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ABSTRACT 

The food security for the future humanity is threatened by many factors like climate change, urbanization 

and soil degradation, etc.  To fight against this crisis, new high yielding and resilient crop varieties should be 

developed.  Studies are ongoing to develop such crop varieties like new C4 rice. But once the variety is 

developed and ready for cultivation, the community of practice like agricultural researchers, food security 

analysts, seed companies, etc. may wonder which region and under what agro-climatic conditions these new 

varieties outperform the traditional varieties and vice versa. In the present study a light use efficiency model 

(LUE) named Production Efficiency Model Optimized for Crops (PEMOC) was selected to estimate the 

crop yield for traditional C3 rice and new C4 rice across south and east Asia. The study also compared the 

estimated yield of C3 and C4 latitudinally and country-wise corresponding to baseline climatic conditions 

and future Representative Concentration Pathway (RCP) scenarios. Earlier studies showed that PEMOC 

can estimate the yield of rice with the coefficient of determination value of 0.75. The model uses only four 

input parameters such as normalized difference vegetation index, average temperature, solar radiation, and 

vapour pressure deficit (VPD) and suitable for regional-scale studies. The seasonal average values of NDVI 

and climatic parameters were calculated from 1982 to 2015 and used as the input parameters for baseline. 

Also, seasonal average values of the temperature projections corresponding to different RCPs were used for 

future yield estimation. The result showed that at higher latitudes C3 crops perform well due to mild 

temperature and in the mid-latitude around 30o the difference in yield between C3 and C4 is very less. When 

it comes to the tropic region, the C4 rice performs better.  The country-wise comparison showed that the 

countries that lie in higher latitude do not get much benefit from C4 rice in the current climatic condition. 

But in the future, at elevated temperatures, all countries showed positive responses towards the C4 rice yield. 

Keywords: Crop yield estimation, Food security, PEMOC, C4 rice, C3 rice, Photosynthesis, RCP, 

Optimization, Light use efficiency 
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1. INTRODUCTION 

1.1. Background and motivation  

Food is one of the essential commodities on the planet to support life as it is the fundamental source of 

energy and strength. According to the Food and Agricultural Organization of the United Nations (FAO), 

"food security exists when all people, at all times, have physical and economic access to sufficient safe and 

nutritious food that meets their dietary needs and food preferences for an active and healthy life" (FAO, 

2008). One of the basic components of food security defined by the World Health Organization (WHO) is 

food availability (WHO EMRO | Food Security | Nutrition, n.d.). It refers to the required food available in the 

right quantities from domestic production or import.   But currently, more than 820 million people suffer 

from hunger (WHO EMRO | Food Security | Nutrition, n.d., FAO, 2019). As per studies, the overall food 

production would be raised by 70 per cent of the current production to feed the increased number of people 

by 2050 (FAO, 2009).  To address this problem, the United Nations Organizations (UN) specially drafted 

Sustainable Development Goal (SDG) number 2 and called it Zero Hunger (Goal 2: Zero Hunger – United 

Nations Sustainable Development, n.d.). The UN asks all its members to make a profound change to the global 

food and agricultural system to reduce the number of people who suffer from hunger.  

According to World Economic Forum, climate change, urbanization, and soil degradation will be a major 

threat to arable land and agriculture and consequently food security (5 Ways to Transform Our Food Systems and 

Save the Planet | World Economic Forum, n.d.). Climate change has unprecedented effects on the world's 

physical and biological systems, including agriculture (Rosenzweig et al., 2008).   Some studies predict that 

increased temperature can considerably reduce yield in the current growing areas for major crops ("Climate 

Change and Global Warming: Impacts on Crop Production," 2021). Lobell et al., (2011) studied the effect 

of change of temperature and precipitation on the production of four large commodity crops (wheat , maize, 

rice and soybean) from 1980 to 2008.  The research found out that the temperature trends exceed one 

standard deviation at most of the growing regions and growing seasons except United States. The study also 

found that the production of maize and wheat declined by 3.8 and 5.5 %, and for rice and soybean, the 

increasing and decreasing of yield trends mostly balanced out.  Challinor et al., (2014) performed a meta-

analysis of crop yield under climate change. The study evaluated the impacts of climate change on yield 

production of wheat, rice and maize with or without crop level adaptations, such as changes  in varieties, 

planting times, irrigation and residue management.  The study's outcome showed that without adaptation, 

losses could be expected in the production if the temperature is increased by 2oC, whereas with adaptation, 

the yield production is expected to increase by 7 to 15%, but by the end of current century the production 

with or without adaptation is predicted to go down.  

 Historically, farmers performed selective breeding that resulted in the evolution of higher-yielding crop 

varieties (Ania & Mark, 2012). In the beginning of 1960, new knowledge in the field of crop genetic 

engineering helped to produce new high yielding crop varieties and seeds that germinate faster. The 

combination of the new crop varieties with mineral fertilizer, pesticides, irrigation and mechanization caused 

the agricultural boom (FAO, 2015).  But the above-described studies emphasize the importance of 

developing and adapting new climate-resilient and high yielding crop varieties to battle the future food 

security crisis. The World Food Programme (WFP) encourages using resilient varieties of crops as one of 

the five steps to zero hunger (Zero Hunger | World Food Programme, n.d.). Some of the methods scientists are 

working on are increasing the leaf photosynthesis rate of the crops, increasing nitrogen accumulation by 

crops, increasing the growth rate of individual seeds, developing drought-resilient varieties and introducing 

higher carbon use efficiency pathway in crops (Sinclair et al., 2004). Many agricultural regions, the crop 
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production is reached to its peak value, and the existing options are limited (Sage & Zhu, 2011).  Therefore, 

less exploited methods like introduction of higher carbon use efficiency of C4 photosynthesis in C3 crops is 

a possible solution to increase the crop yield.  

1.2. Studies on photosynthesis 

Some of  the studies focused on the photosynthesis process to improve the crop yield already showed 

positive results (Simkin et al., 2019). Scientists are experimenting with manipulating the existing 

photosynthesis pathway of some crops like rice, wheat, soybean, etc. Before going into that, it would be 

better to go through the common photosynthesis pathways in plants.  Photosynthesis is the process used 

by plants to produce food by fixing Carbon dioxide (CO2). Generally, there are two types of photosynthesis 

pathways present in the major food crop plants, and they are described below. 

1.2.1. C3 photosynthesis  

Barker et al., 1956, discovered this pathway through which plants fix CO2 into organic acids. Most of the 

crops on earth, such as barley, oats, rice, wheat, potato, tomato, etc. fix carbon using the C3 pathway 

(Meacham-Hensold, 2020). The process in photosynthesis in which CO2 turns to sugar is called the Calvin 

cycle with the help of an enzyme called rubisco. The first step of carbon fixation in C3 photosynthesis is to 

convert the CO2 into a 3-carbon compound (3-PGS). This compound then converts into sugar and releases 

oxygen as a by-product in the presence of sunlight. The entire process occurs inside mesophyll cells in 

leaves. A schematic diagram of the C3 pathway is given in figure 1.1. 

A type of respiration called photorespiration exclusively occurs in the presence of light in plants. When a C3 

plant faces temperature stress or water stress, it closes the stomata, and the supply of CO2 from the 

atmosphere ceases. But the Calvin cycle continues to fix the absorbed CO2 and makes higher oxygen 

concentration inside the cells. Now the rubisco enzyme forces the oxygen, instead of CO2, to bond with 

Figure 1.1. Schematic diagram of C3 photosynthesis.  Adapted from Von Caemmerer et al., 2012 
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fixed carbon and releases CO2. This process is called photorespiration, and it causes wastage of energy 

(Ehleringer et al., 1991; Photorespiration (Article) | Photosynthesis | Khan Academy, n.d.).  

1.2.2. C4 photosynthesis 

To prevent energy loss due to photorespiration, some plants like maize and sugarcane evolved into a new 

photosynthesis pathway called C4 photosynthesis. In C4, photosynthesis, the atmospheric CO2 is initially  

fixed into a 4 -carbon compound by an enzyme called phosphoenolpyruvate carboxylase (PEP carboxylase) 

inside mesophyll cells where rubisco is absent (Ehleringer et al., 1991).  The second stage of the process 

(Calvin cycle) occurs at another type of cell called bundle-sheath cells. The 4-carbon compound in mesophyll 

cells is transported to bundle sheath cells where it is decarboxylated to release CO2. Then this CO2 is fixed 

using rubisco enzyme as in the C3 plants (Calvin cycle). Since the mesophyll cells continuously pump CO2  

to bundle-sheath cells, the concentration of CO2 inside the bundle-sheath cells will always remain higher 

than the oxygen produced. This will prevent energy loss due to photorespiration. A schematic diagram of 

the C4 pathway is given in figure 1. 2. 

1.2.3. Advantages of C4 crops 

In warmer climatic regions, the energy wastage during the photosynthesis in C3 plants is 40%  extra due to 

photorespiration compared with C4 crops (Ehleringer et al., 1991). C4 crops also have higher photosynthetic 

rate, higher yield, higher water and nitrogen use efficiency, and are more resilient to high temperature 

(Langdale, 2011; Von Caemmerer et al., 2012).  The higher water use efficiency (WUE)of the C4 crops makes 

the growing season longer, giving the farmers more flexibility for cultivation (Taylor et al., 2010). The higher 

water and nitrogen use efficiency can also reduce the farming expense and negative impacts on the 

environment (Lin et al., 2019). It is observed that C4 crops are more productive in higher temperature and 

C3 crops perform well in the high concentration of CO2, but when combining with the increase in 

temperature and WUE, C4 crops have higher productivity than C3 crops (Morgan et al., 2011a).  

As food security is concerned, one solution to develop a high yielding resilient variety of crops is to introduce 

C4 traits to C3 crops. To conduct this experiment, both species should be closely related and their leaf 

Figure 1.2. Schematic diagram of C4 photosynthesis.  Adapted from Von Caemmerer et al., 2012 
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anatomy and physiology should be matched  (Von Caemmerer et al., 2012).  Many experiments were 

conducted with various species of C3 and C4 plants and the researchers found some matches between 

sorghum and maize (C4) and rice (C3) (Lin et al., 2019; Ermakova et al., 2020). To incorporate the C4 pathway 

in rice requires a lot of anatomical and biochemical changes and it may take years of experiments to fine-

tune and release a high performing variety (Ermakova et al., 2020).  

It will be a great relief for the rice farmers and food security analysts if a new high yielding variety of rice 

arise in the field of agriculture, because rice is one of the most important cereal crops to millions  of small 

farmers and landless workers around the world (IRRI, 2011). Many landless farmers and daily wage workers 

live their lives using the earning from rice cultivation (Papademetriou, 2000). It is a staple food crop for 

over half of the population on earth and has the world's second-largest cereal production (FAO, n.d.). Rice 

is grown in more than 100 countries with an approximate area of 158 million hectares producing more than 

700 million tonnes annually (Rice Productivity - Ricepedia, n.d.). But for the past few years, the yield returns 

have ceased to improve with the increase of population through conventional means, and it will soon be 

plateau (Covshoff & Hibberd, 2012). Therefore, it is very important to develop new resilient, high yielding 

rice varieties to fight against the future food crisis.  

Projects like 'the C4 rice project' are trying to develop high yielding rice varieties for smallholder farmers by 

introducing C4 traits to rice (The C4 Rice Project, n.d.).   But these experiments are still at the developing and 

testing stage. But once the varieties are developed and ready to release for public use, the community of 

practice (e.g.: - food security analysts, agronomists and entrepreneurs) will need to know where and under 

what conditions they will produce a better yield. Around 90% of total rice production is accounted for from 

Asia (IRRI, 2011). A huge number of small-scale farmers and landless workers participate in rice cultivation 

for their day-to-day needs. Also, as described before, global warming can cause considerable reduction of 

crop yield for normal existing C3 crop in the current cultivating areas. So, it is good to know what kind of 

crops can grow better in the coming times using climatic projections. The information can also use for 

scenario building and develop new policies and practices related to rice production in the region. 

