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RESUMEN

Durante las ultimas décadas, los incendios forestales antropogénicos han ido modificando
la dindmica de la vegetacion en la Amazonia. Aunque practicamente todos los incendios se
inician por accidn antrdpica, su amplificacidon puede estar relacionada con las condiciones
climdticas, como las sequias asociadas a la fase cdlida de El Nifio. Determinar el
comportamiento de las sequias es, por tanto, fundamental para predecir la propagacién de
los incendios en la Amazonia. Las mediciones de sequia se basan generalmente en el indice
de precipitacién mediante observaciones remotas (datos meteoroldgicos) o mediciones in
situ del nivel del agua (datos hidrolégicos). Cuando una sequia meteoroldgica se prolonga,
puede desencadenar una sequia hidroldgica, por lo que es necesario conocer el estado de
la sequia a diferentes profundidades del suelo. Las medidas complementarias, como el
Indicador de Sequia Hidroldgica, son utiles para comprender la intensidad de la sequia en
el subsuelo. Este estudio evalua la dindmica de los incendios en la Amazonia en funcion de
la sequia meteoroldgica e hidroldgica asociada a El Nifio entre los afios 2004-2016.
Encontramos una tendencia hacia la amplificacion de los incendios forestales en dreas con
una alta correlacién (R =0,72, P =0,01) entre sequia hidroldgica y meteoroldgica. También
observamos que los afios 2015-2016 presentaron una intensidad de El Nifo muy fuerte,
con un incremento del 244% en el drea quemada anual promedio en areas con sequia
extrema en comparacion con areas sin condiciones de sequia. Nuestros resultados sugieren
que las posibles areas donde los incendios tienden a aumentar estan generalmente sujetas
a sequias hidrolégicas, amplificdndose en regiones donde los efectos de El Nifio son mas
intensos. Comprender este comportamiento puede ser util para determinar la

susceptibilidad de areas de la selva amazdnica a la ocurrencia de incendios.
Palabras Claves

Incendios Forestales, Amazonia, Indicador de Sequia (D), Indice de Precipitaciéon

Estandarizado (SPI), El Nifio-Oscilacién del Sur (ENSO).
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ABSTRACT

During the last decades, anthropogenic forest fires have been modifying vegetational
dynamics of the Amazon Forest. Although practically all fires start by anthropic action, their
amplification can be related to climatic conditions, such as the droughts associated with
the warm El Nifio phase. Determining the behavior of droughts is, thus, essential to predict
the spread of fires in the Amazon. Drought measurements are generally based on
precipitation index by on remote observations (meteorological data) or in-situ
measurements of water level (hydrological data). When a meteorological drought is
prolonged, it can trigger a hydrological drought, making it necessary to know the state of
the drought at different depths in the soil. Complementary measures, such as the
Hydrological Drought Indicator, are helpful to understand the intensity of the drought in
the subsoil. This study evaluates the dynamics of fires in the Amazon as a function of the
meteorological and hydrological drought associated with El Nifio between the years 2004-
2016. We found a trend towards amplifying forest fires in areas with a high correlation (R
=0.72, P =0.01) between hydrological and meteorological drought. We also observed that
the 2015-2016 years presented a very strong El Nifio intensity, with a 244% increment in
the average annual burned area in areas with extreme drought compared to areas with
non-drought conditions. Our results suggest that the possible areas where fires tend to
increase are generally subject to hydrological droughts, being amplified in regions where
the effects of El Nifio are more intense. Understanding this behavior can be helpful to

determine the susceptibility of areas of the Amazon Forest to the occurrence of fires.
Keywords

Wildfires, Amazon, Drought Indicator (DI), Standardized Precipitation Index (SPI), El Nifio-
Southern Oscillation (ENSO).



Dynamics of wildfires as a function of hydrological and meteorological

droughts in Amazonia
Abstract

During the last decades, anthropogenic forest fires have been modifying vegetational
dynamics of the Amazon Forest. Although practically all fires start by anthropic action, their
amplification can be related to climatic conditions, such as the droughts associated with
the warm El Nifio phase. Determining the behavior of droughts is, thus, essential to predict
the spread of fires in the Amazon. Drought measurements are generally based on
precipitation index by on remote observations (meteorological data) or in-situ
measurements of water level (hydrological data). When a meteorological drought is
prolonged, it can trigger a hydrological drought, making it necessary to know the state of
the drought at different depths in the soil. Complementary measures, such as the
Hydrological Drought Indicator, are helpful to understand the intensity of the drought in
the subsoil. This study evaluates the dynamics of fires in the Amazon as a function of the
meteorological and hydrological drought associated with El Nifio between the years 2004-
2016. We found a trend towards amplifying forest fires in areas with a high correlation (R
=0.72, P =0.01) between hydrological and meteorological drought. We also observed that
the 2015-2016 years presented a very strong El Nifio intensity, with a 244% increment in
the average annual burned area in areas with extreme drought compared to areas with
non-drought conditions. Our results suggest that the possible areas where fires tend to
increase are generally subject to hydrological droughts, being amplified in regions where
the effects of El Nifio are more intense. Understanding this behavior can be helpful to

determine the susceptibility of areas of the Amazon Forest to the occurrence of fires.
1 Introduction

