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Global demands for biomass and arable lands are expected to double in the next
35 years. Scarcity of water resources in arid and semi-arid areas poses a serious threat
to their agricultural productivity and hence their food security. In this study, we
examine whether crop yields can be predicted from remotely sensed vegetation indices
and remotely sensed estimates of primary productivity. Spatial relationships between
remotely sensed enhanced vegetation index (EVI), net photosynthesis (Pye), and gross
and net primary production (GPP and NPP, respectively) in irrigated semi-arid and arid
agro-ecosystems since the beginning of the century are analysed. The conflict-affected
country of Syria is selected as the case study. Relationships between EVI and crop yield
are investigated in an effort to enhance food production estimates in affected areas
outside governmental jurisdictions. Estimates of NPP derived from reported irrigated
agriculture crop data in a semi-arid and an arid zone are compared to remotely sensed
NPP in a geospatial environment. Results show that winter crop yields are correlated
with spring GPP in semi-arid zones of the study area (R* = 0.85). Summer crop yield
can be predicted from either cumulative summer EVI (R? = 0.77) or Pye in most zones.
Where fully irrigated fields are surrounded by hyper-arid landscape, summer Py Was
negative in all instances and EVI was inversely correlated with yield. NPP from crops
was much higher (290 gC m 2 year ') in those regions than MOD17 NPP (70 gC m™),
where 1.0 g of carbon is equivalent to 2.2 g of oven-dry organic matter (= 45% carbon
by weight). The gap was less in semi-arid zones (2-39% difference). Overall crop-
derived NPP for the period 2000-2013 was 322 versus 300 gC m™> for that remotely
sensed within the cropped zones of the political units. The results of this study are
crucial to derive accurate estimates of irrigated agriculture productivity and to study the
effect of the latter on net ecosystem carbon storage.

1. Introduction

Remote sensing of terrestrial biosphere productivity is a promising tool in the monitoring
of crop production. It provides a basis for ecologists to study carbon cycle processes and
to follow ecosystem canopy processes, photosynthesis, and transpiration (Bandaru et al.
2013). Spectral reflectance of terrestrial vegetation, detected by remote sensing (e.g.
Moderate Resolution Imaging Spectroradiometer (MODIS)), is translated to real ecosys-
tem variables, such as productivity and vegetation indices. The latter are valuable para-
meters in many applications: science, policy, and land management (Running et al. 2004).
Remote sensing has been used in agriculture to analyse historical agricultural changes
(Hole and Smith 2012; Lobell et al. 2002), to forecast production (Quarmby et al. 1993;
Reeves, Zhao, and Running 2005), and further to develop agricultural control strategies.
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During the last two decades, researchers have been active in many related areas: devel-
oping the theory and the algorithms of vegetation and productivity parameters (Zhao et al.
2005), validating their regular measurement (Fensholt, Sandholt, and Stisen 2006; Smith
et al. 2014), estimating yield production (Quarmby et al. 1993; Reeves, Zhao, and
Running 2005), and studying the relationships among different indices (Sims et al.
2008). Terrestrial net primary production (NPP), a measure of the vegetation growth, is
one of the major resources of food and energy (Krausmann et al. 2013). Yield-NPP
studies in the literature have focused on productive areas. Lobell et al. (2002) combined
an inventory NPP approach with a parametric model that directly related light use
efficiency (LUE) to NPP in order to refine crop NPP estimates in US agriculture for the
period 1982-1998. While more than one-third of the world’s food crops depends on
irrigation (Bastiaanssen, Molden, and Makin 2000), remote-sensing data sets have identi-
fied agricultural land cover but have sometimes overlooked agricultural practices like crop
type and irrigation (Monfreda, Ramankutty, and Foley 2008). In arid and semi-arid
regions, irrigation is a necessity to conduct successful agriculture (Hole and Smith
2012). It has been argued that irrigated agriculture can locally either increase (by reducing
water and nutrient limitations) or decrease NPP (by decreasing the growing season length
through harvesting) (Long et al. 2006). Yield data can be converted to NPP, but the
reverse process, which might be needed in cases where yield data are lacking, is not fully
understood. Due to the lack of global crop-specific land cover data, remotely sensed
estimates of NPP tend to be generic for cropland classification within the MODIS
Landcover product. They also tend to overestimate carbon uptake by productive croplands
(Bandaru et al. 2013). Vegetation indices have also been correlated with crop yields.
Examples are the normalized difference vegetation index (NDVI) and the enhanced
vegetation index (EVI). These have been evaluated in sifu using radiometric measure-
ments (Fensholt, Sandholt, and Stisen 2006). Empirical NDVI models were used fre-
quently in the literature to predict crop yield, due to its simplicity and its link to
photosynthesis activity (Reeves, Zhao, and Running 2005). Quarmby et al. (1993)
estimated yield for wheat, cotton, rice, and maize crops to a high level of accuracy
using a simple linear correlation with NDVI in northern Greece for the period 1986—
1989. NDVI utilizes only the red and infrared bands and is subject to noise caused by
underlying soil reflectance, especially in low-density vegetation canopies, and also to
noise from atmospheric absorption. EVI utilizes the blue band for correcting for atmo-
spheric aerosols. Regression estimates of yield tend to be controlled by spatio-temporal
conditions. Reeves, Zhao, and Running (2005) assessed the estimation of wheat yield
from MODIS gross primary production (GPP), using a conversion equation of carbon to
yield rather than empirical regression models in two semi-arid regions of the USA. The
results were significantly accurate at the state level, but less so at the county and climate
district levels. Prediction of yield from remotely sensed estimates of productivity remain
an active area of research.

