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ABSTRACT. This study evaluates the occurrence of dry and wet events and their relationship with fires in
southern Pampas, Argentina. The intensity and magnitude of dry and wet events were determined based on the
regional series of the Standardized Precipitation and Evapotranspiration Index (SPEI) for the 2000-2021 period.
The data obtained were related to the El Nifio Oceanic Index (ONI) to analyze the incidence of El Nifio and La
Nifia events in generating them. Fires in the region were detected using remote sensing techniques, considering
the number of events, their intensity, extent, and duration. The southern Pampas experiences marked rainfall
variability, with 15 dry events, 11 wet years, and 2 standard years recorded for the period analyzed. Extreme dry
years were, on average, more intense (SPEI = -2.14) and occurred mainly during the negative ONI phase. In
contrast, extreme wet years exhibited lower intensity (SPEI = 1.98), and only the most intense ones were related
to neutral ONI phases. We analyzed a representative extremely dry (ED) and an extremely wet events (EW) to
interpret the relationship between climate variability and the spatiotemporal variability of fires in the region. It
was observed that during the EW event (2014-2015, SPEI = 1.52, and El Niflo event until 2015) the number of
fires was higher compared to an ED event (2008-2009, SPEI = -2.22, and La Nifia event during 2008), with 460
and 205 fires, respectively. The intensity was higher in the EW (302.6 and 31.5 MW), while the area presented
considerable differences (1722 and 815.5 km?, respectively). Finally, the duration of the fires was shorter in ED
than in EW (6 and 8 months, respectively). These results were related to vegetation health (NDVI = 0.29 and 0.41
and EVI = 0.15 and 0.21 in ED and EW, respectively) and changes in land covers. This study provides a solid
database for future research efforts and sustainable land management plans.

Influencia de la variabilidad climadtica en la generacion de incendios: mitos y hechos en el
sur de la Pampa (Argentina)

RESUMEN. Este estudio evalua la ocurrencia de eventos secos y hiimedos y su relacion con los incendios en el
sur de la Pampa, Argentina. La intensidad y magnitud de los eventos secos y himedos se determinaron a partir de
las series regionales del Indice Estandarizado de Precipitacion y Evapotranspiracion (SPEI) para el periodo 2000-
2021. Los datos obtenidos se relacionaron con el Indice Oceanico El Nifio (ONI) para analizar la incidencia de
eventos de El Nifio y La Nifia. Los incendios en la region fueron detectados utilizando técnicas de teledeteccion,
considerando el nimero de eventos, su intensidad, extension y duracion. El sur de la Pampa experimenta una
marcada variabilidad de precipitaciones, con 15 eventos secos, 11 afios himedos y 2 afios estandar registrados para
el periodo analizado. Los afios de sequia extrema fueron, en promedio, mas intensos (SPEI = -2,14) y ocurrieron
principalmente durante la fase ONI negativa. En contraste, los afios humedos extremos exhibieron menor
intensidad (SPEI = 1,98), y solo los mas intensos estuvieron relacionados con las fases ONI neutrales. Se analiz6
un evento representativo extremadamente seco (ED) y un evento extremadamente himedo (EW) para interpretar
la relacion entre la variabilidad climatica y la variabilidad espacio-temporal de los incendios en la region. Se
observo que durante el evento EW (2014-2015, SPEI = 1,52 y El Nifio hasta 2015) el numero de incendios fue
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mayor en comparacion con un evento ED (2008-2009, SPEI = -2,22 y La Nifia durante 2008), con 460 y 205
incendios, respectivamente. La intensidad fue mayor en el EW (302,6 y 31,5 MW), mientras que el area presentd
diferencias considerables (1722 y 815,5 km?, respectivamente). Finalmente, la duracién de los incendios fue mas
corta en ED que en EW (6 y 8 meses, respectivamente). Estos resultados se relacionaron con la salud de la
vegetacion (NDVI=0,29y 0,41 y EVI=0,15y 0,21 en ED y EW, respectivamente) y los cambios en la cobertura
del suelo. Este estudio proporciona una base de datos solida para futuras investigaciones y planes de gestion
sostenible de la tierra.
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1. Introduction

Climate variability results from the heat exchange between the oceans and the atmosphere
(Wang et al., 2004). The magnitude and persistence of climate fluctuations exhibit a scalar structure in
space and time involving all climate variables. However, temperature and precipitation exhibit the most
noticeable spatial manifestation (Franzke et al., 2020). In South America, interannual precipitation
variability is an essential modulator of synoptic and intra-seasonal variability and responds primarily to
the effects of the El Nifio-Southern Oscillation (ENSO) phenomenon (Grimm, 2011). ENSO influences
the frequency of extreme events, resulting in a succession of dry and wet periods that affect soil moisture
and vegetation health and, by extension, fires' occurrence, intensity, and magnitude (Xu et al., 2020).

