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A space view of agricultural and industrial changes
during the Syrian civil war

Rimal Abeed'*, Cathy Clerbaux'-, Lieven Clarisse?, Martin Van Damme?,
Pierre-Francois Coheur?, and Sarah Safieddine'

The agricultural sector in Syria was heavily affected by the civil war that started in 2011. We investigate the
war's impact on the country’s atmospheric ammonia (NHs) from 2008 to 2019, using measurements from
the infrared atmospheric sounding interferometer instrument on board the Metop satellites. We examine
the changes in NHs close to a fertilizer industry, whose activities were suspended due to conflict-related
events. We also explore the effect of war-induced land use/land cover changes on agriculture-emitted
ammonia in north-east Syria that has witnessed battles between different groups. The interpretation of
the changes in NH3 is supported by different datasets: visible satellite imagery to assess the effect on
industrial activity, reanalysis data from the European center for medium-range weather forecasts to look
at the effect of meteorology (temperature, wind speed, and precipitation), and land cover and burned area
products from the moderate resolution imaging spectroradiometer (MODIS) to examine land use/land cover
changes and fire events during the study period. We show that the NHs columns are directly affected by the
war. Periods of intense conflict are reflected in lower values over the industry reaching -17%, -47%, and
-32% in 2013, 2014, and 2016, respectively, compared to the [2008-2012] average, and a decrease reaching
-14% and -15% in the croplands’ area in northeast Syria during 2017 and 2018 (compared to 2011),
respectively. Toward the end of the control of Islamic State in Iraq and Syria, an increase in atmospheric
NH3 was accompanied by an increase in croplands’ area that reached up to +35% in 2019 as compared to
prewar (2011). This study shows the relevance of remote-sensing data of atmospheric composition in
studying societal changes at a local and regional scale.
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1. Introduction

The Syrian civil war started in March 2011 and caused
dramatic social, political, economic, and environmental
consequences over the whole country. Agriculture suf-
fered massively, which also affected the economy directly
since the agricultural sector makes up to 26% of the gross
domestic product (FAO, 2017a). Several studies used
satellite-retrieved data and/or imagery to examine the
changes in the region during the conflict (Corbane et al.,
2016; Jaafar and Woertz, 2016; Eklund et al., 2017; Dam-
mers et al., 2019; Mohamed et al., 2020). The crisis caused
a massive displacement of refugees, inside Syria and to
other countries. A total of 13.2 million individuals were
displaced. This includes 6.6 million refugees outside of
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Syria and more than 6 million internally displaced
(UNHCR, 2019). Naturally, this led to land-use changes,
abandonment/expansion of cultivated lands, and a direct
effect on industrial activities related to agriculture, such as
the fertilizer industries.

One tracer of agricultural activity is atmospheric
ammonia (NH3), the main component of widely used
nitrogen fertilizers that are essential for plant growth,
such as urea and anhydrous NH; among other products
(Finch et al., 2002). It is an alkaline, highly soluble and
short-lived gas and the most abundant form of reactive
nitrogen (Schlesinger and Hartley, 1992; Anderson et al.,
2003). As the only alkaline gas in the atmosphere, it plays
an important role in the acidity of cloud water, precipita-
tion, and fine particulate matter (PM, s), as well as in the
formation of the latter (Behera et al., 2013). Agriculture is
the main anthropogenic contributor to the global NH;
budget. Other sources are some types of industries (fertil-
izer, coking, soda ash, nickel, geothermal, and explosive),
urban, biomass burning, and natural emissions such as
seal colonies, seabirds and oceans (Theobald et al., 2006;
Paulot et al., 2015; Whitburn et al., 2015; Riddick et al.,
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2017; Van Damme et al., 2018; Chang et al., 2021). The
excess in nitrogen in ecosystems leads to acidification of
soil and water bodies and loss in biodiversity (Bobbink et
al., 1998; Guthrie et al., 2018).

