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EVALUATION ON ADAPTATION STRATEGIES FOR ENHANCING PEARL MILLET PRODUCTIVITY UNDER CHANGING CLIMATE USING DSSAT - CROPGRO MODEL OVER SEMI-ARID TRACTS OF TAMIL NADU


ABSTRACT
Field experiment was conducted at Agricultural College and Research Institute, Madurai with the treatment combination comprised of three sowing dates at biweekly intervals (II FN of September, I FN of October and II FN of October) and three nitrogen levels Recommended Dose of Nitrogen (RDN), 75% (RDN) and 125% (RDN) replicated thrice with two varieties CO (Cu) 10 and ABV 04 in factorial RBD design. The results obtained from the field trial was used for calibrating and validating the dynamic crop simulation model DSSAT-CROPGRO for predicting the growth and yield of pearl millet crop.  Pearl millet is highly responsive and sensitive to precipitation and temperature. Sensitivity of crop model (DSSAT) simulation as well as the response of productivity for the changes in Carbon, Temperature, Water and Nitrogen (CTWN) was assessed. The analysis revealed that raise in elevated temperature beyond 2oC inhibits the growth and productivity of pearl millet. The grain yield of pearl millet was higher when the crop receives 25 per cent more rainfall from the current condition and further increase in rainfall decreased the pearl millet productivity.  Increased level of N up to 100 kg ha-1 had positively influenced the grain yield resulting in higher economic returns under the current climate conditions. 
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INTRODUCTION 
Pearl millet (Pennisetum glaucum L.) is one of the most important coarse grain crop grown throughout the world and ranks next to sorghum and is considered as poor man’s food. Since this crop is by nature endowed with greater ability to withstand harsh weather parameters like temperature, precipitation, CO2 concentration etc., and yield sustainability is needed under open field condition is found to impact by varying weather parameters (Devendra et. al., 2018). As addressing the problems of climate change is more challenging in agriculture crops, knowledge about the impact of climate change on these crops is much limited. The issues of climate change and key to the problems arising out of it requires thorough analysis, advance planning and improved agronomic management practices.  Crop simulation models can be useful tools for the evaluation of alternative management options for a particular location, including fertilizer application rates, sowing, sowing dates and others (Tsuji et al. 1998; Ruiz-Nogueira et al. 2001; Saseendran et al. 2005). The Decision Support System for Agrotechnology Transfer (DSSAT) is a comprehensive decision support system for assessing management options (Tsuji et al. 1994; Jones et al. 2003; Hoogenboom et al. 2017). The Cropping System Simulation Model (CSM), which is the main crop simulation model that encompasses DSSAT version 4.7 (Jones et al. 2003; Hoogenboom et al. 2017), is a process-oriented, dynamic crop simulation model that simulates crop growth, development and yield for 27 food and other crops, including pearl millet. Crop growth is simulated with a daily time step, starting at sowing until harvest maturity is reached, based on physiological processes that describe the crop’s response to soil and weather conditions. Potential growth is dependent on the interception of photosynthetically active radiation, whereas actual biomass production on any day is constrained by a suboptimal temperature, soil water deficit and nitrogen deficiency.  A detailed description of the CERES-Millet model, the predecessor of the CSM–CERES-Millet, is provided by Ritchie & Alagarswamy (1989) and Ritchie et al. (1998). Although these studies are very valuable, the evaluation of the CSM–CERES-Millet model for different regions of  India  has been minimal compared to other crop models. This reflects the need for further modeling studies, especially pearl millet, as it is such an important crop for resource-poor farmers, especially in the semi-arid tropics where environmental conditions for crops are harsh. The goal of the present study was to evaluate the performance of the CSM–CERES Millet model for semi arid environment of Tamil Nadu and to determine the adaptation strategies using a modeling approach.	Comment by Naú Silverio Niño Gtz: Delete spaces
MATERIALS AND METHODS