On the other hand, global warming results in greater atmospheric ignition power and promotes
a higher frequency of fire events. Indeed, most literature documents that dry and warm conditions
contribute to vegetation drying, leading to an increase in the number, intensity, and duration of fires on
the global scale, regardless of the climate region (Wehner ef al., 2017 in the United States; Bowman ef
al., 2020 in Australia; Zupichiatti ef al., 2022 in Argentina; among others).

Fires in Argentinean Pampas exhibit varying origin, intensity and extent yet high frequency and
obey complex relationships between hydroclimatic variability, land cover changes, and agro-pastoral
activities management (Delegido et al., 2018; Ferrelli et al., 2022). Most generally, the events of greater
magnitude are related to long-standing drought conditions and affect mainly both natural and grazing
grasslands (Bert ef al., 2021). From a climatic point of view, the arid and semiarid sectors in southern
Pampas are exposed to greater risk, as dry events are the most intense and long-lasting in these areas
(Aliaga et al., 2017; Ferrelli et al., 2021). However, there is evidence that fires in these sectors are
mainly linked to agricultural activity and that their intensity may vary depending on the agroecosystems
management (Pezzola and Winschel, 2004). In this regard, the origin of fires in southern Pampas is
likely associated with hydrological conditions favouring such management practices.

This study evaluates the occurrence of dry and wet events and their relationship with fire
dynamics in southern Pampas (Argentina). It seeks to determine the causal relationship between climate
variability, vegetation status and health, and fire dynamics within a region where natural precipitation
variability strongly intensifies arid and semiarid conditions. The analysis evaluates and combines (i) the
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intensity and duration of dry and wet events based on the regional series of the Standardized
Precipitation and Evapotranspiration Index (SPEI), (ii) their associations to El Nifio and La Nifia events
based on the Oceanic Nifio Index (ONI), (iii) the vegetation response to such variability, and (iv) the
resulting fire dynamics in terms of the number of events, intensity, extent, and duration, using remote
sensing techniques. In addition to providing robust results based on the detailed analysis, two key events
of contrasting hydroclimatic conditions were selected and compared to determine different scenarios.
The results of this study provide a solid database to guide future research efforts and sustainable
development land management plans.

2. Materials and methods

2.1. Study Area

The southern Pampas comprise the Villarino and Patagones districts, both of which belong to
Buenos Aires province, Argentina (Fig. 1). Primary land uses mix both livestock and rainfed agriculture,
except for a central band irrigated by the Colorado River (Iurman, 2010). The total population is 61,221
inhabitants. The 79 % of the population concentrates in urban areas, being the city of Carmen de
Patagones the most populated (20,533 inhabitants). The rural population density remains below unity
over 94 % of the territory (INDEC, 2010). The absence of marked topographic gradients is in contrast
to a marked decreasing rainfall gradient from 600 mm in the northeast to 360 mm in the southwest
(Winschel, 2017; Ferrelli ef al., 2020), reaching arid conditions near Rio Negro (Gabella et al., 2013).
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Figure 1. Location and configuration of the southern pampas (Argentina). Source: Own elaboration based
on cartographic data from the National Geographic Institute (IGN, Argentina). Population data was
extracted from the 2010 Census (National Institute of Statistics and Census, INDEC, Argentina).
GMTED?2010 Digital Elevation Model with a resolution of 7.5 arc seconds (U. S. Geological Survey).
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Mean annual temperature ranges between 14 and 15 °C, with a yearly amplitude of about 13 to 14 °C
(Campo de Ferreras et al., 2004; Aliaga et al., 2017). The natural vegetation integrates the Espinal and
Monte ecoregions (Cabrera, 1976). The Espinal develops in the northern and eastern sectors, and
exhibits low, xerophytic, dense to open forests dominated by Prosopis caldenia and grasslands of Stipa
sp. in the lower strata. The Monte develops in the southwestern sector, and constitutes a shrub steppe of
Larrea sp., interspersed with Geoffiroea decorticans and Capparis sp. in the most humid sites (Morello
et al., 2012). Grazing, tillage, and fires, originated by human activity, introduce profound changes in the
landscape, with particularly noticeable impacts on the vegetation structure (Pezzola and Winschel, 2004).

2.2. Materials

This study combines gridded climate data series, global climate models, and environmental
indices with global fire information (Table 1). The dataset is openly accessible and distributed as maps
or spatially referenced data series. All data were processed to span a concurrent analysis period (2000-
2021) and area of interest (southern Pampas). The geospatial information layers were projected
following the national system of flat coordinates (POSGAR 07). Additionally, we used meteorological
records from the National Institute of Agricultural Technology (INTA, Argentina) and the National
Meteorological Service (SMN, Argentina).

Table 1. Summary of the dataset used for analysis.

