


IMPACT OF CANAL WATER AND RAINFALL ON YIELD ANDNORMALIZED DIFFERENCE VEGETATION INDEX OF MAJOR CROPS UNDER TELUGU GANGA PROJECT IN CHITTOOR DISTRICT, ANDHRA PRADESH


ABSTRACT
The present study was conducted to make a detailed assessment of the variability and relationships of rainfall (mm) received, canal water (Mcum) supplied and the yield (kg/ha) of major crops viz., paddy, groundnut crops attained under the Telugu Ganga Project (TGP) command area in Chittor district of Andhra Pradesh during 1997 to 2021. The crop productivity would always be influenced by the water resource available to a crop. Accordingly, linear and quadratic regression models of yield were calibrated to predict the yield of crops through canal water supplied in different years. It was determined that the volume of canal water released in various years had a significant impact on the yields of paddy and  groundnut, with in the TGP command area. Given the reliable supply of canal water in this region, it is recommended that farmers optimize their use of this resource by cultivating crops that require less water. By implementing advanced agricultural technologies for the diverse crops grown in the TGP command area, farmers can achieve enhanced yields and increased profitability.
The irrigation intensity in Chittoor district was measured at 71.1%, accompanied by an irrigation efficiency of 37.2%, an adequacy level of 255.7%, a uniformity rate of 78.1%, and a crop water utilization index of 84%. The Normalized Difference Vegetation Index (NDVI) for paddy in Chittoor exhibited values ranging from 0.480 to 0.509 in 1997, which increased to between 0.642 and 0.749 by 2018. For groundnut, NDVI values transitioned from 0.574 to 0.596 in 1997 to a range of 0.686 to 0.867 in 2018. The analysis revealed a significant increase in canal water availability in Chittoor, with a strong R² value of 0.8735 derived from the quadratic model, while the TGP command area demonstrated an R² of 0.6152 regarding variations in canal water discharge over the years. Furthermore, groundwater levels rose from 3.2 meters in 2010 to 5.9 meters in 2019. The peak paddy yield recorded was 5440 kg/ha, achieved with an average canal water supply of 1768.3 Mcum. Based on these findings, it is recommended that farmers optimize the use of canal water for cultivating crops that require less water, thereby maximizing their returns.
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1. INTRODUCTION
Water for irrigation is scarce in the Rayalaseema region. Initiatives are underway to convert rainfed areas into irrigated agricultural zones to ensure sustainable food production. It is essential to continuously evaluate irrigation projects to optimize their potential. Estimating crop areas at the village level necessitates the adoption of advanced technologies. This study aims to showcase a methodology for analyzing the utilization of irrigation potential in both large and small irrigation projects by utilizing publicly available satellite data. The TGP is an inter-state initiative designed to irrigate 5,75,000 acres in the drought-prone areas of Rayalaseema, which includes the districts of Chittoor, Kadapa, Kurnool, and the uplands of Nellore in Andhra Pradesh.

The spatial and temporal data contained within a single date and time series are not the primary focus but serve as supportive elements for classification purposes. Crop discrimination is achieved through either supervised or unsupervised classification methods. The fundamental distinction between these classification types lies in how the spectral characteristics of various groups are determined. Frequently used clustering algorithms encompass maximum likelihood, minimum distance to mean, and parallel piped (Atkinson and Lewis, 2000).Performance evaluation of canal irrigation systems using remote sensing and GIS for Krishna Western Delta (KWD) with performance indicators of crop condition, crop inventory, crop calendar, yield estimation, irrigation intensity, adequacy and equity distribution of water was studied Ramana (2007). In KWD, paddy was grown in 90% area, while annual crops were grown in 5-10% of irrigated area. NDVI indicated that in 2005, 52% crop came under good category compared to 7% in 1998. Irrigation intensity was more than 90% in all canal commands, while irrigation efficiency was 42% due to excess water availability. 
Shams (2014) proposed an automatic paddy mapping which includes several steps like finding flooded pixels and masking unwanted pixels that contain water bodies, clouds, forests, and swamps. Algorithm was based on initial period of flooding and after harvesting. NDVI and Land Surface Water Index (LSWI) were used to achieve final paddy map. 
Actual crop evapotranspiration (ETa) by employing a continuous crop coefficient (Kc) function was assessed Mishra et al. (2000). Daily Kc values were established by applying a continuous function to model ETa, focusing on the daily water balance of the crop root zone and the water consumption by crops, utilizing a simulation model for irrigation scheduling and water management known as WATERMAN. A third-degree polynomial was found to be an excellent fit for the data across various crops. Accurate estimates of crop evapotranspiration (ETc) to optimize irrigation scheduling for horticultural crops and minimize water degradation was studied by Ventura et al. (2001). During early growth, accurate assessment of ETcwas difficult in vegetable crops because of high soil evaporation due to frequent irrigation. A model was developed to estimate ETc for vegetable crops using daily reference evapotranspiration as input parameter. The model was evaluated using data collected from two seasons of lettuce and tomato and one season of broccoli. Using crop data, root-mean square error for measured versus modeled daily ETcvalues was 0.72 mm day-1. Bhandarkar et al. (2004) estimated ETc for wheat, maize and vegetables. ETo estimated using Penman-Montieth equation and CROPWAT for rabi crops (November-March) was 345 and 257 mm for wheat and chickpea and for kharif crops were 426, 440 and 428 mm for soybean, maize and sorghum respectively. Seasonal ETc values for potato, cabbage, tomato and pea were 338, 268, 380 and 305 mm respectively.
Mehanuddin et al. (2018) assessed the water needs of cotton and maize over two growing seasons, as well as sugarcane in the designated area of Shimoga, Karnataka. Utilizing a decade's worth of climatic data, they calculated Crop Evapotranspiration (ETc) and Reference Crop Evapotranspiration (ETo) for each crop using the CROPWAT model. During the rabi season, the effective rainfall for cotton and maize was inadequate to meet their water requirements, necessitating additional irrigation. Conversely, in the kharif season, the effective rainfall was sufficient to satisfy the water needs of the same crops.