In this work, we investigate the war's effect on NH;
concentrations in Syria. For this analysis, we rely on
remote sensing data described in Section 2. In Section 3,
we briefly discuss the main historical events that led to
major land-use changes and fluctuations in NHs concen-
trations. In Section 4, we discuss the results of the case
study of 1 fertilizer industry and agricultural region/land
use change in the northeast part of Syria. In Section 5, we
formulate our conclusions.

2. Materials and methods

2.1. Infrared atmospheric sounding interferometer
(IAS]) NH3

IASI satellite instruments were launched onboard the
polar-orbiting Metop platforms in October 2006 (IASI-A),
September 2012 (IASI-B), and November 2018 (IASI-C).
The instruments are nadir-looking Fourier-transform spec-
trometers that probe the Earth’s atmosphere in the ther-
mal infrared spectral range between 645 and 2,760 cm™,
with a spectral resolution of 0.5 cm™' (apodized). 1ASI
monitors the atmospheric composition at any location 2
times per day, at around approximately 9:30 AM and PM
(local time). Each instrument measures many of the che-
mical components that play a key role in the climate
system and in several aspects of atmospheric pollution
(Clerbaux et al., 2009).

The detection of NH3 by IASI is done in the thermal
infrared using its v, vibrational band (approximately 950
cm™'; Coheur et al., 2009). The NHj3 total columns
exploited here were derived from IASI radiances using
an Artificial Neural Network (Whitburn et al., 2016) and
reanalyzed ERA-Interim data, ANNI-NH3-v2.1R (Van
Damme et al., 2017). In the past, the IASI instrument has
been used to identify, categorize, and quantify local hot-
spots of NH3 (Van Damme et al., 2018). Numerous sources
of NH; have been observed from IASI over the years (Clar-
isse et al., 2019a; Van Damme et al., 2021), being from
agricultural practices and manure management, to indus-
trial activities, in particular fertilizers industries (Van
Damme et al., 2018; Dammers et al., 2019), fires (Coheur
et al., 2009; Whitburn et al., 2015; Chang et al., 2021), and
other natural sources (Clarisse et al., 2019b).

Only daytime measurements are considered in this
study, as higher relative errors were observed from the
nighttime measurements (Van Damme et al., 2017). The
uncertainty estimates on the retrieved total columns can
range from 5% to 1,000%; the lower uncertainties corre-
spond to measurements during the day, in spring, and
where NH; concentrations are high (Van Damme et al.,
2017). In order to cover the period before and after the
war in Syria with the same instrument, only IASI-A data
are used. Comparison of NH; measurements from IASI
with other satellite instruments, such as Crosstrack Infra-
red Sounder (Shephard and Cady-Pereira, 2015), exhibits
consistent seasonal and interannual variability (Viatte et
al., 2020). In a case study, Viatte et al. (2021) coupled
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ground-based measurement of NH3 with IASI (on board
Metop A, B, and C). The 2 instruments showed high agree-
ment, with a Pearson’s correlation coefficient R = .75. A
recent validation of the IASI NH; product using recon-
structed in situ columns based on aircraft profile measure-
ments showed very good agreement (Guo et al., 2021).

In order to achieve a higher resolution spatial average,
we averaged IASI-NHj3 total columns using an oversam-
pling method, widely used in other studies for different
trace gases concentrations using different instruments
(Zhu et al,, 2014; Van Damme et al., 2018).

2.2. Meteorology, land cover, and burned area
Relevant meteorological parameters used in this study are
the skin temperature (T skin or land surface temperature),
total precipitation, and near surface wind speed. The para-
meters are extracted daily from the European center for
medium-range weather forecast's reanalysis (ERA5; Hers-
bach et al., 2020) and interpolated in time and space to
the IASI morning observations. The resolution of ERA5
datasets is at 0.25 x 0.25° grid (native horizontal resolu-
tion of ERAS is approximately 31 km). T skin is defined as
the temperature of the surface at radiative equilibrium. It
is derived from the surface energy balance within the land
model in ERA5. The total precipitation product combines
both large-scale and convective precipitations. The wind
speed was calculated from the u and v wind components
at 10 m of height above the surface of the Earth. The u
component is defined as the horizontal wind speed head-
ing toward the east, and the v component is the horizontal
wind speed moving toward the north.