The main aim of this work is to develop a methodology for remotely assessing the
quantitative variation in crop yield at the level of regions and basins. This is important as
the process of data collection within countries with an unstable security situation is
seriously hindered by conflicts, and is therefore either non-existent or unreliable. It is
also crucial for estimating crop water productivities and water mass balance at both the
watershed and district level. In this study, four MODIS-derived parameters, NPP, GPP, net
photosynthesis (Pynet), and EVI, are assessed in irrigated semi-arid and arid agro-
ecosystems located in Syria, a conflict-affected country since 2011. The temporal varia-
tions of yield and the above parameters are analysed during summer and winter seasons,
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at governorate level, over the period 20002011 (pre-conflict years). The spatial correla-
tion between productivity estimates and vegetation indices is examined in summer
seasons for the major irrigated zones. MOD17 NPP is also compared to NPP derived
from reported irrigated agriculture crop data. The main advantage of using remotely
sensed yield-related parameters such as vegetation indices and estimates of primary
productivity is highlighted in areas where access to the field is hindered by security
situations (i.e. conflict zones), and in areas where yield reports are of questionable quality
or sometimes falsified for political reasons.

2. Methodology
2.1. Study area

The study covers Syrian and Lebanese territories, including Syrian irrigated lands
(Figure 1). The focus of the study is Syria during the period of recording, 2000-2013.
Arid and semi-arid regions represent more than 70% of Syrian territory; the remaining
30% is characterized by a Mediterranean coastal (sub-humid) climate and is not included
in this analysis. The MOD12Q1 product provides land-cover mapping (500 m resolution)
according to the University of Maryland Department of Geography (UMD) classification
(Friedl et al. 2010). The land cover of Syria is classified as mostly barren or sparsely
vegetated (76.3%), open shrublands (13.3%), croplands (8.0%), urban built-up (0.87%),
water (0.47%), and other classes (1.1%) (NASA LPDAAC 2014). In the last two decades,
inland agricultural regions have been subject to agrarian reform. Many plans implemented
for water resources management have contributed to a development in irrigation methods
(Hole and Smith 2012). According to government websites, and within the last decade,
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Figure 1. Study area map: Syrian governorates and Syrian irrigated lands (excluding coastal
governorates and Lebanon).
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about 30% of Syrian territories were cultivated, of which 24% were irrigated. This
comprises the 8% croplands in the NASA LPDAAC product data set. Irrigated agriculture
is prevalent in the fertile valleys of main rivers and tributaries (Euphrates, Khabour, and
Orontes). Al-Hassake, Dair-Ezzor, and Al-Raqqa are the main governorates located in the
arid and semi-arid zones. These governorates produce around one-third of Syrian crops
and vegetables. Irrigated agriculture (1.3 million ha) accounts for more than 80% of the
total production in those governorates. It is worth mentioning that the annual rainfall does
not exceed 400 mm within the semi-arid regions (MOAAR 2014). Summer temperatures
in the major agricultural zones range between 20°C at night and about 40°C during the
day. Winter temperatures are in the range 3—12°C. Potential evaporation can reach more
than 12 mm day ' along the Euphrates and its tributary, the Khabour.

