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Abstract

The Iberian Peninsula is recurrently affected by severe wildfires resulting from an interplay of human activities,
landscape features, and atmospheric conditions. Here we assess the role played by atmospheric conditions on wildfire
activity as measured by Fire Radiative Power (FRP) derived from observations by the MODIS instrument. The study
spans the period 2001-2020 and is performed in four pyroregions covering the Iberian Peninsula that have been used in
recent years, namely the northwest (NW), southwest (SW), north (N) and east (E). Atmospheric conditions are
characterized by means of the Fire Weather Index (FWI), which rates fire intensity. For each pyrogegion, the distribution
of log,, FRP is characterized by means of a statistical model that combines a truncated lognormal distribution central
body with a lower and an upper tail, both consisting of Generalized Pareto (GP) distributions. The model is then
improved by using FWI as a covariate of the parameters of the lognormal and the two GP distributions. Then, for each
pyroregion, a set of 100 synthetic time series of total annual FRP is set up using the statistical models with and without
FWI as a covariate. The role played by meteorological conditions is finally assessed by comparing the two sets between
each other and against the time series of annual FRP derived from observations by the MODIS instrument. Results
obtained for region SW show an increase from 90% to 96% of interannual explained variance of FRP when progressing
from the model without to the model with FWI as covariate. Increases from 95% to 96%, 84% to 89% and from 79% to
86% were obtained for regions NW, N and E. It is worth stressing that these are conservative estimates of change, since
the dependence of number of ignitions on FWI was not taken into account.

1. Introduction

The Iberian Peninsula is recurrently affected by severe wildfires that relate to an increase in fuel availability
due to land abandonment and the expansion of forest and shrubland areas (Pausas and Vallejo, 1999; Lloret et
al., 2002), as well as to an increase in the occurrence of prolonged droughts and in the number of days with
extreme fire weather associated to climate change (Pereira et al., 2005; Trigo et al., 2006; Carvalho et al., 2011,
Pereira et al., 2013; Sousa et al., 2015; Pérez-Sanchez et al., 2019; Turco et al., 2019).

The Iberian Peninsula has been affected by large wildfires in the recent decades, and the tragic years of 2003,
2005 and 2017 in Portugal are worth being pointed out. The Iberian Peninsula was struck by a severe heat wave
in August 2003 and by two severe heatwaves in 2017 (the first in mid-June and the second in the second week
of July), and 2005 and 2017 were affected by two severe droughts, that of 2005 being the most severe in recent
times (Garcia-Herrera et al., 2007). Several studies have underlined the critical role played by different
meteorological variables, including temperature, humidity and wind on the occurrence of extreme years of fire
activity both at shorter (e.g. summer heat waves) and longer (e.g. prolonged droughts) time scales (Ruffault et
al., 2020).

The fact that the entire Mediterranean basin, and the Iberian Peninsula in particular, is considered as a hotspot
of climate change, increases the likelihood of occurrence of extreme fire weather and of more intense droughts
(Turco et al., 2019; Ruffault et al., 2020). This strongly suggests that particular attention should be devoted to
the role played by atmospheric conditions on wildfire activity. The aim of this work is to assess the impact of
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meteorological conditions on the interannual variability of fire activity in four pyroregions of the Iberian
Peninsula (Trigo et al., 2016).

2. Data and Methods

The study area comprises four pyroregions in the Iberia Peninsula (Northwestern, Northern, Southwestern and
Eastern) as identified by Trigo, et al. (2016) based on a cluster analysis of monthly burned area (Fig.1).

Figure 1- The four pyroregions of the Iberian Peninsula: Northwestern (NW), Northern (N), Southwestern (SW) and
Eastern (E). Adapted from Trigo et al. (2016)

Fire activity is measured by the radiative power released by wildfires, as measured by the MODIS instrument
on-board Terra and Aqua satellites (Giglio et al., 2020) and meteorological fire danger was rated using the Fire
Weather Index (FWI), an index of fire danger that rates fire intensity (Stocks et al., 1989).

Information about Fire Radiative Power (FRP) was obtained from Collection 6 Terra and Aqua MODIS fire
product covering the 20-year period from 2001 to 2020 (Giglio et al., 2020). Information about FWI covering
the same period was obtained from ECMWF ERADS reanalysis (CEMS, 2019).

