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Conflict and Climate: Drivers of Fire Activity in Syria in the Twenty-First Century
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ABSTRACT: It has been 10 years since the start of the Syrian uprisings. While relative stability is improving overall, a new
disaster, wildfires, impacted an already food-insecure population by burning through key production areas, damaging crops,
soil, and livestock and causing air quality to deteriorate. As observed with remotely sensed data, fire affected 4.8% of Syria
in 2019, as compared with the average 0.2%, and most fires were observed within agricultural land in the northeast.
Abnormal amounts of rainfall during the 2019 growing season and, consequently, high soil moisture explained about 62% of
the drastic increase in the burned area extent. In contrast, in 2020, fires continued despite the average amount of rainfall.
Extremely high temperature could partially explain a 10-fold increase in the extent of burned area in 2020 but only within
forested regions in the northwest. We argue that the abrupt changes in Syria’s fire activity were driven by the complex
interactions among conflict, migration, land use, and climate. On one side, the ongoing conflict leads to a drastic increase in
the number of accidental and deliberate fires and reduced capacity for fire response. On the other side, years of insecurity,
widespread displacement, and economic instability left no choice for locals other than exploiting fires to remove natural
vegetation for expanding farming, logging, and charcoal trading. The loss of agricultural production and natural vegetation
to fire can have serious implications for food security, soil property, biodiversity, and ecosystem services, which can further
exacerbate the already unstable economy and make ongoing violence even more intense.
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1. Introduction not only as a main source of income but for control over ci-
vilians and to support rebel fighting (Koren and Bagozzi 2017,
Enab Baladi 2019; Linke and Ruether 2021). As a result of the
arid climate, Syrian ecosystems are very susceptible to fire,
making it a cheap and easy tool for removing not only natural
vegetation but also cultivated land and agricultural production.

After the cease-fires beginning in 2016, conflict intensity
started to decline. By the end of 2018, the Syrian army
reclaimed control over the main large cities, and by mid-2020
the Syrian government forces were in control of approximately
two-thirds of the country (Group on Earth Observations Global
Agricultural Monitoring 2021). However, while relative sta-
bility improved overall, the conflict moved to the north, closer
to the border with Turkey and Iraq (BBC 2019a), where 62%
of the cultivated land is located (Mohamed et al. 2020).
Consequently, the presence of active conflict in close proximity
to agricultural lands impaired farmers’ access to fields and in-
creased the number of maliciously started fires (Group on
Earth Observations Global Agricultural Monitoring 2021). An
adverse effect of the remaining conflict on cropland production
was supported by the World Food Programme (WFP 2021),
which documents the increasing number of people with food
insecurities every year.

Because of limited data gathering in unsafe conflict zones,
reliable estimates of the burned area extent in Syria are lack-
ing. The use of remotely sensed data can be highly beneficial in
estimating changes within conflict zones (Eklund et al. 2017). A
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The Syrian civil war (2011-present) has received much at-
tention not only from the media but also from the science
community. Scholars are still debating about the original cause
of Syria’s civil war: the direct impact of climate change that led
to a significant drought between 2006 and 2009 (Kelley et al.
2015) or the socioeconomic and governmental policies, politi-
cal awakening among the population, and Syrian president al-
Assad’s repression of dissent (Selby et al. 2017; Mohammed
et al. 2020a). However, the impacts of the civil war on humans,
biodiversity, and ecosystem services are not up for debate. By
early 2020, 586 100 lives were lost, approximately 6.2 million
Syrians were displaced, and 9.3 million Syrians faced food in-
security (United Nations Security Council 2020). The Syrian
agricultural sector, in particular, suffered significant losses
(Mohammed et al. 2020a). While years of droughts undoubt-
edly had an adverse effect on agriculture, additional stressors
such as widespread population displacement, damaged infra-
structure, crop looting, and crop burning severely exacerbated
food supply shortages (Mohammed et al. 2020a; Linke and
Ruether 2021). The agricultural sector’s role as one of the main
sectors of the Syrian economy (Tothova et al. 2019) makes it a
valuable asset (Selby et al. 2017; Linke and Ruether 2021). All
sides of the Syrian conflict have strategically targeted cropland
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concluded that “fire in Syria is more likely to be linked with
stabilization.” However, according to the FAO (2020), the num-
ber of food-insecure people increased by 1.4 million between 2019
and 2020, and the beginning of 2021 was the period with the worst
food security situation ever seen in Syria (WFP 2021).

In general, changes in fire activity are caused by either nat-
ural or anthropogenic drivers or a combination of both
(Bowman et al. 2011; Barbero et al. 2015; Archibald 2016;
Abatzoglou et al. 2018; Zubkova et al. 2019). Vegetation, ig-
nition sources, and climate determine fire activity at a regional
scale (Parisien and Moritz 2009), whereas humans can alter
natural fire activity by changing its seasonality, size, and in-
tensity (Syphard et al. 2007; Bowman et al. 2011; Daniau et al.
2012; Archibald 2016). Anthropogenic drivers of fire activity
include population growth, land management, and socioeco-
nomic factors (Pausas 2004; Marlon et al. 2008; Parks et al.
2016; Balch et al. 2017). While much attention has been drawn
to land transformation and increasing population density as
primary drivers of current fire activity, the role of socioeconomic
changes is less studied. Indirectly, socioeconomic changes affect
fire activity by either increasing or reducing the amount of an-
thropogenic pressure. In biomass-scarce ecosystems, increasing
industrialization was found to have a potential to induce fire
activity by promoting large, hot fires in areas where biomass
gradually built up due to land abandonment (Moreira et al. 2001;
Pausas and Fernandez-Muioz 2012; Martinez-Ferndndez et al.
2013; Viedma et al. 2015). On the other hand, in more biomass-
rich ecosystems where humans are the main ignition source,
armed conflicts can reduce fire activity if the population is
forcibly displaced (Gorsevski et al. 2012) or increase human-
induced fires if, during the conflict, fire management activities
ceased (Gorsevski et al. 2013). However, research into how
armed conflicts directly influence fire activity is rare.