1.3. Crop yield estimation models 

Since the C4 rice is a new breed of rice with no cultivation experience before, it is better to understand which 

agroclimatic region and condition produce more C4 rice than C3 rice and vice versa. This concerns related 

to C4 rice crop yield and growing conditions can be answered and mapped using crop yield estimation 

models. Models have been used in food and agricultural related studies in various domains like plant growth, 

leaf photosynthesis, crop yield estimation, food security analysis and many more (Morgan et al., 2011b;  

Marshall et al., 2018; Yang et al., 2020). According to Lobell, (2013), satellite data with or without the 

combination of climatic and other ancillary data or models can accurately measure crop yield mainly in three 

different ways. The first approach was the empirical model in which the relationship is established between 

the yield measured in the field and spectral-based vegetation indices, such as the Normalized Difference 

Vegetation Index (NDVI), obtained through remote sensing.  But the transfer of empirical models to other 

location may not produce reliable results because they are tuned to estimate biomass in a particular area and 

prone to overfitting (Michael Marshall et al., 2018). In Fully process-based approaches, crop simulation 

models are integrated with remote sensing data using data assimilation. This process needs a lot of input 

parameters and suitable for field level studies. It requires simplifications for regional analysis, which 

questions their validity because of the high risk of propagation of errors and may require trial and error 

methods which also make it more time consuming. Another approach that will be suitable to predict the 

yield for regional scale is the light use efficiency model(LUE) or production efficiency model (PEM) 

approach, first conceived by Monteith, (1977). In this approach, the Gross Primary Production (GPP) is 

estimated from Photosynthetically Active Radiation (PAR) weighted by the fraction of photosynthetically 

active radiation absorbed by the canopy (FPAR) and energy to dry matter or quantum conversion efficiency 
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(ε). GPP is defined as the amount of carbon uptake by vegetation through photosynthesis (X. Li et al., 2016). 

. ε is the ratio of carbon assimilated to the amount of light absorbed by the canopy. Then the  GPP is 

converted to yield using the harvest index.  

According to Dong, Lu, Wang, Ye, & Yuan, (2020), LUE models are efficient and reliable method to 

estimate crop yield. Xin et al., (2013) also used an LUE model to estimate crop yield for both corn and 

soybean and found out that the output has good correlation with the field data (0.77 and 0.66 respectively). 

Empirical models tend to assume linear relationships between abiotic factors and yield, but the LUE models 

can be used to estimate the GPP regional or global scale without the problem of non-linearity between 

ecosystem process and environmental variables (Running et al., 2000). The advantages of using LUE models 

are simple model structure, limited number of parameters and integration of remote sensing data (Zan et 

al., 2018), making it suitable for regional-scale studies. The simple structure of the model also reduces the 

computation time considerably. Marshall, Tu, & Brown, (2018), introduced a new production efficiency 

model (PEM) called Production Efficiency Model Optimized for Crops (PEMOC) for regional-scale yield 

estimation for different crops (corn, rice, soybean, and winter wheat) using earth observation data and 

geospatial climate data for the United States (US). The model was optimized for above mentioned crops in 

the study area of US and proven to be suitable to estimate crop yields. The model show improvements in 

results compared with another model called MOD17 (Moderate Resolution Imaging Spectroradiometer 

GPP/NPP product).  PEMOC requires only four inputs and appears accurate and robust. The required 

input parameters are normalized difference vegetation index (NDVI), solar radiation flux, vapour pressure 

and average temperature. The research uses different values for the quantum conversion efficiency (ε) for 

C3 and C4 crops because, as  described earlier, the C3 photosynthesis is  depend on temperature and CO2 

concentration , while C4 metabolism is not (Collatz et al., 1991.;G. Collatz et al., 1992). PEMOC is also 

suitable for regional-scale studies with less computational time.  Therefore, the best option to conduct this 

study is to use PEMOC. 

PEMOC can also be used to evaluate the effect of global warming on crop yield. For this, the crop yield 

corresponds to temperature projections based on different Representative Concentration Pathways (RCPs) 

can be estimated and compared. RCPs are scenarios that include time series of emissions and concentrations 

of greenhouse gases (GHGs), aerosols, chemically active gases and change of land use/ land cover (IPCC, 

2014). These external drivers of climate change cause change in the net, downward minus upward, radiative 

flux (expressed in Watts per square metre; W m-2) called radiative forcing. Four RCPs produced from 

Integrated Assessment Models were selected from the published literature and are used in the Fifth 

Intergovernmental Panel on Climate Change (IPCC) assessment as a basis for the climate predictions and 

projections (Stocker et al., 2013). RCPs usually refer to the portion of the concentration pathway extending 

up to 2100. The details of the four major pathways are given below (IIASA, 2015). 

• RCP 2.6: One pathway where radiative forcing peaks at approximately 3 W m -2 before 2100 and 

then declines (the corresponding ECP assuming constant emissions after 2100). The projection for 

atmospheric CO2 concentration for year 2050 is 442.70 ppm and for the year 2100 is 420.89 ppm.  

• RCP 4.5 and RCP6.0: Two intermediate stabilization pathways in which radiative forcing is 

stabilized at approximately 4.5 W m-2 and 6.0 W m-2 after 2100 (the corresponding ECPs assuming 

constant concentrations after 2150). The projection for atmospheric CO2 concentration for year 

2050 is 486.54 ppm and for year 2100 is 538.36 ppm corresponds to RCP 4.5. For RCP 6.0, the 

CO2 concentration are 477.67 ppm and 669.72 ppm for years 2050 and 2100 respectively.  

• RCP 8.5: One high pathway for which radiative forcing reaches greater than 8.5 W m -2 by 2100 and 

continues to rise for some amount of time (the corresponding ECP assuming constant emissions 

after 2100 and constant concentrations after 2250). As per RCP 8.5, the projected atmospheric CO2  

concentrations are 540.54 ppm and 935.87 ppm for the years 2050 and 2100 respectively.  
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RCP 8.5 usually considered as the high emission scenario and RCP 2.6 is the lowest emission scenario.  The 

RCP scenarios are widely used in climate and agricultural research (Ahmadi et al., 2021; Müller et al., 2015; 

van Vuuren et al., 2011).  It can also incorporate with PEMOC to see the effect of future climate on the C3  

and C4 rice yield production. 

1.4. Problem statement 

LUE models are suitable for crop yield estimation regional scale. PEMOC is an optimization LUE model, 

which can estimate yield using NDVI and climatic parameters such as average temperature, vapour pressure 

and solar radiation flux. Many studies are available to estimate the crop yield of various crops of both C3  

and C4 pathways covering local and regional scale using various models with remote sensing (Hoefsloot et 

al., 2012; Peng et al., 2014; Wang et al., 2020; Xin et al., 2013; Yuan et al., 2015; Zhou et al., 2017). Many 

research articles were published related to the development of C4 rice, but the estimation of crop production 

of C4 rice in local or regional scale for present or future has not been done yet (Covshoff & Hibberd, 2012; 

Langdale, 2011; Von Caemmerer et al., 2012).    

Since the C4 rice variety is not developed yet, there is no information about any of the plant's biological or 

biochemical process or properties, only the information about the pathway is known (Von Caemmerer et 

al., 2012).  Therefore the value of quantum conversion efficiency of C4 rice has to be taken as the same as 

that used in the previous study with PEMOC (Michael Marshall et al., 2018). The model is optimized for 

the rice and other crops cultivated in the US. But it is recommended to optimize the model before yield 

estimation using the yield or GPP data available anywhere from the study area.  

It is highly informative to understand which parameter of the model inputs is the most influencing at various 

places in the study area, especially when the study area is large scale. It can help to make the predictions 

more reliable and help to improve the results. Therefore, a sensitivity analysis can also be used to answer 

this question and may help to interpret the results of yield estimations across the study area. 

Climatic researchers developed various scenarios predicting the future climatic conditions considering global 

warming and GHGs emissions (Socio-Economic Data and Scenarios, 2019). To battle with future food crisis and 

help farmers, it is always useful to know which crop produce higher in the future conditions. The researchers 

can use the information about the crop to optimize the management practices, assist in breeding 

programmes and develop new crop rotation methods (Asseng et al., 2015). This research also aims to analyse 

the crop yield of C3 and C4 rice in probable future scenarios for the year 2050 and 2099. 

About 77% of world's rice production comes from South and East Asia (FAOSTAT, n.d.). Nine out of top 

ten rice-producing countries are from Asia, considering the average production from 1994 to 2019 

(FAOSTAT, n.d.). They are China, India, Indonesia, Bangladesh, Vietnam, Thailand, Myanmar, Philippines, 

Japan in the descending order of rice production. Many farmers and landless workers depend on rice 

cultivation in this region (IRRI, 2011). Therefore, the study area is selected as South and East Asia covering 

all the above stated countries. The aim of the research is to provide a basic understanding of the yield 

potential of the new C4 rice variety in South and East Asia in the current rice cultivating areas. Since the 

study area is vast and covers a large variability in climate when moving from northern latitude of study area 

to southern latitude, it is expected to see a change of yield in C3 and C4 yield production as per the research 

of Morgan et al., (2011b). At the northern latitudes the temperature is less and the C3 productivity is expected 

more than C4 rice. When comes to the tropical region the C4 rice is expected to perform well. A conceptual 

diagram depicting the research description is given in figure 1.3.  
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Centre of the figure is global food security, which is negatively affected by global population and climate 

change. The UN tries to improve the situation by implementing new policies like UN sustainable 

development goals (SDGs) (especially goal number 2: Zero hunger). New research like C4 rice development 

is ongoing and expected to improve global food security and help to achieve UN goals. Model alike PEMOC 

can be used to estimate the crop yield of the crops using remote sensing datasets. It can also provide valuable 

information like where and under which conditions the new C4 crop varieties can perform better. 

1.5. Research Objectives and Questions 

Before releasing a new crop variety, it is better to understand the prior knowledge about the optimum 

conditions and suitable place for cultivating it. This helps the researchers, policymakers, and farmers to plan 

the practices better and helps to battle the future food crisis. Some of the ways to do this are increasing the 

seed production to supply enough seed to farmers, aware the farmers and increase their participation in new 

crop cultivation, improving the policies and legislation for the new varieties, etc. As discussed in the previous 

section, LUE modelling techniques can be used to get insight of crop productivity on the regional scale. 

Since South and East Asia is the biggest producer and consumer of rice globally (Papademetriou, 2000), the 

same is considered the study area.  Therefore, this research is focused on estimating the yield potential of 

C4 rice in South and East Asia and compare it with the current C3 rice crop with the help of the light use 

efficiency model PEMOC.  

The research also examines the effect of future temperature on C3 and C4 rice yield production. C3 and C4  

rice crop yield for the current climatic conditions will be estimated and compared according to different 

RCP scenarios.  These results will explain how the crops will perform in the future in different agro-climatic 

regions.   The research will also check which climatic variable in the model, which is mostly influencing the 

output in different region in the study area.  

Figure 1.3. Conceptual diagram of the research. 
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The specific objectives of the study are given below. 

1. To estimate the difference in crop yield for C3 and C4 rice on a pixel-by-pixel basis for the current 

average climatic conditions of 34 years (1982 to 2015) in South and East Asia using the PEMOC 

model. 

2. To estimate the difference in crop yield for C3 and C4 rice on a pixel-by-pixel basis for the future 

three RCP scenarios (4.5, 6.0 and 8.5) for the years 2050 and 2099 in South and East Asia using the 

PEMOC model. 

3. To characterize the growth conditions where crop yield for C3 rice is higher than C4 rice and vice 

versa.   

4. To check the sensitivity of the model for C3 and C4 pathways to various input parameters, namely 

NDVI, photosynthetically active radiation (PAR), average temperature (Ta) and vapour pressure 

deficit (VPD).  

