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Abstract

Limited and declining water resources, increasing demand of water resources from different sectors has posed a major challenge

for maintaining water sustainability and thus overall sustainability for a populous and water scarce country like India. Over

extraction and changing climate have put additional pressure to maintain water sustainability. Therefore, there is a need of

proper planning of utilization and management of water resource. Recently, virtual water trade has received much attention and

become important tool for balancing the water budget. On the other hand, virtual water trade has become a threat that can

adversely effects water balance of exporter’s country as well as economy. Analysis of virtual water trade with its implications

on water resources are missing, there is a need of such analysis that will help in management of water resources. We present a

quantitative analysis of virtual water trade and its implications on water sustainability. We have considered rice crop only due

to its characteristics as rice is major water consumer and water exporter crop of India
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interventions to balance the virtual water trade for India 16 
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Abstract 19 

Limited and declining water resources, increasing demand of water resources from different 20 

sectors has posed a major challenge for maintaining water sustainability and thus overall 21 

sustainability for a populous and water scarce country like India.  Over extraction and changing 22 

climate have put additional pressure to maintain water sustainability. Therefore, there is a need 23 

of proper planning of utilization and management of water resource. Recently, virtual water trade 24 

has received much attention and become important tool for balancing the water budget. On the 25 

other hand, virtual water trade has become a threat that can adversely effects water balance of 26 

exporter’s country as well as economy. Analysis of virtual water trade with its implications on 27 

water resources are missing, there is a need of such analysis that will help in management of 28 

water resources. We present a quantitative analysis of virtual water trade and its implications on 29 

water sustainability. We have considered rice crop only due to its characteristics as rice is major 30 

water consumer and water exporter crop of India 31 

Plain Language Summary 32 

This is optional but will help expand the reach of your paper. Information on writing a good 33 

plain language summary is available here.  34 

1 Introduction 35 

Increasing food demand with population growth, lifestyle changes and changing consumption 36 

pattern affect the global food supply, food availability and trade. Food supply and availability are 37 

directly interlinked with available water resources for overall sustainability; any significant 38 

changes may affect the sustainability of water resource and thus food sustainability (Goswami & 39 

Nishad, 2018). On the other hand, several studies have emphasized the severe water scarcity 40 

from regional to global scale (Fallenmark, 2013; Grey et al. 2013; Mekinnen & Hoekstra, 2016). 41 

Water sustainability has emerged as a major challenge to maintain the water sustainability and to 42 

provide the sustainable supply of basic necessities of the increasing population (Goswami & 43 

Nishad, 2017; Goswami and Nishad, 2015; Mohammed & Darwish, 2017; Oki & Quiocho, 2020 44 

[5-9]. World economic Forum has declared water scarcity as one of the top five risks for the last 45 

four consecutive years (Mohammed & Darwish, 2017). This necessitates the water resources 46 

management for food security and food production. Virtual water trade has gained attention in 47 

the recent year for water resource management. Virtual water trade has become a medium for 48 

globalization of fresh water resources, sharing of fresh water resources and better management of 49 

water resources (Zhan-Ming and Chen, 2013; Hoekstra and Hung, 2005; Konar et al. 2011; Dalin 50 

et al., 2012; Oki and Kanes, 2003; Yang et al., 2006;Yang & Zehnder, 2007). Though, virtual 51 

water provides a better approach for the water management and utilization of water resources; 52 

there are several studies have shown that the implications of net virtual water export on water 53 

sustainability through irreversible losses and lead the loss of water sustainability (Saleth, 2011; 54 

Kumar & singh, 2005; Wichelns, 2010; Goswami & Nishad, 2015). Virtual water trade can 55 

affect water sustainability and thus food sustainability from regional to global scale (Goswami & 56 

Nishad, 2015 ). Several studies have emphasized the importance of the virtual water trade and its 57 

impact on water and food sustainability from regional to global scale (Sadek, 2011; Wichlens, 58 

2001; Chapagain & Hoekstra, 2008; Chittaranjan et al., 2018; Hoekstra & Hug, 2002; Hoekstra 59 

and Mekonnen, 2012; Liu & Savnije, 2008; Liu et al. 2009; Allan, 2003; Allan, 1998). 60 