2 MATERIALS AND METHODS
	This study discusses the methodology used to gather and analyze data on cropping patterns, NDVI, yields, canal water releases, rainfall, and the adjustments in the crop calendar, all sourced from the Chittoor district under the TGP command.

2.1 Study area of Telugu Ganga Project (TGP) 
The study area of Telugu Ganga Project (TGP) is shown in Fig. 1. The TGP study area lies between Latitudes of 14054' and 16018' North and Longitudes of 760 58' and 790 34' East. The TGP main canals cover part of Chittoor (5 mandals), Nellore (8 mandals), Kurnool (9 mandals) and Kadapa (13 mandals) and total TGP command area covering about 33 mandals Against the contemplated ayacut area of 230000 ha, irrigation potential was created in 1,71,538 ha spread over the 4 districts. In Chittoor district, there is an ayacut area of 12,412 ha, out of which irrigation potential is created in 7519.2 ha. 
.
[image: ]
Figure 1. Study Area of Telugu Ganga Project command
The annual rainfall of TGP command varies from 675 to 933 mm with normal rainfall of 1134 mm. The rice based cropping systems are predominant in the TGP grown during kharif, while groundnut was grown in rice fallows during rabi season with residual moisture. But sugarcane is grown throughout the year, but in less extent. Rice is grown by the traditional method of growing nursery and transplanting in the main field with a continuous flooding of irrigation water. The TGP started to release canal water to 4 districts under its command from 1997 onwards. The main objective of this study is to evaluate the impact of TGP command before commencement and after completion of TGP Project. In the present research paper, evaluating the performance of TGP command in Chittoor district which has 5 mandals viz., Thottambedu, BN Kandriga, KVB Puram, Varadaiahpalem and Satyavedu during 1997 to 2021. An efficient delineation of the command area from the satellite data has been made and analyzed for different parameters.

2.2 Crop inventory
Paddy constitutes the predominant crop, occupying 80% of the total cultivated area, whereas groundnut, sugarcane, cotton, bajra, jowar, sunflower, and chillies are cultivated in the remaining 20%. This analysis specifically concentrated on the primary crops of paddy and groundnut. The aim of the classification is to distinguish between paddy and groundnut by utilizing various multi-date satellite images. Since the objective of the study is to map different stages of paddy with respect to the lag period in different transplantation stages, one classification approach may not give a desired result. 
2.3 Crop condition 
The condition of crops at any stage of their growth cycle is shaped by intricate and significant interactions among crop, soil, water, and atmospheric factors. The Normalized Difference Vegetation Index (NDVI) is calculated using satellite remote sensing data, which captures reflected radiation in the infrared (0.7 µm to 1.1 µm) and red (0.6 µm to 0.7 µm) wavelengths. This index reflects the combined effects of various factors affecting crop health. NDVI values serve as a tool for evaluating the overall condition of crops throughout the entire command area and are instrumental in effectively analyzing the performance of irrigation command areas at a more detailed level.

2.4 Normalized Difference Vegetation Index (NDVI)
NDVI is a prominent index utilized for monitoring vegetation. In satellite imagery, spectral reflectance, represented by digital numbers, indicates the ratio of energy reflected by an object to the energy that strikes it. The spectral reflectance of crops varies significantly between the near-infrared range (λ = 700-1300 nm) and the visible red range (λ = 550-700 nm) of the electromagnetic spectrum (Kumar et al. 2004). Due to chlorophyll absorption, plants exhibit low reflectance in the blue and red wavelengths, while showing slightly higher reflectance in the green spectrum, which is why they appear green to the human eye. The plant surface reflects a substantial amount of near-infrared radiant energy, and this reflectance is influenced by the characteristics of leaf tissues. The contrast between vegetation and soil is most pronounced in the red and near-infrared regions. Data on spectral reflectance are employed to calculate various vegetative indices that correlate with agronomic and biophysical parameters associated with photosynthetic activity and plant productivity (Ahmad et al. 2016). NDVI effectively predicts photosynthetic activity as it incorporates both near-infrared and red light.

The live green plants absorb solar radiation in the photo synthetically active radiation (PAR) spectral region, which are used as a source of energy in the process of photosynthesis. The leaf cells are evolved to scatter (reflect and transmit) solar radiation in the near infra-red spectral regions which carry approximately half of total incoming solar energy, because the energy level per photon in that domain (wavelength longer than 700 nm) would not be sufficient and useful to synthesize the organic molecules into a strong absorption and result in overheating the plant and damaging the tissues. The live green plants appear relatively dark in PAR and bright in near infrared. By contrast, clouds and snow would tend to be red (as well as other visible wavelength), and also dark in the near infrared.
NDVI is derived as follows:

Where ρNIR = reflectance of band at NIR (0.870 μm) and ρRED = reflectance of band at RED (0.66 μm). 
The spectral reflectants are ratios of the reflected over the incoming radiation in each spectral band individually. They are taken as values between 0 and 1. The NDVI varies from -1 to +1. The NDVI for crops generally start from 0.3 onwards during the peak season, while for paddy, sugarcane and annual crops it ranges from 0.35 to 0.70. Since the crop condition at heading stage of paddy would yield maximum NDVI during its growth cycle, it is imperative that the satellite data acquisition during this crop stage would be required. The use of single satellite data would not capture the critical crop growth in the entire spread of command area. Hence, a time composited NDVI (maximum NDVI observed in kharif) are generated from multi-satellite data around the critical crop calendar period. NDVI would often change during crop growth cycle since they are directly related to plant height and biomass. Maximum NDVI was observed in kharif and rabi using September and November month satellite data. Significance of NDVI maps is to identify the areas to capture the crop vigor. The crop condition is determined based on the maximum NDVI obtained from the above procedure. NDVI values are categorized as very good (>0.5), good (0.4–0.5) and average (<0.4) for assessing the crop condition (Chwenming and Muhrong,1998).

2.5Generation of crop map from satellite image 
The NDVI and crop mask image obtained from unsupervised classification were used to derive the final crop map/mask. For instance, by December, paddy would have reached a growth stage of 90 days, resulting in an NDVI of 0.35 for the aforementioned crops. Dense vegetation canopies typically exhibit positive NDVI values ranging from 0.3 to 0.8, whereas clouds and snow-covered regions are associated with negative values. Soil reflects near-infrared light at levels slightly higher than red, leading to small positive NDVI values between 0.1 and 0.2. Extremely low NDVI values, specifically 0.1 or lower, indicate barren landscapes composed of rock, sand, or snow. NDVI values can be utilized to categorize different land classes and isolate vegetation areas. To facilitate classification, the interpretation of NDVI values can be enhanced through visual analysis, understanding of crop seasons, knowledge of crop calendars, and expertise in satellite image interpretation.

2.6 Estimation of crop water requirement 
	Estimation of crop water requirement of different crops under TGP command area was computed by using CROPWAT software. CROPWAT uses modified Penman-Monteith method for calculating reference crop evapotranspiration. The initial data needed for the model to get the crop water requirement are (i) Climate data; (ii) Rainfall data; (iii) Crop data; (iv) Soil data and (v) Cropping pattern. 

2.7 Estimation of irrigation water requirement
In the TGP region, paddy constituted 80% of the cultivated crops during the kharif season. This research focuses exclusively on paddy and groundnut, leading to the estimation of water supply and demand for these crops. The CROPWAT software was used for estimating the irrigation water requirement using meteorological data collected from the Automatic Weather Station.

2.8 Crop water requirement 
CROPWAT 8.0 is a simulation model designed to calculate the actual water needs of crops. This software serves as an effective tool for determining both crop water requirements and irrigation needs, taking into account various factors such as soil characteristics, climatic conditions, and crop types. Furthermore, CROPWAT facilitates the creation of irrigation schedules tailored to different management scenarios and enables the assessment of water supply schemes for diverse cropping patterns. It is also valuable for evaluating farmers' irrigation practices and estimating crop performance.The CROPWAT would include standard data of soil and crop parameters. The development of different irrigation schedules using CROPWAT software is done based on a daily soil-water balance using various user-defined options for varying water supply and irrigation management conditions. The scheme water supply was calculated according to the cropping pattern defined by the user, which includes up to 20 crops. The data required for deriving crop water demand are (i) ETc of a particular crop and (ii) area of that crop. 
Crop water requirement (m3) = ETc(m) × Area (m2) 

The crop water requirement (CWR) is calculated separately for kharif and rabi seasons for assessing the demand of each season. Based on CWR measurements, gross irrigation water requirement is calculated. The area under a crop for each season in the command area was collected for estimating the demand. Similarly, crop water and gross irrigation water requirement were derived for paddy and groundnut in the command area.
2.9Net irrigation requirement of crops
The net irrigation requirement (NIR) for a crop refers to the volume of water, beyond what is provided by rainfall, necessary to satisfy the crop's evapotranspiration (ETC) needs without causing a notable decline in yield. To prevent water stress in crops, it is essential that both rainfall and irrigation collectively fulfill the actual evapotranspiration requirements of the crop. Various techniques exist for calculating the Reference Crop Evapotranspiration (ETo).The crop evapotranspiration can be calculated as 
ETc= Kc*ETo
where
ETc = Crop Evapotranspiration (mm/day); Kc = Crop coefficient; ETo = Reference Evapotranspiration (mm/day); NIR = ETc – ER 
where
NIR = Net irrigation requirement in a given month (mm/month); ER = Effective rainfall in a given month (mm/month)
The NIR for paddy and groundnut grown in the study area in 1997 and 2018 were obtained by running the CROPWAT model for multiple years successively.
.
3.RESULTS AND DISCUSSION
	A detailed assessment of the irrigation performance of Telugu Ganga Project (TGP) has been carried out using the multi-temporal satellite data collected for kharifand rabi 1997and 2018. There was a total ayacut area of 2.3lakh ha in the project, while the irrigation potential created was 1.72 lakh ha. Accordingly, a potential irrigation area of 58,462 hectares remains to be established, whereas the current stabilization of the ayacut area stands at 41,688 hectares. In the Chittoor district, the project encompasses a total ayacut area of 12,412 hectares, with an irrigation potential of 7,519 hectares already developed. This leaves a remaining potential irrigation area of 4,893 hectares to be created, while the actual stabilization of the ayacut area has reached 8,234 hectares.