. Resolution
Data type Serie - Source Reference
Spatial | Temporal
Standardized Sistemas de
Precipitation and 25 km Monthly |Informacion sobre https://sissa.crc-
Evapotranspiration 2000-2021 |Sequias para el Sur de |sas.org/
Gridded climate |Index (SPEI) Sudamérica (SISSA)
series Standardized Consejo Superior de
Precipitation and 0.5° Monthly |Investigaciones Vicente Serrano
Evapotranspiration ’ 2000-2021 |Cientificas de Espafia  |ef al. (2010)
Index (SPEI) (CSI10)
Global climate |El Nifio Oceanic Index Monthly |Climate Prediction
indices (ONT) " 2000-2021 |Center (CPC), NOAA  [VOAA (2022)
Normalized Difference . e https://www.satv
. Sistema de Analisis .
Vegetation Index 250 m Monthly Temporal de Vegetacion eg.cnptia.embrap
(NDVI) and Enhanced 2000-2021 (Bra;’ﬂ) & a.br/satveg/login.
Global Vegetation Index (EVI) html
environmental :
indices and maps CCI Land C B S A iltt%s./ /Www.esa-
and Cover i uropean Space Agency |landcover-
products v2.0.7 300 m 1992-2015 (ESA) cci.org/?q=node/
164
Global Fire Information for Dail gggs;fgv&;ww.e/?r;l;
information on  |Resource Management 250 m Y |Earth Data, NASA hasa.gov/ie
2000-2021 n/find-data/near-
fires Systems (FIRMS) .
real-time/firms

2.3. Methods

2.3.1. Climate analysis

The analysis of climate variability involved detecting dry and wet events based on gridded series
of the Standardized Precipitation and Evapotranspiration Index (SPEI) using time scales of 3 and 12
months. Hereafter, these series are referred to as SPEI-3 and SPEI-12, respectively. Gridded SPEI series
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were provided by the CSIC and the SISSA (Table 1) and were used comparatively because of their
global and regional relevance, respectively. Initially, SISSA and CSIC data sets were compared to
inspect the degree of agreement between regional and international gridded SPEI series. In the second
step, the quality of the regional SPEI series was evaluated based on in-sifu observations. Meteorological
data is available for three stations strategically located in the North (Bahia Blanca), the Centre (Hilario
Ascasubi) and the South (Viedma) of the study area (Fig. 1). Irrespective of their reduced number, these
stations provide a valuable set of records in situ to validate the accuracy of regional SPEI series. For
each station, the SPEI was calculated following the equation of Vicente-Serrano et al. (2010) as follows:

SPEI = W—C0+C1+C2W21+d1 W+d2W2+d3W3’ (1)

where W = -2In (P), P is the probability of exceeding a specific D, and D is the difference between
precipitation and potential evaporation. The constants C and d are: CO = 2.515517, C1 = 0.802853, C2
=0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308. The quality of the gridded SPEI series
was evaluated using the Pearson and Spearman correlation coefficients, the Concordance index, and the
determination coefficient R?.

The regional series of the SPEI were averaged into one series accounting for mean regional
SPEI values for each time scale (3 and 12 months) over the 22-yr analysis period (2000-2021). Dry and
wet events were determined based on deviations of mean regional SPEI-3 and SPEI-12 values, as shown
in Table 2. The characteristics of such events (intensity, duration and magnitude) were determined using
the methodology described by Aliaga ef al. (2017). SPEI-3 series allow evaluation of the succession of
seasonal dry and wet events affecting the soil moisture content. They are beneficial for inspecting for
associations between climate variability and vegetation states. SPEI-12 series aggregate the effects of
seasonality on an annual scale, allowing determining key events exhibiting contrasting hydroclimatic
conditions. For the study, key events are selected based on extreme hydroclimatic conditions, i.e., events
showing the lowest and the highest values of the SPEI-12.

The relationship between climate variability and varying phases of ENSO was analyzed based
on cross-correlations between the series of the SPEI and El Nifio Oceanic Index (ONI). According to
the ONI, a warm ENSO event (El Nifio) occurs when the index remains above 0.5 for five consecutive
months or more, while a cold ENSO event (La Nifia) occurs when the index remains below -0.5 for the
same period. The association between SPEI-based climate events and ONI-based ENSO phases was
measured using tests on contingency tables (Chi-square). The frequency of months classing as a given
event under Nifio, Nifia and neutral conditions allowed inspecting for the ENSO influence on the
regional climate variability.