In this study, we analyzed MODIS burned area (BA) to
provide unbiased information on the extent of the region af-
fected by fire in Syria during the 19-yr period 2002-20, which
encompasses the period before and during the civil war.
Specifically, interannual variability in fire activity was analyzed
together with conflict intensity, land use, and climate. In addi-
tion, we systematically explored a simple relationship between
BA and climate before and during the civil war, considering
several climate metrics that proved to be strong predictors of fire
activity in the arid and Mediterranean climate. The overarching
goal of this study was to investigate the drivers behind unusually
high fire activity in 2019 and 2020 to improve our understanding
of the causal mechanisms that drive fire in the context of conflict
and extreme weather variability.

2. Study area
a. Climate and vegetation

The Syrian Arab Republic (herein, Syria) is located in the
northern part of the Arabian plate, between latitudes 32° and
38°N and between longitudes 35° and 43°E. According to the
Koppen climate classification, the climate in Syria varies be-
tween the Mediterranean on the west and arid on the southeast
(Rubel and Kottek 2010). Consequently, the annual rainfall ranges
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substantially from 100 mm in the south to 1000 mm in the west. Most
of the annual rainfall (90%) occurs in the winter (October—April),
whereas during summer the precipitation drops to less than 1 mm
per month (June-August). Temperature is the highest during
July and August (29°C on average) and drops to 7°C in January,
with the temperature gradient changing from west to east.
Major vegetation types follow climate gradient. A small
amount of forest can be found only in the Mediterranean part
of the country, the south desert part of Syria has very low
vegetation represented by grassland and cropland, and the
north part of the country is dominated by croplands (Fig. 1)
according to Land Cover Climate Change Initiative (LC-CCI;
ESA 2017). Most agricultural fields in Syria are cultivated with
three main crops: wheat predominantly in the northeast part of
the country, the most important strategic crop in Syria; cotton
on the east, first of Syrian agricultural exports; and olive trees
in the west, making Syria the sixth largest country in olive
production in the world (Mohammed et al. 2020a).

b. Geopolitics and conflict

Syria is administratively subdivided into 14 governorates,
with the capital city Damascus located in the southwest part of
the country. Other than the capital, the most populated areas in
Syria are located along the Mediterranean coast. As of 2020,
the population of Syria was estimated at 17501 000, which is
18% less than in 2010 according to the United Nations (2019).
The population density started to decline in 2011, reaching its
minimum in 2018 (16945000; United Nations 2019). This
drastic decline in population density was caused by violence
during the country’s civil war (2011-ongoing), including dis-
placed people, deaths, and missing persons (Syrian Observatory
for Human Rights 2020).

Protests and uprisings started in the densely populated
southwest part of Syria in March 2011 that escalated quickly
to a full-fledged civil war between the Syrian government and
the various antigovernment rebel groups (Encyclopaedia
Britannica Online 2020). The conflict’s three main campaigns
were identified as coalition efforts to defeat the Islamic State,
violence between the Syrian government and opposition, and
military operations against Syrian Kurds by Turkish forces
(Council on Foreign Relations 2021). During the first two years
of the war, the Syrian government lost political and territorial
control of substantial areas. In 2013, the Islamic State began to
expand its territory, and by late 2014, agricultural regions in the
north of Syria had become the Islamic State stronghold (Hassan
and Nordland 2018). By the middle of 2015, the Islamic State was
in control of one-third of Syria’s cropland and 15% of the crop-
land in Iraq (Eklund et al. 2017). Atleast 30% of the Islamic State
revenues were coming from selling agricultural products and
taxing farmers (Almukhtar 2016). This triggered direct interven-
tion from the U.S. military, which was followed by Russian mili-
tary interventions in 2015 and 2016 (Yacoubian 2021).

By 2016, the Islamic State was beginning to collapse after
being targeted by Kurdish forces and their American allies,
pro-Assad Syrian forces supported by Iran and Russia, and a
Turkish-backed coalition of rebel groups (Encyclopaedia
Britannica Online 2020). The Syrian government started to
regain its power, and a cease-fire agreement was reached by the
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FIG. 1. Study area. Location of the study area showing (left) the 14 governorates of Syria and (right) the main land-cover types.

United States and Russia in 2016 (Walker and Shaheen 2016).
By 2018, Kurdish forces significantly reduced the remaining
territory of the Islamic State (BBC 2019a), specifically suburbs
surrounding Damascus and most of the southwest part of Syria
(Yacoubian 2021). Despite various cease-fires that reduce the
intensity of the war, violent conflict events are still occurring in
the northeast, the “‘breadbasket of the country,” and north-
west, the richest natural reserves (Strand et al. 2019; Amnesty
International 2020; Action on Armed Violence 2020a).