Assessment of water footprint and virtual water trade are important for national policy planning 61 

http://sharingscience.agu.org/creating-plain-language-summary/
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for resource management and sustainable supply of food and water of a water scarce country like 62 

India (Goswami & Nishad, 2015).  63 

The virtual water can be defined in terms of production and consumption perspective. In terms of 64 

agricultural production, virtual water can be defined as the amount of water used to produce 1 65 

ton of the particular agricultural product  (Hoekstra & Hug, 2002; Mekonnen and Hoekstra, 66 

2020). Water footprint depends on agricultural practices, water use efficiency, time, place and 67 

local climatic conditions (Hoekstra & Hug, 2002; Hoekstra and Mekonnen, 2012). For an 68 

example, virtual water for producing 1 ton crop in the arid region is higher than wet region or 69 

semi-arid region. Therefore, assessment of water sustainability adopts regional perspective for 70 

agricultural production (Goswami & Nishad, 2015 ).Virtual water, in consumption perspective, 71 

is defined as the amount of water to produce the minimum food requirement of a person for 72 

healthy life (Liu & Savnije, 2008; Liu et al. 2009 ). Similarly, some studies have defined virtual 73 

water trade in terms of water embedded in the crop at the time of trade (Goswami & Nishad, 74 

2015 ). For an example, the water content is available about 10-15 % in food grains.  While the 75 

water content, in vegetables and fruits, is about 70-95% of their weight (Agricultural Research 76 

Service , USDA; Transport Information Services ).  77 

 78 

Agriculture is a major sector of water consumer across the world, it accounts 90% of the total 79 

water withdrawal for agricultural purposes for India. While, it accounts 92% of global water 80 

resources for agricultural purposes (Hoekstra and Mekonnen, 2012). On the other hand, the per 81 

capita water availability of India is less than standard water requirement of a person; 1700 m
3
 per 82 

capita per year.  While India has only 3.83% of total world’s fresh water resource to fulfil the 83 

necessities of 1300 million population. The annual water precipitation is about 4000 billion m
3 

84 

(Central water Commission, Govt. of India) and the total annual water is availability 1911 billion 85 

m
3
 (AQUASTAT ) . Out of this available water, only some fraction of water is utilizable; which 86 

is about 1123 billion m
3
. The surface water and ground water, respectively, are 690 billion m3 87 

and 433 billion m
3
 available of utilization (Central water Commission, Govt. of India). 88 

 89 

Rice is one of the major staple food items that feeds more than 60% of the population of India. 90 

India is also the major producer of rice in the world, accounts 22% of world’s rice production. 91 

Production has increased approximately four times in the period 1961-2018, quantitatively from 92 

30 million tons in 1961 to 172 million tons in 2018. In addition, rice paddy occupies around 45 93 

million ha which is about 18% of total harvested area in India. Along with these, Rice is a major 94 

water intensive crops that consumes 318 billion m
3
 water resource (28% of total utilizable water) 95 

to produce 172 million ton rice paddy. Similarly, rice consumption is also an important issue for 96 

water and food security in terms of water footprint. With increasing demand due to rapid 97 

population growth and changing consumption pattern, India’ food demand has increased over the 98 

years and this trend will continue in the future. On the other hand, per capita water availability 99 

has reached in critical level which is below the standard per capita water requirement. In 100 

addition, the virtual water export has shown increasing trend in the recent years resulted India 101 

has become major virtual water exporter while the water saving through virtual water import is 102 

negligible. Water footprint and virtual water trade are important for water-food indicators.  103 
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Therefore, there is a need of assessment of water footprint and virtual water trade for sustainable 104 

management of water resources for sustainable supply for long term.  105 

Several approaches and frameworks are available for the assessment of virtual water trade 106 

(Sadek, 2011; Wichlens, 2001; Chapagain & Hoekstra, 2008; Chittaranjan et al., 2018; Hoekstra 107 

& Hug, 2002; Hoekstra and Mekonnen, 2012; Liu & Savnije, 2008; Liu et al. 2009; Allan, 2003; 108 