The following questions will be answered to achieve the stated objectives, 

1. What is the spatial distribution of differences in estimated C3 and C4 rice yield pathways in the 

following climatic condition? 

a. Current climatic condition 

b. Three RCP scenarios (4.5, 6.0 and 8.5) for the year 2050 

c. Three RCP scenarios (4.5, 6.0 and 8.5) for the year 2099 

2. Under what agroclimatic conditions is C4 rice yield higher than C3 rice yield? 

3. What input parameters are the model most sensitive to and what is the spatial variability of model 

to different parameters? 

1.6. Expected results 

Based on the above literature and objectives of the research the expected results of this study are given 

below. 

1. At higher latitudes (northern) the model is sensitive to temperature and at tropics the model is 

sensitive to radiation. 

2. Both C3 and C4 rice produce comparatively less at northern latitudes and the productivity increases 

when moving towards the tropical region (near equator) 

3. The difference in crop yield between C3 rice and C4 rice is minimum at northern latitudes and the 

difference increases moving towards the tropical region (near equator) 

4. The productivity of C4 rice is comparatively more than that of C3 rice for current and future climatic 

scenarios in current rice-growing areas.  
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2. REVIEW OF LITERATURE 

Information about the crop production and crop area plays an important role in the agriculture sector (FAO, 

2017). This information acts as a fundamental input to the planners and policymakers responsible for 

formulating efficient agricultural policies and making important decisions regarding procurement, storage, 

public distribution, import, export, and other related issues. FAO also describes various field methods to 

estimate crop yield, such as whole plot harvest method, crop cut method, farmer's recall, sampling of harvest 

units, simple crop modelling (empirical-statistical) and complex crop modelling based on crop physiology. 

All of the above methods have its own advantages and disadvantages. Methods like the whole plot harvest 

method and crop cut method are very accurate, but they are time-consuming and covers small areas. 

Farmer's recall and sampling of harvest units are very fast and less labour-intensive, but they may not be 

accurate, and chances of biasing is also more.  Simple and complex crop models using the field data are 

suitable for local scale, but, for regional-scale prediction other methods like crop estimation models using 

remote sensing must be used(Weiss et al., 2020). Some of the advantages of using remote sensing data in 

crop yield estimation are given below. 

1. Many high-resolution satellite images and vegetation products are freely available (European 

Environment Agency, 2017; NOAA, n.d.). Therefore, it is very cost-effective. 

2. The acquisition of satellite is very frequent. For example, Landsat satellite has a 16-day revisit time 

and sentinel-2 has a 5-day revisit time at the equator. 

3. The image capturing process is very consistent and the product covers globally. Therefore, it is 

suitable for regional scale analysis. 

2.1. Crop yield estimation using remote sensing 

According to Lobell, (2013), crop yield estimation using remote sensing is less accurate than field-based 

measures, but remote sensing helps to predict yield for very large areas and for longer pe riod.  He also 

explained about various approach using remote sensing data to predict crop yield. The first approach is 

simply finding an empirical relationship between any of the vegetation indices like leaf area index (LAI) or 

normalized difference vegetation index (NDVI) and measured yield from the ground (Delécolle et al., 1992a; 

Paul C Doraiswamy et al., 2003). This method is suitable to explain the yield variability within a field, but it 

is difficult to transfer to another region and period. Secondly, he explained about the light use efficiency 

(LUE) approach developed by Monteith, (1977).  This approach assumes that the crop yield is proportional 

to the photosynthetically active radiation (PAR) during the crop growing period. There are other 

approaches,  like the crop condition and crop simulation model using Landsat and Modis (P. C. Doraiswamy 

et al., 2004)  and Decision Support System for Agrotechnology Transfer (DSSAT) (Hoogenboom et al., 

2019). These methods often need more model functions as inputs, and which adds complexity and 

computation time also difficult to parametrize over large areas. 

2.2. Light use efficiency (LUE) models 

As per the reviews of David B. Lobell, (2013) , Delécolle et al., (1992b) and Doraiswamy et al., (2003) LUE 

modelling is an appropriate method to conduct the current study. The cropland net primary production 

(NPP) of the United States was estimated by D. B. Lobell et al., (2002) using an LUE model called the 

Carnegie–Ames–Stanford Approach (CASA) for the period of 1982 to 1998. The modelled NPP were then 

compared with field estimates based on harvest data from United States Department of Agriculture National 

Agriculture Statistics Service (NASS) county statistics. The study suggests that use of remote sensing data 

for such analysis can be carried out faster, with less complexity and large area coverage.   
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Chen et al., (2014) used CASA to estimate the global cropland GPP for the year 2000 using satellite data, 

eddy covariance flux measurements and field survey data. The study was conducted for 26 crop types. The 

study found out Asia produce one-third of global cropland GPP. When comparing with the observed GPP 

in the field with the modelled GPP, the correlation coefficient was found out to be 0.85±0.14.  

Yuan et al., (2007) developed an LUE model to measure gross primary production (GPP) for regional scale 

using eddy covariance (EC) measurements and named the model EC-LUE. The assumptions made during 

model development were photosynthetically active radiation (PAR) is a linear function of NDVI, and light 

use efficiency is controlled by air temperature or soil moisture, whichever is most limiting. The outputs were 

validated and compared against Moderate Resolution Imaging Spectroradiometer (MODIS) GPP and found 

that the model is reliable across biomes and geographic region. The model is independent of landcover types 

and the input variables can be obtained from satellite data or weather observation networks, which made 

the model flexible and transferable. Another study was conducted on EC-LAU model by Yuan et al., 2015 

and confirmed that the model is robust and reliable to predict the primary productivity of crops. 

Dong et al., (2020), estimated the winter wheat yield based on EC-LAU model across Kansas state, U.S.A, 

from 2008 to 2017. He derived NDVI from Landsat 5, 7 and 8 images. The other input parameters like 

photosynthetically active radiation (PAR), air temperature, net radiation, relative humidity, and surface 

pressure were obtained from the Modern-Era Retrospective Analysis for Research and Applications, version 

2 (MERRA-2). The research was able to explain 82% of the inter-annual yield variation. 

In another research, the crop yields of corn and soybean were estimated using a production efficiency model 

(PEM)  with MODIS data and GPP algorithm in the Midwestern United States (Xin et al., 2013).  The 

model outputs for both crops were compared with NASS data and found coefficient of determination (R-

squared) = 0.77; and root mean square error, (RMSE )= 0.89 MT/ha for corn and R-squared = 0.66; RMSE 

= 0.38 MT/ha for soybean. The study also found out that the use of proper crop-type efficiency factor to 

estimate the yield is very important in the process.  

Nguy-Robertson et al., (2015), modelled GPP for maize and soybean near Nebraska, the U.S.A, using diffuse 

and direct sunlight light, temperature, water stress, and phenology. The model used in the study was derived 

from an LUE model called Vegetation Photosynthesis Model(VPM)  developed by Xiao et al., (2004). The 

outputs were validated with field data with an RMSE of 2.6 gCm−2 d−1. 

The MODIS NPP algorithms were combined with another model called Eight-day NPP model to predict 

rice yield estimation in Liling County, China by Peng et al., (2014). The study also used radiation use 

efficiency (RUE) and harvest index (HI) to estimate crop yield. Then the outputs were validated with field 

data and found out relative error and RMSE of less than 5% and 5 × 104 kg respectively.   

Marshall et al., (2018)  presented a new production efficiency model called Production Efficiency Model 

Optimized for Crops (PEMOC) for macro scale yield estimation for various crops, including C3 crops (rice, 

soybean and winter wheat) and C4 crop (maize). The result of validation for rice has R-squared = 0.75 and 

RMSE =17.47 g CO2 d−1. The model was able to estimate crop yield for six crops across the Contiguous 

United States.  The data from eddy covariance flux towers was used to optimize the model. The model uses 

only few parameters (NDVI, incoming shortwave radiation, temperature, and the vapour pressure deficit 

(VPD)) and can be easily be adapted to other ecosystems. The study showed the yield estimation improved 

mainly because of simulating C3 and C4 separately.  
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3. METHODOLOGY 

3.1. Study area  

The stydy area was chosen as South and East Asia. 59.51% of the world population live in Asia (• Global 

Population - Distribution by Continent 2019 | Statista, n.d.), and 70% of the world's poor population (people 

who earn less than $1.90 per day)  also live in Asia (IRRI, 2011; Roser, Max and Ortiz-Ospina, 2013).  For 

these people, rice is one of the important food commodities in their daily life. About 92% of the world's 

rice production comes from Asia (IRRI, 2011), and 77% from South and East Asia (FAOSTAT, n.d.). Nine 

out of top ten rice-producing countries are from Asia, considering the average production from 1994 to 

2019 (FAOSTAT, n.d.). They are China, India, Indonesia, Bangladesh, Vietnam, Thailand, Myanmar, 

Philippines, Japan in the descending order of rice production and Brazil is in the tenth position, which is 

the only country outside Asia (FAOSTAT, n.d.). Most of the rice cultivated in the area is based on irrigated 

low land cultivation (Where Is Rice Grown? - Ricepedia, n.d.; FAOSTAT, n.d.).  The extent of the study area 

lies within 57° 50' 0.0024" to 168° 4' 59.9988" in longitude while - 16° 49' 59.9988" to 55° 55' 0.0012" in 

latitude. The extent is determined based on the extend of map showing rice cultivation areas obtained from 

International Rice Research Institute (IRRI).  

Since the area covers a large portion of Asia, it covers many agro-climatic zones (Dando, 2005). The area 

near the Himalayan mountains is cold and the temperature drops to below freezing point during winter and 

reaches an average of 15 degC during summer. North, northeast and central parts of China are temperate 

zones. But in Northern and central part of china no rice is grown. The northern part of India, south, south-

east and south-west parts of China are sub-tropical regions. The coastal regions of south and east Asia are 

tropical areas.  

To understand the changes in temperature and precipitation across the rice cultivation regions in the study 

area, sixty-one points were picked randomly across the study area from countries Bangladesh, Cambodia, 

China, India, Indonesia, Japan, Laos, Malaysia, Myanmar, North Korea, Pakistan, Philippines, South Korea, 

Thailand and Vietnam. The points were selected using the rice cultivation map obtained from IRRI. The 

global monthly average temperature (degC) and precipitation (mm) data from 1970-2020 was downloaded 

from www.worldclim.org (Fick & Hijmans, 2017). The download file is a zip file consist of twelve tiff files 

for average values of temperature and precipitation for each month from January to December. The 

resolution of the file is 10 minutes (approximately 340 km2) and projected on WGS 1984 coordinate system.  

The average values of temperature and precipitation at selected points in the rice cultivation areas were 

extracted and plotted. The selected points with rice cultivation area are shown in figure 3.1.  The monthly 

average temperature (degC) and precipitation (mm) in the selected points are shown in figure 3.2 and 3.3.   

From the figure 3.2, it is clear that at all selected locations the temperature reached above 15 degC during 

summer from May to August and most of the places it  is above 20 degC, which is suitable for rice cultivation 

(JICA, 2010) . But in some areas like northern China, Japan, North Korea and South Korea, the temperature 

falls below 5 degC in the months of December- January (winter) and that is not good for rice. But selected 

locations in the tropical region do not have many fluctuations in temperature, it varies between 25 to 35 

degC.  

When looking at the precipitation in figure 3.3, the points at the higher latitude have very low precipitation. 

But the points at the tropics have high precipitation at different months of the yaer. Points at Indonesia 

receive high rainfall from November to February. Other places like Philippines, Thailand, Myanmar, 

Bangladesh receive high rainfall from May to September.   
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Figure 3.1. Study area. The green patches in the map showing the rice growing regions. The red dots are randomly 
selected points to extract and plot monthly average temperature and precipitation. 

Figure 3.2. Monthly average temperature at the selected locations in the study area. The points selected are shown on 
the right side with the country name and point number. 
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3.2. Data 

Figure 3.3.  Monthly average precipitation at the selected locations in the study area. The points selected are shown 
on the right side with the country name and point number. 