The remaining conflict continues to have a profound effect
on the Syrian population. Just in 2019 alone, more than 7000
people were killed in Syria (Strand et al. 2019). Between May
2019 and February 2020, Amnesty International (2020) docu-
mented 18 attacks on medical facilities and schools in the
northwest. On 6 October 2020, at least 19 civilians were killed
in a car bomb explosion in the north (Action on Armed
Violence 2020a), forcing more people to abandon their homes
and seek refuge. The overall financial damage in the agricul-
tural sector during the first 6 years of the war was equivalent to
about one-third of Syria’s GDP in 2016 (Group on Earth
Observations Global Agricultural Monitoring 2021). The loss
from the fires in 2019 in Ar Raqqah alone has been valued at
USD 9 million (Asharq Al-Awsat 2019). In addition, many
civilians were injured or killed in the fires, being left alone to
protect their land in the absence of fire response services
(Assistance Coordination Unit 2019). In October 2020, over 70
people in northwest Syria were hospitalized with respiratory
illnesses (WFP 2020a). The loss of agricultural production as a
result of fire will have serious implications for food security
and will further exacerbate the already unstable economy
and make ongoing violence even more intense (Linke and
Ruether 2021).

3. Methods
a. Preliminary analysis: Conflict events

To determine time intervals for evaluating fire activity with
regard to the political situation in Syria, conflict events were
analyzed using data from the Integrated Crisis Early Warning
System (ICEWS 2016) and the Armed Conflict Location and
Event Data Project (ACLED; Raleigh et al. 2010). While
ICEWS provides data for the entire study period (2002-20), its
data source is limited to news articles and online sources. In
contrast, ACLED data are available only from 2017 onward
but are derived from a number of secondary information
sources, including primarily press accounts from local and
regional news sources, Integrated Regional Information
Network (IRIN), ReliefWeb, Factiva, and humanitarian
agencies (Raleigh et al. 2010). All nonviolent events were
excluded from the analysis.

b. Statistics for burned area

The extent of the BA within Syria’s border and within each
of the 14 governorates was estimated from the 500-m-resolu-
tion MODIS Collection-6 MCD64A1 global burned area
product (Giglio et al. 2018) between 2002 and 2020. The BA
estimates were summarized using several time intervals to re-
flect conditions before and during the civil war, as well as the
individual calendar year and individual months within the fire
season (FS). The FS was defined as the minimum number of
consecutive months in which 80% of the total average annual
BA occurs (Abatzoglou et al. 2018). The BA was also esti-
mated specifically within cropland since cropland fires during
the growing season can have serious economic and environ-
mental consequences. The cropland mask was calculated using
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the LC-CCI v.1.6.1 Annual Global Land Cover at 300-m res-
olution (ESA 2017).

A Z score was used to evaluate the difference between av-
erage conditions (2002-18) and fire activity during an individ-
ual year; Z is a measure of the number of standard deviations
o that a raw score x lies below or above the population mean
u (Kreyszig 1979); that is,

Z=(x-p)lo.

We chose 2002-18 to represent the average condition since the
years 2019 and 2020 have been documented as outliers expe-
riencing abnormally high fire activity in Syria (FAO 2019; WFP
2020a; Schon et al. 2021).

c. Climate analysis

Several climatic variables and temporal aggregation win-
dows were tested to identify relevant features. Using existing
literature, we chose three temporal windows to account for
weather conditions prior to and during the FS: 1) growing
season (GS) from October to April, based on the FAO crop
calendar for wheat and barley (the main cultivated crops in
Syria), to represent antecedent conditions that drive biomass
accumulation (Krawchuk and Moritz 2011) [here we used the
GS to account for antecedent conditions based on the finding
of Schon et al. (2021)]; 2) FS to represent concurrent conditions
that drive fuel desiccation (Littell et al. 2009); and 3) each
month within the FS (FSyonhy) to describe fire weather.

As was mentioned earlier, Syria has a strong moisture gra-
dient; therefore, we hypothesized that one climate metric
would not be sufficient to characterize different processes
limiting fire within the context of the multivariate environment
(Bradstock 2010). Consequently, we expected that in arid,
water-limited parts of the country, where fuel is the main
limitation of fire, the amount of moisture available for plants
would be the main climate predictor of BA since it drives fuel
accumulation (Higgins et al. 2000; Bird et al. 2012; Daniau et al.
2012). Moisture availability in this analysis was represented by
precipitation P (mm) and soil moisture content at 0-10-cm
depth (SM; %), which showed to be a stronger predictor of BA
in arid regions than was P (Zubkova et al. 2019). Precipitation
and SM within the GS were calculated from the Famine Early
Warning Systems Network Land Data Assimilation System (FLDAS)
that uses Climate Hazards Group Infrared Precipitation with
Station Data (CHIRPS) and MERRA-2 as inputs for precipi-
tation and temperature (McNally et al. 2017).

As one moves west, the amount of precipitation increases;
hence, those areas can support much higher biomass produc-
tion. While fuel availability is less tightly coupled to short-term
variations in moisture (Bradstock 2010), severe ambient
weather conditions, such as extremely high temperature, low
humidity, and strong wind, are needed to reduce atmospheric
moisture and fuel moisture to create favorable conditions for
fire ignition and propagation (Flannigan et al. 2009; Daniau
et al. 2012). Therefore, we also included air temperature 7 at
2 m above the land surface (°C) and the Canadian fire weather
index (FWI) acquired from the ERA5—the ECMWF atmo-
spheric global reanalysis (Hersbach et al. 2020; Vitolo et al.
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2020). FWI is based on daily surface weather variables, in-
cluding temperature, relative humidity, precipitation, and wind
speed, that quantify the potential of fire to ignite and spread,
resulting in damage and other impacts (Wotton 2009; Abatzoglou
and Kolden 2013; Bedia et al. 2018). First, we calculated daily
maximum 7" and FWI based on hourly ECMWF data, and then
we aggregated it within each month and FS, calculating average
and maximum.