The field trail was conducted at Agricultural College and Research Institute, Madurai during rabi season 2017-18 to evaluate the climate change impact on growth and productivity of pearl millet using DSSAT model.  The observed data from the treatments were used to create the genetic file for calibration and validation of DSSAT model and the observed yield was compared with the simulated yield of model.
i. Climate variability 
Annual, seasonal and monthly maximum temperature, minimum temperature and rainfall have been plotted by using mean, median, standard deviation and range to study the year to year variability. 
ii. Model description
 	The DSSAT is a software application program  was developed by International Benchmark Site Network for Agro-technology Transfer (IBSNAT) project (Hoogenboom et al., 2017) that comprises crop simulation models for about 28 crops. It is supported by database management programs for soil, weather and crop management and experimental data and by utilities and application programs. The crop simulation model simulates crop growth, yield and development as a function of soil-plant-atmosphere dynamics. DSSAT 4.7 was used to simulate multi-year crop yield projections for different cultivars of pearl millet at varied climate situation. The model uses a minimum data set inputs to operate the different modules which is assembled into three parts such as weather, soil and crop modules in DSSAT model. The details on the dataset required to run DSSAT model is described in the following sections.	Comment by Naú Silverio Niño Gtz: Delete space
Weather file 
The minimum data set of weather parameters that is mandatory for DSSAT crop simulation model includes maximum temperature, minimum temperature, relative humidity, rainfall and solar radiation on daily time step basis for the period of 30 years (1981-2010) for the Madurai district was collected which represents the semi-arid regions of Tamil Nadu. Data were used after the quality check process. Weatherman tool from DSSAT model was used to convert the daily weather data on maximum temperature (°C), minimum temperature (°C), solar radiation (MJ m-2day-1) and rainfall (mm) for the crop period of the experimental fields into DSSAT weather file format.
Soil data file
Soil information for creating soil file was obtained from soil analysis made for the soil sample collected from the experimental field. The properties of soil at different profiles acquired from the soil analysis were fed into S-Build tool in DSSAT to create soil file.
Experimental file
Experimental file in DSSAT require the inputs including details of the experimental conditions and field characteristics such as weather station name, soil, and field description details, initial soil, water and inorganic nitrogen conditions, crop geometries, irrigation and water management, fertilizer management details, organic residue application, chemical applications, tillage operations, environmental modifications, harvest management and simulation controls specification of simulation options and output options are fed into the X Build tool in DSSAT.
Genetic file
Calibration of DSSAT is the adjustment of parameters and functions of DSSAT so that the simulations are the same or very close to data obtained from the experimental field. DSSAT is calibrated using crop growth and development parameters and the calibrated parameters termed as the genetic coefficient of the cultivar. Data obtained from the experiments were used to estimate genetic parameters. The genetic coefficients that influence the occurrence of developmental stages in the CROPGRO –Pearl millet coupled in DSSAT model were derived, by manipulating the relevant coefficients to achieve the best possible match between the simulated and observed number of days to the phenological events and grain yield.
iii. Calibration and Validation Of DSSAT Model 
The experimental data collected were used for independent model validation by using different statistical analysis methodologies viz., normalized root mean square error (RMSE), Index of agreement (d), coefficient of determination (r2), modeling efficiency (EF) and mean error (E) between the observed and simulated value were used to evaluate the Cultivar Specific Parameter.	Comment by Naú Silverio Niño Gtz: Delete point
iv. Sensitivity Analysis 
 Sensitivity analysis was performed with different combinations of temperature, rainfall, CO2 and nitrogen to understand the response of pearl millet to the changes in temperature, rainfall, CO2 and nitrogen levels.
Table 1. Details on the CTWN (carbon, temperature, water and nitrogen) combinations used for sensitivity analysis
	[CO2] (ppm) at N=30 kg/ha
	[CO2] (ppm) at N=180kg/ha
	Tmax/Tmin (°C)
	Rainfall 
(% of current)
	Fertilizer (kg/ha)