MODIS instruments are orbiting the Earth onboard the
Aqua and Terra satellites. The Aqua/Terra MODIS Land
Cover product (MCD12Q1 version 6) provides yearly maps
of land cover with a 500 m spatial resolution for the
period that extends from 2001 until 2019 (Sulla-
Menashe and Friedl, 2018). The MOD12Q1 product em-
ploys 17 categories of land cover classification (Belward et
al,, 1999). In this work, we extract the croplands, shrub,
and bare lands from these datasets to examine the effect
of war and human displacement. The classification used in
this study to represent croplands is defined as lands com-
prising of at least 60% cultivated area; A shrubland is
defined as an area dominated by woody perennials
(plants); Bare lands (also called Barren in the MCD12Q1
product) are defined as lands with an at least 60% non-
vegetated area (Sulla-Menashe and Friedl, 2018). In an
attempt to estimate the expansion/abandonment of crop-
lands, we use the classes provided by the MODIS product.
The yearly grid of 2011 is chosen as the base year; we
compare the other years to it. This product agrees
73.6% with the Food and Agriculture Organization
(FAO)-Land Cover Classification System (Sulla-Menashe et
al,, 2019). In addition to that, the percentage of pixels
switching back and forth from a class to another (due to
spectral similarity) was reduced from the previous version
of the product to the current one (<30% for version 6 and
55% for version 5; Sulla-Menashe et al., 2019). Finally, we
used the Aqua/Terra MODIS burned area product
(MCD64A1) to look for fire events during the study period
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Figure 1. Graphical time line of the Syrian civil war events relevant to this study. In blue are those that affected
the General Fertilizers Company (blue pin in left panel and discussed in Section 4.1), and in red are those associated to
the land-use changes in the northeast region of interest (red box in left panel and discussed in Section 4.2).

DOI: https://doi.org/10.1525/elementa.2021.000041.f1

(Giglio et al., 2018). This product provides the approxi-
mate date of burn and the extent of burned area with
a 500-m resolution.

3. The conflict historical time line and

evolution as related to this study

To understand the NH; variability for the 2 case studies
discussed hereafter, we have listed the main relevant
events and present them as a graphical time line in Figure
1. The General Fertilizers Company (GFC), a total of 3
plants, is first investigated in this study. Its location and
remarkable events are shown in blue in Figure 1. It was
affected by the siege of the city/region of Homs that
started in May 2011 and peaked in 2013 when an external
militia group intervened in the battle (ISW, 2013). The
siege later ended in May 2014. Production in GFC between
these dates was heavily affected. For example, during
2012, fertilizers production in GFC decreased dramatically
due to the lack in fuel and electricity needs, as Islamic
State in Iraq and Syria (ISIS) took over the nearby gas fields
that were crucial for the production (Aita, 2020). Between
2014 and 2016, production was very low when compared
to the prewar period, until an attack occurred on the plant
itself during the second half of 2016 and the production
stopped completely (FAO/WFP, 2017). The GFC plants
resumed production in mid-July 2017 (Enab Baladi,
2019a; Aita, 2020).

On the other hand, in the northeastern part of the
country (location and events shown in red in Figure 1),
the most important series of events with direct effect
on land use occurred a few years after the start of the
war, in the period that extends from 2013 to 2019. ISIS
started to infiltrate in the region during summer 2013
(Wilson Center, 2019). By January 2014, ISIS had already
controlled a large part of the region shown in red in
Figure 1 (ISW, 2014). From September to December
2014, massive destruction was reported in regions close
to the Turkish borders (included in our region of inter-
est) due to the bombardments and clashes between ISIS

and Kurdish forces (Walsh, 2014). ISIS continued to
expand until it had seized a large area of the Syrian
and the Iraqi territories in 2015. The croplands area
increased during the occupation of ISIS. Later during
2015, the territory controlled by ISIS started to shrink
according to studies conducted by [HS Markit (2017) as
the Syrian Democratic Forces (commonly referred as
Kurdish forces by media) started expelling ISIS from the
area, until they eventually took control over most of
northeast Syria by July 2019 (Liveumap, 2019). This
occurred after confrontations that included Kurdish
forces, Turkish military, and ISIS fighters as well as gov-
ernment and international troops. By 2017, ISIS had lost
control of 98% of the territory claimed in 2015 (FOX
32, 2017; BBC, 2018). In 2019, freed from ISIS (BBC,
2019), the security conditions allowed a large increase
in the croplands area.

