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Abstract

Purpose

This research aims to monitor vegetation indices to assess drought in paddy rice fields in
Mazandaran, Iran, and propose the best index to predict rice yield.

Design/methodology/approach

A three-step methodology is applied. First, the paddy rice fields are mapped by using three
satellite-based datasets, namely SRTM DEM, Landsat8 TOA, and MYD11Az2. Second, the maps
of indices are extracted using MODIS. And finally, the trend of indices over rice-growing
seasons is extracted and compared with the rice yield data.

Findings

Rice paddies maps and vegetation indices maps are provided. Vegetation Health Index (VHI)

combining average Temperature Condition Index (TCI) and minimum Vegetation Condition



Index (VCI), and also VHI combining TCI,,;, and VClI,,;, are found to be the most proper

indices to predict rice yield.
Originality/value

This study, as one of the first research assessing and mapping vegetation indices for rice paddies
in northern Iran, particularly contributes to (1) extracting the map of paddy rice fields in
Mazandaran Province by using satellite-based data on cloud-computing technology in the
Google Earth Engine platform; (2) providing the map of VCI and TCI for the period 2010-2019
based on MODIS data; and (3) specifying the best index to describe rice yield through proposing

different calculation methods for VHI.
Practical implications

The results serve as a guideline for policy-makers and practitioners in the agro-food industry to
(i) support sustainable agriculture and food safety in terms of rice production; (ii) help balance
the supply and demand sides of the rice market and move towards SDG2; (iii) use yield
prediction in the rice supply chain management, pricing, and trade flows management; and (iv)

assess drought risk in index-based insurances.

Keywords: Agro-food industry, Food security, Drought prediction, Rice yield, Sustainable

agriculture, Risk assessment.

Paper type: Research paper

1. Introduction

Food security is a multifaceted concept in nature due to its various definitions by different
organizations from time to time (Tanksale and Jha, 2015). However, food security is mainly built
upon on the following main four pillars (Fawole et al., 2016): (i) availability of sufficient
quantities of food for all people, (ii) accessibility to sufficient resources to obtain appropriate
foods for a nutritious diet, (iii) utilization to guarantee the appropriate use of the available and
accessible food for healthy living, and (iv) sustainability of the earlier three factors for a record

period in a place at a particular point in time.



Agriculture systems as the main suppliers of the global food supply chain play a vital role in
ensuring food security worldwide. On one hand, the outbreak of the COVID-19 pandemic has
imposed significant challenges to the food production and consumption patterns, which highlight
the urgent need for rethinking the sustainability of current approaches to agriculture and the food
industry (Musa and Basir, 2021; Ranjbari, Shams Esfandabadi, Zanetti, et al., 2021). On the
other hand, the increasing global demand for food due to the growing population of communities
has imposed many challenges to the sustainability of agriculture systems, such as natural
resource depletion with emphasis on deforestation (Regmi and Weber, 2000), sustaining the soil
quality in agroecosystems and soil fertility management (Guilherme et al., 2018), environmental
pollution (Tiraieyari et al., 2014), and biodiversity and the conservation of ecosystem services
(Ferreira et al., 2012). Moreover, over the past few decades, both the frequency and the severity
of natural hazard-induced disasters have grown drastically worldwide (FAO, 2015) leading to an
average economic loss of USD 250 to 300 billion per year (UN, 2015). In developing countries,
approximately 22% of the total negative impact caused by natural hazards and 25% of all the
losses and damages caused by climate-related disasters (e.g. floods, droughts, and tropical
storms) are absorbed by the agriculture sector (FAO, 2015). Approximately 83% of the
damaging effects in the wake of drought occur in the agriculture sector which leads to crop loss
and lower agricultural productivity (Khan et al., 2021). In this regard, more than 50% of the
global rice paddy areas have been affected by water scarcity and drought which serve as one of
the main constraints for rice production (Dar et al., 2020).