	360
	360
	-2
	25%
	0

	450
	450
	0
	50%
	30

	540
	540
	+2
	75%
	60

	630
	630
	+4
	100%
	90

	720
	720
	+6
	125%
	120

	-
	-
	+8
	150%
	150

	-
	-
	-
	175%
	180

	-
	-
	-
	200%
	210


Source: 	Comment by Naú Silverio Niño Gtz: Cite Source
v. Future climate projections
Future climate projections were created by utilizing “mean and variability” approach, in which the mean monthly changes as well as the magnitude of variability (from baseline) under RCP 4.5 and RCP 8.5 for Mid Century time slices, centered around 2055 was applied to the daily baseline weather series. The future scenario data could be generated to near century (2011-2039); mid-century (2040-2069) and end century (2070-2099) using the climate models.  	Comment by Naú Silverio Niño Gtz: Change the middle dash
v. Adaptation strategies
To reduce the impact of climate change on crop productivity, possible adaptation options were framed. In case of pearl millet, adaptation options such as altering the sowing window and plant density in the DSSAT model through making an adjustment in the management file for making better decisions on adaptation of pearl millet
RESULTS
i. Variability in Annual and seasonal climate 
The Annual and seasonal maximum climate data for all the four seasons viz., cold weather (Jan-Feb), hot weather (Mar- May), South West Monsoon (June-Sep) and north east monsoon (Oct-Dec) for a period of 30 years from 1981 to 2010 were plotted to assess the magnitude of change over  years. 	Comment by Naú Silverio Niño Gtz: Delete the space
In selected region, there was year to year variations from the figure .1 the mean annual maximum temperature was fluctuated between 390C and 430C, the minimum temperature at 230C to 23.50C and rainfall was oscillated between 1450 to 550 mm. The maximum and minimum temperature are 33.35˚C and 20.35˚C respectively then the mean annual rainfall is 856 mm (fig .1). The trend fitted for the location had more peaks, which indicates that the values are varied more with in the decades.   , 	Comment by Naú Silverio Niño Gtz: Insert comma	Comment by Naú Silverio Niño Gtz: Delete the comma and spaces
The maximum temperature during SWM from 380C to 410C, the maximum temperature during CWP increased from 330C to 360C and the maximum temperature of NEW showed much variation between the 300C and 350C (fig. 2). The region showed more year to year variations, there is a gradual increase in minimum temperature during NEM from 140C to 180C.  The minimum temperature during CWP and SWM indicated stabilized trend with small variations (fig.3). The region receives rainfall 39.8 per cent during south west monsoon, 42 per cent during north east monsoon, 2.1 per cent during winter and 16.2 per cent during summer (fig. 4). The precipitation was varied very drastically with extreme dry and wet conditions, the past two decades the rainfall pattern was changed and distributed unevenly.
ii. Future climate projections of semi-arid region of Tamil Nadu 
Projected the future climate through selected GCMs for cropping period to understand the changes in the future climate from the current climate. The absolute changes in maximum/minimum temperatures and per cent change in rainfall from base period to near, mid and end century of the RCP 4.5 and RCP 8.5 scenario (Table .2)  
a. Maximum Temperature
	Maximum temperature is projected to increase by all the scenarios and models studied with variation in their magnitude. For RCP 4.5 scenario, annual increase in maximum temperature is projected to vary between an increase of 0.56°C (BNU-ESM) to 1.42°C (IPSLCL58CR) in near century, 0.55°C (NORESM1-M) to 2.16°C (IPSLCL58CR) in mid-century and 1.15°C (inmcm4) to 2.37°C (IPSLCL58CR) during end century. In case of RCP 8.5, the increase in maximum temperature is from 0.32°C (MIROC5) to 1.45°C (IPSLCL58CR), 1.29°C (MIROC-5, HaDGEM2-AO) to 3.49°C (IPSLCL58CR) and 1.68°C (HaDGEM2-AO) to 4.66°C (IPSLCL58CR) during near, mid and end centuries respectively.
b. Minimum Temperature
	Minimum temperature of semi-arids was projected to increase by all the scenarios and models studied with variations in their magnitude. For the scenario RCP 4.5, annual increase in minimum temperature is projected to vary between an increase of 0.16°C (BNU-ESM) to 1.04°C (IPSLCL58CR) in near century, 0.14°C (BNU-ESM) to 1.85°C (IPSLCL58CR) in mid-century and 0.86°C (BNU-ESM) to 2.41°C (IPSLCL58CR) during end century. In case of RCP 8.5, the increase in minimum temperature is 
0.31°C (MIROC-5) to 1.14°C (IPSLCL58CR), 1.61°C (HaDGEM2-AO) to 2.54°C (IPSLCL58CR) and 2.24°C (MIROC-5) to 4.59°C (IPSLCL58CR) during near, mid and end centuries respectively.
c. Precipitation
Rainfall was projected through 5 GCMs available. For RCP 4.5, annual rainfall  was projected to have variation ranging from a decrease 
of (-) 22.6 per cent (CanESM2) to an increase of (+) 24.5 percent (IPSLCL58CR) during near century; at mid-century a reduction of (-)14.8 per cent (CanESM2) 
to (+) 42 (IPSLCL58CR) per cent increase and for end century a reduction of (-) 