4, Results and discussions
4.1. Temporal changes of NHs columns over
a fertilizer factory
The GFC is located in Qattinah, south of Homs city (central
Syria). The Homs city location is shown as a white cross in
Figure 1. The company has been operating since 1972
and is owned by the Syrian government (Zammar et al.,
2006). GFC is considered as one of the most important
fertilizer production facilities in Syria, providing fertilizers
for farmers all around the country. It was the only func-
tioning fertilizers company in 2016 (FAO/WFP, 2017). GFC
manufactures various fertilizer components and related
products such as NHs, urea, and nitric acid (Zammar et
al,, 2006). In October 2018, a Russian oil and gas company
signed an investment contract with the Syrian govern-
ment, which allows it to exploit the three main plants
of GFC for 40 renewable years (Enab Baladi, 2019a; Al-
Allaf and Said, 2021).

We used the IASI NH3 daytime measurements to calcu-
late total column daily averages around GFC. Figure 2
illustrates the war effect on atmospheric NHs. In panel
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Figure 2. (a) 20-day running mean of IASI daily total columns of ammonia (molec/cm?) averaged over the
fertilizers industry (0.5 x 0.5° grid box centered on the factory). (b) Monthly percentage anomalies of IASI total
columns of ammonia over the GFC, compared with [2008—2012] monthly averages. (c) Oversampled yearly spatial
average of IASI NHj total columns (molec/cm?) around the fertilizers industry (indicated with a black star). (d)
Sentinel 2 L1C satellite images of the fertilizers company on days of suspension of activities (2016), and resume
of production (2017, 2018 and end of 2019). DOI: https://doi.org/10.1525/elementa.2021.000041.f2

(a), we show the 20-day running mean of the NH; total
columns. It corresponds to the average of a 0.5 x 0.5° grid
box where the GFC is located in the center of the grid cell
of data selection. Industries producing nitrogen-based fer-
tilizers are known to be NH3 sources, as NH; can be emit-
ted through the synthesis of anhydrous NH3, urea, and
ammonium nitrate (EPA, 1995). A report from GFC men-
tioned that the off-gassing from the NH; production plant
has a pungent odor, confirming the presence of NH; as

well (Zammar et al., 2006). It can be seen that IASI NH;
daily time series depends on the activity of the plant with
clear perturbations that are related to the conflict events
(shown in Figure 1 and highlighted in Figure 2). We
used the nonconflict years [2008-2012] as years with
typical monthly variations, and we show the interannual
variability before, during, and after the war (Figure 2b).
Panel (b) in Figure 2 shows monthly anomalies of NH;
total columns with respect to the months in [2008-2012].
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Figure 2c shows the yearly spatial average using the over-
sampling method discussed in Section 2.1. Panels (a), (b),
and (c) of Figure 2 show a decrease in NHj; total columns
after 2012, in particular in 2013 and 2014, accounting to
—17% and —47%, respectively, on a yearly average with
respect to [2008-2012]. During these 2 years, the armed
confrontations in the region included several military and
militia groups, and the siege reached its peak by the end
of 2013/early 2014.