2.2. Data products

MODIS data sets, derived from both the Terra MODIS and Aqua MODIS instruments,
provide land products, including GPP, annual NPP, daily net photosynthesis (Pnet), and
EVI. NASA publishes these data sets from 2000 up to the present (NASA LPDAAC
2014). Daily GPP, daily Pne, and annual NPP are derived from an algorithm using
satellite-derived photosynthetically active radiation, meteorological data (NASA Data
Assimilation Office (DAQO)), estimated growth, and maintenance respiration (Zhao et al.
2005; Running et al. 2004). The meteorological data provided by DAO are derived from a
global climate model, using collected data from all available surface weather observations
globally every 3 hours. These data sets approximate canopy height conditions 10 m above
the land surface (Running et al. 2004). We use GPP, Pn.;, and NPP data sets, as improved
by the Numerical Terra-dynamic Simulation Group (NTSG) at the University of Montana,
that exclude cloud contamination pixels (NTSG 2014). The monthly GPP and Py, data
sets are extracted from the improved MOD17A2 products. The yearly GPP & the yearly
NPP are derived from the improved MOD17A3 products. The monthly EVI used herein is
derived from MOD13A3 product. MOD13A3 includes EVI on monthly basis, at 1 km
spatial resolution. MOD13A3 EVI provides consistent spatial and temporal comparisons
of vegetation conditions. Although NDVI has been widely used and applied, EVI is used
herein as it minimizes canopy background variation and maintains sensitivity over dense
vegetation conditions. NDVI saturates faster than EVI and hence may not be responsive to
vegetation computed from atmospherically corrected bidirectional surface reflectance that
has been masked for water, clouds, heavy aerosols, and cloud shadows. For a more
detailed assessment, the reader is referred to Huete et al. (2002). The improved
MOD17A2 is compiled from the following four monthly data sets — GPP, FPAR, PAR,
and Pne — at 1 km spatial resolution:

e GPP (gC m?): a cumulative composite of GPP values based on the radiation use
efficiency concept (GPP = ¢ x (FPAR) x (PAR)); ¢ is the conversion efficiency,
FPAR is the fraction of photosynthetically active radiation, and PAR is the incident
radiation in photosynthetic wavelengths (Running et al. 2004)).

o Pne (gC m ?): the difference between GPP and maintenance respiration of leaves
and fine roots.

The Syrian Ministry of Agriculture and Agrarian Reform (MOAAR) provides data on the
production of winter and summer vegetables and crops, irrigated and non-irrigated, by all
administrative units for the period of recording 2000-2012. Two years of records are
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Figure 2. Flow chart showing methodology of data processing and analysis.

excluded from the analysis (2005 and 2006) due to missing/discrepant data. A flow chart
of the methodology used in this work is illustrated in Figure 2.

2.3. Data processing
2.3.1. Delineation of summer irrigated lands

EVI was used as the basis of irrigated land delineation. The spatial mean of summer EVI for
the period of recording (2000-2011) was calculated. By ‘summer’ we mean the period from
1 June to 31 August. The raster of mean summer EVI was compared to a series of high-
resolution Google Earth imagery available for the summer seasons between 2000 and 2011.
This comparison was based on visual analysis of field shapes and evidence of cultivation.
Irrigated lands were extracted in a shape file from EVI pixels with values exceeding 0.12,
which was found to correlate well with irrigated lands visible from the satellite imagery. The
latter shape file was fine-tuned by manual delineation using high-resolution Google Earth
imagery. The spatial mean of summer EVI within the delineated irrigated lands was found
to have an average ranging between 0.14 and 0.22, and a maximum ranging between 0.24
and 0.45. Due to the sensitivity of EVI to topographic effect, summer mean EVI spatial
raster was necessary but not sufficient to delineate summer irrigated lands (Matsushita et al.
2007). Relatively high EVI values were noted in forest areas on hilly terrain. Hence, the use
of high-resolution Google Earth imagery along with topographic data proved to be indis-
pensable for summer irrigated lands delineation.