The climate analysis consisted of two parts. First, the inter-
annual and seasonal correlations of climate and BA were an-
alyzed by calculating Spearman’s rank-order coefficient
between the base-10 logarithm of BA and climate variables
using the 2002-18 period. Later, based on the results of cor-
relation analysis, we chose climate variables that showed the
strongest relationship with BA to fit a simple linear model:

logBA = B, + B,Cl + &,

where C1 represents antecedent (GS) or concurrent (FS and
FSmontny) climate condition and & represents an error term.
The model was fitted using data during the 2002-18 period and
was subsequently used to predict BA in 2019 and 2020, the two
years with extremely high fire activity, to estimate how much of
the increase in the observed BA can be attributed to climate.

d. Neighboring countries

Last, we analyze changes in fire activity in two neighboring
countries, Iraq and Turkey, that share the border with gover-
norates in Syria that experienced the highest fire activity.
While we expect to see similar interannual variability in cli-
mate, the variation of BA between neighboring countries can
be attributed to the differences in agricultural practices, land
management, governmental policies, and economy.

4. Results
a. Preliminary analysis: Conflict events

Temporal changes in the number of violent conflicts are
summarized in Figs. 2 and 3 . According to ICEWS, the number
of conflicts was close to the minimum before the beginning of
the civil war, after which it drastically increased, peaking in
2012 and remained high until 2019 with a reduction of conflict
intensity after the cease-fire decision in 2016. However, the
number and temporal changes of conflict events varied be-
tween ICEWS and ACLED datasets. Overall, ACLED re-
corded 31 130 violent conflicts in 2017, 20303 in 2018, 19310 in
2019, and 11613 in 2020, whereas those numbers were much
lower according to ICEWS (6169, 6966, 3249, and 990, re-
spectively). Based on ACLED, while conflicts remained
prevalent in the northwest (Idlib, Hama, and Aleppo), patterns
of conflicts in the northeast changed. Specifically, in Al
Hasakah and Ar Raqqah, the number of conflicts more than
doubled between 2018 and 2019 and continued to increase in
2020. Conflict intensity raised in Al Hasakah from 575 in 2018
to 1207 in 2019 and 1495 in 2020 and in Ar Raqqah from 293 to
587 and 1076. In particular, the “battles” conflict type in Al
Hasakah increased by 3.4 times in 2019 and 2.6 times in 2020
and in Ar Raqqah by 5.2 and 5.9 times relative to 2018
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FIG. 2. Time series of conflict events based on ICEWS data (2002-20). All nonviolent events
were excluded from the analysis.

statistics. The ‘“‘violence against civilians” conflict type in-  of the agricultural fields were located (Fig. 3). These changes in
creased by 1.7 and 2.2 in Al Hasakah and 1.6 and 3.6 times in  location were further demonstrated when conflicts were ana-
Ar Raqqah, respectively. The location of the conflicts also lyzed together with land cover. The number of violent conflicts
changed, shifting closer to the border with Turkey, where most ~ within cropland drastically increased between 2017 and 2019.
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F1G. 3. Density of violent conflicts based on ACLED data. “Protests” and “nonviolent event” types of events were excluded.
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TABLE 1. Summary of fire activity in Syria and its governorates (Damascus was not included because of negligible fire activity). Time
intervals represent the period before the civil war (2002-10), the civil war before the cease-fire (2011-15), the period after the cease-fire
(2016-18), the average over 2002-18, 2019 separately as a year with the most abnormal fire activity, and 2020 as the most recent full year.

Avg burned area (km?)

Governorates 2002-10 2011-15 2016-18 2002-18 2019 2020
Aleppo 69.0 184.7 247 95.2 1178.7 264.2
Al Hasakah 142.9 150.7 58.5 130.3 4506.7 1918.4
Ar Raqqah 338 26.2 21 26.0 11282 72.1
As Suwayda 0.2 1.1 0.9 0.6 13 9.0
Dar’a 0.0 33 2.7 1.5 0.9 0.0
Dayr az Zawr 15.4 15.2 28.0 17.5 211.7 0.2
Hama 1.0 86.9 94.3 42.7 841.7 414.5
Homs 14.3 61.2 13.5 28.0 694.6 2342
Idlib 1.5 14.8 22 5.5 330.6 2552
Latakia 9.0 51.6 9.0 21.5 5.4 274.8
Al Qunaytirah 22.3 9.7 6.4 15.8 17.4 15.9
Rural Damascus 2.9 2.4 10.3 4.1 19.5 354
Tartas 0.0 0.3 0.6 0.2 0.0 483
Total 3123 608.2 253.4 388.9 8936.6 3542.3

Based on ACLED, 29.6% of all violent conflicts in 2017 were
located within cropland; this number increased to 36.3% in
2018, reached 50.6% in 2019, and then decreased to 44.8%
in 2020.

b. Statistics on burned area

Based on MODIS MCD64A1, between 2002 and 2018, on
average, 0.2% of Syria was affected by fire, or 388.9 km? per
year (Table 1). The southern regions of Syria are mostly desert
and hardly ever experience fire activity, while the majority of the
BA was observed in the west and north part of the country
(Fig. 4), specifically in five governorates: Aleppo, Al Hasakah, Ar
Raqqah, Hama, and Homs, which together contribute to 80% of
the average total BA (2002-18), 90% in 2019, and 82% in 2020.