Table 2. Classification criteria for dry and wet climate events according to SPEI values

Type of event Intensity SPEI value Pzzlc)::ll')ii;)c,:f
Extreme drought (ED) SPEI <-1.5 0.067
Dry Severe drought (SD). -1.5<SPEI <-1 0.092
Moderate drought (MD) -1.0 <SPEI <-0.5 0.18
Normal Normal (N) -0.5 <SPEI<0.5 0.38
Moderate wet (MW) 0.5<SPEI<1.0 0.18
Wet Severe wet (SW) 1.0<SPEI<1.5 0.092
Extreme wet (EW) SPEI > 1.5 0.067
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2.3.2. Environmental analysis

We inspected for variations in two spectral indices, the Normalized Difference Vegetation Index
(NDVI) and the Enhanced Vegetation Index (EVI), to determine the association between vegetation
status, health, and climate variability. NDVI and EVI series were aggregated at the regional scale to
ensure compatibility with SPEI gridded series. Both NDVI and EVI series were classed into five status
categories based on the mean (p) and the standard deviation (o). Vegetation status classes range from
very low (-2 o) to very high (u+2 o). Associations between vegetation classes and SPEI-based climate
events were determined based on tests on contingency tables (Chi-square). In addition, we measured
variations in the surface extent of land cover types for the key events determined by climate analysis.

2.3.3. Fire analysis

The nature of fires in southern Pampas (intensity, extent, and duration) was analyzed for two
key events defining extreme dry and extreme wet scenarios. Active fire products provided by MODIS
and VIIRS satellites were analyzed along with thermal anomaly products to detect fire events, their
extent, and their duration. We used WorldView and FIRM's websites to perform these analyses. The
latter allowed for the location of fires and the study of their spatiotemporal evolution.

The fires were studied considering i) the number of fires, determined by the number of fire spots
identified throughout the events, ii) their intensity, represented by the average value of the fires
measured in MW, iii) their extension, measured in km?, determining the area affected by the fires, iv)
the fire season, defined from the temporal extension in months with the presence of fires, and v) the
brightness temperature (°K) indicating the average energy of the fire spots. Finally, the satellite products
were analyzed to identify fire spots. They were located according to their intensity using ArcGIS 10.3
software.

3. Results

The following sections present the results from the spatiotemporal evolution of fires in the
southern pampas. The effects of climatic variability on vegetation health and soil cover extent are
analyzed, and the quantity, intensity, and size of fires during different climatic events are identified.

Before analysis, we inspected the quality of regional gridded SPEI series (SISSA) considering
their agreement relative to global data sets (SCIC) and their accuracy relative to the SPEI calculated
from meteorological records in situ. The spatiotemporal behaviour of regional and global SPEI series
exhibited an excellent correlation, with Pearson and Spearman values of 0.91 and 0.89, respectively, a
Concordance of 0.88, and an R? of 0.89, considering the SPEI-12 scale. Regional series from SISSA
also exhibited a good correlation with in-sifu data, although the SPEI-3 series showed lower adjustment
than the SPEI-12 series. Pearson and Spearman's correlations were 0.79 and 0.81 for SPEI-3 and 0.93
and 0.95 for SPEI-12, respectively. The Concordance was 0.74 for SPEI-3 and 0.91 for SPEI-12, and
the R? was 0.88 and 0.95, respectively. Irrespective of these differences, both SPEI-3 and SPEI-12 series
exhibit reasonable adjustment.

3.1. Climate variability: extreme events and their relationship to the ENSO phenomenon

The marked climate variability characteristic of the southern Pampas is evidenced by both the
SPEI-3 and the SPEI-12 series (Fig. 2). Note that an event begins when the SPEI value for a given month
classifies under a given category that is different from the previous month and ends when that category
changes in the subsequent month. It is also vital to notice that climate events may be referred to as
individual events, defined by the intensity of the SPEI (Table 2) or as types of events, namely wet and
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dry, represented by the direction of the SPEI and its persistence above or below normal conditions,
respectively. In this regard, wet events refer to a continuous succession of months classing as MW, SW
and/or EW, whilst dry events refer to a constant sequence of months classing as MD, SD and/or ED.

The march of the SPEI-3 along the 22 years of analysis registers 27 wet events (from which 5
were extreme), 32 dry events (from which eight were extreme), and 53 normal events (Fig. 2). On
average, wet events exhibited an intensity of 0.9 for a 2.6-month duration, reaching maximum period
(12 months) and extreme values (2.2) in 2014-2015. Dry events were slightly longer (2.7 months, on
average) and intense (-1.0, on average), although the driest events (2009 and 2014) exhibited smaller
values (-2.0) and duration (4 months). Climate events defined by the SPEI-12 series were smaller in
number than for SPEI-3 but notably greater in duration (Fig. 2). The series accounts for 11 wet events
that average 5.8-month duration. From these, two events were classed as extreme, although the event of
2014-2015 exhibited the greatest duration (17 months) and the highest SPEI-12 value of the series. Dry
events were greater in number (15 events) and longer in duration, persisting over 7.0 months, on average.
Although the series registers two extreme dry events, the most marked drought occurred in 2008-2009,
persisting over 23 consecutive months and reaching up to -2.5. This event and the extreme wet event of
2014-2015 define two key events of contrasting hydroclimatic conditions on which to base fire analyses.