3.1Remotesensing-based cropping pattern under Telugu Ganga Project 
The details of cropping pattern in TGP area during kharif and rabi1997-98 and 2018-19 were derived from the multi-temporal satellite data. Initial observations collected from the Department of Statistics and Economics and historic information of different cropping patterns indicated that paddy has been grown in 80% of total crop area, while the remaining area is used for growing groundnut and other crops. The satellite data-basedcrop estimates of paddy and groundnut under TGP command area have been assessed in this study. The cropping patterns include the crop inventory, changes in the crop calendar and crop condition. The study is focused on paddya nd groundnut by considering the details of related parameters. The satellite-based derivations of the estimates of crops for kharif and rabi1997 and 2018 under the TGP command area are given in Table 1. The details of cropping pattern of kharif, rabi and total (kharif + rabi) were derived.

3.2 Analysis of cropping pattern using Remote Sensingdata 
The remote sensing-based area of paddy and groundnut observed in the TGP command during kharif and rabi 1997 and 2018, along with the change (%) in area of crops over years are given in Table 1. In kharif 1997, paddy was grown in an area of 53674ha and groundnut was grown in an area of 16055 ha, while in rabi 1997 paddy was grown in an area of 25014ha and groundnut was grown in an area of 19126 ha. Thus, the total area of paddy and groundnut in both seasons during 1997 was 78688 ha and 35181 ha respectively. In kharif 2018, paddy was grown in an area of 85138 ha, while area of groundnut was 4368 ha. Inrabi 2018, paddy was grown in an area of 95213 ha, while groundnut was grown in an area of 11784 ha. Thus total area of 180351 ha for paddy and 16152 ha for groundnut existed during 2018.

The change in area of crops indicated that paddy increased by 58.6% in kharif, while it increased by 280.6% in rabi season. The groundnut area decreased over years by -72.8% in kharif and -38.4% in rabi season. The change in total area of crops during kharif and rabi were 129.2% for paddy and -54.1% for groundnut. When the total area of kharif and rabi seasons was considered, the change in area was 28.4% during kharifand142.4% during rabi season. Thus, there was a change of 72.6% based on the total area of paddy and groundnut during kharif and rabi seasons.
[bookmark: _Hlk64280539]Table 1. Remote sensing-based crop area of kharif and rabi seasons in TGP during 1997 and 2018
	[bookmark: _Hlk64280554]Area(ha) during 1997
	Area (ha)during 2018
	Change in area (%)

	Crop
	kharif 
	 rabi
	Total 
	kharif
	 Rabi
	 Total 
	 kharif
	 rabi
	Total

	Paddy
	53674
	25014
	78688
	85138
	95213
	180351
	58.6
	280.6
	129.2

	Groundnut
	16055
	19126
	35181
	4368
	11784
	16152
	-72.8
	-38.4
	-54.1

	Total
	69729
	44140
	113869
	89506
	106997
	196503
	28.4
	142.4
	72.6



3.3 Assessment of crop condition based on NDVI
The satellite derived time composite NDVI values observed during 1997 and 2018 for kharif and rabi seasons were used for assessing the crop condition. A comparative analysis of crop changes in the kharif seasons of 1997 and 2018, as well as the rabi seasons of the same years, was conducted utilizing NDVI data collected across the entire TGP command area. This assessment of crop health allows for the identification of factors contributing to suboptimal conditions, thereby facilitating the implementation of appropriate interventions. Crop conditions were specifically monitored during the rabi seasons of 1997 and 2018.Detailed qualitative analysis was made to compare the performance of paddy and groundnut over years. The spatial variation of crop condition in terms of the qualitative condition of very good, good and average was carried out with good accuracy.
Maximum area of 42.5%was under ‘Good’ category, followed by 30.7% under ‘Average’ category and 26.7% under ‘Very good’ category in kharif 1997. Compared to this, 41%of area was under ‘Very good’, 36%of area was under ‘Good’ category and 23% area was under ‘Average’ category in kharif 2018. Similarly, 44.5%of area was under ‘Good’ category, followed by 36.3% under ‘Average’ category and 19.3% under ‘Very good’ category in rabi 1997.Compared to this, 60% of area was under ‘Very good’ category, followed by 26.5% under ‘Good’ category and 13.5% of area under ‘Average’ category during rabi 2018. This was due to change in the crop calendar, management practices and adoption of short duration varieties by the farmers. The crop condition based on NDVI viz., average, good, very good categories, area (ha and %) of kharif and rabi1997 and 2018 are given in Table 2.

Table2. Crop condition based on NDVI in Chittoor district and TGP command area 
	Crop condition
	Kharif 1997
	Rabi 1997
	Kharif 2018
	Rabi 2018

	
	Area (ha)
	%
	Area (ha)
	%
	Area (ha)
	%
	Area (ha)
	%

	Chittoor

	a) Average
	6018
	48.0
	1327
	10.0
	7241
	36.0
	2097
	12.0

	b) Good
	7543
	39.0
	7045
	54.0
	8835
	43.0
	2815
	16.0

	c) Very good
	2093
	13.0
	4736
	36.0
	4371
	21.0
	12542
	72.0

	Total TGP

	a) Average
	42680
	30.7
	54095
	36.3
	42714
	23.0
	43666
	13.5

	b) Good
	100287
	42.5
	80951
	44.5
	84665
	36.0
	80010
	26.5

	c) Very good
	84941
	26.7
	23250
	19.3
	139888
	41.0
	159742
	60.0



Table 3.NDVI of paddy and groundnut in different mandals of Chittoor during 1997 and 2018
	Mandals
	Paddy
	Groundnut

