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ABSTRACT 6 

The Brahmaputra River is the largest (by annual discharge) of the three in the Ganges-7 

Brahmaputra-Meghna (GBM) system, and by itself carries more flow than all but 4 rivers in the 8 

world. It is the primary water source for over 130 million people, many of whom are mired in 9 

chronic poverty. The potential in the Brahmaputra River basin for poverty-reducing development 10 

of agriculture and hydropower is great. However, progress in these sectors and others has been 11 

hindered by significant natural and anthropogenic challenges. As they attempt to develop their 12 

water resources in a manner that reduces water-related vulnerabilities, the people of the Tibet 13 

Autonomous Region of China, Bhutan, Northeast India, and Bangladesh face a number of 14 

challenges, including: endemic poverty; floods; droughts; groundwater over-abstraction; political 15 

unrest; and the broader development ambitions of the member nations (leading to net import or 16 

export of resources from the basin). To those challenges have recently been added climate change 17 

and difficult decisions regarding hydropower development. A critical compounding factor in the 18 

Brahmaputra basin is the lack of an authoritative, reliable, and comprehensive network of basin-19 

wide information on climate, streamflow, natural hazards, and economic factors, such as 20 

agricultural production, prices, and trade. Anthropocentric development in the Brahmaputra basin 21 

must balance the goal of immediate poverty reduction with the preservation of the vulnerable, rich 22 

natural heritage of the basin, in the interest both of intergenerational human equity, and biocentric 23 

egalitarianism. In the space allotted here, we provide a snapshot of the demographic and 24 

hydroclimatic characteristics of the basin of greatest concern to water system planners aiming at 25 

poverty reduction through sustainable development. We propose that the basin’s hydro-26 

climatological, economic, and political complexities are such that a basin-wide water system 27 

knowledge platform is needed to organize quantitative thinking on potential water-related 28 

investments in the basin. 29 

  30 
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INTRODUCTION  31 

As explained by Grey et al. (2013), most of the world’s poor are deeply water insecure and 32 

face disproportionately large water-related risks resulting from their location in regions of 33 

particularly complex hydrology. These water-related risks are exacerbated by a general lack of 34 

good publicly-available water resources data in much of the world, and the speed with which 35 

demand for limited water resources is increasing through population growth, urbanization, 36 

economic development, and climate change.  37 

More than 1.3 billion people rely on the flow from the waters of the Tibetan plateau in a 38 

south Asian region that is undergoing rapid climate and demographic change (Eriksson et al. 2009; 39 

National Research Council 2012). Of those, at least 630 million people live in the watershed of the 40 

Ganges-Brahmaputra-Meghna (GBM) river system Figure 1 (FAO 2011). The GBM river basin 41 

(Figure 1) is characterized by endemic poverty and is home to an estimated 40% of all the poor 42 

people of the developing world, defined as those with a daily calorie intake of less than 2200-2400 43 

kilocalories (Biswas 2008). Of the three rivers of the GBM system, the focus of this paper is on 44 

the Brahmaputra for 4 primary reasons. First, the Brahmaputra River is the largest (by annual 45 

discharge) of the three in the GBM system, and by itself carries more flow than all but 4 rivers in 46 

the world (FAO 2011). Second, because of its location in a region where little development has 47 

historically occurred, the potential in the Brahmaputra River basin for poverty-reducing 48 

development of agriculture and hydropower is great, and in fact diversion of Brahmaputra water 49 

is seen as a potential partial solution to water stresses in the more densely populated and developed 50 

(and more studied) Ganges River basin (Rahaman and Varis 2009). Progress in the development 51 

of the Brahmaputra’s agricultural and hydropower (among other) sectors has been hindered by 52 

significant natural and anthropogenic challenges: rapid geomorphological changes, floods and 53 
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droughts, the migration of channels, the erosion of land, earthquakes, intra-national political 54 

fragmentation, international disputes, and large uncertainty regarding future climate, demographic, 55 

political, and socio-economic conditions (Rao 1975). Third, motivation remains to preserve the 56 

so-far mostly unaltered natural environment (e.g., water quality, wildlife, mangrove forest river 57 

delta) in the Brahmaputra watershed, which has already been compromised in the Ganges (Sarkar 58 

et al. 2007). And fourth, there is a great amount of current interest in developing the previously 59 

undeveloped hydropower resources (Rahaman 2012) and flood prevention infrastructure (Haque 60 

et al. 2012, ) in the Brahmaputra basin, with influxes of investment that could have long-lasting 61 

ramifications on the quality of life (human and otherwise) in the basin.  62 

 63 
Figure 1 Rivers of the Tibetan Plateau.  64 

 65 
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A critical hindrance to development in the Brahmaputra basin is the lack of an authoritative, 66 

reliable, and comprehensive network of basin-wide information on climate, streamflow, natural 67 

hazards, and economic factors, such as agricultural production, prices, and trade. This is made 68 

especially challenging by the ethnic fragmentation and political unrest in individual countries in 69 

the basin, and the complex international politics influencing the sharing of the Brahmaputra’s 70 

transboundary waters. 71 

In the space allotted here, we aim to lay the groundwork for such a knowledge platform by 72 

providing a snapshot of the demographic and hydroclimatic characteristics of the basin of greatest 73 

concern to water system planners aiming at poverty reduction through sustainable development. 74 

In order to do so it has been necessary to gather and organize previously disperse literature on the 75 

water-related challenges facing the region’s poor across the food-water-energy nexus (Rasul 76 

2014). In a number of cases where the existing literature was either insufficient or in disagreement 77 

(esp., climate drivers, climate change trends and projections, irrigation water availability, glacier 78 

characteristics, hydropower plant construction activities and plans), it was necessary to supplement 79 

the literature with data analysis of our own. The paper is organized as follows: 1) the characteristics 80 

of the basin are introduced (geography, climate, surface water, groundwater, glaciers, climate 81 

change, land use, ecology and delta region); 2) agricultural water use is calculated and put in the 82 

context of available surface water; 3) water-related challenges to the people of the basin are 83 

described (hydropower development, endemic poverty, and regional geopolitics); and 4) with the 84 

perspective provided by this in-depth analysis, we propose that the basin’s hydro-climatological, 85 

economic, and political complexities are such that a basin-wide water system modeling platform 86 

is needed to organize quantitative thinking on potential water-related investments in the basin. 87 



5 

 

CHARACTERISTICS OF THE BRAHMAPUTRA RIVER BASIN 88 

The GBM river system is the third largest freshwater outlet to the world’s oceans, exceeded 89 

only by the Amazon and the Congo river systems (Chowdhury and Ward 2004), and when it swells 90 

to 140,000 m3/s during monsoon floods, it surpasses even those (FAO 2011). A number of studies 91 

have been conducted of the water resources of the GBM river system (see for example Nishat and 92 

Rahman (2009)). The interest of many of the studies has been the damage caused by flooding in 93 

the lower basin (esp. Assam, India, and Bangladesh (e.g., Jian et al. 2009)) or the hydropower 94 

potential of the upper basin (esp. Tibet, China, and Bhutan (e.g., Rahaman 2012)). The basin has 95 

been described as “plagued by floods and droughts” and land-reshaping sedimentation in the rivers 96 

and floodplains (Babel and Wahid 2011). Though better known for vulnerability to extreme floods, 97 

the region is surprisingly drought-prone (Shahid and Behrawan 2008), and subject to chronic 98 

medium-intensity (and occasionally high-intensity) earthquakes (Schulte-Pelkum et al. 2005). 99 

Flood waters hit Bangladesh from both the upstream and the downstream – in addition to monsoon-100 

related fluvial flood risks, Bangladesh is ranked number one in the world in terms of risks from 101 

tropical cyclones and storm surges, which arrive pre- and post-monsoon, with India right behind 102 

(Peduzzi et al. 2012). 103 

Geography 104 

The drainage area of the 2,900-km-long Brahmaputra River is shared by China, India, 105 

Bhutan and Bangladesh. The first 1,700 km of the river is in China (within the Tibet Autonomous 106 

Region), where it is known as the Yarlung Tsangpo, and where its headwaters originate in the 107 

Angsi Glacier at an elevation of approximately 5,000 m. After passing through the Great Bend, it 108 

is referred to as Siang in the upper reaches and Dihang in the lower reaches. Flowing 35 km 109 

southwest through the Assam Valley, the river is joined by two other tributaries – the Dibang and 110 
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the Lohit – and becomes the Brahmaputra. In Assam, India, the Brahmaputra is joined by the 111 