The following results were summarized using several time
intervals: before the beginning of the civil war (2002-10), the
civil war before the cease-fire (2011-15), and after the cease-
fire, which was split into three periods—2016-18, 2019, and
2020—because of the abnormally high fire activity in 2019.
During 2002-10, fire affected 312.3 km? on average, mostly in
the northern part of the country with the lowest fire activity in
2008 (Z = —1.1). During the civil war and before the cease-fire
(2011-15), fire activity almost doubled (608.2 km?) and BA not
only increased in the north of Syria but also in governorates
that were usually fire free, such as Hama and Latakia. The year
2015 was the year with the highest BA between 2002 and 2018;
1485.6km? (Z = 3.2) was affected by the fire. After the cease-
fire in 2016, BA drastically reduced to 253.4 km? on average,
mostly driven by the very low fire activity in the north part of
the country. Overall, during the 2016-18 period, BA in Aleppo
was 74% lower than the average (2002-18), in Al Hasakah it
was 55% lower, and in Ar Raqqah it was 92% lower.

In contrast, one year later, in 2019, fire affected 4.8% of
Syria (8936.6 km?), resulting in an astonishing 2300% increase
relative to the average fire activity (Z = 26). (Here and after,
the term “‘average” refers to the average over the 17-yr period
spanning 2002-18.) A year later, in 2020, while fire activity was

reduced relative to 2019, it was still 10 times the average
(35423 km®). In other words, in 2019, 1.4 times more BA was
detected in Syria than during the previous 17 years combined,
and in 2020 BA was equal to one-half of all of the BA that was
detected between 2002 and 2018. While most governorates
experienced a drastic increase in fire activity in 2019, the
magnitude of this increase varied geographically, being lower
within governorates on the south and substantially higher in
two governorates on the northeast. BA in 2019 in Al Hasakah
was 350 above the mean, while in Ar Raqqah, BA was
51c above the mean (Fig. 5), making it a 4300% increase rel-
ative to the average. A drastic increase in BA in 2020 was
mostly attributed to high fire activity in Al Hasakah and the
west part of Syria, specifically Idlib, Latakia, and Tartus, which
did not experience fire activity before the civil war.

Looking at the intra-annual variability of BA, it was clear
that fire activity had a pronounced seasonality; the FS lasted
between May and September with a peak in June with slight
variations between governorates and higher variation between
years (Fig. 6). For example, before the civil war, 11% of the
annual BA was detected in May, whereas, between 2011 and
2018,27% of annual BA occurred at the beginning of the FS. In
2019, the peak of the FS shifted toward September, which
contributed 22% of the annual BA, whereas, before 2019, BA
in September contributed to only 6%. This seasonal change
in fire activity was mostly attributed to a drastic increase in
BA in September in Al Hasakah, where 15.5% of the total BA
in Syria was observed in September 2019, as compared with the
usual 2%. In 2020, fire activity peaked in July, and unusually
high fire activity was detected not only in September but also in
October. In October 2020, 40 times as much BA was detected
as during the average October, which was mostly contributed
by Al Hasakah, Latakia, and Tartus.

According to the LC-CCI product, cropland was the domi-
nant land-cover type in three of the five governorates of in-
terest [Aleppo (67%), Al Hasakah (51%), and Hama (51%)],
while in Ar Ragqah cropland covered 26% and it covered only
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FIG. 4. Spatial distribution of burned area in Syria based on MODIS MCD64A1.

9% in Homs. Cropland was also the main land-cover type af-
fected by fire: on average, 81.7% of BA is within cropland.
However, between years this number varied, with the highest
occurring before the civil war (84.4% ), decreasing to 80.4% in
2011-15, 76.9% in 2016-18, and being the lowest in 2019
(68.1%) and then increasing back in 2020 (79.7%). In 2019,
within cropland, BA increased by 19 times for all of Syria.
Specifically, in Idlib, cropland burning increased by 66 times, in
Al Hasakah by 31 times, in Homs and Ar Raqqgah by 17 times,
in Hama by 11 times, and 9.5 times in Aleppo. The increase was
even more drastic within noncropland. MCD64A1 detected 40

times as much BA within forest, nonforest, and bare land-cover
classes in 2019 relative to the average. In 2020 the increase was
less dramatic but still substantial; 9 times as much BA was
detected within cropland and 10 times within natural land. The
amount of cropland BA increased the most in Idlib (a factor of
52), Al Hasakah (a factor of 14), and Hama (a factor of 9).

c. Climate analysis

Of the several climate variables that were considered in this
analysis, BA showed the strongest relationship with accumu-
lated SM and P during the GS (October—April; r = 0.65 and
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FIG. 5. Time series (2002-20) of (left) annual burned area accumulated over a calendar year
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FIG. 7. Anomalies in two climate variables represented by Z score: (top) anomalies in average soil moisture over
the growing period, October—April; (bottom) anomalies in the maximum daily air temperature averaged over the

end of the fire season, September—October.