The delineated irrigated lands were checked against two data sets: Land Cover
Products (MOD12Q1) and statistical data from MOAAR. The delineated irrigated lands
included an average of 80% of croplands and 16% of open shrublands. MOAAR provides
statistics on irrigated lands in each political unit from 2000 to 2012. The areas of
delineated irrigated lands were comparable to the average of total irrigated lands provided
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Table 1. Comparison between irrigated lands reported by the Syrian Ministry of Agriculture and
Agrarian Reform (MOAAR) and delineated irrigated lands.

Irrigated area (ha) Delineated summer Difference from
Governorate (MOAAR) irrigated area (ha) MOAAR (%)
Aleppo 190,806 200,672 5
Al-Hassake 403,418 470,010 17
Al-Raqqa 183,375 207,255 13
Dair-Ezzor 137,310 156,522 14
Damascus 65,823 55,510 -16
Dar’a 30,920 35,230 14
Hama 68,713 65,195 =5
Homs 53,386 48,300 -10
Idleb 54,572 42,383 -22
Sweida 1903 2053 8
Total 1,190,255 1,283,130 8

by the MOAAR over the period 2000-2011 in each political unit (Table 1). They were
also in line with those from the Global Irrigated Area Map (Thenkabail et al. 2009). The
delineated area of Ghab, a mainly agricultural zone located in the northwest of Syria, was
found to be almost equivalent to the government-reported area (MOAAR).

2.3.2. Geospatial processing

The zonal statistics analysis of the data sets was performed using the spatial analysis tools
in a geographic information system (ArcGIS Desktop Advanced™ 10.1). The above-
mentioned data sets (monthly GPP, monthly Py, and monthly EVI) were downloaded for
horizontal tile numbers 20 and 21 and vertical tile number 5, mosaicked, and clipped to
cover the Syrian and Lebanese boundaries. In this study, the summer values of these data
sets are of interest. Hence, the GPP, Pne, and EVI values for June, July, and August were
summed for each year. The zonal statistics for each study area were calculated. The mean
summer GPP, mean summer Py, and the sum of EVI were obtained for each zone.
Spatially standardized EVI, GPP, and Py, were also derived for the year 2013 to evaluate
the conflict impact, by subtracting the pixel temporal mean and dividing by the pixel
temporal standard deviation (2000-2011).

2.3.3. Spatial correlation between parameters

The spatial correlation was investigated between (1) summer GPP and the sum of summer
EVI, and between (2) summer Py and the sum of summer EVI. The spatial correlation r
is based on Equation (1) (Abraham and Ledolter 2005):

I X -X_ ¥-7
= 1
" n—1; s. s M

where X; are the summer Py or summer GPP in year i, ¥; are the summer EVI values in
year i, X is the mean of summer Py or summer GPP in 7 years, Y is the mean of summer
EVI in n years; S; is the standard deviation of summer Pye; or summer GPP in n years,
and S, is the standard deviation of summer EVI in n years. Pixel-by-pixel statistics were
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derived from multiple raster. The spatial mean and spatial standard deviations of these
parameters were calculated for the period of recording 2001-2013. The spatial correla-
tions between summer values of Py and EVI as well as Pne and GPP were derived by
applying Equation (1) on a pixel-by-pixel basis. Means and standard deviations of spatial
statistics were calculated for the irrigated zones within each governorate.

2.3.4. Conversion of yield data to net primary production

NPP is the primary monitor of various ecological activities. It represents the total annual
growth of vegetation on land (Smith et al. 2014). NPP measures the atmospheric carbon
converted into plant biomass (Chapin et al. 2006; Running et al. 2004), and in agricultural
lands can be calculated from agronomic data. Yield production was converted to carbon
primary production using Equation (2) (Li et al. 2014; Bandaru et al. 2013; Monfreda,
Ramankutty, and Foley 2008; Hicke and Lobell 2004; Prince et al. 2001):

NPP; = (EY; x DF; x C)/(HI X fxq), @)

where NPP; is the net primary production of crop i, EY, is the metric tonnes of economic
yield per hectare of crop i, DF; is the dry proportion of the economic yield i, C is the
carbon content (0.45 gC (g dry matter) '), HI, is the harvest index of crop i, and fxg is the
fraction of production allocated above-ground, directly related to the root:shoot ratio. The
crops and their parameters used in this study are shown in Table 2.