12.6 per cent (CanESM2) to an increase of (+) 27.3 percent (NORESM1-M) was projected. Under RCP 8.5, a reduction of (-) 12.8 per cent (CanESM2) to an increase of 26.4 per cent (IPSLCL58CR), a reduction of (-) 36.1 per cent (CanESM2) to an increase of 24.2 percent (IPSLCL58CR) and a reduction of (-) 12.5 per cent (CanESM2) to an increase of 47.2 percent (IPSLCL58CR) was projected for near, mid and end century respectively.
ii. Sensitivity analysis
	Sensitivity of crop model (DSSAT) simulation as well as the response of pearl millet productivity for the changes in Carbon, Temperature, Water and Nitrogen (CTWN ) was assessed with 960 combinations including, 5 levels of CO2 concentrations (360, 450, 540, 630, 720 ppm) at 30 and 180 kg N ha-1, 6 levels of temperature (maximum and minimum) changes (-2°C, 0°C, 2°C, 4°C, 6°C and 8°C), 8 levels of change in rainfall quantity (25, 50, 75, 100, 125, 150, 175 and 200 %) and  8 levels of N fertilizer (0, 30, 60, 90, 120, 150, 180, 210 kg ha-1) under baseline (1981-2010) conditions for pearl millet production.
Model simulation showed a gradual increase in pearl millet production, when the nitrogen levels increased from zero to 150 kg ha-1 and further, there was no change in yield with increased levels of nitrogen (180 kg ha-1 N and 210 kg ha-1 N). Pearl millet is highly responsive and sensitive to precipitation and temperature. It could be observed from the analysis that, the grain yield of pearl millet was higher when the crop receives 
25 per cent of rainfall and further increase in rainfall decreased the pearl millet productivity. Sensitivity analysis revealed that raise in temperature beyond the optimum level inhibits the growth and productivity of pearl millet. The productivity was slightly affected with 2oC elevated temperature and beyond that, the productivity was greatly reduced as evident at 4 oC elevated temperature and more. The inter annual rainfall variability showed that maximum grain yield was noticed with 25% rainfall and further the yield gradually decreased with the increased rainfall events (50 to 200%). The inter annual temperature variability showed that the average productivity of productivity reduced when the temperature raised by 20C, 40 C, 60C and 80C from the base temperature.
iii. Impact of climate change on pearl millet productivity
Simulated baseline pearl millet yield varied among the field and the simulated yield obtained from DSSAT ranged between 2648 kg ha-1 to 3043 kg ha-1 with an average productivity of 2304 kg ha-1. As per DSSAT simulation (Table .3), the future pearl millet productivity is expected to increase from the base yield in cool-wet condition for near, mid and end century in both RCP 4.5 and RCP 8.5 scenarios. In RCP 4.5 scenario, the per cent yield increase was noticed higher (14.62) in near century when compared to mid (10.43) and end (9.56) century of cool-wet climate. The productivity of pearl millet tends to decline in hot-dry and middle climate. In end century, the maximum (-17.87) per cent yield deviation was noticed in hot-dry condition comparatively in near century (-4.85).RCP 8.5 projected that the yield of pearl millet was expected to increase in cool-wet condition in all the centuries. In cool wet condition, the yield level was noticed higher (16.74%) in end century, whereas in hot dry climate the yield deviation noticed was 17.62% in near, -18.87% in mid and -25.34% in end century respectively.
	With regard to phenophases, the RCP 4.5 and RCP 8.5 scenario predicted that the number of days required for anthesis and maturity get reduced from the current days of requirement. The variation in days required to attain maturity ranged from -1% to -7%. In hot dry condition the per cent deviation noticed was -2, -4 and -4 in near, mid and end century in RCP 4.5 scenario and in RCP 8.5 scenario the deviation per cent noticed is 
-3, -4, -6 in near, mid and end century respectively. 
iv .Impact of adaptation strategies of pearl millet yield under current and future climatic conditions
	The sowing dates are the main adoption strategy when compared with the plant density, N levels and varieties. Under current climatic condition the crops sown during I FN of October achieved higher yield of 2458 kg ha-1, whereas comparatively the yield of II FN of October (2375 kg ha-1) and I FN of September (2246 kg ha-1) sown crops reduced. The future climatic projections was taken from selected General Circulation Models (GCMs). The DSSAT model simulated and predicted the future yield of pearl millet for semi-arid regions of Tamil Nadu. The predicted yield of pearl millet using RCP 4.5 and RCP 8.5 scenario is presented in Table 4.The near, mid and end century of RCP 4.5 and RCP 8.5 scenario projected that the higher grain yield of pearl millet was noticed in RCP 4.5. End century of both RCP 4.5 and RCP 8.5 recorded comparatively lower yield.