The importance of agriculture and nutrition for sustainable development has been considerably
highlighted by the United Nations (UN) within the 2030 Agenda for Sustainable Development
through promoting a sustainable and resilient agri-food system (lazzi et al., 2021). In this regard,
assuring global food security is substantial to achieve the Sustainable Development Goal 2
(SDG2), aiming at ending hunger worldwide (UN, 2015). Food security has been under research
from different points of view, such as drought, flood, crop damage, purchasing power, household
income, family size, food self-sufficiency, and agricultural and horticultural land size (Ataei et
al., 2021; Galiev and Ahrens, 2021). However, Rezaei (2013) in a study in Iran highlighted the

role of the government in achieving food security through supporting farmers by compensating



agricultural water shortage, increasing the productivity of water supply systems, and providing

financial support.

Rice as one of the main food crops in the world (Gutaker et al., 2020) has an important share in
ensuring food security for more than half of the world population (Kumar and Ladha, 2011),
especially in Asia (Inoue et al., 2020). Although rice is grown in various climates, Asia is on the
top in terms of production and consumption of rice (Panda et al., 2021), accounting for

approximately 90% of the global rice production and consumption (Bi et al., 2021).

Rice has a significant share in the Iranian diet based on the nutritional and world rice trade
(Kalantari et al., 2020), which is ranked second in the lIranian food basket in terms of
consumption with approximately 38-42 kg per capita (Seyed Raoufi et al., 2018). The coastal
areas of the Caspian Sea in the northern part of Iran (including Mazandaran, Guilan, and
Golestan provinces) meet a huge share of the rice demand of this country. Therefore, this region
has been the case of several studies regarding rice production, such as studying gender factors in
rice production systems (Valiollahi Bisheh et al., 2017), assessing the land suitability and
sustainability of rice production (Amini et al., 2020a), and studying the effect of fertilizers and

inoculum density on rice diseases (Khoshkdaman et al., 2021).

Monitoring the dynamics of land surface and natural resources has benefited from earth
observation from space through applying remote sensing tools over the recent years (S et al.,
2018). Huang et al. (2020) used Landsat data to study the vegetation cover in China. Kukunuri et
al. (2020) utilized Moderate Resolution Imaging Spectroradiometer (MODIS) products data for
precisely classifying agriculture drought in India. MODIS data was also used by Liu et al. (2020)
to propose three disaster monitoring models in China. Furthermore, several studies have utilized
remote sensing technology to map the paddy rice fields (Dong et al., 2016; Wu et al., 2019) or
have employed satellite-based data to monitor drought in paddy rice fields (Raksapatcharawong
et al., 2020) in different regions by considering different vegetation indices. Nevertheless,
limited research has been conducted on mapping paddy rice fields and monitoring drought in the
northern part of Iran by applying remote sensing technology. For instance, Taherparvar and
Pirmoradian (2018) applied the images of Landsat 7 ETM+ sensor for the calculation of

Normalized Difference Vegetation Index (NDVI) to estimate the rice evapotranspiration in the



Foomanat district located in Guilan Province. Moreover, Bahramvash Shams (2014) and
Mirzapour et al. (S et al., 2018) used Landsat 8 time-series images to map paddy rice fields in
Guilan province and Amol county in Mazandaran Province, respectively, through an algorithm
employing NDVI and Land Surface Water Index (LSWI).

To the best of the authors’ knowledge, no study has applied the cloud computing platform of
Google Earth Engine (GEE) and satellite-based data to map paddy rice fields in the whole
Mazandaran Province and develop the spatial distribution map of the vegetation indices to assess
drought and predict the rice yield in this province. To fill this gap, this research aims at
specifying the most proper vegetation index among Vegetation Condition Index (VCI), Thermal
Condition Index (TCI), and Vegetation Health Index (VHI)-based indices to describe the
changes in rice yield by employing remote sensing technology over the period 2010-2019. To

this end, the following research questions are addressed in this study.

RQ.1. How have VCI, TCI, and VHI changed in Mazandaran paddy rice fields over the period
2010-2019?

RQ.2. Which vegetation index best describes the trend of rice yield in Mazandaran?