Kameng (also named Jia Bhoreli) and the Subansiri. Between Dibrugarh and Lakhimpur districts 112 

the river divides into two channels – the northern Kherkutia channel and the southern Brahmaputra 113 

channel, which wrap around each side of Majuli Island before joining again on the other end of 114 

the island roughly 100 km downstream. The river then enters Bangladesh where it is joined by a 115 

large tributary, the Tista River, and travels for 337 km under the name Jumana before being joined 116 

by the Ganges River, then the Meghna River, and emptying into the Bay of Bengal. Though the 117 

main trunk of the Brahmaputra does not pass through it, the nation of Bhutan is entirely within the 118 

Brahmaputra watershed, and contributes water in four major tributaries: Amochu, Wang Chu, 119 

Sonkosh, and Manas (Rahaman and Varis 2009; Singh et al. 2004). 120 

Hydro-Climatology 121 

The annual flow in the upper Brahmaputra is supported by baseflow from groundwater and 122 

glacial/snow melt; while the lower Brahmaputra is dominated by the South Asia monsoon. The 123 

annual flow of the Brahmaputra River from China to India is estimated to be 165.4 billion cubic 124 

meters (BCM) (Ministry of Water Resources 2011), with an additional 78 BCM entering India 125 

from Bhutan (FAO 2011). The average annual flow at Bahadurabad station in Bangladesh, which 126 

registers flow after the addition of the Tista River to the Brahmaputra mainstem, is approximately 127 

600-660 BCM (GRDC 2014). 128 

Hydro-Climatological and Irrigation Water Data 129 

Given the importance of a thorough understanding of streamflow and climate trends and 130 

drivers to the study of a region’s hydro-climatological vulnerabilities, we found it necessary to 131 

conduct our own analysis of the available raw hydrological and climatological data. The 132 

temperature and precipitation data used in analyses of climate in this work are from the Asian 133 
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Precipitation – Highly-Resolved Observational Data Integration Towards Evaluation 134 

(APHRODITE) daily precipitation datasets with high resolution for Asia (Yatagai et al. 2012). 135 

After initial data evaluation and comparison against sparse available climate stations, the 136 

APHRODITE precipitation data were bias-corrected using procedures described in Ray et al. 137 

(2014). When analyzing climate change projections, all Representative Concentration Pathways 138 

(RCPs) of the 122 General Circulation Models (GCMs) in the Coupled Model Intercomparison 139 

Project Phase 5 (CMIP5) available within the boundaries of the basin were used. 140 

Of the six Global Runoff Data Center (GRDC) stations (a subset of those shown on Figure 141 

8) for which streamflow data are publicly available, only Yangcun (in Tibet, China), Pandu (in 142 

Assam, India), and Bahadurabad (in Bangladesh) are on the mainstem of the Brahmaputra. The 143 

others measure the flow of tributaries to the Brahmaputra. For all gages the data coverage is poor, 144 

between approximately 1955 and 2005, with significant gaps in reporting throughout each station’s 145 

record. 146 

We rely on CROPWAT 8.0 (FAO 1992) to provide information on the distribution of 147 

irrigation water demand, and check its results against annual totals published by the statistical 148 

departments of the basin countries. 149 

Climate Analysis 150 

The climate of the basin is monsoon-driven with a distinct wet season from June to 151 

September, accounting for 60-70% of annual rainfall. The Tibetan Plateau, located in the rain 152 

shadow of the Himalayans, is the driest zone in the basin, while the flood plains are the wettest. 153 

The data show significant intra-annual variability of rainfall (see Figures 2 and 3).  154 
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 155 
Figure 2 Time series of precipitation in the portion of countries within the Brahmaputra 156 

basin. 157 
 158 

 159 
Figure 3 Average seasonality of precipitation in the portion of countries within the 160 

Brahmaputra basin. 161 
 162 

For the rivers in the region, the variations of the total amount, peak and onset of seasonal 163 

cycle of streamflow are influenced by the progression of the monsoon from the southeast to 164 

northwest (Chowdhury and Ward 2004). Though Krishna Kumar et al. (1999), Walker (1924), and 165 

most other previous studies described a modulating effect of the El Niño Southern Oscillation 166 

(ENSO) on the strength of the Asian monsoon regionally, with strong El Niño years (non-strong 167 
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El Niño and La Niña) exhibiting lower (higher) monsoon rainfall, Immerzeel (2008) found no 168 

significant relationship between ENSO strength and the magnitude of monsoon precipitation in 169 

the Brahmaputra basin. We therefore evaluated the effect of ENSO on precipitation throughout the 170 

Brahmaputra basin by assigning each year in the available historic precipitation record (1961-171 

2008) a designation according to ENSO year type. As defined by NOAA (2014), ENSO year (July-172 

June) type was defined as 5 consecutive occurrences (3-month running averages) of Niño3.4 173 

oceanic sea surface temperature above a threshold. The threshold for weak El Niño/La Niña is a 174 

sea surface anomaly of 0.5oC; for moderate, 1oC; and for strong, 2.5oC. An analysis of variance 175 

(ANOVA) exploration of the (water-year, October-September, after swollen monsoon 176 

streamflows have subsided, an effective lag after ENSO year of 3 months) area-averaged annual 177 

precipitation in each of the basin countries (precipitation within the basin boundaries only) against 178 

ENSO year type showed no statistically significant relationship between the occurrence of a strong 179 

or moderate ENSO event (either El Niño or La Niña) and precipitation in the Brahmaputra basin 180 

(see Figure 4). All input to the ANOVA test were approximately normally distributed with similar 181 

variance. ANOVA p-values against H0: 1=2=3 were 0.261 for India, 0.483 for Bangladesh, 182 

0.241 for Bhutan, 0.678 for China, and 0.239 basin-wide.  183 

This brief analysis does not represent a comprehensive exploration of the ENSO-sensitivity 184 

of the Brahmaputra basin, and there are other ways to structure the experiment (e.g., altnerative 185 

teleconnection seasonality, greater geographic disagregation, compounded interaction with the 186 

Indian Ocean Dipole). However, Figure 4, based on best current understanding of ENSO-climate 187 

linkages in the tropics (Dai et al. 2004, Mason and Goddard 2001, Lyon and Barnston 2005, Kumar 188 

et al. 2006) provides a compelling indication that ENSO variability on its own is not a good 189 

predictor of precipitation in the Brahmaputra basin. We therefore recommend further research into 190 
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the causes of climate variability in the Brahmaputra basin in order to improve the performance of 191 

forecasting and early warning systems. 192 

 193 
Figure 4 ENSO effect on basin-wide annual precipitation, 1961-2008: 1 indicates Moderate-194 

Strong El Niño years (n = 11), 2 indicates Neutral (or weak El-Niño/La Niña) years (n = 29), 195 

3 indicates Moderate-Strong La Niña years (n = 6). ANOVA p-values against the H0: 196 

1=2=3 are 0.261 for India, 0.483 for Bangladesh, 0.241 for Bhutan, and 0.678 for China. 197 
 198 

Figure 5 presents a time series of temperature in the basin, by country. Temperatures follow 199 

the same seasonal cycle throughout the basin, with a shorter and more abrupt summer warm season 200 

in higher altitudes. An increasing trend can be seen in China. The increasing temperature trend in 201 

the past 50 years in China is discussed in greater depth in the context of climate change in below. 202 

Figure 6 illustrates temperature seasonality in each of the basin countries. Temperatures follow the 203 

same trend throughout the basin, with flatter highs across a longer portion of the year in the lower 204 

basin, and a shorter summer warm season in higher altitudes. 205 
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 206 
Figure 5 Time series of temperature in the portion of countries within the Brahmaputra 207 

basin. 208 
 209 

 210 
Figure 6 Average seasonality of temperature in the portion of countries within the 211 

Brahmaputra basin. 212 
 213 

Surface Water 214 

Analyzing the available data we find that average annual flow in Bangladesh (at 215 

Bahadurabad) is approximately 20,000 m3/s (flow volume of 600-660 billion cubic meters, 216 