Allan, 1998), a quantitative study of virtual water trade and its impact on water sustainability 109 

through trade of food products. A quantitative analysis of virtual water trade combining with 110 

constraints like declining water resource can provide a significant insights and its implications on 111 

water sustainability. There is a need of such assessment and analysis for alternate solution and 112 

inputs to the policymakers for better management of water resources. We present a quantitative 113 

analysis of virtual water trade and its implication on water sustainability for India as well as 114 

other countries. In the present study, we have considered agricultural product rice only due to 115 

major water intensive crops that consumes 300 billion m
3
 water (17% of total water available) 116 

and major virtual water exporter (about 18 billion m
3
, 1.5% of total water available). Rice is the 117 

largest crop and substantial export of rice from India which is the rationale behind to study 118 

virtual water export through rice.  119 

2 Materials and Methods 120 

2.1 Total water available and demand 121 

The total available water depends annual rainfall and it is defined as the sum of ground water and 122 

surface water. For India, the average annual precipitation in about 4000 billion m
3
 (BCM), 123 

natural runoff is about 1911 billion m
3
[AQUASTAT] and the total utilizable water is about 1123 124 

billion m
3 
that is sum of surface water and ground water, respectively 690 billion m

3
 and 433 125 

billion m
3
 [Central water Commission, Govt. of India]. For quantitative assessment of total water 126 

available, we define total water available as 127 

𝑊𝐴(𝑡) = 𝛼 ∗ 𝑅(𝑡) ∗ 𝐴 + 𝑊𝐺(𝑡)                                                                              (1) 128 

Here 𝑅(𝑡) represents the area-average annual rainfall at the year 𝑡 and 𝐴 represents the total land 129 

area. While 𝑊𝐺(𝑡) represents the available ground water resource in the year t. We have 130 

considered fix value of ground water here, although there is inter-annual variability and declining 131 

trend in the water table. We have not considered the depletion of ground water resource here. 132 

Generally only fraction of rainfall is available for utilization which is about 28% of total water 133 

precipitation for India.  Thus, the value of 𝛼 depends on surface characteristics of the country. 134 

The total water available, surface water and the ground water available for utilization is adopted 135 

from AQUASTAT and Central water Commission, Govt of India.  136 

Water demand can be defined in production and consumption perspective.  In production 137 

perspective, water demand is the water used to produce the food commodity to meet the demand. 138 

The total water demand to produce the crops depends on the production of crops and the water 139 

footprint of the crop which is defined as  140 

𝑊𝑃(𝑡) = 𝐹𝑃(𝑡) ∗ 𝑊𝐹𝑃                                                           (2) 141 
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Here 𝐹𝑃(𝑡) represents the total rice production in the year 𝑡 and 𝑊𝐹𝑃 represents the water 142 

footprint of the crop. 𝑊𝑃(𝑡) represents the total water required to produce the crop[13].  143 

Similarly the total water demand to produce the total food supply, in terms of food consumption, 144 

is estimated as 145 

       𝑊𝐷(𝑡) = 𝐹𝐷(𝑡) ∗ 𝑊𝐹𝑃              (3) 146 

Here 𝐹𝐷(𝑡) = 𝑁(𝑡) ∗ 𝐹𝐶𝑃(𝑡) + 𝐹𝐸(𝑡) − 𝐹𝐼(𝑡) 147 

Here 𝑊𝐷(𝑡) represents the water demand to produce the food supply. Here 𝐹𝐶𝑃(𝑡) represents the 148 

per capita supply of rice for food, 𝑁(𝑡) represents the population of India in the year 𝑡. While 149 

𝐹𝐸(𝑡) and 𝐹𝐼(𝑡), respectively, are rice export and rice import in the year 𝑡. 150 

2.2 Virtual water trade (export/import) 151 

2.2.1 Virtual water export 152 

The virtual water export through rice export is calculated as 153 

𝑊𝐸𝑃(𝑡) = 𝐹𝐸(𝑡) ∗ 𝑊𝐹𝑃                                                     (4) 154 

Here 𝑊𝐸𝑃(𝑡) represents the virtual water export in the year 𝑡. 155 

2.2.2 Virtual water Import 156 

The virtual water import is calculated as 157 

𝑊𝐼𝑃(𝑡) = 𝐹𝐼(𝑡) ∗ 𝑊𝐹𝑃                                                                                           (5) 158 