Forest fires in the Amazon cause loss of vegetation cover and represent a threat to
biodiversity (Y. Chen et al.,, 2013). In addition, the disturbances caused by fires on the
carbon and hydrological cycles influence the global climate and generate uncertainties in
future climate projections (Baker et al., 2009). Most forest fires in the Amazon are
associated with anthropogenic actions, such as deforestation of large areas for agriculture

(Tang & Arellano, 2017). In the past decades, the years with the highest frequency and



severity of forest fires coincided with the warm phase of El Nifo-Southern Oscillation
(ENSO), correlated with a decrease in precipitation in the Amazon basin (Ropelewski &
Halpert, 1987; Taufik et al., 2017; Yoon & Zeng, 2010). In addition, abnormal warming of
sea surface temperatures (SST) in the North Atlantic causes a northward shift of the
Intertropical Convergence Zone (ITCZ), reducing rainfall in the west and south of the
Amazon basin (Y. Chen et al.,, 2013; Yoon & Zeng, 2010). For instance, there is a high
correlation between the cumulative number of fires during the dry season and the
increasing in SST before the fire season (Y. Chen et al., 2011). Droughts in the hydrological
cycle are defined by precipitation decline that causes a deficit of soil moisture, followed by
a decrease in current flows and groundwater levels (Changnon, 1987). Droughts can be
classified according to their effect on the hydrological cycle (Gerdener et al., 2020). The
meteorological drought is the deficiency of precipitation in a region during a certain period
of time (Belal & El-ramady, 2014).The hydrological drought refers to the deficits of
accessible water in the storage of water in surface and underground reservoirs concerning
standard conditions (Gerdener et al., 2020). Therefore, groundwater levels in unconfined
or semi-confined aquifers indicate meteorological conditions that occur on time scales
from days to years. While, near-surface water storage corresponds to the amount of
precipitation. Drought monitoring is generally based on in situ measurements of
precipitation or river levels (J. L. Chen et al., 2009; Houborg et al., 2012). However, indicator
of drought intensity such as groundwater storage measurements are not always
incorporated in absence of direct measurements in space and time (B. F. Thomas et al.,
2017). Thus, to understand drought events, measurements of meteorological and
hydrological droughts are necessary. The satellite observations of the Gravity Recovery and
Climate Experiment (GRACE) mission (Tapley et al., 2019), allow the detection of the
terrestrial water storage (TWS), integrating soil moisture, snow water equivalent, surface
water from vegetation cover and groundwater storage (Yin et al., 2020). However, the
information generated by GRACE can only be separated into individual hydrological
components through auxiliary data (Zheng et al., 2012). The GRACE Data Assimilation
System, based on the Catchment Land Surface Model, improves the value of TWS data by
allowing space-time scaling and vertical decomposition of the moisture components. Thus,

it is possible to address hydrological drought by using drought indicators (DI) for surface
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soil moisture (sfsm), root zone soil moisture (rtzsm) and groundwater (gws). The current
humidity conditions in each of these soil zones are expressed as the probability of
occurrence of drought events, with low drought indicator defines as values soil moisture
drier than average, and high values indicating soil moisture wetter than average (Houborg
et al., 2012). Therefore, the DI provides information on the severity of the drought in a
given site and can contribute to the distinction of hydrological drought based on the subsoil
depth (Nie et al., 2017). However, the DI to level sfsm is based on the moisture at the
surface level, a factor that is generally included during the calculation of meteorological
droughts. Therefore, it is essential to determine if there is a response time between the DI
to level of sfsm and meteorological drought measurements. The characterization of the
meteorological drought can be done by using the standardized precipitation index (SPI) (Y.
Chen et al., 2013; McKee et al., 1993), since it can be calculated on different time scales
and depends solely on precipitation, without the need for auxiliary variables. Furthermore,
SPl is also related to soil moisture (Nie et al., 2017; Wang et al., 2019). The Amazon basin
experienced exceptional droughts, during the years 2005 and 2010 where the Central and
Southern parts of the basin were the most affected (J. L. Chen et al., 2009; Espinoza et al.,
2011). In 2015 and 2016, a climatological water deficit was recorded in the region, with the
highest occurrence of fires with a burned area of approximately 9246 km2 (Berenguer et
al., 2021; Pontes-Lopes et al., 2021). Therefore, this study aims to (1) evaluate the temporal
distribution of the hydrological drought at different levels of soil moisture; (2) analyze the
relationship between the DI of surface soil moisture and the SPI. And (3) evaluate the
behavior of the ENSO hydrological drought and relate it to the area affected by wildfires in