Figure 3.4.  Screen shot of Google Earth with located points from field data. 
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3.2.1. Field data 

A dataset consist of the agronomic practices of rice and crop yield was obtained from the International Rice 

Research Institute (IRRI), Manila, Philippines. The data covers six countries, namely China, India, Indonesia, 

Philippines, Thailand and Vietnam, for seven years (1987, 1992, 1993, 1996, 1997, 2009 and 2010). The data 

contains the name of the location or village or province or district, date of planting and harvesting, yield 

from the field in tonnes per hectare and information regarding agronomic practices in an excel file format. 

A critical drawback of this data is it does not contain the geographic coordinates. Therefore, the name of 

the city or village provided in the dataset is searched in google earth and the location was saved. 140 points 

covering above-mentioned countries were located. A screenshot of google earth with located points are 

shown in figure 3.4. 

3.2.2. Rice cultivation area image file 

A raster file shows general extent of rice in Asia was obtained from IRRI. The file was created based on 

MODIS data compiled from analysis for 2000 to 2012 (Nelson & Gumma, 2015). The map is crated using 

national statistics, maps and large volume of field-plot data in combination with suite of methods that 

include spectral matching techniques, decision trees, and ideal temporal profile data banks to rapidly identify 

and classify rice areas over large spatial extents. The image format is 'TIFF' with resolution of 430 x 430 m. 

The coordinate system for the image is regular longitude-latitude with WGS 84 datum. The image has only 

two values; the value zero corresponds to the non-rice cultivation area and one corresponds to the rice 

cultivation area.  

3.2.3. Remote sensing datasets 

34 years (from 1982 to 2015) of NDVI   and daily average of other climatic input parameters (solar radiation 

flux, temperature and vapour pressure) was downloaded for the study. The name, source and spatial 

resolution of the data is given in table 3.1. More details of the data are given in the coming sub-sections. 

Table 3.1. Remote sensing input parameters, their source and resolution. The NDVI dataset was downloaded from 
NASA’s ecocast websitea and the AgERA5 dataset was downloaded from Copernicus climate data storeb 

No Parameter Source  Unit Spatial 

Resolution 

Temporal 

resolution 

1 NDVI The Climate Data Guide: 

NDVI: Normalized 

Difference Vegetation Index-

3rd generation 

 1/12 degree (8 

km approx.) 

Twice a 

month 

2 Solar 

radiation 

flux 

AgERA5-

Agrometeorological 

indicators  

J m-2 day-1 0.1 degree (11 

km approx.) 

Daily 

3 Vapour 

pressure 

AgERA5-

Agrometeorological 

indicators  

hPa 0.1 degree (11 

km approx.) 

Daily 

4 Average 

temperature 

AgERA5-

Agrometeorological 

indicators  

K 0.1 degree (11 

km approx.) 

Daily 

3.2.3.1. Normalized difference vegetation index (NDVI) 

The  ecocast.arc.nasa.gov provides global NDVI data from July 1981 to December 2015 (NCAR UCAR, 

2018).  The images used to create the dataset were captured by the Advanced Very High-Resolution 

a. https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/ 

b. https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-agrometeorological-indicators?tab=overview 

https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
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Radiometer (AVHRR) sensor, then the data set was created within the framework of Global Inventory 

Monitoring and Modelling System (GIMMS).  The AVHRR sensors started measurements from 1981 and 

it is still measuring. The sensors are mounted in satellites operated by the National Oceanic and Atmospheric 

Administration (NOAA) and the European Organization for the Exploitation of Meteorological Satellites 

(EUMETSAT) (Pinzon & Tucker, 2014). The instruments to have non-overlapping ("visible") channel one 

(0.58–0.68 µm) and (near-infrared) channel two (0.725–1.10 µm) spectral bands and NDVI is calculated as: 

(channel 2 − channel 1)/(channel 2 + channel 1).  But as per the report of Pinzon & Tucker,  (2014), 

processing of AVHRR NDVI data was very difficult because of several limitations such as vicarious post-

launch calibration, atmospheric and cloud correction, and bias correction for the systematic orbital drift 

during the life of the individual missions . The dataset was developed from the captured images based on 

Bayesian statistics methods and Sea-Viewing Wide Field-of-view Sensor (SeaWiFS) NDVI dataset. The 

study characterized the NDVI probability density function through SeaWiFS data and corrected the 

inconsistencies. The resulted dataset has been crucial to study a variety of global land vegetation processes 

and how they vary in time. The dataset has a bi-weekly temporal resolution, meaning there will be two 

images per month and it in NetCDF format. The images have an approximately 8-kilometre resolution. This 

is one of the longest and oldest satellite datasets, and it is suitable for optimization models like PEMOC.  

Studies confirm that the AVHRR GIMMS dataset is ideal for long term vegetation studies (Fensholt et al., 

2009; Zhang et al., 2020, Tian et al., (2015) and M Marshall, Okuto, Kang, Opiyo, & Ahmed, (2016)). 

3.2.3.2. AgERA5 dataset 

The other required input parameters are solar radiation flux (J/m2day), vapour pressure (KPa) and average 

temperature (degC) at 2 m above the surface. These parameters are downloaded from the AgERA5 dataset 

from the Copernicus programme (Agrometeorological Indicators from 1979 to Present Derived from Reanalysis, n.d.). 

The AgERA5 dataset provides daily surface meteorological data for 1979 to present at a spatial resolution 

of 0.1° grid. The dataset is derived from the fifth generation of the European Centre for Medium-Range 

Weather Forecasts (ECMWF) atmospheric reanalysis of global climate known as ERA5.  This service is 

based on the original hourly deterministic ECMWF ERA5 data, at surface level and available at a spatial 

resolution of 30 km (~0.28125°). Data were aggregated to daily time steps and corrected towards a finer 

topography at a 0.1° spatial resolution (Boogaard & Grijn, 2019). As per Boogaard & Grijn, (2019), ERA5 

is produced using 4D-Var data assimilation and model forecasts in CY41R2 of the ECMWF Integrated 

Forecast System (IFS), with 137 hybrid sigma/pressure (model) levels in the vertical and the top level at 

0.01 hPa. Atmospheric data are available on these levels and they are also interpolated to 37 pressure, 16 

potential temperature and 1 potential vorticity level(s) by FULL-POS in the IFS. "Surface or single level" 

data are also available, containing 2D parameters such as precipitation, top of atmosphere radiation and 

vertical integrals over the entire depth of the atmosphere. The atmospheric model in the IFS is coupled to 

a land-surface model (HTESSEL), which produces parameters such as 2m temperature and soil 

temperatures, and an ocean wave model (WAM), the parameters of which are also designated as surface or 

single level parameters. The AgERA5 dataset includes daily aggregates of agronomic relevant elements, 

tuned to local day definitions and adapted to the finer topography. The dataset is comprehensive and long 

term. It can be used as the input for agroecological studies. The users can directly start the analysis without 

much processing of data. It is globally covered for all land area. The dataset has a resolution of about 11 

kilometres and projected on the regular latitude-longitude grid. The file format is NetCDF-4.  

3.2.4. Temperature projections  

Global climate projections are climate model simulations which have been generated by multiple 

independent climate research centres in an effort coordinated by the World Climate Research Program 

(WCRP) and assessed by the Intergovernmental Panel on Climate Change (IPCC) (CMIP: Global Climate 

Projections - Copernicus Knowledge Base - ECMWF Confluence Wiki, n.d.). The projection is based on IPCC 5th 

Assessment Report (published in 2013) that "Continued emission of greenhouse gases will cause further 
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warming and long-lasting changes in all components of the climate system, increasing the likelihood of 

severe, pervasive and irreversible impacts for people and ecosystems".  World Climate Research Program 

(WCRP) established the Climate Model Intercomparison Project (CMIP) to facilitate Global Circulation 

Model (GCM) simulations. The fifth phase of CMIP or CMIP5 has scenario experiments using 

representative concentration pathways (RCPs). RCPs are scenarios of different radiative forcing caused by 

external drivers such as emissions and concentrations of greenhouse gases (GHGs), aerosols, chemically 

active gases and change of land use/ land cover (IPCC, 2014). Radiative forcing is the change in the net, 

downward minus upward, radiative flux (expressed in Watts per square metre; W m -2). The fifth 

Intergovernmental Panel on Climate Change (IPCC) assessment used four RCPs produced from Integrated 

Assessment Models as a basis for the climate predictions and projections (Stocker et al., 2013). RCPs usually 

refer to the portion of the concentration pathway extending up to 2100. The four main pathways are given 

below. 

• RCP 2.6: One pathway where radiative forcing peaks at approximately 3 W m -2 before 2100 and 

then declines (the corresponding ECP assuming constant emissions after 2100). The projection for 

atmospheric CO2 concentration for year 2050 is 442.70 ppm and for the year 2100 is 420.89 ppm.  

• RCP 4.5 and RCP6.0: Two intermediate stabilization pathways in which radiative forcing is 

stabilized at approximately 4.5 W m-2 and 6.0 W m-2 after 2100 (the corresponding ECPs assuming 

constant concentrations after 2150). The projection for atmospheric CO2 concentration for year 

2050 is 486.54 ppm and for year 2100 is 538.36 ppm corresponds to RCP 4.5. For RCP 6.0, the 

CO2 concentration are 477.67 ppm and 669.72 ppm for years 2050 and 2100 respectively.  

• RCP 8.5: One high pathway for which radiative forcing reaches greater than 8.5 W m -2 by 2100 and 

continues to rise for some amount of time (the corresponding ECP assuming constant emissions 

after 2100 and constant concentrations after 2250). As per RCP 8.5, the projected atmospheric CO2  

concentrations are 540.54 ppm and 935.87 ppm for the years 2050 and 2100 respectively.  

The global CO2 concentration projections based on each scenario are available in RCP database website of 

The International Institute for Applied Systems Analysis (IIASAa). This data was downloaded and plotted 

against years from 2000 to  2100. The graph showing future CO2 concentrations is given in figure 3.5.  

The temperature projections for the years 2050 and 2099 according to RCPs 4.5,6.0 and 8.5 were 

downloaded from Copernicus climate data store (CDS) (Agroclimatic Indicators from 1951 to 2099 Derived from 

a. https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=compare 

Figure 3.5.  Graph showing future CO2 concentration corresponds to various RCPs up to the year 2100. The data is 
obtained from the IIASA databasea. 
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Climate Projections, n.d.). RCP 2.6 is excluded from the analysis because there is zero probability to occur (van 

Vuuren et al., 2011). RCP 2.6  pathway requires the CO2 emission to start declining from 2020 and become 

zero at 2100 and also requires, methane emissions (CH4) to go approximately half of the levels of 2020 

(Stocker et al., 2013). The downloaded dataset contains ten days mean daily temperature projections. The 

dataset has a spatial resolution of 0.5o x 0.5o and projected on the regular latitude-longitude grid.  

3.3. Method 

A general flowchart of the study is showing in figure 3.6. The first step in the study is to optimize the values 

of the coefficients in the model using yield data from IRRI, AgERA5 dataset and GIMMS dataset. Since the 

optimization was not ended up well (the details are explained in the coming sections of this chapter) with 

yield data, the already optimized values for rice for the United States were used to continue the study.  The 

average yield corresponds to C3 and C4 rice was estimated using the average input parameter (NDVI, solar 

radiation flux, average temperature, vapour pressure deficit) values calculated for 34 years (1982 to 2015) 

and considered this as the baseline.   The results were compared to find the difference in yield between C3  

and C4 rice. The latitude-wise average values of yield and difference in yield were also calculated to 

understand the change of yield and change of difference of yield corresponds to latitudinal variations of 

climate.  To find the effect of global warming on crop yield, the average crop yield for C3 and C4 rice was 

estimated using 2050 and 2099 temperature projections based on three RCP scenarios (4.5, 6.0 and 8.5).  

The results were also compared and difference in yield between C3 and C4 rice were calculated. The 

latitudinal average values and average difference were also calculated. More details about the model and 

methods are elaborated in the coming sections. 

3.3.1. Crop yield estimation 

The equation to estimate crop yield used in PEMOC is given as below. 

