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15 Abstract
16 Water footprint assessment enables us to pinpoint the impacts and limitations of the current 
17 systems. Identifying vulnerabilities across various regions and times helps us prepare for suitable 
18 actions for improving water productivity and promoting sustainable water use. This study aims to 
19 provide a comprehensive evaluation of the sector-wise water footprint in the Banas river basin 
20 from 2008-2020. The water footprint of the Banas river basin was estimated as 20.2 BCM/yr 
21 from all sectors. Water footprint has increased over the year with the increase in population, the 
22 number of industries, and crop production demand. The average annual water footprint of crop 
23 production varied from 11.4 - 23.1 BCM/yr (Mean 19.3 BCM/yr) during the study period. 
24 Results indicate that the water footprint has nearly doubled in the past decade. Wheat, Bajra, 
25 Maize, and Rapeseed & Mustard make up 67.4 % of crop production's total average annual water 
26 footprint. Suitable measures should be implemented in the basin to improve water productivity 
27 and promote sustainable water use in agriculture, which accounts for nearly 95.5 % of the total 
28 WF of the Banas basin. The outcomes of the study provide a reference point for further research 
29 and planning of appropriate actions to combat water scarcity challenges in the Banas basin.
30
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68 2016). Water scarcity assessment faces the challenges of incorporating green water, water 

69 quality, environmental flow requirements, globalization, and virtual water trade-related issues 

70 (Liu et al., 2017). Different crop models like Aqua crop, DSSAT, APSIM, and WOFOST (yield 

71 gap) have been used earlier to study the effect of soil moisture stress, deficit irrigation, nutrient 

72 stress, sowing date, and impact of climate change on crop growth and productivity (Tenreiro et 

73 al., 2020). Various factors affecting water use efficiency include poor agricultural practices, 

74 inefficient irrigation systems technology, and water pricing. Mitigating water scarcity has 

75 become a significant concern globally, and numerous studies have been conducted on this 

76 (Wada, Wisser & Bierkens, 2014; Kummu et al., 2016; Zhuo et al., 2016). WFs had been 

77 quantified at high spatial and temporal resolution (Mekonnen & Hoekstra, 2011a, 2014; Hoekstra 

78 & Mekonnen, 2012). Inter- and intra-annual variability of water availability and trends in WFs 

79 have been studied (Zhuo et al., 2016; Liu et al., 2017). 

80 River basins have seen a decline in per capita water availability all over India due to continuous 

81 population pressures, agriculture, and industrial expansion (Dhawan, 2017). Freshwater 

82 availability for agricultural purposes in India is less than required owing to the high WF and poor 

83 farming practices (Kampman, Hoekstra & Krol, 2008). To ensure sustainability at a river basin 

84 scale, capping/limiting the consumptive and degradative water use per river basin was proposed 

85 so that water use stays within maximum sustainable levels (Hoekstra, 2014). At the river basin 

86 scale, WF analysis can address certain policy and water management-related issues to facilitate a 

87 more efficient allocation and use of water resources, providing a framework for policy 

88 formulation (Mali et al., 2018; Nouri et al., 2019; Khan et al., 2021). WF modelling enables us to 

89 pinpoint the impacts and limitations of the current crop production system. Assessing 

90 vulnerabilities across agricultural management systems across various regions and times helps us 

91 prepare for suitable actions for improving water productivity and promoting sustainable water 

92 use. 

93 The current literature provides crop WF for various areas worldwide and a global average for 

94 comparison, but most use global or national statistics. WF can vary significantly spatially and 

95 temporarily, even within the basin. Water allocation strategies and crop planning for efficient 

96 water use should be done considering a long-term perspective and local conditions. The findings 

97 from this paper will benefit the farmers and water resource planners in the basin. This research 

98 will also assist decision-makers in implementing proper agricultural governance and measures 
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99 that will help in ensuring global food and water security without endangering the environment. 