the Amazon for the period between the year 2004 to 2016.



2 Data and Methods
2.1 Geographic context

The study area (Figure 1) corresponds to the Amazon river basin, with an area of
approximately 7.4 million km? (Benton, 1963). The Amazon River transports around 0.75

km3/h of water to the Atlantic.
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Figure 1. Location map of the Amazon basin in South America. The black line delimits the
perimeter of the Amazon basin. Elevation information is shown in the background. Low

elevations are depicted in green shades and high elevations in red shades.
2.2 Drought Indicators (Dls)

The DI (https://nasagrace.unl.edu/), are available on a global scale at a resolution of 0.25

degrees for each week and show the severity of the drought classified into five categories:
abnormal (20-30%), moderate (10-20%), severe (5-10%), extreme (2-5%) and exceptional
(0-2%) (Houborg et al., 2012). The temporal distribution of DI was evaluated for the years

2004-2019, using two metrics based on monthly values: the annual average and the annual
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minimum of percentiles of soil moisture at the sfsm, rtzsm and gws levels. To evaluate the
DI time series dynamics, the classical X11 decomposition method (Dagum & Bianconcini,
2010), was applied, which realize for the decomposition and seasonal adjustment of the
monthly series based on an iterative principle using moving averages (Ladiray &

Quenneville, 2001).
2.3 Change of DI and burned fraction area a function of time

The burned fraction area (bf) monthly data set from year 2004 to 2016 was obtained from

the GFED4 database (https://globalfiredata.org/pages/data/#burned-area), which

provides the monthly bf, at a spatial resolution of 0.25 degrees. The rate of change to
increase or decrease the bf and DI at the level of sfsm, rtzsm and gws during the study
period, were analyzed using a linear model fitted with ordinary least squares using the
function 'Im.fit' (Pappo et al., 2021). For the calculation of the slope(rate of change) of the
linear model was used the function 'coefficients'. To calculate the slope of the linear model,
the ‘'coefficients' function was used. The seasonal patterns obtained from the
decomposition of the series (two seasons per year) were considered. The analysis was
carried out through time windows of 6 months considering the wet and dry season, using
the 'slider :: slide_dbl' function. The functions used were from the statistical computer
language R (Version 3.6.3), as well as the 'ggplot2' package used to visualize data and
information. Finally, the percentage of windows showing positive rate of change was
calculated, as shown below:

Ny

i=1%i

(1)

%m =
i

where x is the positive slope for observing time window i, while N represents the number

of time windows.
2.4 Relationship between drought based on DI and SPI

For evaluating the meteorological drought, the SPI index proposed by (McKee et al., 1993)
was used , which classifies the severity of the drought in mild drought (0.00> SPI > -0.99),
moderate drought (-1.00> SPI > -1.49), severe drought (-1.49> SPI > -1.99) and extreme
drought (-2.0> SPI). The precipitation from 2004 to 2016 (in mm/h) was obtained from the
TRMM _3B43 data set
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(https://daac.gsfc.nasa.gov/datasets/TRMM 3B43 7/summary).The SP index can be

calculated at different time scales, such as 1, 3, 6, 12, 24, or 48 months(Jing et al., 2019). In
this study, the SPI was used on a 1-month time scale adjusted to a gamma distribution, as

expressed below:

SPI = 7;; =24~ (2)

i

where the precipitation y is defined as a spatio-temporal variable composed of j monthly
observations in each of the i locations, which characterizes a Z;; score by subtracting the

mean of y and dividing by the mean standard deviation.