0.50, respectively) and cumulative FWI during the FS (May—
October; r = 0.61) and the number of days with FWI above the
mean during the second half of the FS (August-October; r =
0.55). Note that October was included as a part of the FS be-
cause of abnormally high fire activity in October 2020.
Similar to BA, the SM time series showed high interannual
variability (Fig. 5, right column), with the lowest amount of
moisture in 2008 (Z = —2.3) and the highest in 2019 (Z = 3.6).
The surplus of moisture was even more substantial in Ar
Raqqgah and Al Hasakah (Z = 4.2 and 4.0; Fig. 7). In 2020, SM
during the GS was 0.70 above the average, with again the
highest excess of moisture in Ar Ragqah and Al Hasakah (Z =
1.1 and 1.8, respectively). Monthly climatology of maximum
FWI showed that while the 2019 FS as a whole had average fire
weather (Fig. 6, right column), the beginning of the FS was
much more prone to high fire activity in Aleppo, Hama, and
Homs (Z = 1.1, 1.2, and 1.2), and in Al Hasakah September
had higher than usual FWI (Z = 2.1). In contrast, the 2020 FS
can be characterized by very high FWI (Z = 1.7), the highest
since 2003, specifically in May, September, and October.
Using SM during the GS preceding FS (2002-18) as an in-
dependent variable in a simple linear model, we were able to

predict 61.9% of the observed BA in 2019 and 13.8% in 2020
(adjusted R? = 0.53). In addition, we used the fitted model to
predict BA for each year of the analysis to evaluate whether
the predictive power of climate varied between prewar and war
periods. The results showed that, overall, our model based on
SM content overpredicted BA before the beginning of the civil
war (+ 27.9% on average per year for 2002-10) and under-
predicted after (—34.3% on average for 2011-18). As a per-
centage, the highest overprediction was detected in 2008 (the
year with the lowest SM and lowest BA), while the highest
underprediction was in 2020 (Fig. 8). In terms of the area, the
highest underprediction was in 2019, 3403 km? was under-
predicted using climate data, followed by 3048 km? in 2020 and
997 km” in 2015.

By splitting the time series into two periods, we found that
SM was a better predictor of BA before the civil war started
(adjusted R* = 0.68 as compared with 0.56), and while SM
was a significant predictor in both models, the p value varied
from 0.004 (2002-10) to 0.02 (2011-18). Fitting the model for
the individual FS months, we found that SM had the highest
predictive power at the peak BA (June and July: adjusted R* =
0.52 and 0.46, respectively) and the lowest at the end of the FS
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FIG. 8. Observed vs predicted burned area in Syria (2002-20).

Observed values are based on the Collection-6 MODIS MCD64A1

BA product. Predicted values are based on the simple linear model

that utilized soil moisture content at 0-10-cm depth derived from

FLDAS during the growing season (October—April) for 2002-18.

(August-September). Before the beginning of the civil war,
SM was an even stronger BA predictor during the May—July
period (adjusted R* = 0.53, 0.72, and 0.78, respectively). In
contrast, FWI was not a significant predictor of BA in Syria
(p value > 0.05). A simple linear model based on the cumu-
lative FWI during the FS predicted 2.9% of BA in 2019 and
16.0% in 2020 (adjusted R*> = 0.11).

By fitting a linear regression model separately for each
governorate, we were able to detect geographical differences in
the predictive power of climate in Syria. The SM was the
strongest predictor of BA in the northern part of the country.
In fact, the prediction of 61.9% of BA in 2019 in Syria was
mostly attributed to the high prediction power of SM during
the GS in Al Hasakah, where our simple regression model
predicted 3740.6km? of BA in 2019 (83%) with an adjusted
R* = 0.42, but only 21% in 2020. As one moves from east to
west, the percentage of 2019 BA that we could predict with SM
decreased t029.8% in Ar Raqqah and 19.27% in Aleppo, while
in Hama and Homs, SM was not a significant predictor of BA.
In 2020, SM was able to predict 44.3% in Ar Raqqah and 27.9%
in Aleppo. On the contrary, the predictive power of maximum
T during the FS increased toward the west. The number of days
with maximum daily 7 above the mean during September—
October was a significant predictor of BA in Hama and Homs
(adjusted R*> = 0.34 and 0.15, respectively); however, this cli-
mate metric was only able to predict 4.7% of BA in 2019 in
Hama and 3.2% in Homs. Whereas, in 2020, maximum 7T
predicted 67% of BA in Hama and 19.5% in Homs.
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d. Neighboring countries

In addition to Syria, changes in fire activity were also ana-
lyzed within two governorates in Iraq and six provinces in
Turkey that shared a border with Syria (Fig. 9). Overall, in
Nineveh and Duhok in Iraq, 388.5km? were affected by fire
on average. This area increased by a factor of 19 in 2019
(7476.3 km?) and a factor of 10 in 2020 (3815.5 km?). In Turkey,
fire activity in 2019 was barely above the average. The BA in
six provinces of Turkey increased by a factor of 1.4 in 2019
and a factor of 1.8 in 2020, changing from 1934.8 km? on av-
erage to 2788.2km” in 2019 and 3493.5 km? in 2020. In fact, fire
activity was substantially higher in Turkey during the 2015-17
period than in 2019 and 2020. Nonetheless, climate conditions
were very similar in Syria, the south of Turkey, and the
northwest part of Iraq. While both 2019 and 2020 were wetter
than the average, the 2019 GS was the wettest year in the past
20 years in Iraq (Z = 3.0) and in the south of Turkey (Z = 4.6).