	
	1997
	2018
	1997
	2018

	Thottambedu
	0.493
	0.642
	0.595
	0.686

	BN Kandriga
	0.485
	0.749
	0.596
	0.867

	KVB Puram
	0.480
	0.698
	0.574
	0.842

	Varadaiahpalem
	0.494
	0.722
	0.584
	0.856

	Satyavedu
	0.509
	0.678
	0.580
	0.856

	Minimum
	0.480
	0.642
	0.574
	0.686

	Maximum
	0.509
	0.749
	0.596
	0.867

	Mean
	0.492
	0.698
	0.586
	0.821

	SD
	0.011
	0.041
	0.010
	0.076

	CV (%)
	2.2
	5.9
	1.6
	9.3

	




	
	
	
	



	

	


Fig 2. Performance of paddy and groundnut for NDVI in different mandals of Chittoor 

3.4 Rainfall received in Chittoor and entire TGP command 
The availability of surface and groundwater is crucial for assessing the feasibility of irrigating paddy and groundnut in the study area. Prior to estimating surface water quantities, a 22-year analysis of rainfall data from 1997 to 2018 was conducted. This rainfall information was utilized to determine the actual crop water demand (CWD) and to forecast yield. The estimated canal water flows available for crop irrigation, after considering seepage losses, were calculated. The rainfall data sourced from the Automatic Weather Station (AWS) and the Directorate of Statistics and Economics is presented in Table 4.From 1997 to 2018, Chittoor district experienced annual rainfall varying between 615 mm in 2016 and 1999 mm in 2005, resulting in an average of 1105 mm and a coefficient of variation (CV) of 27.5. In contrast, the rainfall across the entire TGP command ranged from 582 mm in 2016 to 1387 mm in 2010, with an average of 913 mm and a CV of 20.1% over the same period. Figure 2 illustrates the fluctuations in rainfall for both Chittoor and the TGP command from 1997 to 2018.

Table 4. Annual rainfall (mm) of Chittoor and entire TGPcommandduring 1997 to 2018
	Year
	Chittoor district
	Mean of TGP command

	1997
	810
	845

	1998
	825
	840

	1999
	832
	822

	2000
	938
	906

	2001
	1392
	1054

	2002
	1097
	878

	2003
	812
	740

	2004
	1015
	843

	2005
	1999
	1293

	2006
	1077
	900

	2007
	1297
	1063

	2008
	1325
	1024

	2009
	904
	852

	2010
	1305
	1387

	2011
	1349
	1004

	2012
	1140
	843

	2013
	959
	900

	2014
	973
	692

	2015
	1533
	1054

	2016
	615
	582

	2017
	1058
	791

	2018
	1056
	770

	Minimum
	615
	582

	Maximum
	1999
	1387

	Mean
	1105
	913

	SD
	304
	184

	CV (%)
	27.5
	20.1





Fig 3. Changes in rainfall of Chittoor and TGP command during 1997 to 2018

3.5Crop water demand in the TGP command
The crop-wise area (ha), crop water requirement (CWR, mm), crop water demand (CWD, Mcum) in kharif and rabi seasons and total area are given in Table 5. Thazinet al. (2019) estimated the crop water and irrigation water requirement using CROPWAT model in Taungdwingyi town ship at Mag way Division. 
The area of paddy was 53674 ha, 25014 ha and 78688 ha in kharif, rabi and total of two seasons respectively. The CWR of paddy was 516 mm, 544 mm and 1119 mm, while the CWD of paddy was 277Mcum, 136 Mcum and 445 Mcum in kharif, rabi and total of two seasons respectively. Naik (2016) assessed the CWR for crops using CROPWAT model in Araniar reservoir basin command for the cropping pattern of 2013-14. The CWR of kharif was 23.49 MCM to irrigate 2226.7 ha, while it was 8.07 MCM for rabi season to irrigate 1416 ha using 2013 and 2014 cropping systems.





[bookmark: _Hlk65094961][bookmark: _Hlk64283858][bookmark: _Hlk64283544]Table 5.Crop water demand for paddy and groundnut in TGP command area
	Year
	Crop
	Kharif
	Rabi
	Total

	
	
	Area (ha)
	CWR (mm)
	CWD (Mcum)
	Area (ha)
	CWR (mm)
	CWD (Mcum)
	Area (ha)
	CWD
(Mcum)
	Total canal water releases(Mcum)

	1997
	Paddy
	53674
	516
	277
	25014
	544
	136
	78688
	413
	101

	
	Groundnut
	16055
	341
	55
	19126
	344
	66
	35181
	121
	

	2018
	Paddy
	85138
	533
	454
	95213
	554
	527
	180351
	981
	959

	
	Groundnut
	4368
	329
	14
	11784
	349
	41
	16152
	55
	


[bookmark: _Hlk65095759]
Many studies were carried out to determine crop evapotranspiration using CROPWAT model (Pushpalathaet al. 2020), Salam et al. (2019), Zhou and Zhao (2019), Abdelhadi et al. (2000), Zhiming et al. (2007), Prithaet al. (2014).Our results are in agreement with the resultsof Ganesh et al. (2014) who assessed the crop water requirement in Anantapur in Andhra Pradesh. According to Table 6, in 1997, the total water demand for major crops amounted to 534 million cubic meters (Mcum), whereas the canal water releases were only 101 Mcum, resulting in a deficit of 433 Mcum.In 2018, the overall water demand for crops reached 1,036 million cubic meters (Mcum), whereas the water released from canals amounted to 959 Mcum, resulting in a deficit of 77 Mcum. Despite an increase in canal water supply, the growing area under cultivation contributed to a continued water shortfall. Additionally, losses due to conveyance, seepage, and infiltration were estimated to be between 30% and 35%, with only approximately 65% to 70% of the canal water actually reaching the fields.

