanalysis
data. For FWI> 5, reanalysis FWI-values were on average 25% lower than corresponding observational
values. The strength of reanalysis data is to form gridded data using single assimilation schemes
against homogeneous model fits and it is not designed to fully represent actual point scale weather.
While reanalysis data enables comprehensive geographical analyses, this study shows how it also
underestimates peak fire weather in northern Europe. We recommend checking extreme-value bias
against point observations in future studies.

Extreme wildfire seasons and trends in wildfire occurrence are frequently attributed to climate change! . Fire
danger describes the weather component relevant to fire occurrence and intensity, and the most commonly
used formulation of fire danger is the Canadian Forest Fire Weather Index System (CFFWIS)*, often denoted
as the FWI-system. Studies have shown substantial increases in occurrence of the maximum FWI-values for
different regions during recent decades®®. Several datasets give historical FWI on a global scale, mostly from
1979 and onwards!'®13. These are all based on meteorological reanalysis data in which large sets of atmospheric
observations are assimilated such that the interpolation scheme over all cells is homogeneous. Climate models
are fitted to this assimilated set of observations to produce gridded weather data with continuous distributions
in time and space. These datasets constitute powerful tools to assess historical trends and their spatial variation,
and also to couple fire weather to larger meteorological phenomena'>.

Historical reanalysed datasets are also used to benchmark projections for future decades. Global forecasts
show large-scale geographical variations, mostly towards increasing fire danger'*, with the Mediterranean and
the Amazon expected to encounter the largest increases'!. Higher precision and resolution of reanalysed data
can be obtained for smaller regions such as the European territory'>!® or even for individual countries, e.g.
Sweden!”18,

However, reanalysis data for any point location is a local value of a model applied to a large region, not a
representation of the actual weather at point scale. There are limitations to the accuracy of historical reanalysis
data as a representation of actual local weather, and biases are therefore expected'®. The limitations depend on
grid resolution and grow significantly with decreasing density of weather station data on which to construct the
model?. Sparser observation networks lead to decreased covariance, which forces interpolated values to be over-
smoothed, particularly so for extreme values. Further, when hourly data is used as input to calculate new metrics
that are highly dependent on the extreme values, the mismatch between local observations and reanalysis can
grow even further?!-23, For forest fire danger, Field** exemplified this mismatch by comparing fire danger based
on the relatively coarse MERRA-2 reanalysis product (grid size approx. 40 x 56 km for the boreal)?” to fire danger
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based on weather observations for different regions around the world. It showed a negative mean FWI-bias for
MERRA-2 compared to observations of -3.0 for North American boreal and — 1.3 for Asian boreal.

The ERAS5 atmospheric reanalysis dataset?® (grid size approx. 9x9 km), widely used for detailed global
analyses, also exhibits biases when compared to local weather station data. As part of a global analysis of fire
weather, McElhinny et al.”” tested ERA5-bias using Canadian weather station data. They found a mean bias error
averaging at -3.7 index-points, which skewed the data. The bias was unevenly distributed over Canada, but they
did not examine further which fire danger conditions resulted in the largest bias?”. Similarly, Phoo et al.? tested
the FWI-values calculated using ERA5 against data from a number of weather stations in Southeast Asia and
claimed the agreement was acceptable, with overall correlations between 0.74 and 0.99 for five different weather
stations.

As the phenomenon of Arctic amplification speeds up climate change at high latitudes?, the fire danger in
the north has been suggested to increase faster than elsewhere®, but for boreal Europe this has not yet been
shown. The climate changes observed so far include increasing temperatures in all seasons, but strongest in the
winter, as well as increasing precipitation primarily during the winter and summer (JJA)*"*2. The number of
days with snow cover has decreased significantly in the southern part of boreal Europe®. Further, these changes
have occurred mainly over the last three decades but so far, the net effect of these changes on fire danger has not
been analysed.