The harvest index is a standard measure of the proportion of total above-ground
biological yield allocated to the economic yield of the plant. It specifies the ratio of yield
mass to above-ground biomass, varying between 0.23 and 1.0 depending on the type of
yield. The root:shoot ratio indicates the ratio of below- to above-ground production. It is
defined as the dry weight of root biomass divided by the dry weight of shoot biomass,
ranging between 0.5 and 0.94. The crop-derived NPP was calculated for every crop in each
agricultural unit based on Equation (2) and MOAAR statistical data for the period of
recording 2000-2011. The sum of winter and summer crop NPP in each agricultural unit
was compared to the mean of annual NPP (MOD17A3 products) in the delineated irrigated
lands. The MOD17 NPP was produced as the difference between the accumulated daily P
(defined in Equation (3) as the difference between GPP and maintenance respiration of
leaves and fine roots, R),), the estimated growth respiration required to produce leaves, fine
roots, and new woody tissues, R,, and the calculated live woody tissue maintenance
respiration, R,,, as per Equation (4) (Zhao et al. 2005; Running et al. 2004):

Pnet = (GPP) — Ry, 3)

NPP = > "(Pxet) — Ry — Run. 4)

3. Results and discussion
3.1. Summer irrigated lands primary production and EVI

Cotton is the major crop in most arid and semi-arid governorates (Aleppo, Al-Raqqa,
Dair-Ezzor, and Al-Hassake) and in the Ghab Valley (Orontes Basin). Vegetables are
second, dominant in Homs, Hama, Idleb, and Dar’a. Maize is considered the second major
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Table 2. Parameters used for converting yield to carbon production (Li et al. 2014; Bandaru et al.
2013; Monfreda, Ramankutty, and Foley 2008; Hicke and Lobell 2004; Prince et al. 2001).

Crop Harvest index (HI)  Dry fraction (DF)  Above-ground fraction (fag)
Barley 0.49 0.89 0.81
Broad beans 0.45 0.13 0.85
Cabbages/cauliflowers 0.45 0.08 0.85
Cantaloupes 0.45 0.10 0.85
Chickpeas 0.44 0.90 0.85
Cotton 0.55 0.92 0.86
Cucumbers 0.45 0.04 0.85
Dry beans 0.55 0.90 0.74
Eggplants 0.45 0.08 0.85
Garlic 0.45 0.13 0.85
Grazing maize 1.0 0.35 0.85
Green beans 0.45 0.10 0.85
Lentils 0.46 0.89 0.85
Maize 0.45 0.89 0.85
Oil seeds 0.52 0.73 0.80
Okra 0.45 0.10 0.85
Onions 0.45 0.13 0.85
Peanuts 0.40 0.92 0.80
Peppers 0.28 0.80 0.50
Potatoes 0.50 0.28 0.80
Sorghum 0.40 0.89 0.80
Sugar beet 0.40 0.12 0.80
Sunflower 0.39 0.94 0.94
Tobacco 0.28 0.80 0.80
Tomatoes 0.45 0.06 0.85
Watermelons 0.45 0.09 0.85
Wheat 0.39 0.89 0.81

crop in Aleppo, Al-Raqqa, and Dair-Ezzor. Figure 3 shows the temporal means (2000—
2011) for cumulative summer EVI, cumulative summer Py, cumulative summer GPP,
and their standardized values for the year 2013 over the study area. The standardized
values are used to indicate changes due to the conflict (rainfall in 2013 was higher than
average). EVI highlights the major irrigated lands. The cumulative summer EVI ranges
between —0.14 for lands adjacent to water bodies and 1.35 for areas of heavy irrigation
and full crop cover (Figure 3(a)). The highest Py (268 gC/m?) is in the Ghab Valley in
Northern Hama, and the lowest (negative) summer Py is in Dair-Ezzor and Al-Raqqa
irrigated lands (rainfall <200 mm year ') on the banks of the Euphrates, which are
surrounded by a hyper-arid landscape (—195 gC m?) (Figure 3(c)). Summer Pyg, is
almost zero in areas where annual rainfall is between 200 and 400 mm (Al-Hassake).
Summer GPP is lowest in the arid area of Dair-Ezzor (Figure 3(e)). It appears to increase
with rainfall (higher in semi-arid regions), possibly due to a lower vapour pressure deficit
(VPD) in these regions. High VPD contributes to physiological water stress control in
plants and a reduction in PAR conversion efficiency &, hence limiting daily GPP (Running
et al. 2004). Also, variations in photosynthetic LUE resulting from water stress caused by
drought or lack of sufficient irrigation can affect MOD17 GPP and NPP products. LUE
varies with vegetation type (Long et al. 2006). Moreover, the daily meteorological data
used in the algorithm have a maximum resolution of 1 degree (approximately 108 km),
while the MODIS product has a resolution of 1 km or better. This could be problematic in
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Figure 3. Means of (a) cumulative summer EVI (2001-2011), (b) summer Pye (2000-2011)
(gC m_z), (¢) summer GPP (2000-2011) (gC m_z), and standardized values for the year 2013 of
(d) cumulative summer EVI, (¢) summer Py, and (f) summer GPP.
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irrigated croplands surrounded by hyper-arid landscape, where averaging of the tempera-
ture in such a pixel does not represent the climatic conditions in the irrigated corridor
around the Euphrates river. This average temperature is used within the MOD17 algorithm
to calculate daily leaf maintenance respiration as well as fine root mass respiration, both of
which increase exponentially with temperature. Overestimation of temperature will ulti-
mately result in a higher respiration and consequently a lower Py, yielding a lower NPP
than expected.