As per RCP 4.5 projections the yield of pearl millet in near and mid-century tend to achieve higher yield of 2802 kg ha-1 and 2746 kg ha-1 in I FN of October sown crops respectively, whereas the yield of II FN of September and October sown crops declined. But in the end century, the predicted yield was higher in I FN of October sowing (2809 kg ha-1) and the lower in I FN of October sown crops. Among the centuries, the deviation in yield was noticed higher in end century. The yield deviation predicted was higher (-21.86 %) in I FN  of October sowing in near century, whereas in mid and end century the per cent deviation predicted was higher (-32.4%,-68.8%) in II FN of September sowing. 	Comment by Naú Silverio Niño Gtz: Delete space
	With RCP 8.5 scenario during near century, the predicted grain yield was higher  (2745 kg ha-1) in I FN of October sowing and the lower in II FN of October sowing (2174 kg ha-1). Regarding the per cent deviation, II FN of October sown crops documented higher yield variation of -24.65 % in near century, whereas in mid and end century the deviation per cent was higher (-55.5%, -65.04%) in II FN of October sown crops. 
DISCUSSION
CROPGRO-Millet model was calibrated and validated with the dataset obtained from the field experiments conducted with different sowings and nitrogen levels. The calibration and validation efficacy tested through the statistical measures such as Root Mean Square Error (RMSE), coefficient of determination (R2) and Index of agreement (d). The R2 value for anthesis, physiological maturity and grain yield, was more than 0.75 indicating high degree of co-linearity between the simulated and observed data as opined by Bitri et al. (2014) and Kale (2016).
The magnitude of changes in temperature and precipitation is expected to be higher with the RCP 8.5 than the RCP 4.5 scenario at all the time scales (near, mid and end century). Future temperature of  selected region is anticipated to increase with RCP 8.5 scenario by 1.4, 3.5 and 4.0oC during near, mid and end century.  These findings are in agreement with Houghton et al. (2001); Ramaraj and Nagarajan (2009); Kumar et al. (2011); Geethalakshmi et al. (2011). Rainfall changes haven't followed any definite trend under both RCP 4.5 and RCP 8.5 scenarios and it is likely to be varied from 25.5 to -21.6, 41 to -16.8 and 28.4 to-13.9 % for RCP 4.5 and  27.4 to -15.8, 27.4 to -38 and 49.2 to-13.5 % for RCP 8.5 during near, mid and end century respectively. More broader range of precipitation change has also been reported by Chaturvedi et al. (2012) over Tamil Nadu. More increase in temperature in RCP 8.5 scenario with progress of time is mainly because of the projected increase in the greenhouse gas concentration in the atmosphere in the future time scale.
Exposing pearl millet to the above optimal temperature might have profound impact on the pearl millet productivity. In hot-wet climatic conditions, the pearl millet yield decrease to the tune of 4.59 and 20.23 per cent during mid and end century respectively. This reduction in productivity also witnessed with the temperature sensitivity analysis which showed yield reduction for the increasing in temperature Solar et al., (2008) and Swathi et. al., (2020). As these regions experiences 36oC in the current temperature, further increase in temperature would reduce the pearl millet productivity to a greater extent. The hot condition might cause cone splitting, stigma exertion as well as pollen sterility and maximal day temperature above 32oC will greatly affect seed set of pearl millet Sumathi et. al., (2017); Bhuva and Detroja (2018) and Wankhede (2018).  Results also indicated that, in future, the positive effect of CO2 enrichment wouldn't be larger than the negative effect of warming under RCP 8.5 scenario. 
In Tropical Asia, the climate variability are to be adjusted with the options of crop selection and agronomic management practices like sowing window and crop geometry (Alam et al., 2007). The current study revealed that the negative impacts of future climate change could be reduced under late sowing. This might be due to the congenial weather condition that might prevail during cropping period under future climatic conditions. Increased population showed no influence on pearl millet productivity under current as well as future climatic conditions.
CONCLUSION 
Impacts of future climate change could be reduced by altering the sowing date from II FN of October against I FN of October during Rabi under RCP 8.5. Though earlier date of sowing and supplemental fertilizer application had considerable gain yield under both current and future climate conditions, their magnitude diminished considerably under future climate conditions. Sensitivity analysis revealed that raise in elevated temperature beyond 2oC inhibits the growth and productivity of pearl millet. The grain yield of pearl millet was higher when the crop receives 25 per cent more rainfall from the current condition and further increase in rainfall decreased the pearl millet productivity by ABV 04 variety. Increased level of N up to 100 Kg ha-1 had positively influenced the yield under the current and future climate change situation. 
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	Scenario
	Model
	Future climate
	TMAX  (°C)
	TMIN (°C)
	RF (%)
	TMAX change (°C)
	TMIN change (°C)
	RF change (%)