The main factors that affected the GFC were the con-
trol of the gas field, that is essential for the production
of the plant, by anti-government forces and ISIS (SANA,
2017; Aita, 2020); the attack on the company itself
by anti-government groups during 2016 (as stated in
Figure 1) which caused the activities to be suspended
for a while (FAO/WFP, 2017); and finally, the shortage in
employees (Enab Baladi, 2019a). From the monthly
anomalies (Figure 2b), we can see that the interannual
variations during 2013, 2014, and 2016 are larger than
the typical variation observed before the intensification
of the war events [2008-2012]. Figure 2c clearly shows
a decrease in NH3 columns over the fertilizer industry by
—32% during 2016 in comparison to [2008-2012]. In
mid-July 2017, after the Syrian military along with other
militia groups took over Homs city in March (Washing-
ton Post, 2017), the GFC's NH; plant started functioning
again (SANA, 2017; Enab Baladi, 2019a). To verify the
timing of the suspension of activities, we also examined
satellite visible images during the year 2016 from June
and on, up till 2019. The result is shown in Figure 2d.
We found that in 2016, the plant’s chimney was not
showing any visible exhaust plume, suggesting that it
wasn't functioning after the attack took place. The figure
also shows that in 2017 and 2018, the plant was func-
tioning again with the chimney’s typical exhaust (Figure
2d). The IASI measurement shows an increase in NHs in
2017 and 2018 in comparison to years without activity
(2013, 2014, and 2016). During 2019, the production of
the GFC was less than average (Figure 2a—c) due to
shortage in fuel and electricity and because of the social
conflicts in the company (Aita, 2020), with employees
protesting against the new Russian investor company,
and demanding better work conditions (COAR, 2019; The
New Arab, 2019). It was also reported that productions
were suspended for rehabilitation purposes during that
year (FAO/WFP, 2019). By the end of 2019, the Russian
company got in contact with many dismissed and retired
employees offering them a job back at GFC with
increased salaries and better conditions (Enab Baladi,
2019b). Satellite images at the end of 2019 revealed
an increased activity of the industry (see Figure 2d); this
observation agrees with the NH; concentration anoma-
lies during that year (Figure 2b). Looking at a nearby
NH; hot spot in the region, the soda ash industry in
Turkey (Mersin: 36.789°N, 34.675°E), we find that while
NH; concentrations decreased in 2016 for the GFC, the
source in Mersin showed an increase and the NH; con-
centrations that became constantly higher than previous
years (not shown here).
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4.2. Land-use change in northeast Syria
Syria is divided into 14 governorates and the region of
study, shown in a rectangle in Figures 1 and 3, comprises
4 governorates (a part of east Aleppo, half of Ar-Raqqa,
most of Al-Hassakah, and a part of northern Deir Ez-Zor).
This area was the most affected in comparison to other
agricultural regions in Syria (FAO, 2017a; Mohamed et al.,
2020). The climate is warm, semiarid with hot and dry
summers (Faour et al., 2010; Al-Fares, 2013). From south
to north, annual rainfall in the region ranges from 150 to
800 mm (Mohamed et al., 2020). The study region (39,889
km?) comprises cultivated lands with livestock, mostly in
the northern part close to the Turkish borders. Grains,
cotton, fruits, and olives are cultivated, as well as nomadic
herding and scattered cultivation take place in the south-
ern part of the study area (Al-Fares, 2013). Syria's north-
eastern and southern parts are key regions for the
agricultural sector; this is due to the favorable climate and
the availability of water resources (Tull, 2017). We looked
at MODIS land cover type for the period [2008-2019].
Figure 3a shows 4 snapshots of the land cover in
northeast Syria for 4 key years that correspond to begin-
ning of the war (2011), maximum control of ISIS (2015),
intense clashes between ISIS and Kurdish forces (2017),
and improved security conditions (2019). More informa-
tion on detailed events are listed in Section 3. Figure 3b
shows 3 snapshots of the change in MODIS croplands for
2015, 2017, and 2019 as compared to 2011. Croplands
expansion is represented in red (cultivated croplands) and
abandonment of croplands is shown in blue (neglected
croplands). We chose 2011 as a reference year since the
Syrian civil war began in March of that year. The area
cultivated in 2011 did not change drastically from previ-
ous years. Despite the fact that we do not see major
changes in croplands’ area during 2011, farmers were
struggling to travel long distances due to security reasons
which prevented them from migrating to the southern
part of Syria for agricultural labor (FAO, 2012), a pattern
reported in previous years (Selby et al., 2017). As a result,
the livestock sector has been affected as herders rely on
migration to areas with abundant grasslands and water for
their herds. We note also that the study region was still
under the control of the Syrian government and that the
armed oppositions only started later during 2012 (ISW,
2012). Up until 2015, we observed an increase in culti-
vated area from 2011 by 7%, 9%, and 10.5% in 2013,
2014, and 2015, respectively (only 2015 is shown here).
The increase is especially widespread in Al-Hassakah gov-
ernorate on the east of the study region (location is shown
in Figure 3b). In fact, by December 2014, farmers in areas
controlled by ISIS found themselves obligated to cultivate
their lands, as ISIS issued a law stating that it will confis-
cate any abandoned cropland (Al-Tamimi, 2015). By mid-
2015, ISIS started losing its control gradually. This can
particularly be seen in 2017's land-use change shown in
Figure 3b where we observe a decrease in croplands area
(by —14% as compared to 2011) and an increase in bare
lands as well as shrublands. The clashes intensified when
the Kurdish forces pushed ISIS fighters out of the region.
FAO report states that in 2017, the fighting and airstrikes
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Figure 3. (a) Yearly distribution of MODIS land cover over northeast Syria (500 x 500 m?). The region of study
is shown in the black rectangle for the years 2011 (start of the war), 2015 (Islamic State in control of most of the
region), 2017 (intense clashes between Islamic State, Kurdish forces and other groups), and 2019 (better security
conditions). Only relevant land cover classifications are shown here; (b) Yearly evolution (neglected or cultivated) of
MODIS croplands as compared to croplands for the year 2011. “Cultivated Croplands” (red pixels)/“Neglected
Croplands” (blue pixels) represent croplands that were cultivated/abandoned during the designated year in
comparison to 2011. The evolution (expansion/abandonment) of croplands (indicated in red/blue) is calculated in
comparison to 2011 and for pixels located in Syria only. DOI: https://doi.org/10.1525/elementa.2021.000041.f3
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Figure 4. (a) Spring IASI NH; total columns [March—April-May] over the region of study (in blue), yearly
MODIS Land Cover Types normalized by 2008: Shrublands (in purple), bare lands (in yellow), and croplands
(in green) for the same region; (b) ERA5 T skin averaged during the spring season of each year. DOI: https://