Spring GPP also is calculated to determine whether it is dependent on summer Py
Mean spring GPP varies between 34 gC m 2 in hyper-arid zones to 772 gC m 2 in heavily
irrigated zones (figure not shown). Standardized summer EVI and standardized summer
P for the year 2013 are computed by spatially subtracting the respective pixel-by-pixel
EVI and Py mean for the 20002011 and dividing by the pixels’ standard deviation.
Figure 3(b) and (d) shows that vegetation EVI dropped significantly in Al-Hassake, Ghab,
Idleb, and Dair-Ezzor. The primary reasons for this decrease are the deficiency of water
supplies (empty reservoirs, destruction of main water channels and pump stations), lack of
fuel, lack of seeds and fertilizers, and the displacement of farmers (Swiss Agency for
Development and Cooperation SADC 2014). While a drop in EVI and Py, in semi-arid
areas has been correlated with a drop in summer irrigated agricultural yields, the relation-
ship is reversed in the arid region of Dair-Ezzor. This is verified by the negative mean Py
in Dair-Ezzor (Figure 3(d)) and the higher standardized Py in the same area in 2013,
indicating a decrease in agricultural production, as will be shown in the following
sections. Dair-Ezzor irrigated lands are mainly composed of cotton (48%) and maize
(29%). More data years are needed to verify whether this is sufficiently consistent to
derive any conclusions. Smith et al. (2014) found that cereal, oil, and sugar crops reduce
GPP and NPP, while some C4 perennial crops can minimize this impact. Standardized
summer GPP for the year 2013 (Figure 3(f)) shows extreme low values in some regions of
Hama bordering Idleb, and some parts of Damascus and environs (the scene to major
battles in 2013).

3.2. Spatial correlation between EVI and primary productivity

The spatial correlation between summer EVI and summer Pyne and its statistics are shown
in Figure 4. A high negative correlation is noted between summer EVI and summer Py
in Dair-Ezzor and Al-Raqqa governorates, with a significant inverse relationship in Dair-
Ezzor irrigated areas along the Euphrates river (mean of this negative correlation is
—0.58). It will be shown later that the higher regression coefficient between EVI and
Pne: yielded a higher spatial correlation (either positive or negative) between the two
tested parameters.

3.3. Summer crop yield correlation with remotely sensed parameters

The time series variation of summer crops in major governorates is shown in Figure 5. In
Dair-Ezzor and Al-Raqqa, on the banks of the Euphrates and Al-Khabour, respectively,
summer crops could not be predicted from MOD17 summer Py In Al-Raqqa, however,
summer yield variation (MOAAR) is in accord with MOD17 Py, since 2008. In Ghab
and Hama, crop yields are highly correlated with Py, with significant F-values (p < 0.05)
of 12.04 and 8.55, respectively. The major crop planted in Ghab is cotton (85%). Lower
values are found in Al-Hassake (on the banks of the Al-Khabour) and Dar’a irrigated
lands (0.47 and 0.42, respectively).
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In Hama, Al-Hassake, Ghab, and Dar’a, summer crops are slightly better predicted by
mean summer GPP than by mean summer Py, Either summer Pye; or summer GPP can
be used to predict crop yields in those governorates. High yield is correlated with high
summer GPP and Py (Table 3). However, in Dair-Ezzor irrigated lands, high yield is
correlated with low summer GPP. Other governorates did not show significant relation-
ships, possibly due to discrepancies in land-cover classification in the MOD17 algorithm,
indicating the need for better validation of the land-cover product.