The study area was zoned into three categories according to the rate of change of the bf:
positive, neutral, and negative. First, the Pearson coefficient determined the correlation
between the standardized DI at the sfsm level and the SPI considering annual time series.
To determine if there are significant differences between correlations of SPI concerning DI,

an ANOVA statistical analysis was applied.
2.5 Burned area and drought by ENSO intensity

To determine the burned areas in the Amazon basin, the areas were classified according to
the humidity percentiles at the gws level, those with a humidity percentile less than 30%
were considered as areas with drought, while the areas without drought were established
as those with humidity greater than 30%. (Houborg et al. 2012). The total area burned for
areas with drought and areas without drought was calculated according to the influence of
the intensity of ENSO events. The years and intensities of the warm events (El Nifio) for the
period 2004-2016 were obtained based on the Oceanic Nifio Index (ONI)

(http://ggweather.com/enso/oni.htm). The threshold of anomalies + 0.5 ° is divided into

events Weak (0.5 to 0.9), Moderate (1.0 to 1.4), Strong (1.5 to 1.9) and Very strong (22.0).
During classification they considered the events must have occurred during at least 3
consecutive periods of 3 months. Based on the intensity of the ENSO, the years 2015-16
were classified as very strong ENSO years and the years 2009-10 as moderate ENSO years.

Whereas the years 2004-05, 2006-07 and 2014-15 were considered years with weak ENSO
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events and without ENSO events the years 2012-13 and 2013-14 (Taufik et al., 2017).

During the study period, there were no strong ENSO events.

3 Results
3.1 Temporal variability of the hydrological drought

Throughout the study period, the average and minimum humidity percentiles show a clear
tendency to decrease (Figure 2 a and b). Furthermore, compared to different soil levels, it
is evident that the moisture percentiles increase with depth (Figure 2a). As evidenced in
Figure 2b, drought events were more extreme in the subsoil (gws). For the three depth
levels, the DI maintained the same seasonality pattern, showing a slight change in the trend

at the subsoil level (Figure 2c).
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Figure 2. Temporal distribution of the Drought Indicator (DI) at the level of surface soil
moisture (sfsm), root zone soil moisture (rtzsm) and groundwater (gws) for the years 2004-
2019 in the Amazon basin. a, Annual average of the DI. b, Minimum percentiles of moisture
of the DI. 95% confidence intervals (shaded area). ¢, DI decomposition to evaluate trends

and seasonality patterns, as showed by the observed values, the trend to the evolution of



the series over time, the seasonal to fluctuations that are repeated every year, and the

irregular to random fluctuations.
3.2 Relationship between DI and the extension of burned areas

The spatial distribution shows that the areas with lower humidity are concentrated in the
Northeast of the Amazon basin at the subsoil level (gws and rtzsm) (Figure 3a). On the other
hand, in the south of the basin there is a decrease in humidity at the surface level as showed

in a black circle (Figure 3a, sfsm).

The Hydrological Drought Indicator DI showed a similar behavior at all levels of soil depth
(Figure 3b), observing a decrease in humidity towards the East of the Amazon. On the other
hand, in the south of the Amazon, the humidity conditions showed a positive rate of change
at the surface level (sfsm), while at the subsoil level (gws) and root zone (rtzsm) the

humidity decreased along throughout the entire period 2004-2016.

When evaluating the bf concerning the period 2004 to 2016, three kinds of zones were
found (positive, neutral, and negative rates of change). The negative trend for the bf was
mainly found in the south and southeast of the basin, while the positive trends for the
increase in bf were found in the central part of the Amazon basin (Figure 3a, bf). On the
other hand, for the bf evaluated by 6-month windows was found that up to 60% of the
study period maintained positive rates of change in the south and southeast of the basin

(Figure 3b, bf).



;]
— —

-0.015 -0.010 -0.005 0000 0005 0010 0015

Ny

-0015 -0010 -0005 0000 0005 0010 -Be08 -4e-08 -2e-06 O0e+00 2e-06 4e06 Ge-06

Figure 3. Spatial rate of change of the Hydrological Drought Indicator (DI) at the level of
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surface soil moisture (sfsm), root zone soil moisture (rtzsm), and groundwater (gws), and
the burned area fraction (bf) respect to the period from 2004 to 2016. a, rate of change
average. b, percentage of time windows with positive rate of change (no fires occurred in

areas with values <1%).
3.3 Relationship between hydrological and meteorological drought

Hydrological (measured by DI-sfsm) and meteorological (measured by SPI) droughts were
correlated for the areas identified with positive, neutral and negative rates of change for
the period studied. (Figure 4). The zone with a positive rate of change showed the highest
correlation (R = 0.72, P <0.01). On the contrary, the correlation decreases for areas with
neutral and negative rates of change. However, when applying the ANOVA to each zone,
no significant differences were found for the SPI (F (1, 37) =0.0001, P =0.992,) and the DI-
sfsm (F (1, 37) = 0.0241, P = 0.878).
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Figure 4. Correlation between DI and SPI according to the rate of change of the fraction of
burned areas in the Amazon for the period 2004-2016. Where group with negative rate of

change (—6.13x107% —4.83x107°) indicates decrease in bf, neutral rate of change
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(—4.83x1072,0) maintains bf and positive rate of change (0, 6.33x107%) increment of

bf. 95% confidence interval.