In contrast to most of the circumboreal region, Sweden has a dense network of high-quality weather stations,
many of them operational since 1860°*. However, FWI-index calculations require 10-m open wind speed and
relative humidity (or dew point temperature from which to calculate RH), in additions to daily temperature and
precipitation records. These quantities were recorded only from the early 1950s. Here we utilise daily weather
observations from nine weather stations spanning a N-S gradient of 1100 km throughout Sweden to produce
a 70-year-long time series of the FWTI index, delineating multi-decadal trends of actual observed fire danger
in Sweden. These stations have exceptionally good historical continuity, with only minor hiatuses and few
changes of locations or observation techniques. They have continuous records of noon-temperature and daily
precipitation which we utilise to produce drought-centered fire-danger metrics stretching back to 1860, to be
reported elsewhere.

In this paper we use the full set of weather observations required for assessing FWTI to produce continuous
series of fire danger, covering 70 years of actual observations for these sites, which we then compare to ERA5-
based calculations of fire danger. Our research objectives are to (1) identify long-term trends in observational
fire danger for these stations and assess which subindices and moisture codes they might stem from and (2)
quantify systematic differences between fire danger calculated from actual observations and that calculated from
gridded reanalysis data.

Method

The CFFWIS structure

The Canadian Forest Fire Weather Index (FWI) System is a widely used tool for assessing forest fire danger.
First, it evaluates the moisture content of three fuel layers based on daily (noon) weather conditions®. Each fuel
layer is described by a moisture code that can be translated to actual moisture contents. The fine fuel moisture
code (FFMC) describes the moisture content of litter and fine fuels (approximately 250 g/m?). It is driven by
temperature, relative humidity, wind speed, and precipitation. The duff moisture code (DMC) use temperature,
relative humidity, and precipitation to assesses the average moisture content of a loosely compacted sub-surface
organic layer (~5 kg m™2). The drought code (DC) models moisture content of deep, compact organic layers
(~25 kg m~2). Entry variables for calculating DC are only temperature and precipitation, and high code values
indicate seasonal drought®. Response times differ markedly for the three indices. Under “standard” summer
conditions without precipitation 2/3 of the free moisture is lost in 1.5 days for FFMC, in 15 days for DMC and
in 53 days for DC*.

By combining FFMC and current wind speed, the initial spread index (ISI) estimates the fire rate of spread. A
secondary moisture index, the buildup index (BUI), estimates the total amount of fuel available for combustion,
by combining the DMC with a fraction of the DC code value. Finally, the fire weather index (FWI) combines ISI
and BUI to provide an index related to the fire-line intensity.

Weather data
We collected daily observations from nine weather stations in Sweden spanning the period from 1951 to 2020.
These stations register noon (12.00 UTC) observations of 2-m air temperature, 2-m relative humidity (RH) (or
2-m dew point temperature, which we translated to RH as detailed by Magnus®®) and 10-m open wind speed
(averaged over previous 10 min). The stations also provided 18.00 UTC observations of past 24-h cumulative
precipitation (standard in the Swedish system) as well as depth and state of snow cover, which determine when
calculations should start®. The stations span a 1500 km N-S distance from Jokkmokk in the north to Vixjé in
the south (Fig. 1). Further, as part of the attribution of fire danger changes to weather, we calculated the partial
vapour pressure of water, vp_ at noon, based on temperature and relative humidity, using equations provided by
the International Association for the Properties of Water and Steam.

If data was missing at 12.00 UTC we used the closest available observation at the same station of maximum
6 h difference. If this was also missing, the 12.00 observation from the closest weather station was used after
bias-correction using correlations between the original and closest station for data when overlap occurred. Data
was to>99% reported for all variables at the correct hour, reducing any possible error from the complementary
stations.
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Fig. 1. Site locations. Topographic map of Scandinavia with the locations of the weather stations (red
dots), complementary stations (black dots) and complementary stations only used for snow cover
(crosses). Coordinates of the main stations (WGS84) are detailed in the boxes. The map was created using
QGIS 3.34.0-Prizren (https://qgis.org/) with OpenTopography map(https://opentopography.org/) from
OpenStreetMap, with permission (CC BY-SA 2.0).