Crop yield = Crop growing period. FGPP FResp  FHarv  𝜀max  FPAR   FT  FM   FA  PAR                    (1) 

Figure 3.6.  Flowchart of the method 
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The crop growing period is the day-count from planting to the harvesting of the crop. The value for the 

crop growing period is taken as 120 days (Gummert & Rickman, 2010).   PAR is the photosynthetically 

active radiation that electromagnetic radiation between 400 nm to 700 nm (Mõttus et al., 2012). Equations 

or values of other terms, their short descriptions and reference are given in table 3.2. 

Table 3.2.Description of different terms in equation (1): F is the conversion factor from carbon to biomass, 

R is the proportion of GPP allocated to above-ground productivity,  HI is the harvest index, W is the 

moisture content of the grain, Ca is the intercellular CO2 concentration in mol fraction (340 micro mol/mol), 

Г is the CO2 compensation concentration which has an approximate value of 0.04, NDVI is the seasonal 

average NDVI value, TA is the seasonal average temperature, TOPT is the optimal average temperature 

(25degC), VPD is the seasonal average vapour pressure deficit, FPAR,MAX is the maximum seasonal fraction 

of photosynthetically active radiation and a0,a1, a2, a3 and a4 are constraints, their values were optimized for 

rice in the United States based on the GPP daily flux measurements by Michael Marshall et al., (2018). 

Term Description Equation for the term Reference 

FGPP  Conservative fraction 

for gross daily GPP 

FGPP = 63 % (Sims et al., 2005) 

(Owen et al., 2007) 

FResp  Fraction for 

respiration cost 

FResp = 50% (Ryan, 1991) 

FHarv  Fraction for yield 

from total biomass 

produced 

FHarv= 
F R HI

(1-W)
 

(Wang et al., 2020) 

(Peng et al., 2014) 

𝜀max  Maximum quantum 

conversion efficiency 

𝜀 max(for 𝐶3 crop) =  0.08 ∗ (𝐶𝑎 − Г)/(𝐶𝑎 + 2Г) 

εmax ( for C4 crop): 0.06 

(G. J. Collatz et al., 1991) 

(G. Collatz et al., 1992) 

FPAR  Fraction for 

photosynthetically 

active radiation 

FPAR = a0 NDVI - a1                       (Potter et al., 1993) 

FT Fraction for 

temperature stress 
𝐹𝑇 =

1.1814

((1+𝑒𝑎2∗(𝑇𝑂𝑃𝑇−10−𝑇𝐴))  (1+𝑒𝑎3∗(𝑇𝐴−10−𝑇𝑂𝑃𝑇)))
  

(Potter et al., 1993) 

 FM Short-term moisture 

stress 

FM = 1-a4 ln (VPD) (Medlyn et al., 2011) 

FA Seasonal moisture 

stress 

FA =FPAR/FPAR,MAX                                                                                          (Michael Marshall et al., 

2018) 

 

The fraction of photosynthetically active radiation FPAR is estimated as a linear function of NDVI according 

to Potter et al., (1993).  The carbon assimilated from the absorbed PAR is represented by 𝜀max  and the 

values of 𝜀max   for C3 and C4 rice were taken different (G. Collatz et al., 1992; G. J. Collatz et al., 1991) .   

To estimate the daily average maximum gross primary production (GPPmax), daily average values of 

parameters are used.  The value of GPPmax is then converted into gross primary production using FGPP and 

Fresp. The studies of Sims et al., (2005) and Owen et al., (2007)  showed strong linearity between gross and 

maximum daily GPP. Based on their results, the model estimates gross daily GPP as 63% of maximum daily 

GPP ( FGPP   = 63%) and that is the same value used for the studies of Michael Marshall et al., (2018). 

Studies of Michael Marshall et al., (2018) assumes respiration is a conservative fraction (50%) of GPP, 

therefore the same value is adapted in this study. 
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To calculate the temperature stress fraction FT, optimum temperature for rice (TOPT) is taken as 25 degC.  

Global evaporation modelling studies of Yuan et al., (2010) and regional studies  of García et al., (2013) also 

used 25 degC as the optimum temperature. 

The crop yield in tonnes per hectare is calculated by multiplying the average daily GPP by crop growing 

period and fraction for yield from total biomass produced (FHarv) (Wang et al., 2020). The descriptions and 

values of F, R, HI and W used to calculate FHarv is given in table 3.3. F is the ratio of biomass produced to 

the carbon assimilated, R represents the above ground productivity of the crop which is utilized from the 

GPP, HI is the ratio of economic yield (typically grain) to total above-ground biomass and W is the ratio of 

weight of water in the grain to the weight of dry mater of grain during the time of harvest (Peng et al., 2014). 

Over the time, the value of HI has been increased from 0.40 to 0.55~0.62 due to the change from 

conventional varieties to hybrid verities (Wang et al., 2020). The study used  the values of these terms based 

on previous studies conducted across South and East Asia (Peng et al., 2014; Bastiaanssen & Ali, 2003; 

Reeves et al., 2005). 

Table 3.3. Values of Conversion factor from carbon to biomass (F), proportion of GPP allocated to above-ground 
productivity (R), harvest index (HI), (in this case, HI for new hybrid verities is used) and moisture content (W)( Wang 
et al., 2020). 

Term Value 

F 1/0.45 

R 0.9 

HI 0.55 

W 0.14 

 

To calculate the short-term moisture stress fraction, the vapour pressure deficit (VPD) is calculated as per 

Allen et al., (1998) published in the website of FAO. The equations used to calculate VPD are given below.  

𝑉𝑃𝐷 =  𝑒𝑠 − 𝑒𝑎                                                                               (2)  

Where es is mean saturation vapour pressure and ea is actual vapour pressure. es can be calculated using the  

below equations using air temperature. 

eo(T) = 0.6108  exp [
17.27 T

T + 237.3
]                                                                 (3) 

Where, eo(T) is the saturation vapour pressure (kPa)at air temperature T (oC). 

Using equation (3), the es can be calculated as below. 

es= 
eo(Tmax) + e0(Tmin)

2
                                                                       (4) 

Where Tmax and Tmin are average daily maximum and average daily minimum temperature, respectively. 

Values of ea is available in AgERA5 dataset. 

3.3.2. Optimization of the model 

As the name indicates, PEMOC is an optimization model. That means the coefficients in the model 

equations needs to be optimized with the field data before running it for the entire study area. In the previous 

study, the model was optimized for various crops (corn, rice, soybean, and winter wheat)  across the 

Contiguous United States and showed the R-squared value of 0.75 with rice when validated (Michael 

Marshall et al., 2018). In the initial stages of this study, it was proposed to optimize the model and validate 
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using the field data collected from IRRI. As described in the data section of this chapter, the field data does 

not contain any coordinates. Therefore, the name of the city or village provided in the dataset is searched 

in google earth and the location was saved. 140 points covering six countries (China, India, Indonesia, 

Philippines, Thailand and Vietnam) for seven years (1987, 1992, 1993, 1996, 1997, 2009 and 2010) were 

located. 

These coordinates were plotted with the map of rice-growing areas. It was found that some points fall 

outside the pixels represents the rice-growing areas. The resolution of the rice mask map is around 430 

meters (0.00417 decimal degrees). But NDVI and climatic dataset have coarser resolution (approximately 8 

km and 11 km each). Therefore, it was expected that while extracting the pixel value of parameters 

corresponds to the geocoded locations, it would be representing the rice fields also (figure 3.7). 

To proceed with the research, it is expected to see some relationship between the field data and biophysical 

predictors.  The field dataset contains the planting and harvesting dates of each geocoded points. The 

planting date was considered as start of season (SOS) and the harvesting date was considered as end of the 

season (EOS). Then, the parameter values (both GIMMS and AgERA5 datasets) between these dates were 

extracted and averaged using the python language and necessary packages like gdal (Spyder environment 

and Anaconda distribution). The extracted average values of parameters were stored correspond to the 

respective point location in CSV format. Even if there are multiple points present in a single grid cell, their 

planting and harvesting dates (SOS and EOS) were different in most of the cases. Therefore, all the points 

were selected for parameters extraction irrespective of their position. The R-Squared values between these 

parameters and the yield were calculated, but they are too small to proceed with optimization. The average 

parameter values were plotted against the yield with R-squared values and is shown in figure 3.8.  

Since the R-squared values between the yield and average parameters are very small and lack of any visible 

relation between yield and parameters, it is decided to check the relation between the average values of 

parameter district-wise to the yield. Shapefile containing the district boundaries were downloaded from 

gdam.orga. The polygons which contain the yield data location were selected and saved as separate files. 

a. https://gadm.org/download_country_v3.html 

 

b. https://gadm.org/download_country_v3.html 

 

Figure 3.7.  Map showing some geocoded locations from where field data was collected at the south of India. Some 
geocoded locations are fallen outside the rice cultivating area, but it is still inside the same NDVI pixel. Red dots are 
geocoded locations, green patches are rice cultivation regions and black squares are NDVI pixel. 
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It was decided to check the correlation between NDVI and yield first because NDVI is one of the main 

parameters that drive the model. Then, to proceed further if the correlation is high enough. Seasonal 

Average NDVI values were calculated bounding to the polygons with and without some thresholds.  

Researches reported that course resolution of remote sensing dataset can cause faulty results due to the 

heterogeneity of the pixels (Teluguntla et al., 2015).  In this study the pixel resolution is about 9 km. 

Therefore, the chances are more that the pixel is representing a mixture of land features like paddy field, 

other vegetation and other natural or manmade features. The thresholds were set as the polygons selected 

(district) for extraction should contain at least 20 % of rice growing area and each pixel of NDVI raster 

must have at least 40% rice-growing area. Phenological studies either use 20% threshold or 50 % threshold 

for extracting phenological parameters and currently many studies used 20% threshold (Huang et al., 2019).  

The polygons and NDVI pixels that are not passed these criteria were excluded from the extraction. Image 

of a district in India with rice mask and NDVI mask are shown in figure 3.9. But these methods also did 

not produce any improvement, instead the R-squared value went lower to 0.01903. The R-squared values 

between yield and average NDVI with and without threshold is given in table 3.4.  

Table 3.4. Coefficient of Determination (R-Squared) values between the average NDVI to the yield extracted district-
wise. 

 With threshold  Without threshold  

Coefficient of 

Determination (R-Squared) 

0.01903 0.06997 

The R-squared value between the average NDVI and yield without threshold is higher than that of with 

threshold. The probable cause is the wrong geocoding of location. The sample date collected from the field 

may not lie in the district boundary. Therefore, there is no relation between NDVI in the geocoded location 

Figure 3.8.  Yield v/s average parameter values with r-squared values. A). Yield v/s Average vapour pressure. B). 
Yield v/s Average temperature. C). Yield v/s Average solar radiation flux. D). Yield v/s Average NDVI 
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and the yield and the difference in the R-squared value may be just coincidental. Since the resulted r-squared 

values are very low, it was decided not to use the yield data for optimization. Instead, the optimized values 

of the coefficients for the Contiguous United States by Michael Marshall et al., 2018, will be used to run the 

model for South and East Asia. The values of the coefficients in PEMOC model are given in the table 3.5. 

Long-term climatic data for the whole study area will be needed to continue the study. Therefore, the same 

NDVI and climatic datasets already downloaded will be used in the research.   

Table 3.5. Values of the coefficients in PEMOC model used for the study 

Coefficient a0 a1 a2 a3 a4 

Value 1.00 0.20 0.17 1.00 0.16 

3.3.3. Extraction of parameters for crop yield estimation  

All the downloaded datasets (both GIMMS and AgERA5) were saved in the University of Twente’s data 

storage facility due to the large size (around 500gb). The datasets cover the global data. Therefore, it is then 

clipped to study area using the extent (57° 50' 0.0024" to 168° 4' 59.9988" in longitude and - 16° 49' 59.9988" 

to 55° 55' 0.0012" in latitude) of rice cultivation map obtained from IRRI and saved in separate folders. The 

NDVI files were saved as flat binary 16-bit signed integer format (.img format) for using it in TIMESAT to 

find the start of season (SOS) and end of season (EOS). In South and East Asia main growing  period of 

rice is in the rainy season from June to October, which is the primary season (USDA, 2015).  TIMESAT 

was used to find out SOS and EOS of the primary season. 