3.6Canal water released in the Chittor district and TGP Command during 1996 to 2019
		The volume of canal water discharged in the TGP command from 1996 to 2019 varied between 58.49 Mcum in 2003 and 2201.35 Mcum in 2008, with an average of 1020.17 Mcum and a coefficient of variation (CV) of 72.4%. Cumulatively, the total canal water released in the TGP command during this period amounted to 24484.17 Mcum. 
	In the Chittoor district, the canal water discharge from 1996 to 2019 fluctuated from 1.58 TMC (equivalent to 57.32 Mcum) in 2003 to 152.0 TMC (2161.52 Mcum) in 2008, yielding an average of 48.75 TMC and a CV of 62.6%. Detailed data on canal water releases from 1997 to 2018 can be found in Table 6. The fluctuations in canal water discharge throughout these years, examined using both linear and quadratic regression models, are depicted in Fig 4. The linear regression analysis revealed a notable increasing trend in canal water release within the Chittoor district, achieving a predictability coefficient of 0.6901. Conversely, the quadratic regression model exhibited a superior predictability of 0.8735 during the same timeframe. For the overall TGP command area, the linear regression model produced a predictability coefficient of 0.4681, whereas the quadratic model indicated a predictability of 0.6152 for canal water discharge across different locations over the years.

Table 6. Canal water (Mcum) released in Chittoor and entire TGPcommand
	Year
	Chittoor
	Total TGP

	1996
	0.00
	78.75

	1997
	0.00
	100.87

	1998
	3.39
	125.07

	1999
	2.22
	81.97

	2000
	10.24
	378.07

	2001
	2.40
	88.75

	2002
	3.51
	129.50

	2003
	1.58
	58.49

	2004
	3.40
	1020.93

	2005
	2.87
	1134.64

	2006
	9.15
	1931.60

	2007
	5.02
	1398.46

	2008
	14.61
	2201.35

	2009
	15.30
	1351.69

	2010
	10.35
	1805.69

	2011
	17.44
	1931.85

	2012
	10.45
	1147.49

	2013
	115.00
	1780.00

	2014
	115.00
	1591.00

	2015
	143.00
	573.00

	2016
	143.00
	1375.00

	2017
	152.00
	1272.00

	2018
	147.00
	959.00

	2019
	145.50
	1969.00

	Total
	1072.44
	24484.17

	Minimum
	1.58
	58.49

	Maximum
	152.00
	2201.35

	Mean
	48.75
	1020.17

	SD
	62.56
	739.08

	CV(%)
	128.34
	72.45




Fig 4. Changes in the release of canal water in Chittoor and entire TGP during 1996 to 2018

3.8 Crop water demand andcanal water for paddy and groundnut
[bookmark: _Hlk64284562]The details of CWD and CWR for paddyand groundnut during 1997 and 2018 are given in Table 7. In 1997, the CWD was 754 Mcum for paddy and 176 Mcum for groundnut. Compared to this, the CWD was 1435 Mcum for paddyand 69 Mcum for groundnut in 2018. Annual rainfall of 770 mm was received in 2018 compared to marginally higher 845 mm in 1997. The canal water releasedduring 2018 was 959 Mcum compared to 101 Mcum in 1997. Thus, there was a deficit/surplus of 545Mcum in 2018 compared to 829Mcum in 1997. Our results are in agreement with those of Mahtsente and Birhanu (2015) who assessed water demand for users of Holetta river and irrigation requirement of crops in catchment using CROPWAT model.

[bookmark: _Hlk65095653]Table 7.CWD andcanal water release for paddy and groundnut during1997and 2018
	[bookmark: _Hlk65095633]Year
	Crop
	CWD(Mcum)
	Canal Water Released(Mcum)
	Remarks

	1997
	Paddy
	754
	
	

	
	Groundnut
	176
	
	 

	
	Total
	930
	101
	 Deficit of 829Mcum

	2018
	Paddy
	1435
	
	 

	 
	Groundnut
	69
	
	 

	 
	Total
	1504
	959
	 Deficit of 545 Mcum



3.9Efficiency of water delivery system based on performance indicators 
Under TGP command, analysis was carried out for paddy which has maximum area of 80% among different crops. For canal irrigation system, it is necessary to consider the heterogeneity in (i) soils (ii) climate (iii) complexity of the water distribution network, and (iv) limited water supply while preparing allocation plans for efficient distribution of the available land and water resources to crops up to either territory or farm level and the corresponding waterdelivery schedule. It is important to allocate water efficiently and equitably. In the past, several methodologies were developed for preparing allocation plans during the planning process. Many studies focused on the optimization of productivity, while developing suitable plans. Though some studies addressed the issue of equity, its consideration was limited to allocating the water to the previously cultivated area or equitable water allocation was made in the process of allocation. However, local situations may demand maximizing the equity, while optimizing the productivity of crops.
The equity has multi-dimensional aspects and would often conflict with the performance measures. The inclusion and analysis of equity in the allocation process would emphasize on all dimensions of equity.Wolterset al. (1992) highlighted that the irrigation performance indicators covered national aspects that are significantly related to the (i) intensity,(ii) adequacy (iii) equity and (iv) reliability of water services. Considering the adoption of practices made by irrigation managers in their work, some popularly used performance indicators were selected and analyzed for Chittoor district of Telugu Ganga Project. The crop yield forecasts would influence farm management decisions like fertilizer application and water delivery, as well as provide means for farm income assessment. The individual farmers and district level land managers have shown great interest in producing rapid and accurate estimates of a crop, both locally and regionally. Bastiaanssen et al.(1999) discussed about spatial variationsof productivity in terms of land (kg/ha) and water (kg/m3) and discussed their differences. The differences in agricultural performance were better described by the hydrological setting viz., (i) regional groundwater flow, (ii) groundwater irrigation(iii) soil salinity rather than the water delivery.
The four basic comparative performance indicators would relate the output to the unit land and water. These indicators would provide basic details for making a comparison of the irrigated agriculture performance. Where water is a constraining resource, the output per unit water is more important, since if land is a constraint relativeto water, output per unit land would become important. In order to distinguish this from the important aspect of water according to the indicator output per unit of the total consumption, where total consumption would include the water depleted from the hydrological cycle through the process of consumption (ET), other evaporative losses from (i) fallow land, (ii) free water surfaces,(iii) weeds,(iv) trees,output per unit of irrigation water supplied and water consumed could be derived from the general water accounting frame work(Moldenet al. 1998).  