The present research contributes to the extant studies within the literature by (1) paddy rice
mapping in Mazandaran Province by using satellite-based data to compute LSWI, NDVI, and
Enhanced Vegetation Index (EVI) in the GEE platform; (2) providing the spatial distribution
map of VCI, TCI, and VHI for the period 2010-2019 based on the data obtained from MODIS;
(3) specifying the best vegetation index among VCI, TCI, and various VHI-based indices to
describe drought and predict the rice yield through mapping the trends of the indices and the rice

yield during the growing season of rice.

The remainder of the paper is structured as follows. Section 2 presents the research design,
including the study area and the method adopted to map rice paddies and calculate vegetation
indices. The main results of the research consisting of the extracted map of the rice paddies and
vegetation indices for drought assessment in the study area, as well as the practical implications
of this research, are analyzed and discussed in Section 3. Finally, section 4 concludes the

research and provides the research limitations and future directions for further developments.
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2. Materials and Methods
2.1. Study area

In this research, Mazandaran province in the northern part of Iran is considered as the study area
and its paddy fields are monitored. Mazandaran is on the southern coast of the Caspian Sea and
is surrounded by the central Alborz mountain chains from the south. It is a neighbor to Golestan
province from the east and Guilan province from the west and is located between 35°46'- 36°58’
N latitude and between 50°21'- 54°08' E longitude. Mazandaran has a total area of 23,833 km?,
enjoys an average annual temperature of 15.87 °C, and benefits from approximately 2000 hours
of sunshine per year. The annual average precipitation in this area is 960 mm, 21% of which
takes place in the rice-growing season (Amini et al., 2020b). More than 80% of the total Iranian
paddy is produced in the Mazandaran, Guilan, and Golestan provinces (Rezaei et al., 2021), and
among these top rice producers, Mazandaran is ranked first by producing more than 950,000 tons
of rice, i.e. approximately 42% of the total rice produced in the country (Alipour Amir et al.,
2020).

2.2. Research design

To select the index that better predicts the change in the rice yield, a three-step method as
illustrated in Figure 1 is applied. First, the paddy rice areas are selected by extracting the paddy
rice map of Mazandaran. Second, the spatial distributions of the considered vegetation indices
are extracted and shown on maps. Third, the available statistical data is used to illustrate the rice
yield trend and select the most proper index to predict the rice yield. The maps extracted in the
first step are used to select sample polygons in the index maps of the second step. Therefore,
when making the comparisons in the third step, it is ensured that the selected index values refer

to a paddy rice field. These steps are discussed in detail in the following sub-sections.
2.2.1. Mapping rice paddies

Changes in the rice land coverage during its lifecycle can be used to identify paddies within an
area (S et al., 2018). The dominance of water in the vegetation phase, the coverage of plant

canopies on the water surface in the productive phase, and lessening the vegetation signature



during the ripening phase of the rice canopy development play key roles in mapping rice paddies
(Bridhikitti and Overcamp, 2012). Information regarding the flooding and lodging area of paddy
fields can be captured through remote sensing technology (Wu et al., 2019). To map rice paddies
in this research, three datasets including MODIS/Aqua Land Surface Temperature (MYD11A2),
United States Geological Survey (USGS) Landsat 8 Collection 1 Tier 1 calibrated top-of-
atmosphere (TOA) reflectance, and NASA Shuttle Radar Topography Mission (SRTM) 90m
Digital elevation models (DEM) digital elevation database are called from the GEE.

MYD11A2.006, the latest MODIS LST version, provides an average 8-day per pixel Land
Surface Temperature and Emissivity (LST&E) with a 1Km spatial resolution from Aqua-
MODIS. Since temperature is a dominant factor in vegetation growth and cropping (Dong et al.,
2016), the nighttime LST time series data for the study area in the year 2020 is taken from

MYD11A2.006 to determine the period of rice transplanting and growing season.