100 Outcomes provide baseline information for further research and will provide imperative insights 

101 into the current situation in the basin. This will assist in planning appropriate measures to 

102 overcome water scarcity challenges and reduce the water footprint in the basin. This study 

103 integrates local data and robust modeling capabilities of the AquaCrop model to more precisely 

104 assess the WFs of major crops of the basin alongside estimates from other important sectors 

105 which are generally not considered. Considering all these points, this study was undertaken with 

106 the aim of evaluating the sector-wise water footprint in the Banas river basin. 

107 Materials & Methods
108 Study Area
109 Banas River Basin (BRB) lies between 24°15'-27°20' latitudes and 73°25'-77°00' longitudes 

110 (Figure 1). It has a catchment area of 47,060 km2 (4.7 Mha) within Rajasthan (WRD, 2014a). 

111 This study aims to determine the sector-wise water footprint at the basin level from 2008 to 

112 2020. Basin also bears the impact of climate change, especially in regions with limited water 

113 resources (Rani et al., 2022). The agriculture sector is the primary user of water in the basin. 

114 Thus, a more comprehensive approach was taken to assess the WF of major crops in the basin. 

115 Sixteen major crops cultivated in the basin were selected for the study based on their total 

116 cultivated and irrigated area. They account for 94.0 % of the total cultivated and 89.6 % of 

117 irrigated area annually. 

118 Methodology

119 Water footprint was estimated using the AquaCrop model spatially over the study period 

120 following the Water Footprint Network guidelines (Hoekstra et al., 2011). AquaCrop is a robust 

121 crop water productivity model developed by FAO's land and water division. It simulates soil 

122 water balance, crop growth, and yield response to water using a relatively small number of 

123 explicit and mostly-intuitive parameters and input variables. This model was calibrated and 

124 validated for various crops under different conditions. It has been utilized for determining WF at 

125 different levels (field scale, basin, and regional).

126 AquaCrop model requires the daily rainfall, minimum and maximum temperatures, reference 

127 evapotranspiration (ETo), and the mean annual atmospheric carbon dioxide concentration as 

128 input climatic data to run (Steduto et al., 2009). Daily gridded datasets of precipitation and 

129 temperature for the study period were obtained from the India Meteorological Department 
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190 the methodology used for water demand estimation for other sectors can be obtained from the 

191 report (WRD, 2014b). The methodology of WF assessment at the basin scale is illustrated in 

192 Figure 2.

193 Results
194 Water footprint of crop production

195 The WF was multiplied with crop statistics to estimate WFs of crop production in million cubic 

196 meters (MCM) per year. The total annual WF of major crops in the basin was 19254.5 MCM/yr. 

197 Wheat, Bajra, Maize, and Rapeseed & Mustard make up 67.4 % of the total average annual WF of 

198 crop production in the Banas basin (20.2, 18.3, 15.8, and 13.1 %, respectively). The annual blue 

199 WF of crop production was 3942.1 (MCM/yr). Wheat, and Rapeseed & Mustard make up almost 

200 87.0 % of the average annual blue WF (66.7 and 20.3 %, respectively). The largest total WF in the 

201 basin was found in Wheat (3890.5 MCM/yr), followed by Bajra (3532.7 MCM/yr), and then Maize 

202 (3040.5 MCM/yr). Green WF was highest in Bajra (3213.5 MCM/yr), Maize (2776.1 MCM/yr), 

203 and Rapeseed & Mustard (1371.2 MCM/yr). Blue WF of Wheat was highest (2629.8 MCM/yr), 

204 followed by Rapeseed & Mustard (799.9 MCM/yr) and Barley (209.8 MCM/yr). The largest grey 

205 WF was seen in Rapeseed & Mustard (348.0 MCM/yr), Bajra (306.2 MCM/yr), and Wheat (295.5 

206 MCM/yr), respectively. Large WF is directly linked with the crop's average WF and the crop's 

207 production in the basin. Crop with high production has higher WF in general. The average annual 

208 WF of major crops produced in the Banas basin is shown in Figure 3.

209 The average annual WF of crop production during the study period is depicted in Figure 4. The 

210 total WF for crop production was found to be highest at 23131.5 MCM/yr in 2019-20 and the 

211 lowest at 11365.8 MCM/yr in 2009-10, respectively. Spatial variation of blue, green, grey, and 

212 total WF of agriculture production for major crops in the Banas basin is presented in Figure 5. 