Correlations between SPEI-based climate events and the ONI in southern Pampas are low yet
statistically significant (for a = 0.05), with the best Pearson coefficients obtained for a lagged ONI of -
2 (0.22; SPEI-3) and -7 (0.30; SPEI-12). Table 3 summarizes the proportion of months under varying
climate events and varying phases of the ENSO phenomenon, determined from deviations of lagged
ONI series. Most dry events occur under La Nifia and neutral conditions for both time scales of the SPEI,
following a similar trend to that observed for Southeastern South America. In opposition to what was
expected, wet events do not exhibit clear associations with El Nifio phases, as most occur under neutral
ENSO phases. This indicates the influence of other large-scale atmospheric phenomena on precipitation
extremes whose analysis exceeds the scope of the present study. Irrespective of these broad associations,
key dry conditions (2008-09) occurred under negative ONI conditions (La Nifia event), while key wet
conditions (2014-15) occurred under positive ONI conditions (El Nifio event).

SPEI-3/ONI
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Figure 2. Distribution of the SPEI for two temporal scales (3 and 12 months) in the southern pampas and
series of ONI over 2000-2021.
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Table 3. Frequency of months (%) classing under varying SPEI-based climate events by ONI-BASED ENSO
phases in the southern Pampas (2000-2021 period)

ENSO phase ENSO phase
SPEI-3 Nina Neutral Niflo SPEI-12 Nifla Neutral Niflo
EW 0.0 76.9 23.1 EW 0.0 55.6 44 .4
SW 10.5 42.1 47.4 SW 11.1 77.8 11.1
MW 31.6 42.1 26.3 MW 35.1 35.1 29.7
Normal 31.8 48.6 19.6 Normal 21.6 44.3 34.0
MD 36.2 38.3 25.5 MD 49.2 44 .4 6.3
SD 55.6 37.0 7.4 SD 50.0 29.2 20.8
ED 46.2 30.8 23.1 ED 56.3 37.5 6.3

3.2. Environmental impacts

The EVI and NDVI series trend exhibits the seasonality characteristic of temperate climates.
However, the intensity of the peaks is closely related to the interannual climate variability of the region
(Fig. 3). Pearson correlation coefficients of EVI and NDVI series to SPEI-3 series were significant (for
o= 0.05), reaching 0.58 and 0.50, respectively. The lowest values occurred in 2008-2009 for both series,
according to the most intense drought recorded along the analysis period (key dry conditions), while the
highest peaks matched the maximum positive deviations of the SPEI-3 in 2014-2015 (key wet
conditions).
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Figure 3. Distribution of NDVI and EVI for the 2000-2021 period for the southern pampas.

The behaviour of both spectral indices, EVI and NDVI, strongly correlates to the succession of
wet and dry events (Table 4). For example, vegetation greenness above normal conditions matches wet
climate conditions for most cases and for both indices, with the strongest associations occurring for very
high greenness and extremely wet climate. On the other side of the scale, most cases where vegetation
greenness is below normal conditions occur under dry climate conditions. However, vegetation-climate
associations for dryness are less clear than those for wetness. Very low EVI values match extreme dry
events by 50 % of cases, whilst the remaining proportion occurs under normal climate. Regarding the
NDVI, the series does not account for very low values so that interpretations may be awkward.

Changes in land cover were analyzed considering the two key events defined by climate
variability analysis. The most remarkable differences between extreme dry and extreme wet conditions
were observed in the central and western regions, where scrublands contracted in extent against the
expansion of croplands (Fig. 4). The importance of land cover areas showed remarkable differences. For
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example, shrublands covered a much larger size during the dry period (14,087 km?) and contracted by
11,8 % under extreme wet conditions. In opposition, cropland and mosaic cropland cover was lower
under extremely dry conditions, increasing by 19,6 % under wetter climates (8,268 and 9,890 km?,
respectively).