USGS Landsat 8 Collection 1 Tier 1 TOA Reflectance provides time-series data from Landsat 8
satellite, on which radiometric corrections have been made (Roy et al., 2016). Landsat sensors
measure electromagnetic radiation from the sun that is reflected by the objects on the earth’s
surface. Many factors including cloud cover, atmospheric interactions, and spectral properties of
the objects affect the proportion of radiation received by the sensors (Gautam and Brema, 2020).
Considering our study period and location, spatial and temporal filtering are applied to this data
and the cloud cover is neglected according to the Landsat 8 quality assessment band (Dong et al.,
2016; Roy et al., 2016). Recognizing transplanting signals through remote sensing technology
play a vital role in identifying the rice paddies. In this regard, the relationship between LSWI and
NDVI or the relationship between LSWI and EVI are of high importance in the identification of
transplanting signals (Gautam et al., 2020; Xiao et al., 2006). Therefore, LSWI, NDVI, and EVI
are calculated by applying the time series of Landsat TOA image collection based on equations
1, 2, and 3 (Dong et al., 2016) to map the paddy rice fields.
PNIR — PswiIr

LSW] = ——— Equation (1
PNIR T Pswir a 1)



PNIR — PRed
NDV] = ——— Equation (2
PNIR T PRed a @)

Equation (3)

EVI = 2.5 x ( PNIR — PRed )

Pnir + 6Prea — 7.5Ppe +1
where pyir, Pswir: Pred, @Nd pp.e are the values of the surface reflectance for the near-infrared
band (0.76-0.90 mm), the shortwave infrared band (1.55-1.75 mm), red band (0.63-0.69 mm),
and blue band (0.45-0.52 mm), respectively. Maximum EVI smaller than 0.6 during the thermal
growing season above 5 °C and maximum EVI larger than 0.4 before the start of the thermal
growing season above 10 °C are considered to apply sparse vegetation mask and natural

vegetation mask, respectively.

SRTM 90m DEM Digital Elevation Database version 4 provided by NASA is now the highest
quality SRTM dataset available (SRTM, 2018), generating an integrated remote sensing image
(Ibrahim et al., 2020). The data in this database have a resolution of 90m at the equator and are
presented in 5x5 degree tiles (SRTM, 2018). Since rice has a high flooding demand at the
transplanting phase, it cannot be planted in sloping lands (Dong et al., 2016). Therefore, SRTM
DEM data is used in this research with a sloping land mask to remove the areas with a slope

larger than 3°.

Finally, putting the computed indices in equation 4 (Dong et al., 2016), we specify the map of

the paddy rice fields. Based on this equation, where Flood = 1 the area is a paddy rice field.

1(LSWIy, > EVI or LSWIr, > NDVI)

Flood = {o (LSWIy, 2 EVI and LSWIy, = NDVI

) (SOT<T;<EOT) Equation (4)

where SOT and EOT are the starting and ending of the transplanting phase and T; is the

observation time.
2.2.2. Vegetation indices calculation

Three indices including VCI, TCI, and VVHI are used in this research, which are discussed in the

following sub-sections.



2.2.2.1.Vegetation condition index (VCI)

VCI is used to estimate the impact of weather on vegetation by applying long-term NDVI
(Kukunuri et al., 2020). Through VCI, the short-term weather-related NDVI fluctuations are
separated from the long-term ecosystem changes, and therefore, the relative changes in the
moisture condition are revealed (Bhuiyan, 2008). VCI is calculated based on equation 5 (Kogan,
1997).

NDVlij, — NDVI; pin
NDVI; max — NDVI; pin

VClj = Equation (5)

where i is the pixel, j is the month, and k represents the year for which the index is calculated.
Besides, NDV 1, is the value of the NDVI index in pixel i of the image corresponding to the
month j and year k. The terms NDVI; i, and NDVI; .4, are the minimum and maximum values

of NDVI for each desired pixel over a long period (in this research, 10 years), respectively.

MOD13Q1.006 Terra Vegetation Indices 16-Day Global 250m has been applied to calculate
NDVI and VCI to analyze the drought. Spatial and temporal filtering are applied to the data to
specify it for our study area from 2010 to 2019.

2.2.2.2. Temperature condition index (TCI)

TCl is calculated based on LST values as in equation 6 (Kogan, 1997) and characterizes drought
considering the thermal conditions of the vegetation (Kukunuri et al., 2020). High LST and
thermal stress with low soil moisture and vice versa are considered in TCI to denote the

probability of drought severity (Danodia et al., 2021).