BCM/yr). The interannual variability in Brahmaputra streamflow is low, resulting from very stable 217 

interannual precipitation totals (coefficient of variation of water-year annual precipitation in each 218 
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basin country, within basin boundaries only, < 0.14) and modulated further by groundwater and 219 

glacial-melt baseflow. However, the seasonal variability is large. There is seven times more flow 220 

at Bahadurabad from June through October (apprx. 39,000 m3/s) than there is from January 221 

through April (apprx. 5,600 m3/s). Figure 7 presents a time series of publically-available flow data 222 

at Yangcun station (China), Pandu station (India), and Bahadurabad station (Bangladesh). The lack 223 

of publicly available data from China is apparent. 224 

 225 
Figure 7 Time series of streamflow at Yangcun (China), Pandu (India), and Bahadurabad 226 

(Bangladesh). 227 
 228 

The sufficiency of streamflow to support irrigated agriculture in the basin is evaluated in a 229 

dedicated section below. 230 

Flood 231 

Catastrophic floods in the Brahmaputra basin (Bangladesh, specifically) in recent years 232 

took place in 1988, 1998, 2004 and 2007 (Islam et al. 2010). There is some evidence that the 233 

current year, 2014, may be a year of exceptional flood damages, but sufficient data were not 234 

available to draw that conclusion at the time of the writing of this manuscript. In northeast India, 235 

the total annual flood-affected area in the basin is estimated to be approximately 3,600 km2, while 236 

the total flood-prone area is approximately 31,740 km2 (Sharma and Sharma 2009). Even in normal 237 
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years, up to 30% of Bangladesh is flooded by monsoon waters, while up to about 80% of the land 238 

area is considered flood prone (Biswas 2008).  239 

The lower Brahmaputra River (as described by the bounds of the state of Assam, India, and 240 

Bangladesh) suffers significant damages (economic, infrastructure, and human) as a result of 241 

monsoon (June-October) flooding with nearly annual regularity. Annual flooding events in the 242 

Brahmaputra basin are marked by prolonged and intense monsoon rainfall (May-September), and 243 

the combination of large-scale erosion of soil and the silting of river beds with sediment sloughed 244 

from the steep, fragile mountainsides of the upper basin (Sharma and Prasad 1995; Sharma and 245 

Sharma 2009). The large amount of runoff during the monsoon season, coupled with high gradient 246 

hill slopes, results in massive sediment loads (0.5 billion and 1.8 billion tons per year in 247 

Bangladesh) that settle out of suspension in the slower-moving waters of the wider, flatter, lower 248 

basin. This erosion/deposition of sediment gradually changes the valley geometry and floodplain 249 

topography, often results in a reduction in water conveyance capacity (Biswas 2008), and has 250 

adverse social and economic consequences including: the loss of agricultural land (loss of 251 

livelihood), the loss of housing, and involuntary migration, circumstances which increase 252 

competition over limited resources and exacerbate ethnic and civil tensions (Sharma et al. 2010). 253 

The viscous effects of extreme high suspended sediment loads that accumulate in the river during 254 

flash floods and seismic activities, coupled with deforestation and basin denudification, amplify 255 

dynamic shearing and increase the rate of bank erosion (Phukan et al. 2012; Sharma et al. 2010; 256 

WWF Global 2013). Between 1912 and 1996 nearly 868 km2 of land riparian to the Brahmaputra 257 

was lost to bank erosion; the equivalent of 10.3 km2 per year (Sharma et al. 2005).  Development 258 

of such dynamic, fluid lands is challenging.  259 
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The challenges of dealing with monsoon fluvial floods in the basin are compounded by the 260 

frequent occurrence of pre-monsoon and post-monsoon tropical cyclones. From 1891–98, 261 

approximately 178 severe cyclones with wind speeds of more than 87 kilometres per hour (km/h) 262 

formed in the Bay of Bengal, causing extensive loss of life and destruction of property in 263 

Bangladesh and northeast India (Alam and Collins 2010). From 1960–2009, 45 major cylonic 264 

storms caused severe damage to lives and property in Bangladesh (Mottaleb et al. 2013). Most of 265 

the tropical cyclones (70%) hit in the months of May–June (pre-monsoon) and October–November 266 

(post-monsoon) (Islam and Peterson 2009). In the past century, two of the world’s deadliest 267 

tropical cyclones occurred in Bangladesh in 1970 and in 1991, killing approximately 300,000 and 268 

140,000 people, respectively. Bangladesh is particularly vulnerable to storm surge, an unusual rise 269 

in seawater associated with a tropical cyclone originating in the Bay of Bengal, because of the 270 

shallow bathymetry of the Bay of Bengal, funneling shape of the coastline with low-lying flat 271 

terrain, and very high population density. Storm surges exacerbate cyclone damages, and have 272 

caused major devastation in the coastal region (Choudhury 1998). Using a suite of local global 273 

data sources, a number of studies have found that, though the trend of tropical cyclones hitting the 274 

Bangladesh coast is highly variable, there has been a general increasing trend in the frequency of 275 

severe cyclonic storms between 1877 and 2005, and presently there is a clear increasing trend 276 

(Islam and Peterson 2009; Singh 2007). Hoarau et al. (2012), on the other hand, using reanalysis 277 

data, concluded that there has been no trend towards an increase in the number of categories 3–5 278 

cyclones, specifically, over the last 30 years.  279 

While the floods of the lower basin result from monsoons and tropical cyclones, floods in 280 

the upper basin can result from Glacial Lake Outburst Floods (GLOFs). Most eastern Himalayan 281 

glaciers have recently been retreating at rates that range from a few meters to several tens of meters 282 
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per year, resulting in an increase in the number and size of glacial lakes (Bajracharya et al. 2007; 283 

National Research Council 2012). GLOFs occur when moraine dams become unstable and break 284 

due to extensive glacial melt, rain or earthquake. In addition to flooding hazards, rocks and debris 285 

released into the downstream valley increase the destructive potential of GLOFs. In the 286 

Brahmaputra basin, Tibet and Bhutan are particularly vulnerable to GLOFs. The Qentanglha and 287 

Benduan Mountains of south-east Tibet are a site of consistent GLOF events (Ding and Liu 1992). 288 

The major river systems of Bhutan, including the Mangde Chu, Pho Chu, Chamkhar Chu, Mo Chu, 289 

Kuri Chu, and Pa Chu, all originate from glaciers, including more than 2500 glacial lakes, 24 of 290 

which have the potential to produce dangerous GLOFs (Richardson and Reynolds 2000). Over the 291 

last two centuries Bhutan has experienced at least 21 glacial lake outburst floods, four of which 292 

have been occurred in the last forty years. The outburst of the Lugge Tso in 1994 affected both 293 

human lives and property, damaging 1,700 acres of agriculture and pasture land, destroying six 294 

tons of food grains, causing critical infrastructure damage (UNDP 2012). 295 

Drought 296 

Drought is a recurrent phenomenon in some parts of Bangladesh. Since its independence 297 

in 1971, Bangladesh has suffered from nine droughts of major magnitude. Though droughts in 298 

Bangladesh have received less scientific and media attention than floods or cyclones, economic 299 

losses from drought are likely to be more severe than from floods in Bangladesh (Shahid and 300 

Behrawan 2008). An analysis of the relative effects of flood and drought on rice production 301 

between 1969–1970 and 1983–1984 indicated that drought was more devastating than floods to 302 

aggregate production (World Bank 1998). 303 

The Tibetan plateau has been called Asia’s “water tower”, because it serves as the water 304 

source for many of Asia’s largest rivers. However, compared to the lower Brahmaputra basin 305 
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(India and Bangladesh), Tibet receives a very modest annual quantity of precipitation: just more 306 

than 500 mm/year. Bothe et al. (2010) identified occurrences of severe and extreme drought in 307 

Tibet in the past half century: June 1961, June 1965, June and August 1972, August 1984, and July 308 

1994. More recently, the extreme drought of 2009/2010 over southwestern China was the driest 309 

event with the longest span of non-rain days during the winter season (October-February) in the 310 

past 50 years (Gao and Yang 2009; Yang et al. 2012). Chinese state media reported that the drought 311 

left thousands of hectares parched and resulted in the deaths of more than 13,000 head of cattle. 312 

Groundwater  313 

Little publicly available information is available regarding the groundwater resources of 314 

the Brahmaputra basin. Advanced hydrologic modeling techniques (e.g., Andermann et al. 2012) 315 

have been used to determine the effect of groundwater storage on streamflow elsewhere in the 316 

Himalayan region, but such techniques have not yet been applied in the Brahamputra basin. Zhang 317 

and Li (2005) describe (in Chinese) the groundwater resources of the Tibet Autonomous Region 318 

of China in terms of total storage available and percent of sustainable yield withdrawn for human 319 

use. In India, though the groundwater resources of the Brahmaputra basin are substantial, most of 320 

the groundwater capacity is confined to piedmont areas with an estimated yield potential in Assam 321 

of 10.7 BCM/yr (FAO 2011).  322 

In Bangladesh, the use of groundwater has become an increasingly important source of 323 

water for irrigation (70-75% of the irrigated land in Bangladesh is fed by groundwater (Shahid 324 