Table 4. Monthly frequency (%) by the value of (a) EVI and (b) NDVI, according to climatic events based on
SPEI-3 series for the southern pampas (2000-2021 period)

(a) EVI EW SW MW Normal MD SD ED
Very high 62.5 0.0 12.5 25.0 0.0 0.0 0.0
High 59 26.5 324 26.5 5.9 2.9 0.0
Normal 3.3 54 13.6 46.7 17.9 9.8 3.3
Low 0.0 0.0 2.9 229 34.3 229 17.1
Very low 0.0 0.0 0.0 50.0 0.0 0.0 50.0
(b) NDVI EW SW MW Normal MD SD ED
Very high 66.7 0.0 16.7 16.7 0.0 0.0 0.0
High 7.5 17.5 27.5 35.0 10.0 2.5 0.0
Normal 3.6 7.1 13.7 46.4 16.7 10.1 24
Low 0.0 0.0 6.1 26.5 30.6 18.4 18.4
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Figure 4. [A] Land cover maps for key dry and wet events, and [B] surface extent by land cover class and
percent variation between events. Land cover classes were modified from those provided on the ESA/CCI.
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3.3. Characterization of fires

Fire analysis was performed for the two key events defined from climate variability analysis,
2008-09 (key dry year) and 2014-2015 (key wet year). It is noticeable that climate fluctuations along
with the changes in vegetation and land cover, generate different scenarios where fires have very
different impacts (Table 5). During the 2014-2015 event, there were twice as many fires as in 2008-
2009 (460 and 206, respectively). The intensity of the fires was ten times higher in the wet event than
in the dry one, while the affected area was doubled on the surface. In addition, the fire season was two
months longer under extreme wetness than under extreme dryness. All these results are related to the
agricultural activities in the study area. As a semiarid and subhumid area, wet events create favourable
environmental conditions for crop planting. These results suggest that the area could be affected by a
complex combination of wildfires and agricultural fires, including controlled and uncontrolled burns.

Table 5. Characteristics of fires, vegetation, and rainfall events in extreme dry period (2008-2009) and extreme
wet period (2014-2015). Results are the addition or the average of each period

Characteristics 2008-2009 2014-2015
(ED) (EW)
Number of fires 205 460
Intensity (MW) 31.5 302.6
The extension (km?) 815.5 1722
Fire season (months) 6 8
Brightness temperature (°K) 302.3 336.2
NDVI 0.29 0.41
EVI 0.15 0.21
ONI -0.24 0.78
SPEI-12 -2.22 1.52

The frequency of fires, their location, and their relationship with the SPEI during extreme wet
and dry events were analyzed. Marked differences were observed. The extreme wet event (EW) was
characterized by presenting higher values of SPEI > 1.5 all over the study area. The fires were more
intense and were mainly located in the west and south of the study area, coinciding with shrub cover.
Similarly, the centre of the study area presented fires of great intensity. That is because the irrigated
crop areas are located in that region (Fig. 5). On the other hand, in the extreme dry event (ED), the SPEI
values were consistently below -1.5. The most extreme values were located in the centre of the study
area, marking an event of great intensity, with areas where the SPEI was less than -2.5. In this scenario,
vegetation presented minimum values of NDVI and EVI, and the environmental conditions of drought
generated the occurrence of fires but of low intensity. Most of the fires had an intensity of 3.3 to 55 MW
and were scattered in location. As in the EW period, the highest-intensity fires were located west and
south of the study area (Fig. 5).
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Figure 5. Fire intensity and rainfall events in the southern pampas during dry (2008-2009) and wet (2014-
2015) events.

4. Discussion

4.1. Climate variability and its effects on soil, water and vegetation

This study has investigated the influence of climate variability on fire generation in southern
Pampas. The area is not only in transition, but is also affected by marked climate variability, with
conditions ranging from arid to humid. There may be 300 mm of rainfall in one year, while the following
year could bring 1000 mm (Aliaga et al., 2017; Ferrelli ef al., 2021). As a result, the vegetation varies
between very low vigour and very high vigour. An interesting factor is the changes in land use: during
wet periods, agriculture expands over natural vegetation, while during dry periods, agriculture contracts,
and shrublands thrive. This creates two complex scenarios for the occurrence of fires. It is evident that
during dry periods, the number of fires is lower (perhaps due to fewer controlled burns related to
agriculture activities), and the intensity is also lower (possibly due to less combustible material). In wet

Cuadernos de Investigacion Geografica, 50 (1), 2024. pp. 41-57 51



Ferrelli and Casado

periods, the number of fires increases (because of increased agriculture) as well as their intensity (more
considerable amount of vegetation available to burn) (Pezzola and Winschel, 2004).

Results suggest that the spatial and temporal fire dynamics within this complex environment are
also complex, and different from what is observed on a global, national, and regional scale. In these arid
and semiarid ecosystems, fires are primarily agricultural and caused by complex interactions between
climate variability, soil moisture content, vegetation cover and greenness, meteorological conditions,
and crop and grazing management practices (Bran et al., 2007; Delegido et al., 2018). Climate variability
is marked and evidenced both in space and in time. Spatial climate variability is given by the transition
from humid and warm northeastern pampas to arid and cold southwestern Patagonian features (Aliaga
et al., 2016), with differences of up to 400 mm in mean annual rainfall and up to 1.7 °C in mean annual
temperature (Aliaga ef al., 2017; Ferrelli et al., 2019). Time climate variability responds to the complex
influence of regional and global atmospheric phenomena (Wu et al., 2022), resulting in rainfall and
temperature variations that occur at nested seasonal, annual, and interannual scales (Ferrelli ef al., 2021).
Whilst vegetation cover types express regional climate and soil features, the extent and greenness of
vegetation cover are an expression of climate variability affecting the soil moisture content within a
season, within a year, or between seasons and years. In this point, it is interesting to highlight the
difference between meteorological drought, involving rainfall shortfalls that affect the soil moisture
content, and hydrological drought, involving a long-standing water deficit that affects not only the soil
moisture, but also the sources of freshwater (Andrade ef al., 2015; Brendel et al., 2019). In this regard,
a meteorological drought will result in a drying of vegetation that grows under normal or wet conditions.