(LSTi,max - LSTijk)

TCI;;;, =
Lk (LSTi,max - LSTi,min)

Equation (6)

where i stands for the pixel, j is the month, and k represents the year for which the index is
calculated. LST; i, and LST; pq, are minimum and maximum LST in pixel i in a long period (in

this research, 10 years).



MOD11A2.006 Terra LST&E 8-Day Global 1km data in the GEE is used to calculate daytime
LST and consequently, TCI. Besides the spatial and temporal filtering, data is masked based on a

function that removes the null values.
2.2.2.3.Vegetation health index (VHI)

VHI combines thermal and moisture stresses presented in TCl and VCI through equation 7

(Kogan et al., 2004) to capture the overall health status of the vegetation.

VHIj, = aVClij + (1 — a)TClj Equation (7)

where a quantifies the relative contribution of VCI and TCI to VHI. Due to a lack of sufficient
information about the value of «, it is usually considered equal to 0.5. Therefore, a =1 —a =
0.5.

2.2.3. Statistical data on rice yield

To identify the best describing index for the drought in paddy rice fields in Mazandaran, the
trend of the rice yield in this region is compared with the trend of the calculated vegetation
indices. The required statistical data is taken from the yearbooks published by the Statistical
Center of Iran for the years 2010-2019 (Statistical Center of Iran, 2020) to calculate the average
rice yield in Section 3.3. The average rice yield shows the mean of produced rice in each hectare
of paddy field in Mazandaran regardless of the rice cultivar. According to Statistical Center of
Iran (2020), the amount of fertilizer per hectare of paddy rice and also the pesticides are almost
constant over the years, and the change in the rice cultivars are not significant in this region.
Therefore, fertilizers, pesticides, and rice cultivars may not be the causes of fluctuations in the
rice yield over the studied period (as in Figure 4). Instead, drought parameters should be studied

more in depth in this regard.

3. Results and discussion
3.1. Map of the rice paddies in the study area
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The preliminary map of the paddy rice fields is developed for the year 2019 as illustrated in
Figure 2(a). To remove the green fields on the map, which do not refer to rice paddies, the sparse
vegetation mask is created to mask the areas with sparse vegetation or no cover of vegetation
(Figure 2(b)), and the natural vegetation mask is created to separate rice paddies from other
green areas (Figure 2(c)). Furthermore, the sloping land mask is formed as shown in part (d) of
Figure 2 to remove the pieces of land with a slope larger than 3° on which rice cannot be
transplanted. Finally, these three masks are applied on the preliminary map to present the final
paddy rice fields map, as shown in Figure 2€. In the final map, the white areas are the fields

where rice is cultivated.
3.2. Map of vegetation indices

To show the drought severity, the values of VCI and TCI for the period 2010-2019 are shown in
parts (a) and (b) of Figure 3, respectively. The map for VHI is not presented as different
combinations of VCI and TCI for its calculation is used in this research. In Figure 3, the areas
with the low value of the vegetation indices, corresponding to dry areas are shown in red, while
the areas with the high value of vegetation indices, corresponding to wet areas are shown in blue.
Therefore, where the red color has more density, the severity of drought based on the considered

vegetation index is higher.

3.3. The relationship between the indices and rice yield

To construct an empirical relationship between the indices and the rice yield, the trends of the
calculated VVCI, TCI, and VHI indices are compared with the trend of rice yield over 2010-2019.
Besides, different combinations of VCI and TCI minimum, average, and maximum values are
used to build new VHlI-related indices. To do so, a paddy rice field is selected based on the map
of rice paddies in Figure 2(e), and minimum, average, and maximum values of VVCI, TCI, and
VHI are extracted for this polygon based on Figure 3. Considering the average period of
transplanting and growth of rice in Mazandaran, the value of the indices for the period March 5
to September 17 in each year is selected. This period is confirmed by the LST trend extracted
from MODIS and is also in line with Dong et al. (2016). Since VCI and TCI characterize
weather-related vegetation changes based on moisture and temperature conditions, respectively,

the maximum VCI and the average TCI, as well as the maximum VHI in the selected period in
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each year, are utilized as the base for comparison during the studied period, as shown in Figure 4
(a). Besides, for more in-depth analysis, VHI is computed based on different combinations of
minimum, average, and maximum values of VVCI and TCI for the studied period and compared
with the rice yield as in Figure 4(b). The average rice yield in Mazandaran province is shown

with the thick blue line in Figure 4.