Fire danger calculations
For each site and year, the calculation of fire danger was initiated three days after the last snow period*” which
here is defined as at least five days of snow cover. Snow cover is, in turn, defined by a snow depth of>3 cm on
at least 50% of the ground at the observation point. For snow-free winters in the south, we instead initiated
the model runs March 1st. Earlier research®®*® has established that there is negligible fire danger in the period
October-February even if there is no snow, because of high humidity and low rate of evaporation. Preliminary
testing revealed that the specific choice of model start date had no significant effect on the summer fire danger
result, as shown also by Berg et al'®. We stopped running the model at September 30th each season. The full set
of indices of CFFWIS were calculated according to Van Wagner and Pickett*® without the Drought Code (DC)
overwintering component?, using Matlab.

7-days maximum of FWI was chosen to characterize each year’s fire season. Hereafter, the peak value of the
7-day moving average is denoted using suffix “-7x” (e.g. FWI-7x). The use of FWI-7x as a seasonal characteristic
follow recent international literature on the effect of climate change on fire dangerl"“. In fact, FWI-7x correlates,
for our data set, to the Seasonal Severy Rating (SSR, from Van Wagner and Pickett'’) with a Pearson correlation
coefficient of 0.87 but we chose FWI-7x as a more straightforward index of peak fire danger. Trends in fire danger
and weather over the full 70-year period were determined using linear fits as we could not find other temporal
patterns across the different sites.
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As for the wind peak (W-7x), we only assessed this for days when we assume, based on index levels, that
surface fuels were dry-enough to carry fire. For this we set a threshold at Fine Fuel Moisture Code (FFMC) > 85
(representing the moisture of extinction for fire in boreal surface fuels) and a Duff Moisture Code (DMC) > 20.

We also analysed if there were seasonal shifts in peak fire danger (i.e. timing of maximum 7-days average
per season). Therefore, FWI-7x assessed over each month were also calculated and the linear 70-years trends of
FWI-7x were thus assessed for each site and within each month (May-September) separately.

Contribution of subindices, moisture codes and weather parameters to long-term changes in
fire danger

The seasonal peaks of the weather parameters or moisture codes are not necessarily concurrent with the peak
FWI'8, To find the underlying contributions to changes in FWI-7x, we assessed the values of the subindices and
moisture codes concurrent with the period of FWI-7x for each season. We used this more ad-hoc approach to
examine the background of changes in fire danger as our data contains only nine point locations and statistical
assessments, such as the Mann-Kendall test, therefore are of limited value. Thus, we extracted the 7-day averages
of these subindices and codes from the same seven days during which the FWI-7x occurred, as the FWI value
is directly related to the concurrent values of subindices and codes, here labelled ISI-7_, BUL-7_, FEMC-7 _,
DMC-7_,DC-7_, where subscript “m” refers to the period of maximum FWTI. The trend over the 70-year period
1951-2020 for the annual values of subindices and codes during peak seasonal FWI was then approximated
by linear regressions, the trend labelled f U)iy, iSty, buiy, f fmcy, dmecy, and dcy, for year y (variables and
fits are found in supplementary information section 4). We used a multivariate linear regression (Matlab ‘fitlmy’
algorithm) to model the relation between FWI-7x and these concurrent variables. The linear trend of FWI-7x
(fwi,) was separated into contributions from isiy and buiy according to the following steps:

(1) Fita linear regression of FWI-7x to the predictor variables ISI-7,_and BUI-7 .
LMrwr = Bo + B1ISI-7p, + 52BUI-7,, (1)
(2) Attribute the changes in FWI-7x from ISI and BUT using the linear trends in subindices

ATY = By (isizo20 — i8i1951)

A" = By (buizoso — buiigst) )
AZ;U; = fwizo20 — fwiigs1 — A{gi - Az{:ii

where Af%¢ describes the residual of fwi, not captured by the linear trends of isiy and buiy.

Thereafter, using the same algorithms, we calculated how the linear change in ISI was attributed to trends in
FEMC, wind and residuals (A% fme, A% and A%L) as well as the corresponding attribution for BUI (AZBLK/[C,
A%Lé and A%, Combining these contributions, we were able to derive the contribution of trends in moisture
codes and wind to the trends in FWI-7x. The attributions of the linear change in FWI-7x to trends in subindices
and moisture codes were done regardless of whether the linear approximations were statistically significant or
not.