2011)), municipal and industrial purposes, particularly in the dry season. Environmental hazards 325 

have been encountered in many areas, and a number of adverse effects have emerged due to over-326 

abstraction of groundwater, such as the lowering of water tables, reduction in dry season flows of 327 

rivers and streams, groundwater contamination (esp. arsenic – Smith et al. 2000), intrusion of 328 
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saline water in coastal areas, ecological imbalance and land subsidence. There has been evidence 329 

of permanent lowering of groundwater levels in some locations, with strong declining trends (0.5-330 

1 m/yr) in dry-period groundwater levels in the central part of the country surrounding Dhaka city, 331 

and moderately declining trends (0.1-0.5 m/yr) in western, northwestern, and northeastern areas 332 

(Shamsudduha et al. 2009). The water table has recently receded at a rate of 3.5 m/year in the 333 

central part of Dhaka. Approximately 87% of Dhaka’s municipal water supply comes from 334 

groundwater, and if groundwater over-extraction continues, it has been calculated that the 335 

desiccation of aquifer composition and the compaction of clay particles could see Dhaka subside 336 

6.4 cm by 2020 (Haque et al. 2013). The Bangladesh Water Development Board (2013) reports a 337 

significant recent increase in the salinity of coastal aquifers in Bangladesh, due to a combination 338 

of the lowering of the groundwater table, and a rising sea level. 339 

Glaciers 340 

A substantial portion of the annual precipitation in the high altitudes of the region falls as 341 

snow. Figure 8 shows the location of glaciers in the Brahmaputra basin. The Brahmaputra River 342 

is fed by large ice reserves. However, there is great disagreement regarding the actual glacial count, 343 

coverage, and volume of reserves, as demonstrated in Table 1. We therefore conducted our own 344 

analysis using the Randolph Glacier Inventory v3.2 (RGI 3.2, Pfeffer et al. (2014)).  345 
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Table 1 Glaciers in the Brahmaputra Basin. 346 

River Basin Sources Basin 

area 

(km2) 

Number 

of 

glaciers 

Total 

glacier 

area (km2) 

Largest 

glacier 

area (km2) 

Total ice 

reserves 

(km3) 

Brahmaputra This paper 

(using RGI v3.2) 

636,130 11,097 16,834 198 1,208 

Bajracharya and 

Shrestha (2011) 

432,480 11,497 14,020 204 1,303 

Eriksson et al. 

(2009) 

 4,366 6,579  600 

Singh (2001)   4,886   

Ganges NRC (2012)   9,000-

18,500 

  

Eriksson et al. 

(2009) 

 6,694 16,677  1,971 

Indus NRC (2002)    21,000-

36,500 

  

Eriksson et al. 

(2009) 

 5,057 8,926  850 

 347 

Our geospatial analysis of the size and extent of glaciers in the basin was in good agreement 348 

with the calculations presented in recent study conducted by the International Center for Integrated 349 

Mountain Development, ICIMOD (Bajracharya and Shrestha 2011). Our results indicated the 350 

number of glaciers within the Brahmaputra catchment to be more than 11,000, with a total 351 

glaciated area of nearly 17,000 km2, and estimated ice reserves of about 1,200 km3, resulting in an 352 

average glacier thickness of 0.07 m between elevations of approximately 2,400 and 8,300 meters 353 

above sea level. A study by the Indian Space Research Organization (2011) estimated the glacial 354 

area within the Brahmaputra basin at approximately 20,500 km2. The 14,000-20,000 km2 range of 355 

glacial area in the Brahmaputra basin is in the middle range of glacier area in the Ganges River 356 

basin (9,000-18,500 km2) and the Indus River basin (21,000-36,500 km2), according to the 357 

National Research Council (2012). Previous studies, e.g., Eriksson et al. (2009) and Singh (2001), 358 

have estimated smaller total glacial area in each basin, and have concluded that meltwater 359 
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contributes a higher portion of the flow to the Indus River than it does to the Brahmaputra River 360 

(Eriksson et al. 2009; Qin 1999). 361 

 362 
Figure 8 Glaciers, dams and publicly-accessible stream gages of the Brahmaputra basin 363 

(data from the Randolph Glacier Inventory, version 3.2). 364 
 365 

Glacier fluctuation in the Himalayan region and corresponding river flow response are 366 

considered to be intrinsically related to the strength of the Asian monsoon (Thayyen and Gergan 367 

2010), major changes in the strength and timing of which are predicted to accompany climate 368 

change in the coming century (Eriksson et al. 2009). This is further discussed in the climate change 369 

section that follows. 370 

Climate Change 371 

At the South Asia regional scale, studies of the anticipated effects of climate change on 372 

rainfall are inconclusive. However, it is expected that the impact of climate change on water 373 

resources in the Himalayan and the Tibetan plateau will be significant: increasing 374 

evapotranspiration combined with changes in spatial and temporal distribution of precipitation will 375 

affect the mean run-off, frequency and intensity of floods and droughts (Christensen et al. 2007). 376 
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In the Brahmaputra River basin, the lack of observational data in the complex topographic terrain 377 

makes predicting changes in precipitation patterns in the mountains challenging: adequate 378 

representation of the local effects of topography on precipitation in most GCMs is not available 379 

(Beniston et al. 1997; Immerzeel 2008). This section provides our best understanding of both 380 

recent climate trends and future climate projections for the upper and lower Brahmaputra basin. 381 

Historical trends 382 

Precipitation in the upper Brahmaputra basin shows an overall increasing trend (Ge et al. 383 

2004), with greatest increasing trend in spring, no significant change in fall and winter, and a 384 

decreasing trend in summer (Li et al. 2010). Temperature shows an increasing trend in the upper 385 

Brahmaputra river basin in the past 40 years (Ge et al. 2004; Song et al. 2011; Xu et al. 2009; Yao 386 

2008; Zhao et al. 2002) with greatest increase in winter (Du et al. 2011; Song et al. 2011; Xu et al. 387 

2009; Zhao et al. 2002), and with changes in minimal daily temperature more pronounced than 388 

changes in average daily temperature (Song et al. 2011; Xu et al. 2009). Some have attributed the 389 

retreat of glaciers in the region to the increasing temperature (Ding et al. 2006; Yao 2008). Such 390 

observations are in concert with broader scientific evidence of glacial retreat in the eastern and 391 

central Himalayas (including those feeding the Brahmaputra) (National Research Council 2012).  392 

The past 50 years have seen at least a slightly increasing trend in streamflow in the upper 393 

Brahmaputra basin, mostly observed by Chinese scientists examining the flow of the Yarlung 394 

Tsangpo River in Tibet (Gao et al. 2008; Liu et al. 2007; Liu 1999). These changes are coincident 395 

with warming and glacial mass loss (Liu et al. 2007; Wang et al. 2009; Zhang et al. 2010). Tsao et 396 

al. (2005) was the only of the referenced studies not to find a significant change in streamflow in 397 

the major rivers from the Qinghai-Tibetan Plateau in the past 50 years. 398 
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Jain and Kumar (2012) analyzed precipitation data for the entirety of India and concluded 399 

that, though there is no significant trend in precipitation in the Ganges River basin, there is a 400 

decreasing trend in the Brahmaputra River basin. Deka et al. (2013) likewise observed a decreasing 401 

precipitation trend in the lower Brahmaputra Basin. 402 

Future projections 403 

Most studies of the anticipated effect of climate change on future streamflow in the 404 

Brahmaputra river project increases in flow due to anticipated increases in precipitation within the 405 

basin (Gain et al. 2011; Liu et al. 2012; Manabe et al. 2004). Our own analysis of all Representative 406 

Concentration Pathways (RCPs) of the General Circulation Models (GCMs) in the Coupled Model 407 

Intercomparison Project Phase 5 (CMIP5) for the basin, presented in Figure 9, confirms these 408 

published findings. There are 26 GCMs with results for RCP 2.6, 38 with results for RCP4.5, 21 409 

with results for RCP6.0, and 37 with results for RCP8.5. In order to produce Figure 9, we gathered 410 

all gridcells with at least partial coverage of the basin for all 122 RCP-GCM runs, produced 122 411 

area-weighted average timeseries (1 for each RCP-GCM run), and calculated average change 412 

factors between the periods from GCM hindcasts (1971-2000) and projections (blue circle: 2011-413 

2040; red square: 2041-2070; green triangle: 2071-2099).  414 

The increase precipitation is expected to be larger in the monsoon season than in the non-415 

monsoon season. The upper Brahmaputra shows a higher percentage increase than the lower 416 