Several variables can be considered to increase the correlation between the indices and rice yield
(Hochrainer-Stigler et al., 2014). However, the focus of this study is on finding a satisfactory
relationship between the indices and the rice yield, not the best fitting trend. Therefore, to
evaluate the relationship between the considered indices and the rice yield, regression analysis
has been conducted, and the obtained R? values are reported in Table 1. As can be seen in this
table, the VHI built by considering TClyyerqge and VCl iy, has the highest value of R? equal to
0.625, showing that more rice yield values can be predicted by using the defined this proposed
VHI. The VHI comprising of TCl,,;, and VClI,,;, with the R? value of 0.617 is the next
satisfying index to describe and predict rice yield. Although VCI, VHI(TClyyerage VClmax),
VHI(TClpin, VClpmax), and VHI(TCl pqx, VClax ) are in the next ranks, their R?, which are
between 0.47 and 0.38, do not indicate an adequate prediction capability for this indices. As a
result, fluctuations in the rice yield can be better described by using the proposed vegetation
health indices, including VHI(T Clgyerage, VClmin) and VHI(TClyp, VClyn) rather than the

other studied indices.

3.4. Practical implications

The findings of this study have several important managerial and practical implications for
authorities and practitioners in the agro-food industry, and policy implications for decision-
makers involved within the food supply chain, risk assessment, and its applications in the

agriculture-related insurance industry as the following.

First, the provided map of indices in the present research shows that a huge part of Mazandaran
province is prone to drought, which can immensely affect the whole food supply chain and food
security of this area. This is in line with the research conducted by Karimi et al. (2018) showing
that almost 85% of Iran is facing frequent droughts and significant water shortages, which highly

relies on groundwater resources. Cultivation of five rice cultivars is common in Mazandaran
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province, out of which four are sensitive and one is slightly sensitive to water stress (Amini et
al., 2020b). Therefore, to support achieving the SDG2 and ensuring food safety in terms of rice
production in the region and also to make the agriculture system more sustainable, aerobic rice
should be considered as an alternative for the current rice cultivars (Sabouri et al., 2018).
Aerobic rice cultivars grow in soil, which is kept below water saturation (Silwal et al., 2020),
since they require less water and have been developed for drought-prone regions (Sabouri et al.,
2020). Hence, proper decisions made by the authorities and decision-makers in this regard can

save water resources while keeping rice production activities in the region.

Second, in view of the findings of this research, fluctuations in the average rice yield shown in
Figure 4 highlight the importance of proper decisions and actions to support sustainable
agriculture and ensure food security. Besides, the supply and demand sides of the market must be
taken into account while planning for the management of the whole system. In this regard, not
only producing or importing agricultural products but also the population and consumer rice
consumption preferences (Suwannaporn et al., 2008) play key roles in decision making.
However, this would cover only a part of the requirements to achieve “food for all” and partially
supports moving towards SDG2. Thus, other proper actions must be taken to reach food security
and provide safe food to all people (Rehber, 2012) in a system thinking framework (Ranjbari et
al., 2019).

Third, computing the VHI index at the rice-growing season, when the chlorophyll content
increases, can be used to predict the rice yield at the end of the season. This prediction plays a
vital role in planning for the management of the rice supply chain, pricing the products, and
managing the trade flows (i.e., rice import and export). The management of food systems post
COVID-19 has faced more challenges than before (Ranjbari, Shams Esfandabadi, Zanetti, et al.,
2021; Zolin et al., 2021) and the sustainable development goals, mainly SDG1 and SDG2 that
deal with poverty and hunger, have been seriously affected in Iran (Ranjbari, Shams
Esfandabadi, Scagnelli, et al., 2021). In such a situation, any probable future natural hazards that
negatively affect agricultural products would intensify these challenges. Therefore, for Iran, as a
developing country in which rice has a considerable share in the household food basket, timely
prediction of the changes in crop yield would support decision-makers in better managing the
food system and organizing the supply side of the market.