Attributing the trends in moisture codes to trends in the different weather parameters is more complicated
since the code values are not directly related to concurrent weather parameters but are subject to different time
lags. Additionally, temperature and relative humidity are highly correlated, making attribution to one or the
other difficult. We therefore derived estimates of weather contribution to f fmc, from concurrent temperature
(ty), water vapour pressure (vp,,,) and wind (wy) using the same type of regression as for the subindices and
moisture codes. Temperature and water vapour pressure have a low degree of correlation, and we assume the
time since rain for peak FWI periods to be much longer than typical lag-times of FEMC (i.e. 1.5 days). As above,
the difference between these model changes (A7/™, Af™e and Af/™¢) and the linear FFMC-trend (f f me,)
was attributed to a residual contribution (ASf°).

Similarly, the influence of T, vp_ and precipitation on DMC was estimated through linear regression against
concurrent T, vp_and Ppamc (y), the annual precipitation ‘absorbed’ by the DMC code until peak fire danger.
We calculated Pp e (y) by the annual cumulative precipitation until the day of fire danger maximum, weighted
by an exponential decay of 15 days and a threshold of 1.5 mm/24-h, as daily precipitation <1.5 mm does not
influence the DMC.

Pore )= 3" exp ((d — dnas (1) /15) x (P (d) ~ 1.5) ©

d=dstart(y)

where dstart (y) and dmaz (y) are the day-of-year for the start of fire danger calculations and the maximum of
FWI-7 for year y, respectively and P (d) is the daily precipitation of day d. Note that P (d) — 1.5 had a lower
cap of 0.

Finally, trends in DC were attributed to trends in temperature and precipitation by linear regressions
against the average noon temperature of the season until the day of maximum FWI-7 as well as the cumulative
precipitation until the same day, weighted by a 53-day exponential decay and a precipitation threshold
of 2.8 mm/24-h (the minimum daily precipitation that affects DC). The estimations of weather parameter’s
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influence on the moisture codes were combined with the influence of moisture codes to FWI, indicating how
weather parameters influenced potential changes in FWL.

Fire danger calculations using observation versus re-analysed data

For comparison with the observation data, 12.00 UTC weather parameters and 18.00 UTC past 24-h precipitation
were extracted from the ERA5 atmospheric reanalysis dataset for the cells overlapping the weather station
locations®. Fire danger was calculated using these weather inputs, but with the same starting dates as for the
observational data. The same seasonal extremes were defined, and the trend evaluated using linear fits to the
70-years period. Observation- and ERA5-based FWI-values for each day and site were compared and correlated
to assess systematic differences between the two datasets.

Results

Weather observations

The disappearance of the snowpack showed only small variations for the northern sites, with model start day in
early May for the northernmost station (Jokkmokk). For stations south of latitude 60°, variation between years
increased and onwards from 1989 there was a clear shift, with 10-17 days earlier snow melt compared to the
earlier period. See Supplementary information (Supplementary Figure S1) for details on this time series.

For the weather trends, the sites show both commonalities and differences, not always with clear geographical
trends (Table 1). Linear regressions show increasing T-7x (max 7-days average of noon-temperature) for all sites,
with an average increase of 1.6 °C over the 70-year period, but with no apparent N-S difference. Four of these
trends were statistically significant at a significance level of 0.05, and were as large as + 2 to+ 3 °C in the southeast
(Stockholm, Malmslitt and Vastervik) but also at the northern site of Storuman.

Summer precipitation (JJA) also increased for most sites, with an average of + 20 mm/season, corresponding
to roughly a 10% increase over the 70-year period. The increase was largest for the northernmost site Jokkmokk
as well as for the three most southern sites but only statistically significant for two sites.

All sites except for Jokkmokk exhibited a clear decreasing trend of the minimum noon relative humidity,
RH-7x. The decrease averages at -5.6%-units which corresponds to 1/6 of the mean value (Table 1). Each season’s
peak wind period during flammable conditions, W-7x, exhibit mostly decreasing or negligible trends over the
period.

Observation-based fire danger

Despite large inter-annual variation in FWI-7x (s.d. between 27 and 36% of the mean), linear trends were
positive for all sites except for the northernmost one (Jokkmokk, Fig. 2), although linear trends were statistically
significant (p <0.05) only for three sites (Table 2). Likewise, ISI-7x, FFMC-7x, BUI-7x and DMC-7x increased
for all stations except for Jokkmokk (Table 2).