In contrast, a hydrological drought will prevent vegetation growth and spread. Finally, irrigation
plays a fundamental role in areas affected by climate variability. It provides a vital solution to ensure a
consistent water supply to crops, especially in regions with insufficient or irregular precipitation. In non-
irrigated areas, adaptation to this climate variability is achieved through a combination of grazing and
cultivation practices. In southern Pampas, for example, grazing becomes a primary strategy during dry
periods. Animals feed on natural vegetation, making the most of any available resources. This adaptation
allows for maintaining a certain level of livestock production even in adverse climatic conditions
(Foucher et al., 2023).

On the other hand, during wet periods, the increased water availability is utilized for cultivation.
Farmers use soil fertility and favourable conditions to grow crops such as cereals, oilseeds, and forages.
This helps diversify production and make the most of available resources during these periods (Scherger
et al., 2022). However, it is essential to note that exclusive reliance on climate variability can have
limitations. Controlled and planned irrigation remains an efficient and reliable solution to ensure
agricultural production in areas affected by extreme climate variability. It allows for proper water
distribution, maximizes crop yields, and reduces risks associated with climate fluctuations.

4.2. Fires generation — Myths and Facts

Both wild and agricultural fires occur periodically and model the regional landscape by affecting
the balance between crops, pastures, natural grasslands, and shrublands (Pezzola and Winschel, 2004;
Delegido et al., 2018). This study suggests, however, the coexistence of two contrasting scenarios for
fire generation, intensity and extent that result from varying land cover and land use dynamics as a
consequence of a variable climate. Fires are more significant in number, size and intensity under wet
climate conditions, as rainfed croplands and grasslands mosaics expand over much of the natural
shrublands, exhibiting their highest vigour even if reduced in extent. For example, in addition to the 460
fire events detected during the key wet period selected for this study (2014-2015), a series of
thunderstorms that took place in the context of a meteorological drought resulted in a large-scale fire
that affected more than 30,000 km? between December 2016 and January 2017 (Delegido et al., 2018).
The magnitude of most fire effects is related to the prior land use condition of the plot (for example,
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whether the land was used for grazing or for extracting firewood as fuel), the accumulation of dry matter,
density and size of woody species, the proliferation of refined fuel before the fire, as well as the
environmental conditions at the time of the incident (Vanzolini et al., 2017). In much of the region, the
high density of shrubs makes it difficult for livestock to access and consume the forage provided by the
natural grassland (Kropfl et al., 2007), increasing combustible material. In opposition, the water stress
caused by long-standing drought conditions prevents rainfed agricultural practices and vegetation
development other than natural shrublands, which in turn lose their vigour. Consequently, fire
generation under such conditions is less likely to occur because the fuel material is reduced relative to
wetter periods.

In southern Pampas, legislation regarding fire prevention is based on meteorological indices that
consider short-term drought conditions. However, this study has shown that initial drought conditions
do not increase the number and intensity of fires. For such an increase, sustained periods of normal or
wet weather conditions are required. In this scenario, vegetation can thrive, and the environmental
conditions favour intensive farming and grazing activities in dryland areas.

Therefore, this study has demonstrated the importance of considering climate variability beyond
just meteorological conditions and anticipating the occurrence of these periods to develop effective land
management plans. Resource managers and fire experts are facing new challenges when effectively
applying current climate science and fire ecology to adapt their day-to-day practices. To address these
challenges, the Adaptation Strategies and Approaches for Managing Fire in a Changing Climate (Sample
et al., 2022) offers a comprehensive fire menu encompassing the concepts of resistance, resilience, and
transition. It establishes clear connections between these concepts and actionable steps, identified as
strengths by workshop participants during the workshop's reflection phase. Additionally, the group
expressed a keen interest in ongoing collaboration as part of the Kaibab Climate Workgroup, ensuring
continued regional discussions, scientific advancements, and management efforts related to fire and
climate adaptation. This includes sharing the Fire Menu and Adaptation Workbook process with other
audiences to further progress in the field (Sample et al., 2022).