Here 𝑊𝐼𝑃(𝑡) represents the virtual water import in terms of total water required in the year 𝑡.  159 

Here, 𝑊𝐹𝑃 represents the water footprint the respective country  in which India is imported rice.  160 

2.2.3Virtual water Net export (Trade balance) 161 

The net virtual water export is calculated as 162 

                                      𝑊𝑇𝐵𝑃(𝑡) = 𝑊𝐸𝑃(𝑡) − 𝑊𝐼𝑃(𝑡)                                                     (6) 163 

Here 𝑊𝑇𝐵𝑃(𝑡) represents the virtual water trade balance in terms of water required for 164 

production of rice in the year 𝑡. 165 

 166 

3 Data, or a descriptive heading about data 167 

The observed data of production, consumption, export and import of the crop rice is adopted 168 

from public domain FAOSTAT. The observed data of surface water, ground water and total 169 

water withdrawal is taken from AQUASTAT and Central Water Commission, Govt. of India. In 170 
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the present study we have considered only rice crop. The observed data of harvested area and 171 

yield of rice is adopted from FAOSTAT. The virtual water footprints of rice is based on water 172 

footprint proposed by Mekonnen and Hoekstra (2010). The water footprint of a crop is the sum 173 

of green, blue and grey water footprint. The green water footprint is the volume of water required 174 

to produce 1 ton of the crop from rainfall.  While, the blue water footprint is the volume of fresh 175 

water required to produce 1 ton of the crop from surface water and ground water. Similarly, grey 176 

water footprint represents the amount of water required to dilute the pollutants to produce the 1 177 

ton of the crop. In the presents study, we have considered only blue and green water footprint. 178 

Grey water footprint is not considered here due to not usage for production purpose. We have 179 

assumed total water footprint of a crop is the sum of blue and green water footprint only. The 180 

blue water footprint and green water footprint of rice, respectively, are 452 m
3
/ton and 1394 181 

m
3
/ton.  182 

4 Results 183 

4.1 Water footprint of Rice production and consumption 184 

The total water required to produce the rice 300 billion m
3
 which is about 16% of total fresh 185 

water available (Fig. 1,solid line) for India in the year 2017. The total water requirement for 186 

production of rice has risen from 98 billion m
3
 to 318 billion m

3
 from 1961 to 2018. The 187 

contribution of green water in total water footprint for the production of rice  has increased from 188 

70 billion m
3
 to 240 billion m

3
 in the same period. While the contribution of blue water in water 189 

requirement for production of rice has increased from 24 billion m3 to 74 billion m3 in the last 190 

60 years (Fig. 1).  There is increasing trend water requirement for production of rice to meet the 191 

demand. . In percentage of total water availability, the water requirement for rice production has 192 

increases from 5% to 17% during this period. Similar trends have shown in blue water and green 193 

water requirement for the production (Fig. 1B). Green water is used for production that increased 194 

from 4% to 12%. Similarly, the blue water is used about 4% of total water available. The total 195 

rice production, basically, depends on green water in India that is 12% of total water availability.  196 

Similarly, the total water footprint in consumption perspective is 280 billion m
3
 which is 197 

approximately 15% of total water available that has increased from 4% in 1961 to 15% in 2018. 198 

While the green and blue water footprint, respectively, 11% and 4% of total water available. The 199 

green water foot print has increased from 63 billion m
3
 to 211 billion m3 in the period 1961 to 200 

2018. While the blue water has risen from 20 billion m
3
 to 68 billion m

3
 (Fig. 1C, 1D).  201 

 202 
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 203 

Figure 1. Temporal analysis of green (dotted line), blue (dash line) and total water footprint 204 

(solid line) for production (left panel) and consumption (right panel) perspective are given in 205 

terms of  quantity (A,C) and in % of total water available (B,D) for the period 1961 to 2018.  206 