Across all sites, the average FWI-7x increase was statistically significant, with a mean increase of 18% above
the mean period value (confidence interval 0%—37%), with the largest changes at Storuman (45%) followed by
Vistervik (35%), Falun (25%) and Stockholm (20%). For most sites 5-year averages showed a tendency towards
multi-year regimes relative the linear trend, but without any detectable periodicity (Fig. 2), see e.g. Umed 1966
1976 or Malmslatt 2002-2017.

The mean of the 70-year FWI-7x distributions ranged 8.5 units between stations, from 12.5 at Jokkmokk in
the inland north to 21 at Stockholm in the southeast (Fig. 3). The correlation of the yearly temporal variation in
FWI-7x between the different sites, assessed through the Pearson correlation matrix, varied from 0.26 to 0.76
(Supplementary Table S3). Correlation decreased exponentially with distance between sites (Fig. 4).

T-7x (°C) | RH-7x (%) | W-7x (ms™!)® | Tot prec. (JJA) (mm) | Longest drought (JJA) (days)*
Site Veg. period (days)* | Change from linear regression 1951-2020
Jokkmokk 135 +0.1 +1.6 -0.5 +56* +1.2
Storuman 130 +2.6* —11* -0.4 +6.3 +0.3
Umea 165 +0.7 -3.0* +0.3 -19 -1.0
Sveg 160 +1.5 -3.6 -1.0* +12 -1.2
Falun 180 +0.5 —11* +0.7* -5.6 +1.9
Stockholm 205 +3.0% -3.7 —1.4% -15 -0.5
Malmslatt 205 +2.0* -3.2 +0.0 +45 -3.9*
Vistervik 210 +3.1* -12* -0.3 +53* +0.8
Vixjo 205 +0.7 —4.4* +0.7* +32 +2.6
Average 175 days +1.6°C* | —5.6%* -0.2ms™! +19.8 mm +0.0 days

Table 1. Changes evaluated by linear regression over the period 1951-2020 for each seasonal 7-days
maximum of weather indicators and precipitation related metrics. The average vegetation period for each
site refer to the period 1991-2020. Statistically significant (p <0.05) linear trends are marked with (*). *See
Schimanke et al*2. ®Only evaluated for days with FFMC > 85 and DMC > 20. “Longest period of consecutive
days without precipitation.
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Fig. 2. Annual values of FWI-7x for the nine sites (thin lines). Trends are shown through 5-year averages
(thick lines) and linear trends (black lines).

FWI-7x | ISI-7x | BUI-7x | FEMC-7x | DMC-7x | DC-7x | Season length® | SSR®

Site Linear change (code value) 1951—2020

Jokkmokk | —1.2 +0.19 -12 +0.2 -8.2 =32 -9.8 -0.27
Storuman | +6.1* +1.89* | +17* +3.0* +17* +28 +17.4* +0.47*
Umea +0.2 +0.26 | +1.7 +0.0 +0.0 +32 +1.8 -0.10
Sveg +2.2 +0.78 +6.2 +1.2 +4.0 +10 -2.2 +0.12
Falun +4.0* +1.99* | +0.78 +2.2* +6.3 +24 +12.0 +0.36*
Stockholm | +3.8 +0.59 | +12 +1.2 +10 +45 +12.5 +0.10
Malmslitt | +2.6 +0.38 | +13 +0.8 +12 +8.8 +1.4 +0.03
Vistervik | +5.7* +2.01* | +8.0 +2.8* +14 -29 +10.2 +0.36
Vixjo +2.0 +0.90* | +13 +0.7 +13 +24 +2.1 +0.27
Average +2.9* +1.00* | +6.6 +1.3* +7.5 +12 +5.1* +0.15

Table 2. Linear trends over 70 years for each seasonal 7-days maximum of code values from CFFWIS, the
seasonal length and severity rating (SSR). Statistically significant (p <0.05) linear trends are marked with (*).
*Defined by number of days with FWI> 8. *The seasonal severity index for summer (JJA) according to Van
Wagner and Pickett*.