Summer crop yields can be readily predicted from remotely sensed cumulative summer
EVI, to a varying degree. Hama and Ghab irrigated lands show the highest correlation
between crop yields and cumulative summer EVI (0.77 and 0.73, respectively). These areas
are characterized by heavy agricultural activity, with a total production of 1.6 million t year '
(MOAAR 2014). Major crops include cotton and vegetables. In 2013, 1 year after the
Syrian conflict started, a variable drop in summer production is noted in major irrigated
lands, most significantly in Homs, Dar’a, and Dair-Ezzor. Summer production decreased by
95% in Homs and to half in Dar’a. Dair-Ezzor production was around 200,000 t in summer
2012, while its average summer production was 300,000 t during the period 2000-2011.
The drop was less significant in Ghab. In regard to Hama, no significant drop is noted as
this was not a major combat zone in 2012. In Al-Raqqa and Dair-Ezzor, the major
producing zones for Syria with summer agricultural production amounting to more than
700,000 t (MOAAR 2014), higher yields are correlated with low EVI values (Figure 6). It is
worth noting that the latter two governorates are the only two where maize accounts for
more than one quarter of the irrigated lands, second to cotton. These two areas are irrigated
from Lake Assad (Tabaga Dam) in Al-Raqqa fed by the Euphrates river, and the irrigated
ecosystem is surrounded by a hyper-arid climate. The relationship is not evident in other
governorates, possibly due mainly to the presence of fallow parcels with natural vegetation
growth in between. Summer Py and summer GPP are correlated with the cumulative
summer EVI in most governorates (Table 3). Ghab and Hama show the highest correlation.
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Figure 5. Time series of summer crop and vegetable yield (left) and summer Py, (right) for the
period of recording 2000-2012.

In Al-Raqqa, no significant correlation is evident. In Dair-Ezzor, where Py is negative in
all instances, an increased EVI is highly correlated with a negative Pye (R> = 0.72) but not
significantly correlated with summer GPP. Mean summer Py is highly correlated with
spring GPP in Lebanon in general, and also in the Litani and Orontes basins, but not in the
arid zones of other Syrian governorates, indicating a lack of dependence of summer Py on
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spring GPP. As spring GPP is related to winter crop yield, it is imperative that any summer

EVI and Py in those governorates are directly related to agricultural activities and not to
natural vegetation.
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3.4. Winter production

Wheat and barley are the two major winter crops in Syria, covering more than 80% of the
total winter cultivated area. Syria produces around 4.0 million t year ' of wheat, with 35%
produced in Al-Hassake (MOAAR 2014). Winter crops and vegetables and spring GPP
follow a very similar pattern according to time series analysis for the period 2000-2012
and in most Syrian irrigated lands (Figure 7). As with summer production, winter
production decreased in 2012. In Ghab, winter production reached its lowest value in
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Figure 7. Time series of winter crop and vegetable yield (left) and spring GPP (right) for the
period of recording 2000-2012.
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the most recent decade (494,000 t). Spring GPP varies between 100-300 gC m 2 in arid
zones; it increases to 600 gC m 2 in Ghab, Hama, Idleb, and Homs irrigated lands. Within
the major agricultural areas of Syria, winter crop yields can be estimated from spring GPP
values (Figure 8). In Dair-Ezzor (by the Euphrates), rural Damascus (Ghouta area), and
Sweida, where fruit trees prevail, the correlations among winter and vegetables and spring
GPP are weaker. Winter crops are best predicted from spring GPP in Al-Hassake and
Dar’a (Figure 8). Spring GPP is correlated with rainfall in Al-Hassake, Al-Raqqa, and
Dair-Ezzor. Winter crop production can be estimated mainly from annual rainfall in the
semi-arid regions of Syria, but not in the hyper-arid irrigation region of Dair-Ezzor where
no significant correlation occurs (#* = 0.09). Dair-Ezzor is mainly dependent on irrigated
cultivation since rainfall rarely exceeds 150 mm year '. In other governorates, rain-fed
cultivation comprises between 30% (Al-Hassake) and 80% (Sweida) of the total
(MOAAR 2014). Non-irrigated crops and vegetables in Al-Raqqa are highly correlated
with rainfall (R* = 0.72).