213 The blue WF of crop production varies between 82.2-668.5 MCM/yr (Mean 328.5 MCM/yr) in 

214 the districts of the basin. Similarly, green WF ranges between 232.3-2625.5 MCM/yr (Mean 

215 1129.9 MCM/yr) in the basin districts. Grey WF of crop production varies between 30.8-303.8 

216 MCM/yr (Mean 146.1 MCM/yr). The highest total WF in the basin was seen in the Jaipur district 

217 (3557.1 MCM/yr), followed by Chittaurgarh (2860.6 MCM/yr). The lowest total WF in the basin 

218 was found in Pratapgarh (408.6 MCM/yr), followed by the Bundi district (427.1 MCM/yr). The 

219 WF of agriculture is directly linked with crop production, cultivated area, and yield. Hence, 

220 districts with a smaller area in the basin have lower annual WF. 
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221 Water footprint of Banas river basin 

222 The water footprint of domestic, livestock, energy, wildlife, forests, and industries sector were 

223 derived from the district-wise water demand of various sectors from results from the WEAP 

224 model from a study conducted by the Water Resource Department, Rajasthan (WRD, 2014b). 

225 District-wise water demand data for various sectors from this report was interpolated using 

226 simple linear interpolation for the study period. District-wise, WFs were distributed 

227 proportionately based on the area of the district within the basin. The total WF of the Banas river 

228 basin from all sectors was 20238.3 MCM/yr. The average annual WF in the various sector was in 

229 the order Agriculture (19254.5MCM/yr), Domestic (631.4 MCM/yr), Livestock (146.8 

230 MCM/yr), Industries (123.7 MCM/yr), Energy (79.1 MCM/yr), Forests (1.7 MCM/yr) and 

231 Wildlife (1.1 MCM/yr). Spatial variation of sector-wise WF over the Banas river basin is 

232 presented in Figure 6.

233 The agriculture sector accounted for nearly 95.5 % total WF of the Banas basin, which was 

234 followed by the Domestic (3.0%), Livestock (0.8%), and Industry (0.5%) sectors, respectively. 

235 WF in the Banas basin was found to be highest at 24337.5 MCM/yr in 2019-20 and the lowest at 

236 12167.7 MCM/yr in 2009-10, respectively. WF has increased over the year with the increase in 

237 population, rise of industries, and increased demand for crop production in the basin region. 

238 Sector-wise WF during the study period is shown in Figure 7.

239 Discussion

240 Among the various crops highest total WF was found in Sesame, followed by Urad and Moong 

241 under both irrigated (16203.6, 11892.1, and 11043.9 m3/ton, respectively) and rainfed conditions 

242 (14261.4, 10359.1 and 9655.1 m3/ton, respectively). As we know, WF is directly proportional to 

243 crop water use (CWU) and inversely proportional to crop yield. The average productivity of these 

244 three crops was among the lowest and is the major reason for high WF. CWU in rainfed crops was 

245 lower in comparison with the irrigated crop. Total WF was found lowest in Barley, followed by 

246 Wheat, then Rapeseed & Mustard under both irrigated (1498.6, 1824.1, and 3200.6 m3/ton, 

247 respectively) and rainfed conditions (1241.3, 1508.3, and 2465.4 m3/ton, respectively). These 

248 crops had a higher yield which could be the main factor in the lower WF. It should be noted that 

249 higher or lower WF does not mean higher or lower water use per hectare. Most crops have a lower 

250 WF under rainfed conditions mainly because crop yields do not necessarily decrease directly with 
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251 water stress, as the duration and timing of water stress is also a critical factor. Also, rainfed 

252 agriculture is largely practiced in the kharif season, where rainfall is plentiful. Significant spatial 

253 and temporal variation was seen in WFs in the basin over the study period. For example, the overall 

254 WF of the Wheat crop under irrigated condition varied between 1682.8-2133.2 m3/ton (Mean 

255 1824.1 m3/ton) over the basin. Spatial variation of blue WF during the study period ranged between 

256 1092.6-1451.2 m3/ton (Mean 1242.7 m3/ton). Blue WF was 68.1% of total WF on average. 