5. Discussion
a. Burned area versus climate

Our analysis of BA between 2002 and 2020 based on
MODIS MCD64A1 demonstrated high interannual variability
and strong seasonality in fire activity in Syria. These findings
were expected since resource availability is variable in arid
regions, and low biomass accumulation usually limits frequent
fires (Krawchuk and Moritz 2011). The observed strong posi-
tive relationship between BA and accumulated SM before the
FS is consistent with the fuel-limited fire regimes in dry regions
(Abatzoglou and Kolden 2013; Abatzoglou et al. 2018).
According to Bradstock (2010), four processes limit fire ac-
tivity: biomass production, the availability of biomass to burn,
fire weather, and ignitions. In arid systems, where pronounced
water deficit is a seasonal feature, ignitions and grassland
productivity are the main limitations of fire (Nemani et al.
2003; Bradstock 2010). An increase in the amount of moisture
available for plants can lead to high fire activity due to a boost
in fuel accumulation once natural or anthropogenic ignition
source is present (Archibald et al. 2009; Abatzoglou et al.
2018). Insignificant fire activity in 2008 can be explained by
extreme drought, which was observed in the CHIRPS record
and was documented in previous literature (Kelley et al. 2015).
Similarly, an excess of rainfall during October 2012—April 2013
was followed by an above-average BA in the north part of
Syria. The year 2019 experienced an abnormally high amount
of rainfall; in fact, according to Red Cross (2020), heavy rains in
March 2019 resulted in serious flooding in several governorates
in Syria. Unsurprisingly, soil moisture available for plants was
able to explain more than one-half of the unprecedented
amount of burned area in 2019 within governorates with an
arid or semiarid climate, and not in 2020, the year with pre-
cipitation being close to the average.

On the other hand, fire activity in the less water-limited
western part of the country, which can be characterized by the
Mediterranean climate, is less sensitive to moisture and more
to severe ambient weather conditions during FS, similar to
other Mediterranean regions (Pereira et al. 2005; Amraoui
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et al. 2013). Above normal temperatures and subsequently
FWI that were recorded at the end of the 2020 fire season
(Fig. 7), especially in the northwest part of the country, were
partially responsible for the increase in fire activity in more
biomass-rich ecosystems.

It might be counterintuitive that temperature—but not
FWI—was found to be a significant predictor of fire activity in
some governorates. Uncertainties in climate data and formulas
that were used for fire danger models were likely to deteriorate
the reliability of the relationships identified in this analysis.
While many applications utilized model reanalysis data due to
the large number of atmospheric, oceanic, and land surface
quantities it provides, the reliability of its quantities varies
substantially. Air temperature estimated from the reanalysis
showed the lowest biases and standard deviation of errors; in
the meantime, the accuracy of the precipitation and wind re-
quired for FWI calculation is substantially lower because of
their high variability at a small spatial scale (Decker et al. 2012;
Akinsanola et al. 2017, Beck et al. 2017). In addition, FWI was
developed in Canada to reflect the behavior of forest fires and
was calibrated for 16 major fuel types in Canada (Van Wagner
and Pickett 1985). How close FWI is to real observations re-
mained unclear for many parts of the globe, especially where
the quality or quantity of field data about fire behavior, amount
fuel, and vegetation characteristics is not sufficient (Dee
et al. 2011).

Interestingly, a strong relationship between climate and fire
was observed even within governorates where most fires oc-
curred within cropland. After the beginning of the civil war,
however, the relationship between burned area and climate, in
particular soil moisture, although significant, was substantially
reduced. While the former finding contradicts the common
assumption that anthropogenic factors can effectively decou-
ple climate and fire within human-managed land, the latter is
supported by previous research that suggested a reduction of
climate ability to control the fire within regions with high an-
thropogenic pressure, with the exception of the extreme
weather events (Le Page et al. 2010; Archibald 2016; Syphard
et al. 2017).

Although our analysis indicated climate as an important
driver of fire activity in Syria, our simple linear model sug-
gested that approximately one-half of the interannual vari-
ability in BA is explained by variation in SM. If the amount of
moisture that plants receive during the GS and high FWI
during the FS solely drove fire activity in Syria, the highest BA
would be observed during 2003, the year with above-average
SM and the highest cumulative FWI. The year 2003 was, in fact,
the year with the highest BA before the beginning of the civil
war (579 kmz); however, when the entire time series is ana-
lyzed, 2003 comes only 5th after 2019, 2020, 2015, and 2013
(8937, 3542, 1486, and 837 km?, respectively). The surplus of
moisture was a good indicator of high BA in 2013 and 2019,
while severe ambient weather conditions during the FS were
able to explain some of the excess of BA in 2020, especially in
the west part of the country. However, it is important to stress
that more than 3000 km? of BA (almost 8 times as much as the
average annual BA) in 2019 and in 2020 was not attributed to
climate according to the results of our climate analysis.
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b. Anthropogenic drivers of fire activity

Abrupt changes in spatial and especially temporal patterns
of the fire activity are usually attributed to anthropogenic
factors (Syphard et al. 2017). The prevalence of crop fires over
natural fires in Syria can be used as an example of a positive
relationship between human activity and BA in arid regions.
Prior research substantiates the belief that an increase in an-
thropogenic activity leads to fire suppression, fuel reduction,
and fragmentation; however, that was not the case in Syria.
As a result of the high aridity, the productivity in Syria is very
low; biomass accumulation drastically increases when land is
irrigated, which creates more fuel for potential fire if the ig-
nition is present. The anthropogenic activity also increases the
number of ignitions: other than lightning strikes, human error,
broken glass, or machinery fires are the main sources of
accidental fire within the GS (Middleton et al. 2018), while
postharvest burning to clear the fields is a standard prac-
tice typically observed between mid-July and September.
Consequently, agricultural fields have not only extra fuel
but also more ignition sources, which together create op-
timal conditions for burning.