doi.org/10.1525/elementa.2021.000041.f4

resumed in Ar-Raqqa, which constrained the humanitar-
ian access to civilians (FAO, 2017b). Despite the improve-
ment in security in some parts of the country, the
situation in northeast Syria led to displacement of the
civilians, and this can explain the abandoned farmlands
seen in 2017 in Figure 3 (FAO, 2017c). In fact, the 4
governorates included in our region of study were classi-
fied as regions where agricultural loss exceeds US$1.5
billion which was considered the highest amount of finan-
cial damage in the country (FAO, 2017a).

During 2019, an increase in the cultivated area of
approximately +35% compared to 2011 can be seen over
the whole Syrian area of study (Figure 3b). The change
represents shrublands and bare lands that had shifted into
croplands (cropland expansion). The improvement in secu-
rity conditions and the favorable rainfall during 2018/
2019 winter season caused an expansion in the area cul-
tivated with cereals (FAO, 2019). During that year, the area
cultivated in Al-Hassakah, Aleppo, and Ar-Raqqa repre-
sented 70% of the total cultivated wheat area in the whole
country (FAO, 2020). Kurdish forces had controlled almost
all of the territory of northeast Syria by July 2019 (Liveu-
map, 2019), and normal living and farming conditions are
restored since.

In Figure 4a, we show the NH; evolution in the study
region during the spring season (MAM) and over the
whole period [2008-2019]. Croplands (in green),

shrublands (in purple), and bare lands (in yellow) changes
per year are also added. To assess the effect of soil tem-
perature on NH3 concentrations, we also show the T skin
evolution in Figure 4b over the same area from ERA5. It
has been shown in previous studies that the rate of emis-
sion of NH3 from the soil upon the application of fertili-
zers is mostly affected by temperature and humidity of the
soil and air among other factors (Sharpe and Harper, 1995;
Anderson et al., 2003; Le Cadre et al., 2005; Dari et al.,
2019).