Brahmaputra in the monsoon season. By contrast, the increase in temperature is expected to be 417 

slightly larger in the non-monsoon season, especially for the upper Brahmaputra. The uncertainty 418 

difference in the precipitation change between the monsoon and non-monsoon season becomes 419 

larger the further we look into the future (increasing scatter in Figure 9). Focusing on the monsoon 420 

season of the distant future, the range of anticipated precipitation is tremendous, with some GCMs 421 
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projecting a precipitation decrease (20%), though most project precipitation increase, as much as 422 

50%. Greater temperature increases are projected for the upper Brahmaputra than for the lower 423 

Brahmaputra.  424 

 425 
Figure 9 Coupled Model Intercomparison Project Phase 5 (CMIP5) precipitation and 426 

temperature change under all RCP scenarios for three different periods in the lower and 427 

upper Brahmaputra river basin (Monsoon: Apr-Sep; Non-monsoon: Oct-Mar). Change 428 

factors are presented from the period 1971-2000. 429 
 430 

Land use 431 

Along the upper reaches of the Brahmaputra (Tsangpo) on the High Plateau of Tibet, the 432 

vegetation is mainly drought-resistant shrubs and grasses (Singh et al. 2004). As the river descends 433 
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from Tibet, increased precipitation supports the growth of forests such as sal, a valuable timber 434 

tree found in Assam. At lower elevations, tall reed jungles grow in the swamps and depressed, 435 

water-filled areas (jheels) of the floodplains. Communities in the Assam Valley primarily grow tea 436 

in the upper reaches, and cultivate fruit trees including plantains, papayas, mangos, and jackfruit 437 

elsewhere. Bamboo thickets are also prominent throughout Assam and Bangladesh (World Bank 438 

2007). Most agricultural land in Tibet is devoted to qingke (barley) and wheat, while most 439 

agricultural land in the lower basin is given to rice. Most urbanization in the basin is occurring in 440 

Dhaka, Bangladesh (Haque et al. 2013), and Guwahati City, Assam, India (Gogoi 2013), with 441 

localized effects on water quality and groundwater levels. The importance of wetlands to the basin 442 

deserves dedicated description. 443 

Ecology and delta region 444 

Northeastern India supports a very high diversity of bird species, with 836 of the 1,200 bird 445 

species known from the Indian subcontinent (Chatterjee et al. 2006; World Bank 2007). Assam 446 

hosts the entire world population of the pygmy hog, 75% of the world’s rhinoceros and wild water 447 

buffalo, as well as a large number of Asian elephants and tigers (Chatterjee et al. 2006). Kaziranga 448 

National Park, established as a UNESCO World Heritage site in 1985, is the last remaining home 449 

of the one-horned rhinoceros (Singh et al. 2004). The number of varieties of fish in northeast India 450 

is estimated at greater than 230 with 130 recorded from the drainages of Arunachal Pradesh (Kar 451 

et al. 2006). 452 

Covering 105,640 km2, the Brahmaputra-Ganges delta is one of the largest in the world 453 

and has one of the highest population densities. The coastline of the Ganges-Brahmaputra delta is 454 

highly dynamic, and includes the Sundarbans, the world’s largest coastal wetland, a tidal 455 
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halophytic mangrove forest fed by the floodwaters and sediment of the Ganges, Brahmaputra, and 456 

Meghna rivers (Gopal and Chauhan 2006). 457 

The Brahmaputra has so far been spared environmental degradation on the scale suffered 458 

by nearby major rivers, such as the Ganges (Rehana et al. 1996), the Amu Darya (Tornqvist et al. 459 

2011), the Mekong and the Yangtze (Dudgeon 2005). Anthropocentric development in the 460 

Brahmaputra must therefore balance the goal of immediate poverty reduction with the preservation 461 

of the vulnerable, rich natural heritage of the basin, in the interest both of intergenerational human 462 

equity, and biocentric egalitarianism. 463 

AGRICULTURAL WATER USE 464 

A survey of existing literature did not provide meaningful information regarding the 465 

agricultural water use in the Brahmaputra basin. We therefore conducted our own investigation, 466 

as summarized in the procedure and figures of this section. The findings are approximate, and 467 

limited by the available data, but are useful as a first-order understanding of the relative agricultural 468 

water use throughout the basin, and support the construction of Figures 10 and 11.1 469 

Crop Water Determination Procedure 470 

FAO CROPWAT is a tool for estimating monthly water use for each crop in each demand 471 

sector. CROPWAT takes as input the crop type, latitude and longitude, and planting date, and 472 

outputs an estimate for irrigation water need (total crop water consumption minus effective 473 

                                                 

1 According to the China Water Resources Bulletin (2011), seventy-six percent of all irrigated land in Tibet is in the 

Brahmaputra basin, and the withdrawals for agriculture in Tibet are 2.7 BCM (2011). According to Zhang et al. (2005), 

withdrawals are 1.44 BCM. We estimate withdrawals for agriculture in Tibet to be only 0.37 BCM, indicating that 

our analysis for Tibet is biased downward, likely because of underestimations in the cropped land and overestimation 

of the available water due to poor capture of the spatial heterogeneity in the four Tibetan provinces. Agricultural and 

water use data are especially sparse in Tibet. However, the consequences of this downward bias on our conclusions 

are not severe, as Tibet water use constitutes only a small fraction of basin-wide irrigation water use. CROPWAT 

water withdrawal estimates for India and Bangladesh are validated for India by Amarasinghe et al. (2005). 
 



25 

 

rainfall). We rely on CROPWAT to provide information on the distribution of irrigation water 474 

demand, and check its results against annual totals published in the above references, and others. 475 

CROPWAT Procedure: 476 

1) Research thoroughly, using published reports and websites of the governments within the 477 

basin (e.g., the Indian Department of Statistics, the Tibet Statistical Yearbook, the 478 

Bangladesh Ministry of Agriculture, and the National Statistics Bureau of Bhutan)2, and 479 

peer-reviewed literature (e.g., Singh and Sharma (2007), Amarasinghe et al. (2005), 480 

Zhang et al. (2005)), the agricultural characteristics of the basin countries. 481 

2) Choose a level of geographic resolution. In this case, the choice was to lump agricultural 482 

characteristics by political province/district within each basin country. 483 

3) Based on research into the fraction of land in each province of each country that is 484 

dedicated to each crop (as well as the market value and economic significance of the 485 

crops), select the 4 or 5 most important crops within each province, and summarize the 486 

cropped area of each in hectares. 487 

4) Based on research into soil type and land cover (e.g., United States Department of 488 

Agriculture Natural Resources Conservation Service, USDA NRCS: 489 

http://soils.usda.gov/use/worldsoils/mapindex/order.html), as well as topographic features 490 

and weather patterns, select the climate stations in CLIMWAT that best represent the 491 

climate and soil classes that best represents the soil types available to the crops in each 492 

province. 493 

                                                 

2 Websites: Indian Department of Statistics (www.indiastat.com); the Tibet Statistical Yearbook 

(http://www.tibetinfor.com.cn/english/zt/tjnj_040317/index.html); the Bangladesh Ministry of Agriculture 

(www.moa.gov.bd/statistics/statistics.htm); and the National Statistics Bureau of Bhutan 

(http://www.nsb.gov.bt/main/main.php#&slider1=4). 

http://soils.usda.gov/use/worldsoils/mapindex/order.html
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5) Research the planting date, harvest date, and special characteristics of crop production in 494 

each province (e.g., aus, aman and boro rice fractions, water availability at planting of 495 

rice, fraction of total annual harvest occurring in each season – kharif and rabi). 496 

6) Enter climate, soil, crop-type, planting and harvest data into CROPWAT and average 497 

across soil types and climate stations in order to represent geographic heterogeneity 498 

within each province.  499 

7) Collect and organize output regarding evapotranspiration, effective rainfall, and irrigation 500 

requirement. Combine with cropped area data to arrive at estimates of irrigation water use 501 

in each province. 502 

Indiastat is the website of the Indian Department of Statistics, and includes information on 503 

data of all types, including agricultural data on cropped area, production, and prices (irrigation and 504 

crop sale). Agricultural data is available for most crops in an annual time series from approximately 505 