For each pyroregion, a statistical model is adjusted to the distribution of the decimal logarithm of fire radiative
power, log,o FRP, and the model is then improved by incorporating FWI as a covariate of the model. The
statistical models of log;, FRP combine three components, namely a truncated lognormal distribution central
body with a lower and an upper tail, both consisting of Generalized Pareto (GP) distributions. For each
pyroregion, the eight parameters of the model (namely the two points separating the central body from the tails,
the location and dispersion parameters of the central truncated lognormal and the scale and shape parameters of
the GP distributions of the tails) are obtained by maximizing the joint log-likelihood of an i.i.d. sample of
log,o FRP.

Finally, for each pyroregion a set of 100 synthetic time series of annual values of FRP is generated using the
statistical model without FWI as covariate according to the following procedure: for each hotspot detected by
the MODIS instrument, a random value of probability is generated and the corresponding value of FRP is
obtained by inverting the statistical model. A time series of synthetic annual values of FRP is then obtained by
adding up the generated values of FRP on a yearly basis. This process is then repeated 100 times. A second set
of 100 synthetic time series of annual values of FRP is generated, this time using the model with FWI as
covariate. The procedure is identical to the preceding one, with the difference lying in that FRP values are
synthesized using a randomly generated probability value, together with the observed FWI value at each hotspot.
The role played by meteorological conditions is finally assessed by comparing the two sets between each other
and against the time series of annual FRP derived from observations by the MODIS instrument.
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3. Results and discussion

Figure 2 provides an overview of results obtained when fitting, for each pyroregion, the statistical models to the
samples of observed values of log;, FRP for the period 2001-2020. Cumulative distribution functions of the
fitted model closely follow the corresponding empirical cumulative distribution function derived from the
samples, and this reflects on Q-Q plots that closely follow the 1:1 straight lines. Pyroregion NW presents the
higher probabilities of exceedance for values of log,, FRP between 0.5 and 2 whereas the lower values of
exceedance are found in pyroregion E for values of log,, FRP between 0.5 and 1.5 and in pyroregion N for
values of log;, FRP between 1.5 and 2.
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Figure 2 — Cdf curves and Q-Q plots (inside squares) of fitted statistical models of log_10 FRP (in MW) for regions
NW (red), N (green) SW (blue), and E (magenta). The open circles in the 1:1 lines of the QQ plots delimit the central
body and the upper and lower tails of the distributions, and the small colored dots represent the fire events of the
sample. For each pyroregion, the number of events and respective fraction (in brackets) of the sample in the central
body and in the lower and upper tails of the distribution are indicated next to the 1:1 line of the respective Q-Q plot

Figure 3 illustrates the results obtained when FW!I is added as a covariate of the parameters of the distributions.
As might be expected, there is a right displacement of the cumulative distribution functions with increasing
FWI, which reflects substantial increases in probability of exceedance of a given threshold of log,, FRP.

| —p10—p25 ——p50 —p75 —p20|

;

NW N
Bos
0
1

SW E
BTo05
0

0 1 2 3 4 50 1 2 3 4 5
log, ,(FRP)

Figure 3 —Sensitivity to FWI of cumulative distribution functions of fitted statistical models of log1oFRP (in MW) for
the four subregions. Colors of each curve identify the prescribed value of FWI, respectively percentiles 10 (purple), 25
(blue), 50 (green), 75 (orange) and 90 (red) of the respective samples.
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Figure 4 presents, for each ecoregion, the time series of annual FRP as derived from observations by the MODIS
instrument (black curves) and the two time series obtained by averaging the two sets of 100 annual values of
FRP as derived from the statistical models without (green curve) and with (red curve) FWI as covariate. The
interannual variability of the time series generated by the model without FWI as covariate is just due to the
interannual variability of hotspots observed by the MODIS instrument, and it is worth noting that some years
with large (small) values of total FRP tend to be underestimated (overestimated). The underestimation is
conspicuous in 2017 for pyroregions NW and N, in 2003 for pyroregion SW, and in 2012 for pyregion E,
whereas the overestimation, although less pronounced, occurs e.g. in 2014 for pyroregion N and in 2007 and
2008 for pyroregion SW. In the case of the time series generated by the model with FWI, an improved behavior
is observed that is particularly noticeable for years with large values of total FRP, where synthetic values
obtained from the model with FWI are much closer to observed values than synthetic values from the model
where meteorological conditions are disregarded.
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Figure 4 — Time series, for each pyroregion, of annual values of observed (black curves) and of the mean values of

the set of synthetically generated annual values of FRP using the statistical models without (green curves) and with

(red curves) FWI as covariate. The error bars in the synthetic time series delimit the mean plus/minus one standard
deviation.