 207 

Similarly, global analysis of water footprint of rice shows that the India has the largest water 208 

footprint in the world in the range 200 to 320 billion m
3
. While, China is the second largest 209 

country of water footprint 170 billion m
3
. The major top countries of high water footprint of rice 210 

are India, China, Bangladesh, Indonesia, Thailand, Vietnam and Myanmar in which the water 211 

footprint is more than 50 billion m3. The water footprint of rice in United States of America is 212 

about 13 billion m
3
. European countries, African countries, American countries have water 213 

footprint less than 1 to 10 billion m
3
. The global analysis of green water footprint of rice 214 

production shows that the India, China, Bangladesh, Indonesia, Thailand are the major countries. 215 

While global analysis of blue water footprint for rice production reveals India and China are the 216 

major countries of using highest blue water for rice production. While other countries using least 217 

blue water for rice production (Fig. 2).  218 

 219 
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 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

Figure 2.  Global analysis of Green, Blue and total water use for production of rice. The data is 239 

taken for the year 2018.  240 

 241 

 242 

 243 

 244 

 245 



manuscript submitted to replace this text with name of AGU journal 

9 

 

 246 

 247 

4.2 Virtual water export and virtual water import:India and the other countries 248 

From a negligible value of virtual water export until 1990, India’s virtual water export has risen 249 

to 18 billion m3 in the period 1990 to 2013 (Fig. 3A, solid line) which is about 1.2 % of total 250 

available water or about 6% of annual water used for production of rice.  In contrast, India’s 251 

virtual water import was about 0.1% of its total available water in 1960-70, which then fell to 252 

negligible values from 1990 onwards. In terms of production, the virtual water import was about 253 

2% in 1960-70, which then fell to negligible value from 1990 onwards. India has moved from an 254 

import-intensive paradigm to an export intensive regime in virtual water trade (Fig. 3).  255 

The comparative global analysis shows that India is a major virtual water exporter country. 256 

Along with these, Thailand, Pakistan and Vietnam are also other major virtual water exporter 257 

countries, which is about 76% (including India) of total virtual water export across the world. In 258 

terms of green water, India and Thailand are the major countries dependent on green water for 259 

rice production (Fig. 4A) in the range 10-21 billion m3 that has exported to other countries. 260 

While the virtual water export of Vietnam is in the range 5-10 billion m
3
 (Fig. 4A). Similarly, the 261 

analysis of virtual water export of green water shows that the Pakistan is the highest blue water 262 

exporter in the world which is about 8 billion m3 while India, USA, Thailand and Vietnam are 263 

the second largest blue water exporter in the world in the range 1-5 billion m
3
 (Fig. 4B).  264 

The contribution in virtual water export of India, Thailand, Pakistan and Vietnam, respectively, 265 

are 24%, 28%, 14% and 10% of the total virtual water export across the world. In terms of 266 

quantity, the virtual water export of India, Thailand and Pakistan varies in the range 10 billion 267 

m3 to 21 billion m
3
. While the virtual water export of Vietnam lies in the range 5-10 billion m

3
. 268 

Similarly, the virtual water export of the USA, Brazil and Uruguay lies in the range 1-5 billion 269 

m
3
 (Fig. 4C) 270 

 271 

 272 
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 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

Figure 3. Virtual water export (left y axis, solid line) and virtual water import (right y axis, dash 293 

line) in terms of quantity (A), percentage of total water available (B) and percentage of total 294 

water required for production of rice (C).  295 

 296 

 297 

 298 
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 299 

 300 
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 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

Figure 4. Spatial analysis of green virtual water export (A), blue virtual water export (B) and  320 

total virtual water export (C).  321 

 322 
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 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

Figure 5. low map virtual water export in terms of export Rice from India and virtual water 339 

import through import of rice.  340 

 341 

4.3 Virtual water trade network 342 

The flow digram in figure 5 shows that India is one of the major virtual water exporter through 343 

export of rice across the world; the virtual water export is around 18 billion m
3
 that has exported 344 

across the world. The major countries arenamely African countries, European and the USA 345 

which are importing virtual water embedded in rice from India (Fig. 5A). In contrast, the virtual 346 

water import through rice to India is negligible and from only few countiries (Fig.5B).  the water 347 

saving through virtual water import is almost zero in comparison of the virtual waer export from 348 