	RCP 4.5
	Base
	
	33.76
	17.09
	256.5
	
	
	

	Near
	IPSLCL58CR
	H-D
	34.52
	17.68
	256.72
	1.42
	1.04
	24.5

	
	CanESM2
	H-W
	34.25
	17.99
	326.11
	0.76
	0.89
	-22.6

	
	Inmcm4
	C-D
	34.18
	17.26
	243.6
	0.51
	0.59
	-4.7

	
	BNU-ESM
	C-W
	35.09
	18.12
	197.61
	0.56
	0.16
	0.1

	
	NORESM1-M
	M
	34.25
	17.99
	326.11
	1.07
	1.05
	25.5

	Mid
	IPSLCL58CR
	H-D
	35.18
	18.16
	250.58
	2.16
	1.85
	42.0

	
	CanESM2
	H-W
	34.87
	18.93
	368.09
	1.12
	1.81
	-14.8

	
	Inmcm4
	C-D
	34.69
	17.22
	234.46
	1.42
	1.06
	-8.1

	
	BNU-ESM
	C-W
	35.92
	18.91
	210.68
	0.94
	0.14
	-2.2

	
	NORESM1-M
	M
	34.82
	18.15
	267.63
	0.55
	0.89
	4.1

	End
	IPSLCL58CR
	H-D
	35.26
	18.33
	246.12
	2.37
	2.41
	18.1

	
	CanESM2
	H-W
	35.88
	19.52
	305.7
	2.12
	2.1
	-13.9

	
	Inmcm4
	C-D
	34.89
	17.98
	251.79
	1.15
	1.24
	-1.7

	
	BNU-ESM
	C-W
	36.11
	19.2
	218.49
	1.51
	0.86
	-3.8

	
	NORESM1-M
	M
	35
	18.36
	333.82
	1.24
	1.26
	28.4

	RCP 8.5

	Near
	IPSLCL58CR
	H-D
	34.41
	18.06
	331.3
	1.45
	1.14
	26.4

	
	CanESM2
	H-W
	34.05
	17.48
	240.35
	0.65
	0.97
	-12.8

	
	INMCM4
	C-D
	34.4
	17.43
	244.92
	0.64
	0.39
	-4.2

	
	MIROC-5
	C-W
	35.18
	18.21
	213.32
	0.32
	0.31
	-5.9

	
	HaDGEM2-AO
	M
	34.45
	17.95
	239.61
	0.69
	0.85
	-6.2

	Mid
	IPSLCL58CR
	H-D
	35.57
	19.62
	398.78
	3.49
	2.54
	24.2

	
	CanESM2
	H-W
	35.47
	19.37
	327.52
	2.52
	2.28
	-36.1

	
	INMCM4
	C-D
	35.03
	18.28
	252.86
	1.81
	1.19
	-1.3

	
	MIROC-5
	C-W
	37.24
	19.67
	152.88
	1.29
	1.61
	-5.9

	
	HaDGEM2-AO
	M
	35.03
	18.74
	298.86
	1.29
	1.65
	15.5

	End
	IPSLCL58CR
	H-D
	37.23
	21.74
	390.51
	4.66
	4.59
	47.2

	
	CanESM2
	H-W
	37.13
	21.68
	332.39
	4.58
	4.09
	-12.5

	
	INMCM4
	C-D
	36.04
	19.35
	254.08
	3.47
	3.38
	-0.9

	
	MIROC-5
	C-W
	38.35
	21.18
	219.63
	2.28
	2.24
	27.8

	
	HaDGEM2-AO
	M
	35.43
	19.82
	352.65
	1.68
	2.73
	35.3


Table 2. Future climate projections of semi-arid tracts of Tamil Nadu during cropping period
Source:   	Comment by Naú Silverio Niño Gtz: Cite Source

Table 3. Impact of climate change on phenology and productivity of pearl millet 
Source: 	Comment by Naú Silverio Niño Gtz: Cite Source

	Future climate
	Yield  (% deviation relative to 1981-2010)
	Maturity (relative changes in days from 1981-2010)