2001-2013 with reference points to the mid-20th century. The Tibet Statistical Yearbook provides 506 

cropped area and production, but not price information or irrigation costs. Data are only available 507 

in 2001, and from 2009-2012. The Bangladesh Ministry of Agriculture provides detailed 508 

information on cropping patterns within each division (province) of Bangladesh, including 509 

growing season, number of crops per year, and sub-crop type. Cropping intensity, yield, 510 

production, and price information in Bangladesh are available in timeseries from the early 1970s 511 

to mid 2000s (yearly coverage varying by crop), and more detailed information regarding land 512 

utilization are available for annual snapshots in the mid 2000s.  513 

Table 2 summarizes the information required by CROPWAT, according to province in 514 

each basin-country. In the Tibet Autonomous Region of China, only a single CLIMWAT station 515 

was available, and all provinces of China were therefore directed to the climate and soil type of 516 
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the available station. Agricultural production in Bhutan was determined to be very small relative 517 

to the other basin-countries, and was therefore not modeled. 518 

Table 2 Summary information for CROPWAT calculations of agricultural water use in 519 

each province within the Brahamaputra basin 520 

Country Province CLIMWAT station (soil type) Crop type (planting date) 

China Xigaze, 

Lhasa, 

Shannan, 

Nyingchi 

Lhasa (FAO-medium) qingke/barley (Apr20-

Aug17);  

wheat (Apr20-Aug27);  

winter wheat (Sep20-

May17);  

rapeseed (Jan15-May15);  

vegetables (Jun1-Sep3) 

India AP Dibrugarh (FAO-medium); 

Dibrugarh-Mohanbari (FAO-

medium); Lhasa (FAO-medium) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 

 Assam Dibrugarh (FAO-medium); 

Dibrugarh-Mohanbari (FAO-

medium); Sibsagar (FAO-

medium); Lumding (FAO-

medium); Tezpur (FAO-medium); 

Gauhati (FAO-medium); Dhubri 

(FAO-medium) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 

 Nagaland Sibsagar (FAO-medium); 

Lumbding (FAO-medium) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 

 Meghalaya Lumding (FAO-medium); Gauhati 

(FAO-medium); Dhubri (FAO-

medium); Shillong (FAO-medium) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 

 Sikkim Darjeeling (FAO-heavy); 

Kalimpong (FAO-heavy) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 

 West Bengal 

riparians 

Darjeeling (FAO-heavy); 

Kalimpong (FAO-heavy); Dhubri 

(FAO-medium); Jalpaiguri (FAO-

light); Dinajpur (FAO-medium) 

rice (Mar18-Jul15, 

kharif+rabi); 

tea (Aug16-Aug-15); 

rapeseed (Nov2-Mar1); 

vegetables (Jun1-Sep3) 
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Bangladesh Rangpur Jalpaiguri (FAO-light), Dhubri 

(FAO-medium), Dinajpur (FAO-

medium), Bogra (FAO-heavy) 

aman rice (Aug18-Dec15); 

boro rice (Jan16-May15); 

wheat (Nov23-Apr1); 

vegetables (Feb27-Jun1); 

potatoes (Oct9-Feb15) 

 Rajshahi Dinajpur (FAO-medium), Bogra 

(FAO-heavy), Serajgonj (FAO-

medium) 

aman rice (Aug18-Dec15); 

boro rice (Jan16-May15); 

wheat (Nov23-Apr1); 

vegetables (Feb27-Jun1); 

potatoes (Oct9-Feb15) 

 521 

Figure 10 illustrates the monthly irrigation water withdrawals, as calculated using 522 

CROPWAT. As shown in Figure 10, Bangladesh uses the most water in the Brahmaputra basin, 523 

especially during winter months when rice (esp. boro rice) is in its early stages of cultivation, and 524 

before the spring rains arrive. India uses the most water in the month of March. Irrigation water is 525 

not needed during the monsoon season (peak streamflow from June through October, with peak 526 

rainfall between May and September), but is needed in the early stages of the first growing season 527 

of each year.  528 

 529 
Figure 10 Seasonal variation in agricultural water use in the Brahmaputra basin by 530 

country computed by CROPWAT. 531 
 532 
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Figure 11 presents the magnitude and timing of basin-wide irrigation withdrawals relative 533 

to total available water at Yangcun station (China), Pandu station (Assam, India), and Bahadurabad 534 

station (Bangladesh). Except for the month of March, surface water is not generally limited. Even 535 

in March, though the amount of irrigation water withdrawn nearly equals the flow in the 536 

Brahmaputra River, much of the irrigation water draws from local groundwater stores (Shahid 537 

2011), and the river’s flow is not endangered. Based on historical data, then, the benefit of 538 

additional water storage infrastrucutre in the Brahmaputra basin would likely therefore be mostly 539 

for flood protection, and not the satisfaction of dry season water demands. This conclusion may 540 

not hold when factoring in climate change. 541 

 542 

 543 
Figure 11 Magnitude and timing of basin-wide irrigation withdrawals relative to total 544 

available water at points along the main stem of the river. 545 
 546 



30 

 

The magnitude and timing of the streamflow contribution from glacial melting, which is 547 

expected to increase in the coming few decades, may eventually diminish, and potentially affect 548 

the food security of the upper Brahmaputra basin (Immerzeel 2008), especially in Tibet, where the 549 

effects of the monsoon are muted. Immerzeel et al. (2010) dismiss the potential for damage to the 550 

food security of the lower basin, arguing that streamflow from melting occurs at approximately 551 

the same time as the beginning of the monsoon season in the lower Brahmaputra basin, and 552 

accounts for a small percentage of total monsoon flow. We propose that a long-term decrease in 553 

glacial contribution to streamflow in late winter/early spring could have detrimental effects on the 554 

pre-monsoon irrigation of rice (see Figure 10), among other crops.   555 

Potential decrease in glacial contributions to pre-monsoonal streamflow notwithstanding, 556 

we agree with prevailing literature that the greater concern for the population residing the lower 557 

Brahmaputra basin is the expected increase in peak monsoon flow, flood wave duration and 558 

variability (Ghosh and Dutta 2012). A shift in precipitation regimes to counteract reduced pre-559 

monsoonal meltwater is possible, but the projections do not support such an expectation at this 560 

point. With increases in extreme monsoon rainfall and variability, improved storage and flood 561 

mitigation strategies will be necessary to avoid significant agricultural losses and the potential of 562 

increasing food insecurity in northeast India and Bangladesh (Hassan et al. 2014; Ruane et al. 563 

2013). 564 

Ultimately, questions regarding the food security of the region deserves more careful 565 

investigation than is possible with a highly aggregated CROPWAT modeling exercise. The 566 

analysis described here is only a first order estimate of irrigation water needs in each of the basin 567 

countries. Of paramount importance is better data collection regarding irrigation water use, 568 
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especially by way of groundwater extraction. Such data would be valuable for shedding light on 569 

the sufficiency of basin water resources to meet growing demand for irrigation water in the future. 570 

ECONOMIC AND POLITICAL CHALLENGES 571 

This paper has so far explained that, as they attempt to develop their water resources in a 572 

manner that reduces chronic water-related vulnerabilities, the people of the Brahmaputra River 573 

basin face a number of challenges, including: floods; droughts; erosion and channel migration; 574 

groundwater overabstraction; potential conflicts in the timing of surface water availability and 575 

irrigation water demand; and climate change, which affects all of the above. Those challenges exist 576 

in the context of endemic poverty, complicated regional geopolitics, and difficult pressing 577 

decisions regarding the development of the basin’s hydropower resources. This section 578 

concentrates on the political and economic context. 579 

Hydropower Development 580 

At over 200 gigawatts (GW), the hydropower resources of the Brahmaputra are among the 581 

greatest in the world – and the least exploited, with less than 10 GW of hydropower generating 582 

capacity currently operational in the basin. Table 3, an expansion of that presented by Rahaman 583 

and Varis (2009), summarizes the hydropower potential within the Brahmaputra river basin. The 584 

data for the hydropower potential developed to date is derived from geospatial analysis and surveys 585 

of available data (e.g., Asian Development Bank 2010; Ministry of Water Resources, Government 586 

of India 2012; Rahaman 2012; Xu et al. 2002). Figure 8 identifies the location of a number of the 587 

prominent hydropower facilities (planned, under construction, and existing). Most of the 588 

hydropower facilities in the Brahmaputra basin are run of the river, and downstream flow 589 

conditions are not significantly altered by their operation. However, as just discussed in reference 590 

to climate change, a critical issue for the countries of the Brahmaputra basin is how to store the 591 
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massive quantities of rain that fall in a very short period of time, both to mitigate flood damages 592 

and to make the water available throughout the year (Vaidya and Sharma 2014). As identified by 593 