On average, the largest amount of burned area in the Amazon was found in areas where
there was no hydrological drought (Figure 5). However, there is an amplification of the
burned area in areas with drought during a strong ENSO event. It is also observed that the
maximum burned area (1.5x10° ha) occurred during an ENSO event classified as "very
strong" for areas that presented drought. Possibly due to during the ENSO phase, yhe
anomalous warming over the equatorial Pacific alters the Walker Circulation from east to
west, suppressing the precipitation in the Amazon basin (Ropelewski & Halpert, 1987). The
prolonged absence of rain can generate extreme soil humidity conditions, generating a
water stress in the plants that increases the mortality rates of the trees and greater

susceptibility to flammability in the forests (Nepstad et al., 2008).
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Figure 5. The average and maximum burned area for various intensities of ENSO events for
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areas with drought and no hydrological drought in the Amazon. The years 2012-13 and
2013-14 were classified without ENSO events; the years 2004-05, 2006-07 and 2014-15
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were considered years with weak ENSO events; the years 2009-10 as moderate ENSO years;

the years 2015-16 were considered as very strong ENSO years.
4 Discussion

The characterization of hydrological drought is limited in understanding the temporal
dynamics of the humidity conditions in the subsoil, since these are not divided into
components based on depth, but only based on data measured at the soil surface.
Groundwater changes are known to be slower compared to precipitation changes (A. C.
Thomas et al., 2014). This dynamic is corroborated in this study since the average DI tended
to decrease the humidity conditions in the subsoil for the three depths, with the highest
drought amplification being evidenced for the sfsm level. At the sfsm level it is known that
soil moisture storage tends to be replaced more easily with precipitation (Taufik et al.,
2017). As expected, the most extreme drought conditions were observed at a greater depth
level (gws). It can then be suggested that the moisture deficits in the subsoil could be
associated with future droughts because the groundwater zone is more vulnerable once

the recharge is slower than the other zones.

The cases with a correlation between the SPI and the DI-sfsm are because DI-sfsm is based
on surface-level humidity conditions and does not behave as a meteorological index. Zones
with a positive change rate of the bf show the highest correlation (> 0.7); this could indicate
that where both meteorological drought and hydrological drought occur, there is a trend
towards the amplification of wildfires. Whereas the areas where the bf tends to decrease
or fires did not occur, the meteorological drought is not proportional to the hydrological
drought, showing correlation coefficients lower than 0.7. This wildfire increment is because
when a meteorological drought event spreads, the groundwater recharge is reduced,
increasing the soil's capillarity and decreasing the height of the water table. Consequently,
biomass becomes fire-prone due to the drying of organic matter on the surface, which may

increase the number of fires (Taufik et al., 2017).

Forest fires present complex dynamics, mainly when it is located in humid tropical forests
(Fernandes et al., 2011). In the Amazon, forest fires coincide with hydrological drought
events influenced by ENSO (Lopes et al., 2016; Taufik et al., 2017). However, forest fires

also occur during years without drought, though their amplification in terms of burned area

12



and frequency occurs during years with drought (Taufik et al., 2017).This study shows that
areas burned during hydrological drought events at the groundwater level could amplify
with the increment of El Nifio intensity. The period of 2015-2016 had a very strong El Nifio
intensity. Consequently, there was a 244% increment in the average annual burned area in
areas with extreme drought compared to areas with non-drought conditions. In 2015, any
warming anomaly observed in the last decade was overcome due to the combined effects
of El Nifio and the global warming trend, increasing the severity of the drought (Jiménez-
Mufioz et al. 2016). Similarly, from 2004 to 2005, considered a period influenced by weak
ENSO and anomalously warming of the Tropical North Atlantic, experienced significant
drought (J. L. Chen et al., 2010). This same pattern was repeated for the years 2006 and
2009, where the minimum humidity coincided with the weak ENSO events. This
information is critical and can help prepare the region for an increment in fires. The next

step would be to develop a fire risk index for Amazonia using found data.
5 Conclusion

The hydrological drought tends to decrease the soil humidity conditions, being more
extreme at the groundwater level. Highest frequency of hydrological drought occurred at
the surface level, as a response of 1month long meteorological drought. Finally, the spread
of fire within areas with extreme hydrological drought increases in proportion to the

intensity of El Nifio events.
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