Contributions to FWI-trends

For all sites, the linear regression models of FWI-7x were statistically significant to concurrent ISI and BUL
All time-series of ISI and BUT could however not be estimated by a linear function with p <0.05. Concurrent
increase in ISI contributed more to the increasing trend in FWI-7x than did changes in BUI, for all sites except
Jokkmokk, Stockholm and Malmslitt. Only the northernmost Jokkmokk exhibited a substantial negative
contribution from BUI (Fig. 5a). Most often, the FFMC-component of ISI had the largest influence on increasing
FWI-7x compared to the other moisture codes (Fig. 5¢) and concurrent wind. (Fig. 5b). Trends in wind had, on
average, a negligible effect on trends in FWI-7x; it contributed positively for some sites and negatively for others.
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Changes to FWI-7x from subindex and code trends
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Fig. 5. Contributions to the long-term trend in FWI-7x from linear approximations of subindices and
moisture codes. (a) BUI and ISI. (b) Wind and FFMC. (¢) DMC and DC.

The estimates of the contribution of different weather parameters to changes in moisture codes (i.e. FFMC,
DMC and DC) and in turn to the FWI-index, suggest that temperature was the most influential for the changes
in FWI-7x (Fig. 6). Increasing temperatures during the peak fire danger period explained 147% of the linear
trend in FWI-7x averaged over all sites. The water vapour pressure contributed negatively for all sites but one and
balanced the positive influence from temperature by — 34% on average. Likewise, the average contributions from
wind and precipitation were negative, — 4% and — 18%, respectively. The residual contribution, not described by
the linear models, was on average less than + 9% (Fig. 6¢).

Seasonal trends

The 70-year linear trends in FWI-7x, broken down by month for the different sites from May to September, was
largest in the early season and decreased throughout the summer, when averaged over all sites (Fig. 7). The larger
changes in FWTI for the early season would be expected to influence the seasonal timing of FWI-7x, but for most
sites there were only minor shifts of the fire danger culmination date compared to the interannual variations
(Fig. 8). Two sites, Stockholm and Malmslétt, had marked trends towards later timing of FWI-7x, with a 23- and
21-day shift respectively over the 70-year period.

Observation-based vs reanalysis-based fire danger

The FWI-values calculated from the observation data and the ERA5 reanalysis data, respectively, showed large
discrepancies for all sites. During days with FWI<2 (representing 48% of the entire dataset), the ERA5 data
generally overestimated the observational FWI-value. But for FWI>2 the ERA5 data instead underestimated the
FWI-values, and with higher fire danger the discrepancy between ERA5- and observation-based data became
larger (Fig. 9). ERA5 underestimated FWI at all sites but with considerable variation; discrepancies being largest
for Umeé and Stockholm. On average, ERA5-data underestimated FWI-values by 5 points for FWI=20 and 8
points for FWI=30, a decrease of approximately 25% (Fig. 9). This has large consequences for peak fire danger,
with consistently lower FWI-7x values from ERA5-data. Additionally, the linear FWI-7x trends also differ over
the 70-year period, both in absolute terms and relative to the average value of each time series such that the
increasing trends from reanalysis data is between 23 and 82% lower than that from the observational data (Table
3). Similar discrepancies between observed and reanalysed data were observed for the underlying weather
parameters, i.e. T, W, RH and 24-h precipitation (Fig. 10).
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Estimated changes to FWI-7x from weather trends
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ERA5 Observations Difference (ERA5-Obs.)
Site Average FWI-7x | Linear trend (per 70 years) | Average FWI-7x | Linear trend (per 70 years) | Average FWI-7x | Linear trend (per 70 years)
Jokkmokk | 11.5 +3.89 125 -1.2 -1.0 +5.1%
Storuman | 11.2 +3.26 13.5 +6.1 -23 -2.8
Umea 8.6 +0.27 15.8 +0.2 -72 +0.1
Sveg 11.1 +0.91 14.5 +2.2 -3.4 -13
Falun 13.9 +0.75 16.4 +4.0 -2.5 -33
Stockholm | 11.4 +0.76 21.0 +3.8 -96 -3.0
Malmslitt | 13.9 +1.66 17.6 +2.6 -3.7 -0.9
Vistervik | 15.5 +2.03 16.9 +5.7 -14 -3.7
Vixjo 11.3 +1.68 16.2 +2.0 -4.9 -0.3
Table 3. Average values of FWI-7x and its linear trend over 70 years for each site calculated from ERA5 and
from observational weather data, respectively. *The trend changes from positive to negative when calculating
using observational rather than reanalysis data.
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Discussion