Brown and Lall (2006), Bhutan and Bangladesh have very low storage as a percentage of the 594 

seasonal storage index (the volume of storage needed to satisfy annual water demand based on the 595 

average seasonal rainfall cycle), and India’s storage as a percentage of the seasonal storage index 596 

is less than 80%. 597 

Table 3 Hydropower potential in the Brahmaputra basin and fraction developed to date. 598 

 Hydropower 

potential on 

Brahmaputra 

(GW) 

% of basin’s 

total 

hydropower 

potential 

Hydropotential 

developed to 

date (GW) 

China 110 53.4 <1 

India 66 32 <5 

Bhutan 30 14.6 <1.5 

Bangladesh 0 0 0 

Total 206 100 <8 

 599 

India has storage reservoirs at Doyang (565 million cubic meters) and Umiam-600 

Kyrdemkulai-Nongkhyllem (171 million cubic meters), and a much larger storage reservoir is 601 

under construction at Subansiri (1,365 million cubic meters) (CWC and ISRO 2012). Further large 602 

storage reservoirs are planned for the Brahmaputra basin in India, but are not yet operational (see 603 

Rahaman (2012)).  604 

Figure 12 is a comparative representation of the rate of drop in elevation of the Ganges and 605 

the Brahmaputra. The Brahmaputra’s rapid elevation drop some distance from the mountain peaks 606 

results in a more accessible, high net potential for hydro power production.  607 
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 608 
Figure 12 Elevation profile of Brahmaputra and Ganges rivers. The sharp drop in 609 

elevation in vicinity of the Great Bend of the Brahamputra River results in a large 610 

hydropower potential. 611 
 612 

The hydro-electricity potential of the Brahmaputra River basin is of great interest to China 613 

and India, in particular, where the growth of energy consumpution since the 1970s has been rapid. 614 

According to UNESCAP (2013), both China and India are as of yet not energy self-sufficient, and 615 

striving to achieve that self-sufficiency mostly through exploitation of vast coal reserves under 616 

each nation’s control. With total energy demand of 4700 terawatt-hour (TWh), China produces 617 

approximately 872 TWh of hydroelectricity (23.2% of global total hydroelectricity production, 618 

and approximately 18% of the Chinese domestic electricity generation), and India, with a total 619 

energy demand of 940 TWh, produces approximately 126 TWh of hydroelectricity (3.4% of global 620 

total hydroelectricity production, and approximately 11-13% of the Indian domestic electricity 621 

generation) (IEA 2014). As Table 3 and Figure 12 demonstrate, the hydropower potential of the 622 

Brahmaputra River basin presents both India and China with a significant, low carbon footprint, 623 

largely untapped energy resource at a time of rapid economic development partly constrained in 624 

each country by energy insufficiency.  625 
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As an example of potential benefit to be gained by development of hydro-electric resources 626 

in the basin, consider the potential impact on the surrounding region of development of the 627 

hydropower capacity of the Tista River. De Bruin et al. (2012) used a Soil and Water Assessment 628 

Tool (SWAT) model to evaluate the impact on groundwater levels and the effect on the livelihood 629 

of farmers in the Jaldhaka basin of West Bengal of the potential increase in rural electrification in 630 

the region. The presupposition was that “if farmers had improved access to irrigation water, they 631 

would maintain their current irrigated crops and fields and would grow additional summer rice, 632 

which requires full irrigation.” Their results suggested that changes in agricultural water 633 

management in the rural electrification scenario could benefit farmers without significant impacts 634 

on the water resources. 635 

In terms of spatial distribution of existing and planned hydropower facilities in the basin, 636 

India has the largest number of plants currently operational, at 14, with a total installed capacity 637 

of approximately 3.6 GW. Three more are under construction, at an additional 0.36 GW. Bhutan 638 

has developed 1.4 GW of its potential in four dams, with four dams under construction to 639 

contribute an additional 3 GW, and has committed to an ambitious agenda of developing over 640 

10,000 megawatts (MW) of hydropower capacity by 2020 with assistance from the Government 641 

of India, and achieving 100% electrification by between 2013 and 2016, up from approximately 642 

60% in 2009 (Asian Development Bank 2010). China is also initiating hydropower projects. At 643 

present, there are three relatively small (≤100 MW) hydropower plants operating in China, 644 

however, there are two under construction and seven in the planning phase, all of which are have 645 

greater generating capacity (some many times greater) than those operating now. No large dams 646 

exist in the GBM river basin in Bangladesh. Three barrages have been constructed across the 647 
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Teesta, Tangon and Manu rivers, which are used as diversion structures for irrigation purposes 648 

only (FAO 2011). 649 

Design specifications (e.g., gross storage, live storage, constant head) are not readily 650 

available for the hydroelectric projects in the Brahmaputra basin, though most of the existing and 651 

planned hydropower reservoirs in the Brahmaputra are designated as run-of-the-river, meaning 652 

that downstream flow conditions are not significantly altered by their operation.  653 

Studies are needed, based on quantitative net benefit maximization, which factor in the 654 

distribution of benefits and costs (to other regions and other societal sectors), to help determine 655 

the ramifications of each country’s current and planned development of the Brahmaputra’s 656 

hydropower resources, and the tradeoffs between development of hydro-electricity generation 657 

capacity versus electricity generation capacity of other types (esp., coal). 658 

Endemic poverty 659 

As explained by Lissner et al. (2014), the most important sectors of human water use are 660 

the municipal (domestic), agricultural, energy production and industrial sectors. To this list, and 661 

especially relevant in this basin, we would add infrastructure for the management of risks of flood 662 

and drought, and other byproducts of hydrologic variability (Brown and Lall 2006, Grey and 663 

Sadoff 2007). Biggs et al. (2013) explain that, “despite adequate water supplies a nation may still 664 

experience severe water insecurity, particularly if effective governance and equitable access are 665 

not prioritized.” Local water-related institutions play a key role in ensuring water security, but tend 666 

to be underfunded in regions of endemic poverty (Grey et al. 2013). Such institutions provide 667 

capacity to manage water-related risks, and ensure sufficient access to water supply, in the context 668 

of the available water resources, water demands, and environmental conditions (Sullivan and 669 

Meigh 2007). A brief exploration of poverty indicators in the Brahmaputra basin points to an 670 
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inability to support effective water institutions. Volatile national governance (external to the basin) 671 

and complex regional geopolitics are another hindrance to water security (Biggs et al. 2013), and 672 

are discussed in a subsequent section. 673 

Three of the Brahmaputra River’s four riparian states are among the top ten most populous 674 

countries in the world (China - #1, India - #2, Bangladesh - #7), and an estimated 130 million 675 

people live within the catchment, most of whom are rural poor (Amarasinghe et al. 2005). An 676 

additional 35-50 million people depend on the combined flow of the GBM system in the delta 677 

region of Bangladesh downstream of the confluence of the Ganges and Brahmaputra rivers.  678 

Sample demographic indicators for Brahmaputra River basin countries are summarized in 679 

Table 4. Not all data are available at the basin scale. Sub-national (basin-specific) indicators are 680 

population and rural population; national-level statistics are presented for Human Development 681 

Index (HDI), Gross Domestic Product (GDP), Agricultural GDP (AgGDP), and poverty headcount 682 

ratio (defined as the percent of the total population living below the national poverty line). Multi-683 

dimensional poverty index numbers are from the United Nations Development Programme (UNDP 684 

2014). The values represent the “percentage of the population that is multidimensionally poor 685 

adjusted by the intensity of the deprivations.” Caution should be taken in interpreting MPI for 686 

China, as the value is based on surveys of only 9 provinces in eastern China, none of which are 687 

within the Brahmaputra basin. Likely, the MPI values for provinces within the Brahmaputra basin 688 

are higher. Other country-level statistics are from the World Bank (2012). Basin-specific indicators 689 

are taken from the National Bureau of Statistics in Tibet (2012), Indiastat (2013), the Bangladesh 690 

Bureau of Statistics (2011), and the National Statistics Bureau of Bhutan (2012). The Tibet 691 

Autonomous Region is particularly rural, with development indices significantly lower than for 692 

China as a whole. The population of Bangladesh here is that population in the Bangladeshi 693 
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divisions, Rangpur, Rajshahi and Dhaka, depending directly on the Brahmaputra River and its 694 

associated groundwater. Inclusion of the population of Bangladesh within the combined basins of 695 

the GBM would add an additional 37-62 million people to the number, depending upon the 696 

inclusion of Sylhet (dependent mostly on the Meghna) and Khulna (dependent mostly on the 697 

Ganges). Development indices are for all of Bangladesh. 698 

Table 4 Brahmaputra basin population. 699 

Country Basin-Specific  Country-level Statistics 

Population 

(millions) 

Rural Pop. 