3.3.3.1. Estimation of the start of season (SOS) and end of season (EOS) 

‘TIMESAT’ is a tool to extract phenological information from satellite image time series (Jönsson & 

Eklundh, 2004). TIMESAT uses the variation in NDVI values to extract phenological information like SOS 

and EOS. The processing is based on the least-squares fits to the upper envelope of the NDVI timeseries 

data. The fitting process gives a primary maximum and sometimes a secondary maxima if the amplitude of 

the secondary maxima exceeds a certain fraction of the amplitude of the primary maxima.  The SOS is 

defined from the filtered or fitted functions as the point in time for which the value has increased by a 

Figure 3.9.  A district in India from which the average NDVI values extracted. The big pink or saffron pixels are 
NDVI; the small green pixels are rice-growing area. The NDVI values averaged from only those pixels covered by at 
least 40 % rice (the pixels with small 'x’s) when the threshold is applied. 
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certain percentage of the distance between the left minimum level and the maximum. The EOS is defined 

in a similar way. The input NDVI images for the whole period must be saved in appropriate format (in this 

case, the files are saved as flat binary 16-bit signed integer format (.img format)). The GIMMS NDVI images 

have Bi-weekly temporal resolution (2 images per month). Therefore, there are 24 images per year. The SOS 

and EOS will be calculated according to the image number.  

Each NDVI image file has the same size of 873 rows and 1323 columns. An image list for the whole images 

was created and saved in the same folder with NDVI.  A setting file was also created and saved. A screenshot 

of the setting is shown in figure 3.10.  

TIMESAT has 3 fitting methods to extract phenological parameters. They are Savitzky-Golay, asymmetric 

Gauss and double logistic. According to Jönsson & Eklundh, (2004), with a plateau indicating that the 

underlying signal is composed of two vegetation signals, Savitzky- Golay filter  performs better, but  in noisy 

time series double logistic  is better option. Studies of Hird & McDermid, (2009) also found that double 

logistic method out-performed other methods in noisy data. Therefore, the double logistic method was 

chosen over the other two methods. To avoid underestimation and over estimation of SOS and EOS, the 

season start value and season end value were selected as 0.5 of the amplitude of NDVI curve for each pixel 

(Jönsson & Eklundh, 2004). 

The SOS and EOS for each year were saved separately as .img file from the output produced. They have 

the same number of rows and columns as the NDVI images. A header file was also created for each img 

file to open in any GIS or Remote Sensing package. These image files contain pixel values for other places 

in Asia and a small part of Australia apart from the study area. Therefore, the images were masked to the 

study area. These masked images are used to extract seasonal average parameters. 

Figure 3.10.  TIMESAT Setting for SOS and EOS extract. The fitting method was chosen as Double -logistic and the 
start and end of season values chosen as 0.5 of the amplitude of the maxima. The number of envelop iterations was 
selected as 3 to get iterative procedure to get better fit. 
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3.3.4. Extraction of parameters using python 

The average seasonal parameters based on SOS and EOS of each year of the study period were extracted 

using python language in Spyder environment and Anaconda distribution. As per the script, first, the SOS 

file and EOS file are opened in python using the gdal package. If the SOS and EOS for a pixel is valid then 

the images of all parameters (NDVI, solar radiation, temperature and vapour pressure) during the period 

would be opened, and corresponding pixel values would be extracted and averaged. Since the AgERA5 

datasets have daily data, extraction of values during the complete season is time-consuming. Therefore, only 

five dates were selected during the season and the extraction was performed only for those dates. They are 

start of season, quartile of season, mid of season, three-quartile of season and end of season, covering the 

entire season as per the obtained SOS and EOS. The averaged values of the parameters for the season are 

stored in the corresponding cell location in arrays for different parameters. The arrays have the same number 

of rows and columns as the SOS and EOS images. The process continues for all the valid SOS and EOS 

pixels for the entire image. Then the arrays containing the average values of parameters are saved as .tiff 

images for that year. Then the process continues for the next year to cover the entire study period. 

Another python script was written and used to find the average values of parameters for the whole study 

period. As per the script, the image files containing the seasonal average values for each year are opened. 

The average values for each pixel for the entire period are calculated and saved as another tiff file. These 

files are used to estimate the crop yield for C3 and C4 rice. 

To estimate the future crop yield from 2050 and 2099, the seasonal average projected temperature (as per 

three RCP scenarios) was used. For this purpose, another python script was written. First, the average SOS 

and average EOS for the entire study period were calculated and saved. It was assumed that the calculated 

average values for SOS and EOS would be same in the future. Then using those data, the temperature for 

five dates between the corresponding SOS and EOS was extracted and averaged and stored as .tiff file.  

3.4. Yield estimation 

The equation to calculate the crop yield is described in the section 3.3.1 of this chapter (eq. (1)). The yield 

for C3 rice and C4 rice for baseline was estimated using the extracted average values of parameters and the 

values of optimized coefficients. Similarly, the yield estimation for future scenarios was conducted using the 

future temperature projections and the average values of parameters for baseline except for temperature 

with values of optimized coefficients. The crop yield for both baseline and future scenarios was estimated 

pixel by pixel and saved as .tiff file. Then the output was masked to the rice-growing regions using the rice 

growing map obtained from IRRI. Now, the maps can be compared to find in which area what crop 

produces higher yield. 

3.5. Yield comparison and Latitudinal plots 

To check the difference in C3 and C4 rice production, the yield values of C3 were subtracted from that of C4 

pixel by pixel.  This process was done for baseline and future scenarios to understand which crop variety 

performs better in present and future climatic conditions. If the value is negative, the C3 crop performs 

better; else C4 crop performance is better. 

The climate of the study area considerably varies when moving from northern latitude to southern latitude 

of the study extend (Dando, 2005). To check the variability of crop yield across latitude, the average values 

of the crops were calculated in each row of the output images and plotted against the corresponding latitude. 

This can provide an idea where the rice grows more in various agroclimatic conditions. Also, the difference 

in yield between C3 and C4 was averaged row-wise and plotted against the latitude to understand how the 

difference in crop yield changes when moving along latitude. 
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3.6. Difference in crop yield - countrywise 

The difference in crop yield was estimated country wise for the top eight rice producing county in the study 

area. The countries are China, India, Bangladesh, Indonesia, Vietnam, Thailand, Myanmar, and Philippines 

in the decreasing order of yearly rice production as per FAOSTAT. This estimation can provide an idea 

about which country favours the cultivation of C4 rice.    

3.7. Sensitivity analysis 

Sensitivity analysis was carried out in research to identify the most influencing input parameters that control 

model performance(Herman et al., 2013).  Usually, the sensitivity analysis can be classified into two types. 

They are local sensitivity analysis and global sensitivity analysis. The local method examines the effect of 

parameter on the result by varying each parameter one at a time between appropriate bounding values. But 

in real situations, it is highly unlikely to change only one parameter at a time. When one parameter changes, 

there may or may not be a change in other parameters too, and there may also be some parameter 

interactions. It can be synergistic or antagonistic. Global sensitivity analysis considers these changes too. 

The global method assesses the change in output by varying all parameters simultaneously over the entire 

feasible range (Devak & Dhanya, 2017).  In this study, a global sensitivity analysis method called Sobol’ 

sensitivity analysis is adopted. This is a variance-based method that attributes variance in the model output 

to individual parameters and their interactions. Sobol’ method was one of the most accurate and robust 

methods in non-linear and non-monotonic models (Herman et al., 2013). Also, this method can produce 

results that are independent of modeler prejudice and non-site specific (Song et al., 2015).   

According to Sobol, (2001) and Herman et al., 2013, the attribution of total output variance to individual 

model parameters and their interactions can be written as below equation  (5). 

𝐷(𝑓) = ∑ 𝐷𝑖 + ∑ 𝐷𝑖𝑗 + ∑ 𝐷𝑖𝑗𝑘 + 𝐷12...𝑝,𝑖<𝑗<𝑘𝑖 <𝑗𝑖                                                    (5) 

Where D(f) is the total variance of the output matric f, Di is first order variance contribution of ith parameter, 

Dij is the second-order contribution of the interaction between parameters i and j. D12...p contains all 

interaction higher than third order, up to p total parameters. 

The sensitivity indices can be calculated as below. 

First-order index: 𝑆𝑖 =  
𝐷𝑖

𝐷
                                                                   (6) 

 

Total-order index: 𝑆𝑇𝑖 = 1 −
𝐷~𝑖

𝐷
                                                              (7) 

First order index measures the fraction of total output variance caused by parameter i apart from interactions 

with other parameters. The total order index is one minus the fraction of total variance attributed to D~i , 

representing all parameters except i.. The simplest method to rank input variables is to estimate first-order 

indices and order the variables as per these values (Sobol, 2001).   

To find the first-order sensitivity indices pixel by pixel, two matrices A and B will be created for each pixel, 

each matrix assigned 10000 samples parameter sets within the range of ± one standard deviation. If f 

represents the model, then the mean of outputs (fo) from the parameter set matrix A ( 𝜃 𝐴) can be calculated 

as:  

fo= 
1

n
∑ f(θs

A)n
s=1                                                                      (8) 
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Total variance D, can be calculated as: 

D=
1

n
∑ [ f 2(θS

An
s=1 ) - fo

2]                                                              (9) 

The variance contribution Di for parameter i can be calculated as: 

Di=
1

n
∑ [ f(θs

A) f(θ~is
B ,θis

A ) - fo
2]n

s=1                                                 (10) 

The parameter sets 𝜃𝑖  are superscripted to indicate which parameters are sampled from which set. The 

sample set is denoted by the superscript A or B; the parameters taken from that set are denoted either by i 

(the ith parameter) or ~i (all parameters except i).  

For the current study, the climatic parameters are temperature, solar radiation and vapour pressure deficit. 

The sensitivity analysis was performed to identify which one of these three parameters is the most influential 

in each pixel of the study area. A.tiff file was created with three bands corresponding to the sensitivity indices 

of three parameters and can be shown as red, green and blue (RGB) colour. Red corresponds to sensitivity 

index of temperature; green corresponds to sensitivity index of vapour pressure deficit and green 

corresponds to sensitivity index of radiation. This image can provide an idea of the most influencing 

parameter in different regions of the study area. 
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4. RESULTS 

4.1. Yield estimation 

The crop yield for C3 and C4 rice was estimated in the rice growing areas of the study area as described in 

the methodology section for the baseline for seasonal average climatic parameters for the years from 1982 

to 2015 and future scenarios (RCPs 4.5, 6.0 and 8.5 for the years 2050 and 2099). The differences between 

the crop yield of C3 and C4 pathways were also calculated pixel by pixel basis. The maps showing the yield 

estimations for both pathways and the differences in yield for baseline and future scenarios are given in the 

figures from 4.1 to 4.21. 

The difference map for the baseline (figure 4.3) shows heterogeneity around 30o of southeast China, the 

pixels representing more C3 (blue) or more C4 (red) are mixed in this region. In the same map, same latitude 

around 30o,  at the northwest of India, the Punjab region, shows more C3 production than C4. At the 

northern latitudes above 40o, C3 rice has higher production. At the tropics, below 20o to -10o, C4 rice 

performs well. When the baseline difference map is compared with the difference maps for the future 

scenarios (figures 4.6, 4.9, 4.12, 4.15, 4.18 and 4.21), a change from mixed pixels of C3 and C4 to more C4  

rice production (red pixels) can be seen in the sub-tropic area around 30o of southeast China and north of 

India. But for RCP 6.5 for the year 2050, the changes are comparatively less. The Punjab region shows more 

C4 production only at the highest emission scenario (RCP 8.5 year 2099).  At the southern region of China, 

Kunming, favours the production of C3 rice for all climatic conditions. 