Observational versus reanalysis data
Most long-term studies of weather or fire danger rely on atmospheric reanalysis products such as ERAS.
However, our analysis shows that fire danger is systematically underestimated if based on ERA5 data compared
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to the direct meteorological observations and that fire danger trends of reanalysis-based time series differed
substantially from those based on observational data (Table 3). For most sites, moderate to high ERA5-based
FWI were approximately only 75% (+15%) of the value based on observations (Fig. 9, dotted line), with an
equivalent reduction of seasonal extremes such as FWI-7x.

Naturally, some difference between observational- and reanalysis datasets are expected. The first is a
description of the weather at a single point (similar to what actually determines conditions for fire), whereas the
second represents the average weather within a cell, estimated from a consistent model applied to a larger region.
Thus, even if spatial resolution increases, reanalysis data will always be biased towards an underestimation
of extreme values. This “oversmoothing” not only relates to precipitation, which during summer is mostly
convective and inherently local, but also wind, temperature and therefore (indirectly) also relative humidity?
(Fig. 4). Our results show that the bias inherent in the ERA5 weather parameters translate into a substantial,
almost linear, underestimation of the FWI-index in situations of moderate to high fire danger.

Even though weather station observations are standardised, using state-of-the-art instruments, long series
of observation data from individual stations are also associated with idiosyncrasies. However, the overall trends
from our nine stations should be sufficient to smooth out local eccentricities. Even if the variables are correctly
read, all parameters have a degree of uncertainty and the largest are found for RH*? and wind speed*’. Wind
speed is intrinsically a robust parameter to measure but for long series, gradual changes in the surrounding
can occur, such as trees outside of the open area growing taller or buildings being erected nearby. However,
all data collected by the Swedish meteorological service and used in this study have been quality-reviewed and
if stochastic or systematic errors were detected they were corrected before release of data to the public. Also,
modern instruments have less uncertainties and all stations used here had automatic reading as from the mid-
90 s.

The ERA5 model with its homogeneous distributions in time and space enables fire danger analyses of
whole regions. They are therefore widely used to assess historical fire danger'?*4** or as a baseline for future
projections'14-16_ Our results suggest that such large-scale analyses should at least include an estimate of bias
against a sample of observation data, particularly for periods of high fire danger. For regional studies, using
datasets of finer resolution and better local bias correction would also reduce the oversmoothing!.

Fire danger trends and drivers

Overall, the 70-year time series of actual observed FWI-7x constructed here point towards increasing fire
danger over the 70-year period. While only three sites (Storuman, Falun and Vistervik) exhibited a statistically
significant (p <0.05) linear trend, only one (Jokkmokk) had an opposing trend (non-significant). The average
trend of ca+3 index points over the period is difficult to compare to other parts of the circumboreal region as
fire danger analyses based on observational weather data are scarce. However, using five climate models and
averaging over a large part of Eastern Canada, Barnes et al! produced a dataset with a linear FWI-7x trend of
circa+5 point between early 1950s and 2020. In contrast, Mikel et al*® used the Finish fire danger system*’
and gridded monthly averages of temperature and precipitation (1908-2011) in Finland and found only non-
significant trends in number of fire days, within a large inter-annual variability. Also, correlation between these
monthly averages and outcome in terms of occurrence of large forest fires was poor, indicating that monthly
weather averages are too coarse for assessing fire danger.

Increased FWI-7x was more influenced by changes in ISI (to 75% on average) than by BUI (25%) (Table
Al). Jokkmokk was the only site with a substantial negative influence from BUT and Stockholm and Malmslatt
were the only sites with a relatively larger positive contribution from BUI than from ISI. These two sites lie in
the part of the country where summer drought is most common®’, and the changes there were also driven by
increased dryness of fuel components with a longer time-lag (i.e. high DMC and DC) as opposed to sites where
the increasing fire danger was mostly driven by increasing FFMC. As FFMC represents moisture content in
rapidly responding fine fuels*® it can be more easily influenced by short periods of extreme weather.