Ramana (2007) studied about performance evaluation of canal irrigation systems using Remote Sensing and GIS for Krishna Western Delta (KWD) with performance indicators of crop condition, crop inventory, crop calendar, yield estimation, irrigation intensity, adequacy and equity distribution of water. In KWD, paddy was grown in 90% area, while annual crops were grown in 5-10% of total irrigated area. NDVI indicated that in 2005, 52% crop came under good category compared to 7% in 1998. Irrigation intensity was more than 90% in all canal commands, while irrigation efficiency was 42% due to excess water availability.

3.10 Chittoor district canal command

The year-wise values of equity (%), uniformity (%), irrigation intensity (%), over-all consumed ratio/efficiency (%), adequacy (%), yield (kg/ha), yield (kg/m3), yield (kg/m3) of ETo and crop yield ratio indicators observed during 2013 to 2018 in Chittoor district are given in Table 8.The equity ranged from 87-88% with mean of 87.3% (CV of 0.6%), while the uniformity ranged from 76.5-79.0% with mean of 78.1% (CV of 1.1%). The irrigation intensity ranged from 60.6-78.4% with mean of 71.1% (CV of 11.5%), while over-all consumed ratio/efficiency (%) ranged from 23-69% with mean of 37.2% (CV of 47.7%), and adequacy ranged from 181-431% with mean of 255.7% (CV of 34.5%). The yield ranged from 3233-5697 kg/ha with mean of 5214 kg/ha (CV of 18.7%), compared to 0.28-0.49 kg/m3 with mean of 0.38 kg/m3 (CV of 17.6%) and 0.54-1.82 kg/m3 of ETo with mean of 1.19 kg/m3 (CV of 41.6%), while crop yield ratio ranged from 0.52-0.92 with mean of 0.84(CV of 18.8%) over years. 

In the assessment of irrigation performance in Chittoor district, canal water demonstrated superior characteristics regarding irrigation intensity, uniformity, and equity indicators. However, the overall efficiency of the irrigation command was notably low, recorded at 37.17%. This indicates that a significant 62.83% of the irrigation water was lost to the sea, attributed to various factors including (i) seepage losses, (ii) evaporation losses, and (iii) open drainage. Such losses not only transported applied fertilizers away but also contributed to soil erosion during the rainy season, which was a critical factor leading to waterlogging in the delta region. Furthermore, an adequacy level of 218% suggested an excess water availability in the district, amounting to 118% more than necessary. This surplus of 160.28 million cubic meters could be more effectively utilized in the upper reaches, potentially allowing for the expansion of cultivated areas. In terms of productivity, the Chittoor district command achieved a yield of 5,220 kg per hectare, translating to a productivity rate of approximately 0.38 kg per cubic meter of water delivered and 1.18 kg per cubic meter of water consumed.

The crop yield ratio was determined to be 0.84, indicating substantial opportunities for researchers to explore and enhance yields through improved crop management techniques. There were notable excess inflows recorded. To address any deficiencies in canal water supply, it is essential to focus on enhancing managerial practices, in addition to significantly boosting irrigation efficiency. Researchers have considerable potential to elevate yields by implementing better agronomic methods. Effective improvements in management practices are necessary to tackle any canal water shortages, alongside a marked increase in irrigation efficiency. Achieving higher efficiency can be realized through the strategic scientific management of irrigation water inflows as needed.
3.11 Performance indicators related to productivity in Chittoor district
Chittoor district encompasses a paddy cultivation area of 21,730 hectares, with yields varying between 3,233 and 5,697 kg per hectare, averaging 5,214 kg per hectare (coefficient of variation of 18.7%). The irrigation water supplied fluctuated from 115.4 to 152.3 cubic meters, with a mean of 136.2 cubic meters (coefficient of variation of 12.1%). In terms of water consumption, the evapotranspiration (ETp) ranged from 31.3 to 105.0 cubic meters, averaging 52.4 cubic meters (coefficient of variation of 56.5%) across the years. A maximum paddy yield of 6,210 kg per hectare was recorded at the research station. The yield per unit of water supplied varied from 28.0 to 49.4 kg per cubic meter, with a mean of 38.3 kg per cubic meter (coefficient of variation of 17.7%). Additionally, the yield per unit of water consumed ranged from 54.1 to 182.1 kg per cubic meter, averaging 118.7 kg per cubic meter (coefficient of variation of 41.4%). The crop yield ratio varied from 0.52 to 0.92, with a mean of 0.84 (coefficient of variation of 18.8%) over the years. The irrigation water supply exhibited a change rate of 7.718 cubic meters per year, while the water consumption changed at a rate of 12.01 cubic meters per year. The yield per unit of water showed a change rate of 0.362 kg per cubic meter, whereas the yield per unit of water consumed decreased at a rate of -15.18 kg per cubic meter. The crop yield ratio experienced a change rate of 0.053 per year. Detailed performance indicators related to productivity are presented in Table 8. 
Table 8.  Performance indicators of Chittoor district in different years
	Year
	Equity (%)
	Uniformity (%)
	Irrigation intensity (%)
	Irrigation water supplied (m3)
	Water consumed ETp (m3)
	Overall consumed ratio/efficiency (%)
	Adequacy (%)
	Yield (kg/ha)
	Yield (kg/m3)
	Yield (kg/m3) of ETo)
	Crop yield ratio