	
	RCP 4.5
	RCP 8.5
	RCP 4.5
	RCP 8.5

	
	Near
	Mid
	End
	Near
	Mid
	End
	Near
	Mid
	End
	Near
	Mid
	End

	hot-dry
	-5.02
	-11.45
	-20.29
	-17.62
	-18.87
	-25.34
	-2
	-4
	-4
	-3
	-4
	-7

	hot-wet
	4.71
	9.58
	9.57
	9.54
	-4.59
	-20.29
	-1
	-3
	-2
	-1
	-2
	-3

	cool-dry
	0.91
	6.71
	3.20
	11.90
	9.53
	-7.32
	-1
	0
	-2
	-2
	-4
	-5

	cool-wet
	13.62
	11.58
	11.57
	2.57
	9.03
	16.74
	-1
	-1
	-2
	-2
	-4
	-4

	Middle
	-11.45
	-11.67
	-4.65
	3.14
	-12.03
	-19.96
	-2
	-3
	-2
	-1
	-4
	-6


Table 4. Influence of sowing windows as adaptation strategy on pearl millet  productivity under current and future climatic conditions  

	Sowing window
	Current
	RCP 4.5
	RCP 8.5

	
	
	Near
	Mid
	End
	Near
	Mid
	End

	II FN of September
	2246
	2459
	2367
	2203
	2389
	2346
	2259

	I FN of October
	2458
	2802
	2746
	2698
	2745
	2301
	2214

	II FN of October
	2375
	2659
	2628
	2611
	2567
	2496
	2174


Source: 	Comment by Naú Silverio Niño Gtz: Cite Source



Figure 1: Variability in annual maximum temperature, minimum temperature and precipitation 

Source:   	Comment by Naú Silverio Niño Gtz: Cite Source
Figure 2: Variability in seasonal maximum temperature

Source:   	Comment by Naú Silverio Niño Gtz: Cite Source



Figure 3: Variability in seasonal minimum temperature 

Source:   	Comment by Naú Silverio Niño Gtz: Cite Source
Figure 4: Variability in seasonal precipitation 

Source:   	Comment by Naú Silverio Niño Gtz: Cite Source

Precipitation 	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	756.4	664.89999999999986	963.59999999999991	823.25	738.76	678.00000000000011	825.19999999999993	838	1027.04	781.66000000000008	711	826.40000000000009	1085.4000000000001	765.40000000000009	762.4	886.2	956	1113.2	912.2	822.2	712.2	849.00000000000011	723.4	898.93999999999949	1454.1999999999998	658.40000000000009	866.2	909.19999999999993	691.91	1123.0999999999999	T Max 	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	40.78	41.67	42.3	39.620000000000012	42.309999999999995	41.36	42.32	41.760000000000012	42.15	42.7	43.04	43.05	42.08	40.46	40.520000000000003	42.09	41.02	42.98	42.620000000000012	42.64	42.44	41.02	40.83	42.39	40.809999999999995	41.6	41.25	39.92	42.449999999999996	41.4	T Min 	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	15.55	15.05	14.9	14.46	15.129999999999999	16.079999999999988	14.61	15.26	14.5	13.58	14.139999999999999	14.129999999999999	14.61	13.68	14.49	13.55	14.209999999999999	15.08	14.07	14.229999999999999	14.99	14.59	15.15	15.05	14.81	14.09	14.38	13.639999999999999	15.229999999999999	15.47	Years
T Max & T Min (oC)

CWP	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	34.835000000000001	33.43	37.809999999999995	29.57	34.260000000000012	34.449999999999996	35.765000000000164	35.260000000000012	36.240000000000009	36.92	37.314999999999998	35.949999999999996	35.190000000000012	32.075000000000003	36.08	35.825000000000003	34.295000000000186	35.930000000000007	33.160000000000011	34.71	35.454999999999998	35.33	36.06	36.020000000000003	34.984999999999999	32.56	35.075000000000003	34.54	35.585000000000001	35.495000000000012	HWS	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	39.563333333333361	40.20000000000001	42.25	37.456666666666187	41.1	40.863333333333337	40.75	40.660000000000011	41.273333333333333	41.423333333333339	42.336666666666211	41.67	41.106666666666307	39.763333333333463	39.809999999999995	40.926666666666314	40.156666666666226	41.826666666666277	41.263333333333463	41.303333333333335	40.04	40.606666666666293	40.213333333333331	40.343333333333334	40.11	40.583333333333336	40.833333333333336	37.910000000000004	40.886666666666187	40.5	SWM	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	34.057499999999997	35.745000000000012	37.027500000000003	35.93	35.827500000000001	37.737500000000011	37.870000000000005	35	36.387499999999996	37.414999999999999	35.090000000000003	36.01	35.997500000000002	35.760000000000012	37.422500000000063	35.36	36.63000000000001	36.017499999999998	36.39	36.742500000000113	36.217500000000001	38.225000000000186	36.407500000000006	35.220000000000013	36.39	36.652500000000003	37.377499999999998	36.902500000000003	39.645000000000003	38.07	NEM	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	30.176666666666691	32.75	31.99	33.353333333333325	32.453333333333326	33.170000000000009	32.833333333333336	33.190000000000012	32.760000000000012	33.823333333333331	32.080000000000005	30.203333333333138	30.62666666666669	30.736666666666668	33.426666666666314	33.87666666666621	31.466666666666669	30.929999999999989	30.986666666666629	31.713333333333171	31.056666666666668	33.713333333333331	31.303333333333164	29.986666666666629	31.286666666666662	30.833333333333183	33.106666666666307	33.31666666666618	33.840000000000003	31.819999999999997	Years
Maximum Temperature (0C)