After the beginning of the civil war, violent conflicts pro-
moted fire activity by increasing ignitions and decreasing fire
suppression. In many areas in Idlib, Ar Raqqah, Hama, and
Aleppo, the front lines of military operations occurred in or
around agricultural lands (Mohamed et al. 2020)—therefore
creating more ignitions that led to accidental (collateral dam-
age from bombing or firearms) and conflict-initiated deliberate
fires that were the most common during the GS (Linke and
Ruether 2021). At the same time, conflicts negatively affected
the fire response services (Middleton et al. 2018). All of the
above can explain not only changes in the extent of BA but also
its seasonality. The amount of BA detected in May more than
doubled, which can have significant economic implications and
impacts on food security since most of the fires were observed
within cropland, and the main crops, wheat and barley, are not
harvested in Syria until June. In addition, since 2011 the length
of the FS started to extend. More fires were ignited in
September and October; fire activity that late in the season is
not typical for Syria.

c. The interplay between fire, conflict, climate, and
vegetation

Our study demonstrated that the number of violent conflicts
alone cannot explain the abnormally high fire activity in 2019
and 2020. More area was affected by fire in 2019 alone than
during the previous 17 years combined, while the analysis of
violent conflicts demonstrated a decrease in conflict intensity
after 2016, making 2019 and especially 2020 much more stable
when compared with the beginning of the civil war. Therefore,
some might argue that if conflicts were responsible for the
drastic increase in fire activity, the highest BA would be ob-
served in 2012 and not in 2019. Indeed, ignitions cannot guar-
antee fire; fuel and fire favorable weather are also required to
ease ignition and propagation (Bradstock 2010). As discussed
earlier, unprecedentedly high rainfall during winter—spring
2019 undoubtedly played a major role in the drastic increase
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of fire activity. However, if excess rainfall were the primary
driver of fire in the north part of Syria, a similar drastic increase
in BA would be observed within its neighbors Iraq and espe-
cially Turkey that received a comparably high amount of
rainfall in 2019. However, our analysis demonstrated that only
Iraq, where, like Syria, the Islamic State controls a large pro-
portion of cropland (Eklund et al. 2017; Gibson 2019; Humud
and Blanchard 2020), was strongly affected by fire in 2019.

Moreover, Schon et al. (2021) attributed a sudden increase
in fire activity in Syria in 2019 to agricultural renewal from
end-of-conflict stabilization since most subdistricts outside
Kurdish-controlled territory were not affected by the fire.
However, the analysis of fire activity within different land-
cover types and during 2020 demonstrated that the situation in
Syria might not be as straightforward. While 19 times as much
BA was detected within cropland in 2019, the change within
natural land was even more drastic; 40 times as much BA was
detected outside of agricultural land. In 2020, fire activity
moved to the west, away from wheat and barley’s major pro-
duction to government- or opposition-controlled territory.
According to FAO (2020), between August and September,
more than 220 km? of forests and orchards were burnt in Homs,
Hama, Latakia, and Tartus. The prevalence of fire despite the
overall improvement of Syria’s relative stability might be ex-
plained by changes in conflict events within individual gover-
norates. Based on ACLED, conflict intensity was substantially
reduced in the south of Syria, within governorates that hardly
experience fire activity due to very arid climate and therefore
very low fuel accumulation. On the contrary, an increase in the
number of conflicts was detected in Al Hasakah and Ar
Ragqqabh, specifically within cropland, and in the northwest part
of Syria, where security situation remained volatile at the end
of 2020 (WFP 2020b). Therefore, conflict intensity facilitated
fire activity in governorates with either arid climate if sufficient
amount of biomass was present due to increase in rainfall
(northeast), or in non-water-limited ecosystems once weather
conditions were suitable for fire ignition and propagation
(northwest).

Fire-favorable weather conditions, poor emergency re-
sponse due to the war, and maliciously started fires by the
Islamic State, progovernment militias, or opposition rebels
(BBC 2019b; Enab Baladi 2019; Sly 2019) are not a compre-
hensive list of potential drivers of the current high amount of
BA in Syria. According to Schon et al. (2019), low-quality fuel
and a lack of skilled agricultural labor due to the prolonged
conflict and mass population displacement could have also
contributed to the unusual fire activity. In arid regions, where
severe ambient weather conditions are present during the
majority of the year, one spark from bad fuel or a lit cigarette
during the harvest period can start a fire that spreads rapidly
and affects vast areas, especially in the absence of fire response
services that was observed in the 2019 and 2020 fire seasons. In
addition, because of an unstable economy, a lack of fertilizer,
low crop prices, and high coal prices, people encroach on forest
territories in the west (Wilks 2020). The locals exploit forest
fires to expand the area of farming or pasture, for logging, and
for charcoal trading (Shehadah and Ziadeh 2020). Between
2010 and 2018, Syria has lost one-quarter of its forest
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(Berdikeeva 2019), specifically 70% of the forest in Idlib
(Action on Armed Violence 2020b).

Ultimately, while our analysis of BA is the first step toward
the improvement of our understanding of the mechanism be-
hind the extraordinary fire activity in Syria, it demonstrated the
complexity of the relationship between fire, climate, conflict,
economy, migration, and land use. Future research is needed to
analyze the nature of the violent conflicts and to evaluate the
impact of fires on food security, agriculture, livelihood, and
biodiversity. Increased pressure on scarce natural resources,
water, pastures, and forests, together with an increase of soil
erosion and consequently degradation, was already docu-
mented in Syria (Abdo 2018; Almohamad 2020; Mohamed
et al. 2020; Mohammed et al. 2020b). Therefore, special at-
tention should be paid to the agricultural sector and fire
management, promoting sustainable agricultural and envi-
ronmental policies to protect natural resources and conserve
fragile soil in Syria (Mohamed et al. 2020).
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