3.5. Comparison of annual MOD17 NPP to crop-derived annual NPP

In Idleb, Dar’a, and Hama (fruit, vegetables, cotton, and olives), crop-derived NPP and
MOD17 NPP run parallel (Figure 9). The percentage difference in mean values (2001—
2012) is 15 in Idleb, 18 in Dar’a, and 25 in Hama. In other governorates, crop-derived
NPP is much higher than MOD17 NPP. In Dair-Ezzor, croplands produce annually
between 243 and 333 gC m > while according to the MODI17 product, less than
110 gC m? is produced annually. In regard to the spatial correlation between EVI
and Py (Figure 4) and also the data in Figure 9, it appears that in regions where EVI is
highly correlated with Pyne, MODIS NPP estimates appear to be higher than crop-
derived NPP. Along the Euphrates irrigated lands in Raqqa and Deir Ezzor, where
cotton and maize are the major summer crops, the relationship is reversed. EVI is
inversely related to crop yield and, at the same time, crop-derived NPP is consistently
higher than the MODI17 estimate. The differences between crop-derived NPP and
remotely sensed estimates can be attributed to several factors. The MOD17 NPP product
is not crop specific, being based on one class of land cover (croplands). Indeed NPP
from different crops will differ, and consequently the MODIS product does not allow for
this distinction in its algorithm. Mixed pixels can be another limitation. A 1 km? pixel
might be classified as cropland while in fact it could be a mixture of vegetation cover,
contaminated with bare soil, or other types of land cover. Quantifying the degree of
uncertainty imposed by the MODIS Landcover product assumptions on the MOD17
NPP estimate is yet to be determined. For a more detailed analysis, the reader is referred
to Li et al. (2014). Another reason for this difference is that crop yield-derived NPP
estimates are derived from the yield itself, which is usually a function of external inputs
such as irrigation, fertilizer, cultural practices, crop health, and others. Not all of these
inputs are directly reflected in measured indices such as leaf area index or modelled by
biophysical factors such as temperature and LUE.

4. Conclusion

In this research we examined the possibility of predicting yields from remotely sensed
vegetation-related indices (EVI) and productivity estimates (GPP, NPP, and Pye).
Through utilizing annual and seasonal cropland yield data over the last decade within
Syria, and analysing their spatial relationship with remotely sensed estimates of EVI
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and terrestrial productivity, we assessed whether crop yields can be predicted from any
of the above parameters. The aim was to provide quantitative data on the production
of summer irrigated crops in conflict zones where access to data is hindered by the
security situation and ongoing military activity. We analysed relationships between
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Figure 9. Comparison of crop-derived annual NPP and spatial mean of MOD17 annual NPP
for major agricultural Syrian governorates for the period of recording 2001-2012. Remotely
sensed estimation of NPP underestimates crop-derived NPP in arid regions (by the Euphrates
and Khabour).

crop yields on the one hand, and EVI, GPP, NPP, and Py, on the other. We show the
advantages and limitations of using these relationships when used for crop yield
prediction. We also tested the validity of the derived regression model by comparing
its output to production data from the pre-conflict years. Our results show that summer
crop yields can be predicted from remotely sensed EVI, but not as readily from Py
and GPP of the MOD17 product. It is noted that cumulative summer EVI is inversely
proportional to summer yields in areas where maize had been planted. A negative
spatial correlation between EVI and summer Py is found for those irrigated areas
within hyper-arid ecosystems. Winter crops (mainly wheat and barley) can be esti-
mated from remotely sensed spring GPP. Annual MODIS NPP is higher than crop-
derived NPP in areas where EVI and summer Py, were positively correlated, and vice
versa. We deduce that improvements to MODIS productivity estimation should be
sought, especially by using a higher-resolution climatic data set than that currently
used, by using crop-specific land-cover data at better resolution. Developing a rela-
tively simple and inexpensive, spatially based model for the prediction of crop yield
and forecasting food shortages could prove vital for humanitarian relief organizations.
Such a model would be important in times of war and also in reducing the impacts of
both natural and human-induced disasters.
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