CWP	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	15.600000000000001	15.27	16.580000000000002	16.959999999999987	15.585000000000004	16.490000000000002	14.990000000000002	15.33	15.04	14.995000000000006	16.795000000000002	16.045000000000002	14.705	15.115	15.845000000000002	15.515000000000002	14.645	17.14	14.9	15.32	16.195	15.365000000000052	18.454999999999988	15.990000000000002	15.175000000000002	14.209999999999999	15.850000000000026	15.695	15.360000000000024	16.21	HWS	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	21.473333333333123	21.891666666666691	21.576666666666668	21.228333333333104	21.966666666666669	21.848333333333123	21.96166666666667	21.676666666666691	21.984999999999989	23.153333333333194	22.078333333333138	21.291666666666668	20.683333333333149	20.538333333333156	21.444999999999986	21.481666666666666	22.234999999999999	21.746666666666666	20.826666666666668	21.5	21.684999999999999	21.709999999999987	21.529999999999987	21.658333333333175	21.99	22.334999999999997	21.336666666666691	20.871666666666691	22.206666666666663	21.618333333333187	SWM	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	20.91	20.375	21.292499999999876	21.047499999999989	20.835000000000001	21.224999999999987	21.797499999999989	21.137499999999999	20.782499999999835	21.6325	20.835000000000001	21.45	21.424999999999986	21.002499999999891	21.907499999999906	21.55	21.422499999999847	22.369999999999987	21.427499999999899	21.555000000000003	21.697500000000005	22.252499999999891	21.865000000000002	21.087499999999903	22.02	21.217500000000001	22.439999999999987	21.712500000000002	22.357499999999987	22.07	NEM	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	17.633333333333212	18.463333333333093	18.739999999999988	16.84	16.333333333333183	17.883333333333134	18.483333333333082	17.793333333333134	18.123333333333179	18.663333333333149	16.843333333333156	17.683333333333149	18.386666666666667	17.403333333333123	17.900000000000002	15.450000000000006	19.713333333333171	18.25	17.563333333333123	16.023333333333149	17.996666666666666	17.806666666666668	17.406666666666666	17.07333333333316	17.95	18.276666666666667	16.656666666666691	16.586666666666666	18.583333333333115	18.55	Years
Minimum  Temperature(0C)

CW	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	22.130000000000031	0	0	81.2	97.8	9.6000000000000014	0	0	0	140.80000000000001	63.000000000000007	0	0.2	7.4	3.6	18.8	0	1.6	7	70.400000000000006	15.6	89	0	0	0	4	7.6	17.600000000000001	0	0	HW	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	25.4	138.5	147	213.03000000000003	108.8	100.6	132.4	243	229.01999999999998	69	137.80000000000001	128	47.8	141.6	284	184.2	158.79999999999998	82.4	245.4	117.4	93.200000000000017	85.8	85	144.13999999999999	400.59999999999923	233.2	78.400000000000006	272.60000000000002	167.4	232.9	SWM	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	378	255.2	367.4	347.02	321.8	293.20000000000005	207.6	425.6	454.6	263.86	236.2	269.2	362.2	152.6	277.8	182.4	200.79999999999998	293.2	105.8	278.8	297.2	264.40000000000003	333	364	398.2	31.599999999999987	178.40000000000003	227.2	184.29999999999998	302	NEM	1981	1882	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	345.2	271.2	449.19999999999993	182	210.36	274.60000000000002	485.2	169.4	343.41999999999899	308.00000000000006	274	429.2	675.2	463.8	197	500.8	596.40000000000009	736	554	355.6	306.2	409.8	305.39999999999969	390.79999999999899	655.4	389.59999999999923	601.79999999999995	391.8	340.21000000000009	588.19999999999993	Years
Precipitation (mm)