 

 

Figure 4.1.  Average crop yield estimation of C3 rice corresponds to baseline (1982-2015). 
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Figure 4.3. Difference between the yield of C3 and C4 pathways corresponds to the baseline (1982-2015). The 
difference between the yield in tonnes/hectare is given inside the parentheses of the legend.  

Figure 4.2. Average crop yield estimation of C4 rice corresponds to baseline (1982-2015). 
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5). 

 

Figure 4.4. Average crop yield estimation of C4 rice corresponds to RCP 6.0 year 2050. 

Figure 4.5. Average crop yield estimation of C4 rice corresponds to RCP 4.5 year 2050. 
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Figure 4.6. Difference between the yield of C3 and C4 pathways corresponds to RCP 4.5 year 2050. 

Figure 4.7. Average crop yield estimation of C3 rice corresponds to RCP 6.0 year 2050. 
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Figure 4.8. Average crop yield estimation of C4 rice corresponds to RCP 8.5 year 2050. 

Figure 4.9. Difference between the yield of C3 and C4 pathways corresponds to RCP 6.0 year 2050. 
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Figure 4.10. Average crop yield estimation of C3 rice corresponds to RCP 8.5 year 2050. 

Figure 4.11.  Average crop yield estimation of C4 rice corresponds to RCP 8.5 year 2050 
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Figure 4.12. Difference between the yield of C3 and C4 pathways corresponds to RCP 8.5  year 2050. 

Figure 4.13.  Average crop yield estimation of C3 rice corresponds to RCP 4.5 year 2099. 
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Figure 4.14. Average crop yield estimation of C4 rice corresponds to RCP 4.5 year 2099. 

Figure 4.15. Difference between the yield of C3 and C4 pathways corresponds to RCP 4.5  year 2099. 
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Figure 4.16. Average crop yield estimation of C3 rice corresponds to RCP 6.0 year 2099. 

Figure 4.17. Average crop yield estimation of C4 rice corresponds to RCP 6.0 year 2099. 
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Figure 4.18. Difference between the yield of C3 and C4 pathways corresponds to RCP 6.0  year 2099. 

Figure 4.19. Average crop yield estimation of C3 rice corresponds to RCP 8.5 year 2099. 
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Figure 4.20.  Average crop yield estimation of C4 rice corresponds to RCP 8.5 year 2099. 

Figure 4.21. Difference between the yield of C3 and C4 pathways corresponds to RCP 8.5 year 2099. 
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4.2. Latitudinal plots 

As explained about the study area in the methodology chapter, the climatic conditions such as the 

temperature and the precipitation, change a lot when moving from the north latitude to south latitude of 

the study area. The graph showing the seasonal variability of temperature and precipitation are also provided 

(figures 3.2 and 3,3). The heterogeneity in the study area can be visualized from the map, but the latitudinal 

plots help to understand average yield along latitude. To see the changes of crop yield of both C3 rice and 

C4 rice along the latitude, the average yield and the standard deviation in each row of the estimated crop 

yield map for both pathways were calculated. These average values were plotted against the respective 

latitude values. The latitudinal mean values are shown as the solid lines and the standard deviation values 

are shown as a ribbon in the plot. The pixel numbers used in the calculation are shown as a bar plot on the 

right-side. These graphs were produced for all the climatic scenarios and are shown in figure 4.22 and figure 

4.23. 

Figure 4.22. Plots showing the average crop yield latitude wise for baseline and future scenarios 2050. A). Plot 
for baseline (1982-2015). B). Plot for RCP 4.5 for the year 2050. C).  Plot for RCP 6.0 for the year 2050. D).  
Plot for RCP 8.5 for the year 2050. The solid green line represents C3 yield and the solid maroon line represents 
C4 yield, The green and maroon shadows represents the standard deviation of yield for C 3 rice and C4 rice, 
respectively. Pixel numbers used in the calculations are shown on the right-side as bar plot. 
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The graphs in the figures 4.22 and 4.23 show increment in production for both C3 and C4 rice as approaches 

the tropics. A sudden positive change can be seen clearly between (+10o and -10o latitudes), but the number 

of pixels used (corresponding to the rice cultivation area) in the estimation is less.  

To understand how much the difference in yield along the latitude changes, average value in each row of 

the difference map was calculated and plotted against the respective latitude. The negative values represent 

difference in crop yield where C3 rice yield is more, and positive values represent the difference in yield 

where C4 rice yield is more. The number of pixels used in the calculation is also included in the figure. It is 

represented as bar plots on the right side of the respective graph. The graphs showing the average difference 

between C3 and C4 rice are shown from figure 4.24 to figure 4.27. 

Figure 4.23. Plots showing the average crop yield latitude wise for baseline and future scenarios 2099. A). Plot for 
baseline (1982-2015). B). Plot for RCP 4.5 for the year 2099. C).  Plot for RCP 6.0 for the year 2099. D).  Plot for 
RCP 8.5 for the year 2099. The solid green line represents C3 yield and solid maroon line represents C4 yield. The 
green and maroon shadows represent the standard deviation of yield for C3 rice and C4 rice, respectively. Pixel 
numbers used in the calculations are shown on the right-side as bar plot. 
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Figure 4.24. Graph showing the average difference in crop yield between C3 and C4 rice along latitude.  A). corresponds 
to baseline (1982-2015). B).  corresponds to RCP 4.5 for the year 2050. The number of pixels used is represented as 
bar graphs on the right-side. 
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Figure 4.25. Graph showing the average difference in crop yield between C3 and C4 rice along latitude. A). 
corresponds to RCP 6.0 for the year 2050. B).  corresponds to RCP 8.5 for the year 2050. The number of pixels 
used is represented as bar graphs on the right-side. 
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Figure 4.26.  Graph showing the average difference in crop yield between C3 and C4 rice along latitude. A). 
corresponds to baseline (1982-2015). B) RCP 4.5 for the year 2099. The number of pixels used is represented as bar 
graphs on the right-side. 
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The latitudinal difference plots shown in figures 4.24 to 4.27, reveals the C4 rice production is more in the 

tropical region than that of C3 rice. But at higher latitudes performance of C3 is better.  In the case of 

baseline, C3 performs better above 30o and for future scenarios yield is better above 40o.    

Figure 4.27. Graph showing the average difference in crop yield between C3 and C4 rice along latitude corresponds 
A) RCP 6.0 for the year 2099 B) RCP 8.5 for the year 2099. The number of pixels used is represented as bar graphs 
on the right-side. 
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4.3. Difference in crop yield country-wise 

Since the major rice producing countries in the study area spreads across different ago-climatic regions, the 

county-wise comparison can provide a better understating about which country favours what crop. 

According to FAOSTAT, n.d., the top eight rice producers globally are Bangladesh, China, India, Indonesia, 

Myanmar, Philippines, Thailand and Vietnam. The average difference between the crop yield of C3 and C4  

rice in these countries were calculated to check which country favours which crop. Negative values represent 

C3 yield and positive value represent C4 yield. The results are plotted in a bar graph and shown in figure 

4.28. The rice cultivating area in million hectare and the rice production in million tonnes for these countries 

for the year 2019 was obtained from FAOSTAT. The data is plotted and shown in figure 4.29 

Figure 4.28. The difference in crop yield country-wise for baseline and future scenarios. 

Figure 4.29. The rice cultivation area (M ha) and rice production (M t) for the top eight rice producing countries in 
the study area for the year 2019 as per FAOSTAT. 
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From figure 4.28, Indonesia and Philippines are the two countries those are most favour to C4 rice 

production. Both countries showed about 0.4 tonnes more production for C4 rice at baseline. Indonesia 

showed 0.9 tonnes difference and Philippines showed 0.8 tonnes difference corresponds to RCP 8.5 for 

2099. But Indonesia is in the fourth position and Philippines is at the eighth position of global rice 

production contributing 7.5 % and 2.5 % respectively for the year 2019 as per  FAOSTAT, n.d. But the 

highest producing countries like China and India do not show much support to C4 rice. Their global 

production contributions are 28 % and 23.5 % respectively. China gets the least benefit from C4 rice, the 

country even showed better performance in C3 yield at baseline. The other countries show moderate but 

positive response towards C4 rice. 

 From the difference maps and latitudinal plots, above 40o latitude C3 rice shows more yield for all climatic 

conditions, there is not much difference in yield between 30o and 40o, then C4 yield starts to increase as 

going down (towards south) along the latitude.  The difference reaches maximum around the equator, then 

starts to decrease around -7o. The maximum difference in yield is between -10o and +10o. The average values 

of crop yield difference between these latitudes are shown in table 4.1. 

Table 4.1. Average yield difference between C3 and C4 rice from -10o to +10o latitudes for all climatic scenarios. 

Climatic scenarios Average crop yield difference (t/ha) 

Baseline 0.446 

RCP 4.5 (2050) 0.666 

RCP 6.0 (2050) 0.660 

RCP 8.5 (2050) 0.724 

RCP 4.5 (2099) 0.713 

RCP 6.0 (2099) 0.770 

RCP 8.5 (2099) 0.898 

Pixels used in the analysis between -10o and +10o latitudes are about 1427. The image resolution is 

approximately 9 km. Therefore, the total rice cultivation area in this region is about 115,587 km2. The most 

number of pixels used are between 22o and 32o degrees, 11990 pixels. It is an approximate area of 971,190 

km2.  The average yield difference between 22o and 32o latitudes are given in table 4.2 for all the climatic 

scenarios. 

Table 4.2. Average yield difference between C3 and C4 rice from 22o to 32o for all climatic scenarios. 

Climatic scenarios Average crop yield difference (t/ha) 

Baseline 0.025 

RCP 4.5 (2050) 0.158 

RCP 6.0 (2050) 0.129 

RCP 8.5 (2050) 0.203 

RCP 4.5 (2099) 0.174 

RCP 6.0 (2099) 0.204 

RCP 8.5 (2099) 0.307 
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When the average difference values given in table 4.1 and 4.2 are compared, the more rice growing areas  

(between 22o and 32o latitudes) do not show a big difference in yield between C3 and C4 rice.  The maximum 

difference in yield is between -10o and +10o latitudes but the rice growing areas are comparatively lesser. 

4.4. Sensitivity analysis 

Global sensitivity analysis (Sobol method) was performed to determine the most influencing parameter of 

the model in the study area, as explained in the methodology. The maps showing the sensitivity of the model 

to temperature, solar radiation, and VPD for C3 rice are given in figure 4.30 and for C4 rice in figure 4.31.  

When both the images are compared, there is not much difference in sensitivity of both C3 and C4 models 

to the three parameters across the study area. In both cases of C3 and C4, the Punjab area in the northwest 

part of India is the only place that is more sensitive to temperature (represented in red colour) than the other 

two parameters. Along the border between India and Nepal both the models show higher sensitivity to 

VPD (green colour) compare to other parameters. Apart from these areas, the other rice growing areas of 

south and southeast of India, south and southeast of China, Bangladesh, Thailand, Myanmar, Vietnam, 

Cambodia, Indonesia, Philippines etc. the models are sensitive to solar radiation (blue colour).   

 

 

 

 

Figure 4.30.  Map showing the result of sensitivity analysis of C3 model for rice-growing areas. 
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Figure 4.31. Map showing the result of sensitivity analysis of C4 model for rice-growing areas. 
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5. DISCUSSIONS 

5.1. Yield estimation 

Since the study area covers a large portion of Asia and spreading across various ago-climatic conditions, the 

crop yield estimation of C3 and C4 rice also changes across the study area. The area near the Himalayan 

mountains is cold and temperature drops to below freezing point during winter and reaches an average of 

15 degC during summer (Dando, 2005). North, northeast and central parts of China are temperate zones. 

The northern part of India, south, south-east and southwest parts of China are sub-tropical regions. The 

coastal areas of south and east Asia are tropical areas. The irrigated lowland rice is grown in wet tropical and 

sub-tropical regions and rainfed lowland rice is grown near river deltas and coastal regions (Where Is Rice 

Grown? - Ricepedia, n.d.). Places like northeast and northwest china have low temperature, a short growth 

period, little rainfall, and a lack of water (W. Li et al., 2021). Therefore, the areas suitable for rice cultivation 

are very few in this region, but still rice is cultivated in some areas as shown in the rice -growing region in 

the study area section of the methodology chapter as per the map from IRRI.  