257 Average green WF varied in the range of 407.8-510.4 m3/ton (Mean 451.1 m3/ton) during the 

258 simulation period. Similarly, grey WF varied between 44.5-213.1 m3/ton (Mean 130.4 m3/ton). 

259 Similarly, the total WF of the Wheat crop under rainfed condition varied between 1336.5-1716.8 

260 m3/ton (Mean 1508.3 m3/ton) over the basin on average during the 2008-2020 period. Spatial 

261 variation of green WF varied in the range of 1227.1-1529.5 m3/ton (Mean 1361.3 m3/ton) during 

262 the simulation period. Similarly, grey WF varied between 47.1-247.7 m3/ton (Mean 147.0 m3/ton).

263 WF of major crops in the Banas basin under irrigated and rainfed conditions is presented in Figures 

264 8 and 9.

265 A comparison between the outcomes of this study and earlier research work is given in 

266 Table 2. Our study results are in line with previous studies. In the present study, the AquaCrop 

267 model was used to estimate WF spatially over time using local data. The reference 

268 evapotranspiration was calculated according to the Penman-Monteith equation, which is the most 

269 widely used technique (Allen et al., 1998). The WF of most crops in the Banas basin was higher 

270 in comparison with the global averages (Mekonnen & Hoekstra, 2011b). This is basically due to 

271 lower yield and climatic variation. Several WF studies have been conducted on different crops at 

272 different spatial scales and geographical locations. Only a few studies have been conducted in 

273 India, and most use global or national statistics (Kampman, Hoekstra & Krol, 2008; Suhail, 2017). 

274 Then there are global WF studies of crops and derived crop products which also include India 

275 (Chapagain & Hoekstra, 2008; Mekonnen & Hoekstra, 2011b). Previous basin-level studies 

276 conducted in India used simple computation methods using the CROPWAT model (Mali et al., 

277 2018; Rao, Hardaha & Vora, 2019). Some recent studies have used the AquaCrop model in 

278 different regions/basins of the world for WF assessment (Zhuo & Hoekstra, 2017; Nouri et al., 

279 2019; Khan et al., 2021). The primary reason for differences in computed WFs could be the 

280 variances in the methodology adopted, the technique used for ET estimation, input data, the model 

281 used, the scale, and the scope of the studies. Best efforts were made to parameterize and run the 

PeerJ reviewing PDF | (2022:08:76328:1:1:NEW 13 Sep 2022)

Manuscript to be reviewed



282 model using locally available data to capture the variation of water footprint adequately. We note 

283 that AquaCrop has inherent limitations in modelling crop yield spatially (Chukalla, Krol & 

284 Hoekstra, 2015; Berhane, 2018). A modified default crop file was used to simulate crops when the 

285 standard crop file was unavailable in AquaCrop. Still, these results can provide a valuable 

286 reference for similar future studies.

287 On average, the WF of crop production was 69.7 % green, 20.8 % blue, and 9.5 % grey in the 

288 basin. Rainfed agriculture is prominent in the Banas river basin and is the reason for higher green 

289 WF. In general, the WF of crop production is increasing as more area comes under cultivation of 

290 crops, high-yielding varieties of crops are being developed, improved irrigation technologies 

291 become available, and more water storage structures are being constructed. These results are in 

292 line with previous results from similar studies. The blue WF accounted for 47.3% and 43.6% of 

293 the total WF of Gomti and Betwa basins, respectively, while the share of grey WF was about 

294 9.1% and 10.9% of total WF (Mali et al., 2018, 2019). Studies have shown that 78 % of the 

295 global agricultural WF is green, 12 % is blue, and 10 % is grey WF (Mekonnen and Hoekstra, 

296 2013).