13



Finally, the prediction of rice yield is a key factor in the risk assessment in index-based
insurances, and this study showed that applying VHI in the prediction of drought would be
helpful in this regard. This finding is in line with the research conducted by Hochrainer-Stigler et
al. (2014), who used VHI to predict crop yield in order to assess the risk in index-based
insurance in Ethiopia. Through proper risk assessment by applying modern technologies, such as
remote sensing, insurance companies can economically support farmers, who form the backbone
of food security (Tey et al., 2020), for probable losses and enable them to continue farming in

the next years if they face a natural disaster and lose their agricultural products.
4. Conclusion

Natural hazard-induced disasters, such as droughts can immensely affect the sustainability of
agriculture systems and food security worldwide. Therefore, a proper mechanism to monitor
drought trends is vital to assure the productivity of agricultural products and prevent food
insecurity. This research as an attempt to map the paddy rice fields and vegetation indices in
northern Iran was conducted by applying remote sensing technology. Consequently, drought
intensity trends for three vegetation indices, including VCI, TCI, and VHI, and also VHI with
different combinations of VCI and TCI values were assessed for the period 2010 to 2019.
Regression analysis on the trends of the studied indices and the average rice yield in the study
area revealed that VHI(TClgyerqges VClnin) is the most proper index followed by the
VHI(TCl,in, VClyin) to predict rice yield considering the changes in drought level in paddy rice
fields in Mazandaran. The provided maps of paddy rice fields and vegetation indices, and the
identified trends of the vegetation indices and the rice yield in the period 2010-2019 can serve as
a guideline for policy-makers and practitioners involved in the agro-food industry to (i) support
sustainable agriculture and food safety in terms of rice production, which is a main component of
the global diet; (ii) help balancing the supply and demand side of the rice market and moving
towards SDG2; (iii) use rice yield prediction in the rice supply chain management, rice pricing,

and the rice trade flows management; and (iv) assess drought risk in index-based insurances.

4.1. Limitations and future directions for research

This study had some limitations which deserve to be addressed by scholars for further

developments in future research. First, the MODIS sensor was used in this research to calculate
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the main vegetation indices. Using other sensors with higher spatial accuracy as well as other
vegetation indices and accordingly, comparing the results with our findings are recommended for
future studies. Second, the focus of the present research was on drought as one of the most
frequent natural hazard-induced disasters. Applying the same method considering other disasters,
such as floods and severe storms could be a potential direction for further investigations in
different geographical areas. Third, in this research, LST was studied and the vegetation indices
were computed to estimate the rice yield. However, besides temperature, cumulative
precipitation is suggested to be studied in future research to increase the accuracy of the results.
And finally, in this research, all rice cultivars were considered equal and an average yield and
average time interval for their growth were considered regardless of their differences.
Conducting more detailed research considering different rice cultivars separately is
recommended for more precise analyses according to different rice yields performance.
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Figure 2. The Preliminary map (), spare vegetation mask (b), natural vegetation mask (c), sloping land

mask (d), and the final map of paddy rice fields(e) in the study area in 2019
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trend (a), and the trends of VHI considering various combinations of TCI and VCI (b) in Mazandaran
(March 5- September 17 in the period 2010-2019)
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Table 1. R?of the regression line for each of the studied indices and the rice yield

Index Condition R2
TCl Average <0.15
VCI Maximum 0.470
VHI Maximum <0.15
TCImin' VCImin 0.617
TCImin’ VCImax 0.400
TClLyax, VClnin <0.15
TClhnax, VClnax 0.384
TCLyin, VCIaverage <0.15
TClhnax, VClaverage <0.15
TCIaverage: VCIaverage <0.15
TCIaverage: VClin 0.625
TClaverage VClmax 0.443
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