India (Fig. 5B).  349 

 350 
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4.4 Net Virtual water export (Trade balance) 351 

The net virtual water export through export of rice was negative until 1990s and turned positive 352 

afterwards (Fig. 6A). The net virtual water exports is 18 billion m
3 
in the year 2018 which ia 353 

about 1% f total water available of India (Fgure 6B). In terms of water required for production, 354 

the virtual water export is about 6%  (Figure 6C). The current deficit of water is about 18 billion 355 

m
3
.  356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

Figure 6. Net virtual water export of rice in terms of quantity (A), percentage of total water 373 

resources (B) and percentage of total water required for production of rice (C) from 1961 to 374 

2018. The horizontal dash line represents the trade balance.  375 

 376 
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5 Conclusions 377 

Overall food sustainability depends primary resources like arable land and water, any changes 378 

may pose the significant impact on the sustainable availability. The arable land is immobile 379 

while the other primary resource water that can be transported across the countries through 380 

export of agricultural commodities. This export of agricultural commodities is indirectly 381 

accompanied with virtual water that is exported. Rice is a major food products that is consumed 382 

in large scale in India and across the world.  Along with these, rice is a major crop that consumes 383 

large volume of water for the production and the major exported crop across the world from 384 

India.  385 

The water foorprint of rice has increased about 320 billion m
3
 which is about 17% of total water 386 

available. The major contribution in water footprint of rice is green water water contributes 387 

around 240 billion m
3
. While the contribution of blue water is about 74 billion m

3
 for production 388 

of rice crop only. The contribution of blue water utilization for production of rice has become 389 

double due to advancement of irrigation facilities. Rice is major crop that dependent on 390 

availability of green water; water deficit due to uncertain rainfall and changing climate may 391 

affect the availability of green water for production of rice.  While dependency on blue water 392 

have accelerated the over extraction of ground water in India resulted decline in ground water 393 

level across India.  394 

Along with these the virtual water export may have large impact on water sustainability due to 395 

loss of water in irreversible manner. The virtual water export through rice is about 18 billion m3 396 

which is irreversible that indicates the water loss. India is major water scarce countries and 397 

exporting of such huge amount of water may increase the level of water scarcity. Along with 398 

these, there are evidences of potential impact of changing climate on water availability, quality 399 

and accessibility that may affect the water sustainability.  400 

A global analysis of virtual water export reveals that India is major water exporter country which 401 

exports around 18 billion m3 water or 1.2% of total available water and contribute 24% share in 402 

the global virtual water export while virtual water import is almost negligible.  Our analysis 403 

shows that India has become the major virtual water exporter in terms export of rice across the 404 

world. Such magnitude of virtual water trade may affect the water sustainability and thus food 405 

sustainability. The present analysis shows that the export of virtual water is much higher than the 406 

import of virtual water in result; India has become major water exporter from 1990 onwards. 407 

Such increasing trend in virtual water trade may significant impact on overall sustainability of a 408 

nation like India in which per capita water availability is less than standard minimum water 409 

requirement. In contrast, virtual water import of India is negligible from 1990 onwards. 410 

Therefore, the net virtual export of water through export of rice only can lead to irreversible loss 411 

of water sustainability. 412 

Analysis also shows that the India is mainly dependent on green water for production of rice that 413 

represent India is highly dependent on monsoon rainfall, any changes on monsoon rainfall affect 414 

the rice production. Shrinking of rainfall, declining trend in rainfall, changing rainfall pattern 415 

with potential climate change may reduce the water availability for production of rice that will 416 

affect the overall food sustainability. Thus virtual water export in this trend may affect the 417 

overall water sustainability of India.  There is need of water balance in virtual water trade of 418 
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water scarce country like India. While dependency on blue water for rice production have 419 

accelerated to over extraction of ground water in India resulted ground water scarcity. Therefore, 420 

there is need to take actions to reduce the virtual water export.  Here, we have found clear 421 

indications of significant impacts of virtual water export on water sustainability. Inclusion of 422 

other crops may affect the water sustainability. 423 
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