A quantitative assessment is provided in Table 1, which presents the mean and the standard deviation of the
time series of annual FRP derived from MODIS observations and of the annual FRP synthetically generated by
the statistical models without and with FWI as covariate. Results indicate that synthetic time series generated
by both models are unbiased, the only exception being pyroregion E, where the time series generated by the
model with FWI as covariate presents a mean value 12% larger than the mean of time series of observed FRP.
Considerable differences do, however, occur with the values of standard deviation, for which time series of
synthetically generated FRP present considerably lower values than the corresponding time series of observed
FRP. However, time series generated using the model with FWI as covariate systematically display larger
variability than the corresponding ones obtained with the model lacking FWI as covariate. For instance, there
is an 11% increase (from 21 to 24 GW) for pyroregion N, a 17% increase (from 143 to 167 GW) for pyroregion
NW, a 48% increase (from 121 to 179 GW) for pyroregion SW and a 230% increase (from 20 to 46 GW) for
pyroregion E. These results indicate that atmospheric conditions are especially important to better reproduce
interannual variability in the case of pyroregions E and SW.

Table 1 also presents, for each pyroregion, the explained variance accounted for the synthetic series when they
are used to simulate interannual variability. Explained variance was estimated by squaring the linear correlation
of the time series of annual observed FRP with the corresponding synthetic time series generated by the
statistical models lacking and including FWI as covariate. For all pyroregions there is an increase in explained
variance when shifting from synthetic values of annual FRP generated by the models without FWI1 as covariate
to those by the models with FWI. Increases in explained variance are modest for pyroregion NW (95 to 96%),
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and are even larger for the other three pyroregions N, SW and E (84 to 89%, 90 to 96% and 79 to 86%,
respectively).

Table 1 — Mean value and standard deviation for the period 2001-2020 of time series of annual FRP derived from
observations by the MODIS instrument and from the mean of the 100 synthetically generated annual FRP using the
statistical models without and with FWI as covariate, and explained variance as obtained by squaring the linear
correlation between the observed and each the two synthetic time series of annual FRP.

NW N swW E

Observed 179 40 185 43
[‘233]" Model without FWI 180 40 184 42

Model with FWI 179 40 186 47
Standard Observed 181 29 211 68
Deviation Model without FWI 143 21 121 20
[Gw] Model with FWI 167 24 179 46
Variance Model without FWI 95 84 90 79
Explained [%]  Model with FWI 9% 89 96 86

4, Conclusion

Results obtained clearly indicate the importance of atmospheric conditions as drivers of interannual variability
in fire activity, measured by annual FRP values. This is especially true in pyroregions SW and E, where climate
change is expected to have a pronounced impact in terms of increase in frequency both of drought events and
of days with extreme fire weather (Sousa et al., 2015).

It is worth pointing out that the assessment performed in this work is likely to be conservative, given that time
series of annual FRP were estimated by randomly generating values for all hotspots identified by the MODIS
instrument for the study period. Since the number of hotspots strongly depends on the number of large fire
events, which in turn depend on atmospheric conditions, the interannual variability of synthetically generated
time series of FRP was very likely overestimated when using the model without FWI as covariate.
Circumventing this problem would imply modelling the interannual variability of hotspots (with and without
FWI as covariate), a task that is well beyond the purpose of the present work.

Models such as the ones proposed in this study provide valuable information about fire activity in the Iberian
Peninsula, namely when comparing different scenarios of climate change. On the other hand, following a
methodology previously developed by some of the authors (DaCamara et al., 2014; Pinto et al., 2018), the
proposed models with FWI can be used to calibrate FWI in four pyroregions of the Iberian Peninsula and then
define classes of fire danger that represent an important added value in fire prevention and firefighting of rural
and forest fires.
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