297 The agriculture sector accounted for nearly 95.5 % total WF of the Banas basin, which was 

298 followed by the Domestic (3.0%), Livestock (0.8%), and Industry (0.5%) sectors, respectively. 

299 This is similar to one study from India, where crop production accounted for nearly 95.5% and 

300 96.4% of the WF in the Gomti and Betwa basins, respectively (Mali et al., 2017, 2018, 2019). In 

301 China, a study estimated the WF of the yellow river basin to be 1768 MCM, 96 % of which was 

302 from agriculture (92 % for crop production and 4 % for livestock) and the rest 4 % from 

303 industrial and domestic sectors, respectively (Zeng et al., 2012). Crop statistics, population, 

304 livestock, and water demand data for other sectors are not available at the river basin level. So, 

305 we had to calculate it based on district-level estimates and the area of districts within the basin. 

306 This inherent limitation leads to errors in the calculation as statistics within the district are 

307 assumed to be distributed equally, which may not be accurate in most cases. Many other 

308 previous studies on data availability or planning of resources are done on administrative scales 

309 instead of the basin. For proper management of water resources, there is a need to implement 

310 basin-scale planning and databases. While more focus was put on the agriculture sector for this 

311 WF assessment as it is the primary consumer of water in the basin. Evaluation of water demands 

312 of other sectors was made based on data reported by the water resource department which was 
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313 comprehensive but somewhat outdated, and the distinction between the blue, green, and grey 

314 components of WF couldn't be made for them. Future studies on various components of WF for 

315 other sectors will also be instrumental. Even with their minor contribution to overall WF in the 

316 basin, other sectors may significantly contribute blue and grey degenerative WF, which can be 

317 crucial for sustainable water use planning.

318 Agriculture makes up a considerable part of the basin water footprint, and it is necessary to 

319 reduce it to sustainable levels. Numerous studies have concluded that WF can be reduced by 

320 adopting strategies, methods, and technologies to reduce non-beneficial consumptive water use 

321 (Jovanovic et al., 2020). Some practices can upgrade the water management in agricultural fields 

322 by implementing precision irrigation methods(Smith, 2011; Abioye et al., 2020), improving 

323 irrigation efficiency (Evans & Sadler, 2008; Greenwood et al., 2010), and irrigation scheduling 

324 (Hinton and Consulting, 2001; Tesema et al., 2011; Wen et al., 2017), adopting better 

325 agricultural practices like drip irrigation and mulching (Chukalla et al., 2015; Nouri et al., 2019; 

326 Scardigno, 2020; Ding et al., 2021) and augmenting water productivity (Igbadun et al., 2012; 

327 Muhammad et al., 2017; Mubvuma et al., 2021). Agronomics practices and in-situ water 

328 conservation can significantly reduce local water scarcity(Kumar et al., 2021; Sharma et al., 

329 2021; Singh et al., 2021). Reducing food wastage(Sun et al., 2018; Kashyap and Agarwal, 2020) 

330 and focusing on changing diets (Harris et al., 2017; Green et al., 2018) can also help decrease 

331 water consumption. 