	2013
	87
	78.1
	60.6
	115.4
	31.5
	27
	226
	3233
	0.28
	1.02
	0.52

	2014
	87
	78.2
	60.6
	115.4
	31.3
	27
	229
	5693
	0.49
	1.82
	0.92

	2015
	87
	78.1
	75.4
	143.4
	33.6
	23
	431
	5467
	0.38
	1.63
	0.88

	2016
	87
	76.5
	75.4
	143.4
	43.6
	30
	181
	5697
	0.39
	1.31
	0.92

	2017
	88
	78.7
	78.4
	152.3
	105.0
	69
	236
	5675
	0.37
	0.54
	0.91

	2018
	88
	79.0
	76.3
	147.2
	69.4
	47
	231
	5521
	0.37
	0.79
	0.89

	Min
	87
	76.5
	60.6
	115.4
	31.3
	23
	181
	3233
	0.28
	0.54
	0.52

	Max
	88
	79.0
	78.4
	152.3
	105.0
	69
	431
	5697
	0.49
	1.82
	0.92

	Mean
	87.3
	78.1
	71.1
	136.2
	52.4
	37.2
	255.7
	5214
	0.38
	1.19
	0.84

	SD
	0.5
	0.9
	8.2
	16.4
	29.6
	17.7
	88.2
	975
	0.07
	0.49
	0.16

	CV (%)
	0.6
	1.1
	11.5
	12.1
	56.5
	47.7
	34.5
	18.7
	17.6
	41.6
	18.8


SD: Standard deviation	CV: Coefficient of variation

3.12Analysis of yield of crops in Chittoor and TGP command 
Paddy and groundnut were grown in Chittoor and entire TGP command during 1997 and 2018. Paddy yields in 1997 varied between 2450 and 3100 kg/ha, resulting in an overall total gross production (TGP) yield of 2798 kg/ha. In contrast, groundnut yields for the same year ranged from 785 to 2351 kg/ha, with an overall TGP yield of 1230 kg/ha. By 2018, paddy yields had increased significantly, ranging from 3282 to 4562 kg/ha, leading to an overall TGP yield of 3953 kg/ha. Groundnut yields also improved during this period, ranging from 989 to 2928 kg/ha, with an overall TGP yield of 1530 kg/ha. The data indicates a marked increase in yields for both crops in 2018 compared to 1997.The changes in yield over years during 2013-14 to 2018-19observed based on a regression model are depicted in Fig 5. There was a rate of change of 331.8 kg/year in Chittoor during the study period. The coefficient of determination (R2) was found to be 0.405 for predicting the changes in yield attained in Chittoor.

	


Fig 5. Changes in yield attained in Chittoor during 2013 to 2019

Summary and conclusion
A study was conducted in the Chittoor district, within the command area of the Telugu Ganga Project (TGP) in Andhra Pradesh, evaluated the impact of rainfall and canal water on paddy and groundnut cultivation from 1997 to 2018. This comprehensive assessment utilized various indicators to analyze changes in crop conditions, inventory, calendar, irrigation potential and scheduling, as well as yield over the years. The implementation of canal irrigation resulted in a significant expansion of paddy cultivation, with an increase of 129.2% observed within the TGP command area.The irrigation intensity in Chittoor district was recorded at 71.1%, with an irrigation efficiency of 37.2%, an adequacy of 255.7%, a uniformity of 78.1%, and a crop water utilization index of 84%. The Normalized Difference Vegetation Index (NDVI) for paddy in Chittoor ranged from 0.480 to 0.509 in 1997, increasing to between 0.642 and 0.749 by 2018. 
For groundnut, the NDVI values shifted from 0.574 to 0.596 in 1997 to a range of 0.686 to 0.867 in 2018. Annual rainfall in Chittoor varied from 615 mm in 2016 to 1999 mm in 2005, while the TGP command area experienced rainfall between 582 mm in 2016 and 1387 mm in 2010. The predictability of rainfall was significant, with an R² value of 0.2466 derived from a quadratic regression model. Canal water discharge in the TGP command area fluctuated from 58.49 Mcum in 2003 to 2201.35 Mcum in 2008, whereas in Chittoor, it ranged from 57.32 Mcum in 2003 to 2161.52 Mcum in 2008. The analysis indicated a notable increase in canal water in Chittoor, with a significant R² of 0.8735 based on the quadratic model, while the TGP command area showed an R² of 0.6152 for changes in canal water discharge over the years. 
Additionally, groundwater levels rose from 3.2 m in 2010 to 5.9 m in 2019. The highest paddy yield recorded was 5440 kg/ha, achieved with an average canal water supply of 1768.3Mcum.Based on the study, we recommend that farmers could efficiently utilize canal water to cultivate less water requiring crops and attain maximum returns.
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