In Argentina, the National Forest and Rural Fires Law 26815 in the 2nd Article Scope consider
the actions and operations related to prevention, pre-suppression, and firefighting of forest and rural
fires that burn live or dead vegetation in native and planted forests, protected natural areas, agricultural
zones, meadows, grasslands, shrublands, wetlands, and areas where building structures are intermingled
with vegetation outside strictly urban or structural environments. It also covers planned fires that can
burn under previously established environmental conditions, aiming to achieve management objectives
for a territorial unit.

Is in this context where Fire Hazard Assessment and Early Warning Plans are crucial
components of effective fire management strategies. These plans assess the potential risk and danger of
fires in specific areas and provide timely warnings to minimize the impact and damage (Lestienne ef al.,
2022). Fire Hazard Assessment involves evaluating various factors such as weather conditions, fuel
availability, topography, and historical fire data to determine the likelihood and severity of fire incidents.
It identifies high-risk areas and prioritises resources for prevention, preparedness, and response efforts
(Ribeiro et al., 2022).

Early Warning Plans are developed based on the fire hazard assessment results. They outline
the procedures and protocols for detecting and monitoring fire activity and issuing timely warnings to
relevant authorities, communities, and emergency responders. Early warning systems often incorporate
various technologies, such as remote sensing, meteorological data, and fire behaviour modelling, to
detect and predict fire incidents (Chen ef al., 2022).
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4.3. A look beyond climate variability: fire generation and climate change

Climate change has become one of the world's most serious environmental problems (Wang et
al., 2013). Evidence of a progressive increase in air temperature affects mainly economic and agricultural
activities, increasing negative impacts on the population's quality of life (Worku et al., 2018; IPCC, 2021).
In this context, it is essential to highlight that the increase in greenhouse gases released into the atmosphere
due to anthropogenic activity has intensified the adverse effects related to climate change (IPCC, 2021).
The temperature increase has been homogeneous worldwide. This warming is closely related to the
occurrence of fires, given that the thermal expansion translates into a greater ignition power that increases
the number and intensity of fires (Masson-Delmotte et al., 2018). In this context, it is essential to note that
the risk of fires will increase by 74 % by the end of this century (Xu et al., 2020).

The study of these events is relevant because they directly impact the population's health. We
highlight the affections of physical implications (burns, injuries), mental health (post-traumatic stress),
and even loss of life resulting from flame exposure. Fires also require more significant planning of
medical assistance services and public and private investments to repair, for example, property damage
(Abatan et al., 2016; Xu et al., 2020). The effects on the population are also related to the generation
and spread of smoke. That can affect people's health in areas far from the fires (Xu et al., 2020).

In the literature, there is evidence that forest and agricultural fires are typical in Argentina. The
generation of these events is directly related to prolonged droughts and the consequent succession of
electrical storms that act as an ignition mechanism (Delegido et al., 2018; Garay, 2020). Particularly in
the Pampas region, fires are periodic and are generated due to soil conditions, changes in soil moisture,
and changes in land cover (Ferrelli et al., 2022). The events of greater magnitude occur during prolonged
periods of drought in the grassland ecoregion (Bert et al., 2021).

There is evidence that southern Pampas is subject to strong signals of global warming that will
increase in future scenarios (Ferrelli et al., 2021). Along with this, the change in the rainfall pattern will
impact the current development of economic activities since a reduction in annual precipitation amounts
and an increase in more severe and intense daily rainfall events (Ferrelli et al., 2020). The fertile areas
of southern Pampas are closely linked to rainfall variability. An increase in cultivated areas during wet
periods has been recorded, drastically reducing pasture coverage (Ferrelli, 2017). In contrast, dry and
extremely dry events have reduced crops affecting the region's economy and negatively impacting the
population due to suspended dust from soil erosion processes.

5. Conclusion

Fires were studied in an area of high relevance due to their agricultural and livestock activities.
Remote sensing techniques allowed us to identify and quantify fires' number, intensity, and magnitude
in different rainfall periods. The SPEI proved to be a good indicator of these events because it considers
precipitation and evapotranspiration. It is relevant to highlight that dry and wet events in southern
Pampas are not linked with the fluctuation of the ONI index.

The land cover showed spatial and temporal variations related to different rainfall events
generated in the study area. It was evident that crops occupy more in rainy periods, while shrubs cover
the most extensive area during extreme droughts.

For those mentioned above, southern Pampa is an area that challenges the generalities
established in the literature. In contrast to what happens in the rest of the world, this area has more fires
of greater magnitude and intensity during severe rain events. They are closely related to increased
agricultural and livestock activities and are generated by replacing grasslands with crop cover. In
contrast, during drought events, shrubs occupy a more significant amount of surface area. However, the
lack of combustible material, together with vegetation characteristics in Argentina's semiarid regions,
means that fires are not as intense as those observed elsewhere in the world.
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