332 Conclusions

333 This study provides a comprehensive estimate of the water footprint of various sectors. The 

334 water footprint of major crops was estimated using the AquaCrop model spatially over the study 

335 period (2008-2020). The water footprint of crop production (blue, green, and grey) was estimated 

336 by multiplying the crop water footprint with district-wise production statistics. The water 

337 footprint of domestic, livestock, energy, wildlife, forests, and industries sector were derived from 

338 the district-wise water demand of various sectors. The water footprint of crop production in the 

339 basin was 19.3 BCM/yr. Wheat, Bajra, Maize, and Rapeseed & Mustard make up 67.4 % of crop 

340 production's total average annual water footprint. The larger water footprint is directly linked to 

341 the cultivated area and production of the crop in the basin. Water footprint of the Banas river 

342 basin was estimated as 20.2 BCM/yr from all sectors. The agriculture sector accounted for nearly 

PeerJ reviewing PDF | (2022:08:76328:1:1:NEW 13 Sep 2022)

Manuscript to be reviewed



343 95.5 % total water footprint of the Banas basin. Water footprint has increased over the year with 

344 the increase in population, the number of industries, and crop production demand. The results of 

345 this study provide helpful insights into the current situation in the basin. Appropriate measures 

346 are required to develop adaptation approaches to overcome water scarcity challenges in the 

347 basin. Outcomes provide baseline information for further research to advance sustainable 

348 production and planning. Suitable actions should be taken for improving water productivity and 

349 promoting sustainable water use. There is a need to promote practices like changing crop 

350 patterns, mulching, and micro irrigation to reduce water use in Agriculture.
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S.No Type of data Source

1. Shuttle Radar Topography Mission 

Digital Elevation Model (SRTM DEM)

SRTM DEM, National Aeronautics and Space Administration 

(https://earthexplorer.usgs.gov/).

2. Agro-Ecological Regions map National Bureau of Soil Survey & Land Use Planning, Indian Council of 

Agricultural Research (http://geoportal.icar.gov.in/)

3. Soil properties Harmonised world soil database v1.2 (http://www.fao.org/)

4. Land use land cover map Bhuvan, National Remote Sensing Centre, Indian Space Research Organisation 

(https://bhuvan.nrsc.gov.in/)

5. District-wise cropped area and 

agriculture statistics

Agriculture Statistics Handbook, Directorate of Economics & Statistics, 

Department of Planning, Government of Rajasthan 

(https://agriculture.rajasthan.gov.in/) and Agriculture Statistics at Glance, Minister 

of Agriculture & Farmers Welfare, Government of India (https://agricoop.nic.in/)

6. Metrological Data India Meteorological Department (IMD), Ministry of Earth Sciences, Government 

of India (GOI). (http://www.imdpune.gov.in/) and Modern-Era Retrospective 

analysis for Research and Applications, Version 2 (MERRA-2), NASA 

(https://power.larc.nasa.gov/)
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Current Study 
Chapagain 

and 
Hoekstra, 

(2008)

Kampman, 
(2008)

Mali et al., 
(2019) Rao, (2019) Suhail, 

(2017)

Mekonnen 
and 

Hoekstra, 
(2011)

Irrigated Rainfed

Bajra 3269 4222 4029 4478 4854 4908
Barley 2124 1423 1499 1241
Cotton 8264 10633 4029 3584 2713
Gram/Chickpea 2712 2071 9663 4177 3382 2649
Groundnut 3420 4372 4085 2782 6213 6205
Guar 6699 6148
Jowar/Sorghum 4053 3589 3739 6026 3048 7855 6463
Lentil/Masoor 5860 5874 5626 4432
Maize 1937 2399 1818 2886 2537 1222 4717 4066
Moong/Mungbean 11044 9655
Rapeseed & 
Mustard 2618 3972 2809 3201 2465

Rice/Paddy 4113 4073 7848 2070 1673 4897 5767
Sesame 8956 9371 16204 14261
Soybean 4124 3526 3060 4410 2145 6635 5711
Urad/Black Gram 11892 10359
Wheat 1654 1412 2473 5417 2100 1828 1824 1508
Study Period 1997-2001 1997-2001 2011 2000-2013 1999-2006 1996ñ2005 2008-2020
Scale Global National Regional Regional National Global Regional

Location India India Gomati 
Basin

Banjar 
Watershed India Global Banas Basin, 

Rajasthan
Method CROPWAT CROPWAT CROPWAT CROPWAT CROPWAT CROPWAT AquaCrop
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