We choose the spring season because we are interested
in the NH3 change related to agricultural activities and
fertilizer use. Generally, 2 NH3 column peaks are observed
per year in the study region; the first and the highest is in
spring (between March and mid-May); the second is in
autumn and is lower (and not discussed here). Over the
period that extends from 2008 to 2019, NH3 columns
show a general increase in concentrations above the study
region. We can see that NHj; fluctuations over the years
before the war (2011) are dependent on both land cover
changes and T skin (Figure 4b). For example, and in par-
ticular during the [2008-2012] period, the NH3 interan-
nual variability was mostly governed by temperature
fluctuations, as the land cover was mostly constant. How-
ever, during the occupation of ISIS [2013-2015], culti-
vated area increased, and as such, it was an important
driver in the NH; variability: the percentage increase in
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Figure 5. Spring anomalies over the region of study compared to the average of the spring season of
[2008-2012] for (a) IASI NH; total columns [%], (b) cropland anomalies [%], (c) ERA5 wind speed
anomalies [m/s], (d) ERA5 total precipitation anomalies [mm], (e¢) MODIS burned area [ha], and (f) ERA5 T
skin anomalies [°C]. DOI: https://doi.org/10.1525/elementa.2021.000041.f5

NH3 concentrations during [2013-2015] is estimated to
be +44% in comparison to the average of [2008-2012].
As discussed earlier, the Kurdish forces were pushing ISIS
out of the region by mid-2015. We observe an increase in
croplands area, and the NH3 keeps increasing after 2015.
Simultaneously, both shrublands and bare lands are
observed to be inversely correlated to croplands area. The
figure shows that the croplands’ expansion/cultivation
reaches a maximum in 2019. The difference in NH; con-
centration during the period [2016—2019] in comparison
to [2008-2012] average was found to be +81%, while T
skin slightly decreased (-0.25%). Finally, croplands, over
the same period, showed a decrease in 2017 (—14%) and
2018 (—15%), and an increase in 2019 (+35%) compared
to 2011.

In order to check the effect of the different meteoro-
logical variables on NH3 concentrations, we show in Fig-
ure 5 the anomalies of NH; in panel (a) in the study
region during the spring season (MAM) relative to the
average of spring (2008—2012). Panel (b) shows the yearly
cropland anomalies with respect to [2008—2012]. Panels
(c) and (d) show the spring anomalies of ERA5 wind speed
and total precipitation respectively for the same region
and relative to the spring average of [2008-2012]. Panel
(e) shows MODIS burned area during the spring season,

and panel (f) shows ERA5T skin anomalies for the same
season and time period, as compared to the spring average
of [2008-2012].

During normal conditions prior to the war (2008—
2012), NH3 anomalies fluctuated between +20% (Figure
5a), temperature anomalies varied between —3°C and
+2°C (Figure 5f), while croplands anomalies fluctuated
between +3.3% (Figure 5b). During the occupation of
ISIS that started in 2013 and reached a maximum of land-
control by 2015, anomalies in NH3 concentrations kept
increasing (+52%, +16%, and +63% for the years
2013, 2014, and 2015, respectively). The T skin anomalies
during these years were relatively normal (see Figure 5f).
The corresponding T skin anomalies for 2013, 2014, and
2015, respectively, are —0.62°C, +0.24°C, and -1.82°C
(—2%, +0.8%, and —6%). While the production of fertili-
zers in Syria (and in GFC) decreased dramatically during
the war, the imported quantity of nitrate-based fertilizers
(NPK) increased from 2,634 tons in 2013 to 12,356 tons
in 2019 (FAOSTAT, 2021); this explains the continuous
availability of nitrogen-based fertilizers in the market.