The changes in fire danger were largest in the early season of May and June. Late spring is also the time of
year with the lowest noon-RH, while DMC usually do not peak until July. However, we cannot identify any clear
trend towards earlier timing of peak fire danger, within the large interannual variability. The timing of peak fire
danger follows very broad distributions from mid-May to mid-August (Fig. 8).

The increase in ISI was mostly due to increasing FFMC and only marginally influenced by trends in wind
(Fig. 5b). The changes in FFMC were, in turn, estimated to be mostly influenced by increasing noon-temperature.
All but one site had a negative contribution to fire danger from increasing water vapour pressure. Averaged
over our nine sites, water vapour pressure during peak FWI exhibited an 8% increase over the 70-years study
period, similar to an increase in summer water vapour pressure of 10-11% averaged for the entire country
over roughly the same period (1951-2012)*2. However, despite the increase in vapour pressure, the increasing
noon temperature still results in lower relative air humidity. The lower relative humidity, in turn, leads to lower
moisture content of light fuel and thus higher fire danger. This result is not unique for Sweden as decreasing
relative humidity was reportedly the driver of 75% of the positive fire danger trends in a global study covering
the period 1979-2020, using ERA5 reanalysis*.

Single meteorological parameters cannot explain trends in fire danger, which depend on the interaction
of several different weather parameters and their variation over time. Malmslitt e.g., exhibited large increases
in summer precipitation, and a decrease in the longest summer drought by several days over the study period
(Table 1). Nevertheless, there was a substantial increase in FWI-7x for the same site, due to the counteracting
effect of higher temperature, leading to increased BUI despite shorter periods without rain (Table 2).

Besides of the long-term trend of increasing fire danger, the very large inter-annual variability is also of
interest. For example, 2018 has been described as a year of unprecedented fire danger throughout Sweden®,
but seen over the full 70-year period, several years have been on par with 2018, e.g. 1955, 1969, 1983 (for
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southern sites) and 1994 (all sites) (Fig. 2). Our data represent a 1100 km N-S gradient throughout boreal and
hemiboreal Northern Europe and as expected there was a gradually decreasing annual correspondence with
increasing distance between stations (Fig. 4). However, in contrast to recent projections of future fire climate
in this region'”!® we did not see any clear N-S difference in the observed fire danger trends, although the
northernmost station (Jokkmokk) was contrasting to the rest, and the only one with decreasing fire danger. To
determine if trends for northernmost Fennoscandia truly differs from areas further south, a wider network of
stations will have to be analysed.

Our results should reflect the effect of ongoing human-caused climate change on fire danger. As such, the
observed trends would be expected to increase with time. The most recent projection for Sweden'® suggest the
largest increase in fire danger for the south-east of the country as well as along the Baltic sea coast, whereas
our data shows more uniform changes throughout. However, Berg et al'® found increasing FFMC-projections,
mostly driven by changes in noon-RH, to be the most significant factor for increasing fire danger in periods of
high FWI-values, which corresponds to our results.

Conclusions

We produce the first long-term dataset of fire danger in boreal Europe built on actual daily weather observations.
Over the 70-year study period the annual maximum 7-day average of FWT increased by + 3 index points, seen
over all nine stations. The increase was mainly driven by higher noon temperatures, which decrease relative
humidity and increase drying rates. When comparing observation-based fire danger calculations with the
corresponding calculations based on gridded reanalysis data (ERA5), the latter underestimated FWI-values by,
on average, 25% for FWI>5. Additionally, the observation- and reanalysis-based data show disproportional
differences in fire-danger trends over the 70-year period. This highlights the need to carefully consider bias
correction, and we suggest checking against observation data whenever exploring large-scale analyses of gridded
reanalysis data.

Data availability

Data from the nine observation stations with daily weather as well as calculated moisture codes and indices are
available online at https://doi.org/10.13140/RG.2.2.14676.31369. Annual peaks of the same variables are also
available in separate files. Descriptions can be found with the supplementary information of this article.
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