There are researches which explored the productivity of C3 and C4 plants in different climatic and 

atmospheric conditions such as the studies by Morgan et al., (2011). The research examined the responses 

of C3 and C4 grasses at raised levels of atmospheric CO2 and higher temperatures, and, crucially, how these 

conditions might change the plants’ water budgets . The result of the study show that higher CO2  

concentration favours the growth of C3 plants and higher temperature favours the growth of C4 plants. The 

study also states that the combination of increase in temperature and increase in CO2 concentration favours 

C4 plants because water use efficiency and nitrogen use efficiency are more in C4 plants. Studies of Taylor 

et al., (2014) also showed similar results. The study observed higher C4 grasses productivity at warmer and 

drier environment. This higher productivity of C4 grass at warm and dry environment is due to the 

conditions during its evolution. The C3 and C4 pathways were evolved in completely different atmospheric  

conditions. The C3 photosynthesis evolved when the concentration of CO2 was well above 1000ppm, but 

later the CO2 level dropped to around 500 ppm around 32to 25 million years ago, which leads to the 

evolution of C4 plants (Langdale, 2011;  Ehleringer et al., 1991).  Studies also suggest that once the C4 has 

evolved, it tends to make the transition into arid habitats with higher temperature as opposed toC3 plants 

(Langdale, 2011). 

The difference in crop yield for the entire study area for the baseline and future scenarios are shown in the 

difference map in the result chapter. As described earlier, the higher latitude of the study area has lower 

temperature (area above 40o latitude). The annual temperature plot given in the methodology chapter shows 

that the temperature corresponds to the points located at this region varies around -20 degC at winter to+20 

degC at summer. As explained earlier with studies of Morgan et al., (2011) and Langdale, (2011), the 

productivity of C3 and C4 plants are highly depended on temperature. This explains why the C3 rice 

production is more compared to C4 rice above 40o latitude with all climatic scenarios. Also, as per the studies 

of Morgan et al., (2011) the CO2 fertilization in the future favours the C3 crop  in this area since the 

temperature is mild.  

When examine the crop yield maps around 30o latitude, a lot of heterogeneity (mixed pixels corresponds to 

more C3 and C4 can be seen. In this region, the annual temperature variations are between 10 degC and 30 

degC (temperature plot from methodology). In the yield difference map corresponds to baseline, it is very 

clear that befits of C3 over C4 in some areas like Punjab in North of India and south east provinces of China. 

When compared with future scenarios, most of the areas show change from more C3 production to more 

C4 production except some areas like the Kunming region at the south of China. In the Kunming region, 

the temperature varies between 8 to 22 degC (from the temperature graph in methodology). This is the 
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reason C3 rice befits in Kunming region. But in the other areas around 30o latitude,  it is clear that the 

elevation in  temperature favours the growth of C4 rice. 

In the tropical region (below 20 degree), it is very clear that the current and future conditions are beneficial 

to the production of C4 rice. The area between +10o and -10o latitude shows maximum difference in crop 

yield between C3 and C4 benefiting C4 rice. The future increase of temperature has synergistic effect on C4  

yield. It is clearly visible in the latitudinal plots. The maximum gain for C4 rice is corresponds to the RCP 

scenario 8.5 for the year 2099.  

When compare the yield difference maps, the map that corresponds to RCP 6.0 for the year 2050 shows 

less pixels of C4 rice gain (red colour pixels) compared to RCP 4.5 for the year 2050. The CO2 concentration 

graph for RCPs given in the methodology shows that the CO2 concentration corresponding to RCP 4.5 for 

the year 2050 is greater than RCP 6.0 for the year 2050. Therefore, the corresponding temperature projection 

is also varied. The temperature projection for RCP 6.0 for the year 2050 is less than RCP 4.5 for the year 

2050.  That also explains the corresponding yield difference maps. Similarly, The CO2 concentration 

correspond to RCP 8.5 for year 2050 and RCP 4.5 for year 2099 are almost equal. Therefore, the temperature 

projections are also almost same. This leads to the production of nearly the same yield difference map 

corresponding to RCP 8.5 for year 2050 and RCP 4.5 for year 2099. 

5.2. Difference in crop yield country-wise 

Average difference of crop yield between C3 and C4 rice for top eight rice producing countries (Bangladesh, 

China, India, Indonesia, Myanmar, Philippines, Thailand and Vietnam) were calculated for baseline and 

future climatic scenarios. These countries rice production and area harvested are also given in the results. 

Indonesia and Philippines are two countries that shows the maximum positive gain for C4 rice for all climatic 

scenarios. But these countries produce only 7.5 % and 2.5 % of the global rice production, respectively. 

Indonesia is the only major country which lies between +10o and -10o latitude where rice yield for both C3  

and C4 and yield difference between both the crops were highest. But Indonesia contribute only 6.6 % of 

the global rice cultivation area (FAOSTAT, n.d.). 

 As shown in the graph of top rice producing countries in result section, China and India are the top 

producers contributing 28 % and 23.5 % to global rice production respectively.  But both countries do not 

gain much benefit from C4 rice.  They lack behind all the other six countries. The reason for this is the rice 

cultivation areas in both countries situated at higher latitudes compare to other countries in the study area. 

When the latitude is higher, the temperature is lower which leads to the reduction in C4 rice performance.    

Among all climatic scenarios, the least difference between C3 and C4 crop yield for the eight countries was 

corresponds to baseline. China even showed negative difference (more C3 yield) in baseline. But for the 

future scenarios, all the countries show positive response toward C4 yield. At RCP 8.5 for year 2099, country-

wise difference between crop yields showed maximum values, Indonesia with maximum benefit and China 

with least benefit. But the values showed positive gain for C4 rice in all countries. That means, in the future 

warm climate C4 rice can produce more yield compare to the current C3 rice crop varieties. 

5.3. Sensitivity analysis 

As shown in the result section, the model is sensitive to radiation in most study areas. But in some smaller 

areas, the model is sensitive to temperature and VPD. In the northwest region of India near the Pakistan 

border, Punjab region, the temperature is the most influencing parameter. Compare to other rice -growing 

areas in the tropics, Punjab receives low amount of rainfall about 555 ± 280 mm annually, but it varies 

across the region, and has low relative humidity (about 70 % in the rainy season and about 40 % in summer) 

(ENVIS, n.d.). About 96 % of the cultivation depends on irrigation (ICAR, n.d.). The Thar desert lies on 

the north side of Punjab. The temperature varies a lot with the seasonal changes. In winter, the mean 
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temperature is about 10 degC and in summer the temperature rises to 30 degC. Because of these 

geographical and climatic specialities, the model shows more sensitivity to temperature than the other tw o 

parameters (radiation and VPD). 

On the northeast side of India near the border of Nepal, the model shows higher sensitivity to VPD. This 

region lies in the foothills of the Himalayas, covering two states in India (Uttar Pradesh and Bihar).  The 

northern areas of these states receive high rainfall (above 1000 mm) during the monsoon season during July - 

August, but in the southern areas, the rainfall is comparatively less (Guhathakurta, L, Menon, Prasad, Sable, 

et al., 2020 a; Guhathakurta, L, Menon, Prasad, Sangwan, et al., 2020 b). The possible reason for this rainfall 

is the influence of Himalayan mountain ranges causing orographic lift. When the air mass lifted due to a 

rising terrain, it cools down adiabatically cause rainfall and high relative humidity  (RH) (Tada et al., 2016).  

The RH of the two states fluctuates a lot when the season changes. The average minimum RH is about 30% 

and average maximum RH is 80%. Because of these reasons, the region is more sensitive to VPD than the 

other two parameters (temperature and radiation). 

All the other remaining study area shows sensitivity to radiation, means the yield estimation mostly 

influenced by the radiation. This is the reason the model does not estimate the C4 yield with much 

improvement in the future scenarios. Most of the study area is sensitive to radiation, but the future yield 

estimation was carried out with future temperature projections, because the data for the future solar 

radiation is not available. Therefore, the average solar radiation value corresponds to baseline was also used 

in the future field estimation.      

5.4. Uncertainties in the study 

This research produced some interesting results as explained in the result chapter and earlier in this 

discussion chapter. But the method used in the study is not free from uncertainties. Some of the important 

issues that need to be explained are given below. 

The first issue to describe is the optimization of the model. As explained in the methodology, in the initial 

stages of study the proposed method was to optimize the model with the available field data to find out the 

values of coefficient present in the model equation. But the optimization with the yield data could not 

provide sufficient result. Therefore, the values of the coefficients in the model used was the values optimized 

for rice using the data from the United States in the previous study. But it is more appropriate to conduct 

the study with values optimized using the data in the study area.  

The next issue to be addressed is about future CO2 concentration. The temperature projections based on 

the RCP scenarios are developed based on different emission rate of GHGs and socio-economic aspects 

(van Vuuren et al., 2011). The concentration of CO2 plays an important role in this.  But in the current 

research yield estimation for the future scenarios was conducted only the temperature projections. The effect 

of the future CO2 concentration on the intercellular CO2 concentration on plants was not considered, 

Instead, the current value of intercellular CO2 concentration (340 micro-mol/mol) was used (Michael 

Marshall et al., 2018). 

One another issue is to consider is about harvest index (HI). HI is the measure of crop production from 

the total above ground biomass. In the current study it was considers as a constant (0.55) from the studies 

of Wang et al., (2020). The study also stated that due to use of new high yielding crop varieties the value of 

HI for rice has been increased from 0.44 to 0.55-0.62. It also depends on many factors like crop variety, 

crop management practices, climatic condition in the growing area, etc (Pan & Deng, 2007). Therefore, it 

changes place to place, but for current study value of 0.55 was chosen as HI. 

The basic concept of LUE approach is the total biomass produces is directly proportional to the total 

absorption of photosynthetically active radiation over the growing period(David B. Lobell, 2013). The 

climatic parameters used in current study to estimate crop yield for C3 and C4 are average temperature, solar 
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radiation and VPD. But the growth and development of plats are also affected by other factors like  

management practices, crop variety, fertility of soil etc. Since the process to incorporate these factors are 

complex and they vary place to place (lot of cultivation practices and varieties are localized), the current 

study does not consider these factors. 

5.5. Areas for further research 

 To reduce the uncertainties in the research some additional work needed to be carry out in the future 

research.  The first thing to be considered is to optimize the model coefficient with data from the study area.  

Asiaflux is a regional research network in Asia (AsiaFlux, n.d.).  They have stations in the study area to 

measure the exchange of CO2, water and energy between terrestrial ecosystems and the atmosphere daily 

basis. Two stations of this network situated in paddy fields at Japan and Republic of Korea. The daily GPP 

measurement in the crop growing season at these stations can be used to optimize the model and proceed 

with yield estimation of C3 and C4 rice for baseline and future scenarios.  

As explained in the uncertainty part future CO2 concentration is not included in the study. Therefore, 

another major consideration to make in the future work is to include future CO2 concentration in the model 

corresponds to different RCP scenarios and conduct the estimation.  
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6. CONCLUSION 

The current study focused on yield estimation and comparison of present C3 rice variety and future C4 rice 

variety across the south and east Asia using the LUE model PEMOC for the baseline climatic condition 

(1982 to 2015) as well as future temperature projection for the years 2050 and 2099. It was found out that 

the C3 rice performs better in higher latitudes (above 40o) of the study area, the difference in yield is very 

less between 30o and 40o and below 30o the C4 rice performs better. The increment of C4 rice yield is 

maximum near the equator between +100 and -100 latitudes. The C4 crop produces more yield in the 

countries which lie near the equator, like Indonesia and Philippines for all scenarios.  But the major rice-

producing countries like China and India do not have much benefit in the baseline because of their 

geographical positions. But the yield estimation corresponds to future scenarios showed all the countries 

will gain benefits from C4 rice in the future. 
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