Precipitation anomalies (Figure 5d) for the whole
period fluctuated between —10 and +20 mm/season
except during 2013 and 2019 (+31 and +32 mm/season
respectively). We notice that the croplands’ area in 2019 is
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higher than that in 2018, but NH3 concentrations are
lower in 2019. The higher precipitation anomalies (+32
mm/season) in 2019 and the lower T skin anomalies
(—4.5°C) are most likely the reason of the reduction in
NH; concentrations despite the cropland expanding dur-
ing that year (due to the solubility of NH3 in aqueous
phases, precipitation causes the wet deposition of NHs
on surfaces). Fires do not occur frequently during the
spring season in that region; however, we can see that
MODIS burned area product shows +6.3 and +20.2 ha
of burned area in 2015 and 2019, respectively (Figure 5e);
these fires may have contributed to the concentrations of
NHjs. In the period before the war (2008—-2012), the wind
speed anomalies fluctuated between —3.4 and +4.4 m/s
(Figure 5c); however, in 2018, wind speed decreased by
—4.8 m/s, that is, outside the usual fluctuation during
[2008-2012]. As observed, NH5 is highest in 2018 (Figure
5a). Fires did not occur during the spring season of 2018,
and precipitations were within the usual fluctuation range
of [2008-2012]. In fact, the lower wind speed observed in
2018 might have led to the persistence of NHs. To con-
clude, wind speed, fire events, and precipitation were
shown to be within the normal range, except perhaps for
2018 (lower wind speed, higher NH3) and 2019 (more
precipitation, more fire events, but lower skin tempera-
ture). As such, the other years are most likely affected by
the croplands’ expansion. As such, fertilizer use is most
likely the main driver for the increase in NHj
concentrations.

5. Discussion and conclusions

In this study, we discuss the effects of war in breaking the
usual NH3 interannual variation in the atmosphere. IASI
observations show that NHj variability is driven by both
natural factors and political events, such as in the case of
the Syrian civil war. While the conflict is responsible for
the reduced NH; concentrations around the GFC indus-
trial plant due to reduced emissions, it was also responsi-
ble for an actual increase of NH; in the northeast due to
the expansion of agricultural lands. Our work shows that
remote sensing data acquired from space can help the
monitoring of socio-ecological changes caused by wars
and political conflicts down to a local scale.

We described case studies of 2 NH3 source regions in
Syria and their disruptions due to the conflict. The first is
over a fertilizer industry in the city of Homs where indus-
trial activities have been disrupted by the war, and the
second over an agricultural region in northeast Syria. A
decrease in NH; concentration is observed over the ferti-
lizers industry due to the siege and its consequences read-
ing -17%, —47%, and —32% in 2013, 2014, and 2016,
respectively, as compared to the [2008—2012] average.
Even after the fertilizer industry started functioning again
in 2017, the seasonal variation and concentration of NH;
were never the same as the period that preceded the
beginning of the civil war. The activity of the fertilizers
industry was affected by shortage in workforce, battles,
and politics.

In northeast Syria, the fluctuation in IASI NH3 columns
is seen to be affected by T skin before the war (2011) and
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most likely driven by changes in land cover after 2011. The
area witnessed abandonment of croplands in 2017
(—14%), in comparison to 2011, but also a huge croplands
expansion in 2019 (+35%). The presence of ISIS in north-
east Syria has changed cropping patterns and forced farm
owners to cultivate their lands (Jaafar and Woertz, 2016).

We observed clear disruptions in both regions exam-
ined in this study. Although the availability of fertilizers in
the market would have been affected by the halt of the
GFC, the gap in the market was met with imported ferti-
lizers (both legally and illegally). In addition to that, both
regions were witnessing different events in different time-
frames, which makes it hard to draw a connection
between the 2 case studies.

This study combines local IASI NH3 observations with
ERA5 meteorological products (temperatures, total precip-
itation, and wind speed) and MODIS land cover and
burned area. It could be extended to other parts of the
world in order to analyze how political changes influence
agricultural practices and industrial activities (e.g., in Af-
ghanistan before and after 2021). Current emission inven-
tories do not consider war-related events; we think that
they should be adapted according to the results of this
study and other studies that show disruptions in emis-
sions that are not related only to climatology. The long-
term homogeneous IASI dataset, whose continuity will be
ensured with the IASI-NG mission (Crevoisier et al., 2014)
that should fly from 2023 to 2050, offer a unique tool to
monitor the impact of societal changes and perturbations
on the atmospheric composition.
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