(% of total 

pop.) 

2014 Multi-

Dim. Pov. 

Index (MPI) 

2012 Per 

Cap. GDP 

(cur. US$) 

2012 Ag. 

Value 

Added (% 

GDP) 

Headcount 

Ratio 

(<$1.25/day 

PPP) 

China 1.6 (2007) 77.3 0.026* 5720 10 11.8 (2009) 

India 46.6 (2011) 85 0.282 1580 17 32.7 (2010) 

Bhutan 0.745 (2010) 64 0.128 2420 16 1.7 (2012) 

Bangladesh 82.1 (2011) 72 0.237 840 18 43.3 (2010) 

Total 131.0      

*refers only to a part of the country (9 provinces, all in eastern China) 700 

All of the basin countries are rapidly urbanizing. In Bangladesh and India, annual urban 701 

growth rates between 1995 and 2000 were 5.2% and 3.0%, respectively. It is expected that by 2025 702 

more than 50% of the population of India and Bangladesh will be urban, up from about 20% in 703 

Bangladesh, and 27% in India. This concentration of the population could have significant 704 

implications for water, energy and other related demands for natural resources, as well as socially 705 

destabilizing effects (Biswas 2008). 706 

Studies in Bangladesh have shown that women and children are fourteen times more likely 707 

to die in the event of a natural disaster than men (Neumayer and Plumper 2007). Data for sex ratios 708 

(United Nations 2012) and literacy rates in basin countries (UNESCO 2009) also point to the 709 

gender disparity, and indicate that special attention must be paid to strengthen the voice of women 710 

in the design of water resources systems, and flood management and early warning strategies.  711 
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These poverty data motivate external investment in the Brahmaputra basin, and data related 712 

to the distribution of wealth/poverty throughout the basin can be used to inform water resources 713 

system planning models aimed net benefit maximization. This is discussed further below. 714 

Regional Geopolitics 715 

Ethnic fragmentation and political unrest in northeast India (Shimray 2004) and the Tibet 716 

Autonomous Region of China (Barnett 2009), and international disputes resulting from conflicting 717 

claims by China and India to part of the basin (Malone and Mukherjee 2010) make the compilation 718 

of an authoritative water resources database particularly challenging in the Brahmaputra basin. 719 

Compounding the intra-national political challenges are complex inter-national political tensions 720 

that create obstacles to cooperative agreements on the sharing of Brahmaputra transboundary 721 

waters. 722 

To date, no multilateral or basin-wide international treaty has been established for the 723 

Brahmaputra River. Bi-lateral agreements between India and Bangladesh have tended to focus on 724 

the allocation of the Ganges and Tista Rivers, with the Brahmaputra only involved as a potential 725 

(and thus far unacceptable) source of water to supplement the highly-contested dry season flow of 726 

the Ganges River (Uprety and Salman 2011). Bi-lateral agreements between India and Bhutan 727 

have focused on hydropower generation (Asian Development Bank 2010). China has not been 728 

involved in international agreements on the use of the Brahmaputra River. This is concerning, as 729 

China is the upstream hydro-hegemon (Zeitoun and Warner 2006) with the most military and 730 

economic power in the Brahmaputra basin, and would therefore likely be undeterred from taking 731 

unilateral actions that could result in alterations to the upstream hydrology with implications to 732 

water deliveries downstream. Bhutan, India and China each plan to develop more of the water and 733 

hydropower resources of the river (Rahaman 2012). China and India are both interested in 734 
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transferring major quantities of water from the Brahmaputra to drier, more populous parts of their 735 

own territories where water stresses are acute (in the case of India, from north to south, and in the 736 

case of China, from south to north). In the absence of coordinated transboundary cooperation, 737 

significant international conflicts are possible. Bangladesh, with little in terms of bargaining 738 

collateral on the Brahmaputra River, is the likely loser of most potential unilateral actions by 739 

upstream riparian states, and has tended to be excluded from previously proposed bilateral 740 

agreements. Furthermore, Bangladesh is at the mercy of the water management strategies of 741 

upstream riparians to modulate seasonal floods and ensure adequate low flows during the non-742 

monsoon season (Rashid and Kabir 1996). 743 

THE NEED FOR A BASIN-WIDE MODELING PLATFORM 744 

As explained by Grey et al. (2013) with reference to the Ganges and Nile river basins, but 745 

relevant to the Brahmaputra as well, “There are weak institutions in, and limited shared 746 

understanding of, these and many other river basins, resulting in misperceptions, fears, suboptimal 747 

development and associated political risks.” The benefits of integrated hydro-economic models to 748 

help reduce the risks of suboptimal development have been well demonstrated in such river basins 749 

as the Nile (e.g., Beyene et al. 2010), the Indus (Yang et al. 2013), the Yellow (Yang et al. 2012), 750 

the Ganges (Sadoff et al. 2013), and the Mekong (Wild and Loucks 2014). 751 

The example of the Mekong River Commission (Jacobs 2002) is especially enlightening. 752 

The Commission has sponsored/supported the development of a suite of models ranging from 753 

flood early warning systems (Plate 2007) to irrigation (Haddeland et al. 2006), fisheries (Halls et 754 

al. 2013), water quality (Kongmeng and Larsen 2012), social impacts of development (Hall and 755 

Bouapao 2010), and climate change adaptation (MRC 2009). Equipped with this technical 756 

expertise, the Commission has played an integral role in encouraging cooperative development in 757 
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the four member nations (Cambodia, Lao PDR, Thailand and Viet Nam) and two “dialogue 758 

partners” (China and Burma/Myanmar). 759 

Previous models (and other predictive tools) of the Brahmaputra river have tended be 760 

limited to the goal of a better understanding of flood processes in Bangladesh. The only examples 761 

of combined hydrologic-water systems models of the entire Brahmaputra basin found when 762 

researching for this study were: 1) a MIKE BASIN water resources model of the combined GBM 763 

river system (Nishat and Rahman 2009) that was further augmented specifically to agricultural 764 

production in Bangladesh (Ruane et al. 2013; Yu et al. 2010); 2) a physically-based distributed 765 

hydrologic model (Artan et al. 2007) that uses sub-basins as its basic unit for flood forecasting for 766 

Bangladesh, specifically (Artan et al. 2008); 3) a joint application of a a physically-based semi-767 

distributed hydrological model (SWAT) and the Decision Support System for Agro-technology 768 

Transfer (DSSAT) to analyze the anticipated effect of climate change on basin-wide agriculture 769 

(Hassan et al. 2014); and 4) a statistical model demonstrating significant correlations between 770 

spring snow cover and monsoon season discharge in the Brahmaputra basin (Kamal-Heikman et 771 

al. 2007). 772 

In order to properly inform infrastructure plans and mitigate potential disasters, several 773 

studies have examined the variability of the summer monsoon in the Brahmaputra river basin 774 

(Chowdhury and Ward 2004; Chowdhury 2003; Jian et al. 2009; Shaman and Tziperman 2005). 775 

The International Research Institute for Climate and Society (IRI) and the European Centre for 776 

Medium-Range Weather Forecasts (ECMWF) provide monthly and seasonal forecasts of global 777 

rainfall. The skill of these models varies spatially. A retrospective analysis of the seasonal forecasts 778 

for both precipitation and temperature is needed to better understand the potential for applying 779 

forecasts into an early warning system or water resource system optimization. As has been 780 
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identified in this paper, ENSO-based forecasts may not be accurate in this basin. Longer term 781 

climate projections provide vital information for investment in infrastructure, such as hydropower. 782 

It has long been recognized that engineering measures such as storage, marginal 783 

embankments, and improvement of water ways can play a role in the mitigation of flood damage. 784 

More recently acknowledged in the Brahmaputra basin is the importance of non-structural 785 

measures such as watershed management and control, flood forecasting and warning systems, and 786 

flood plain zoning. In 1972 the Flood Forecasting and Warning Center (FFWC) was established 787 

under the Bangladesh Water Development Board (BWDB) to work as the national focal point with 788 

respect to flood monitoring, forecasting, warning and dissemination of information. Currently, 789 

FFWC utilizes advanced software such as “MIKE11” and “Flood Watch” to provide real-time 790 

forecasts and warning services (Islam et al. 2010). Restrictions on the geographic extent of the 791 

current system, which cannot be extended across the border of Bangladesh, handicaps the 792 

analytical power of the tool and results in discontinuous forecasts that are limited to only 72-hour 793 

forecast periods (Islam et al. 2010).  A flood forecasting and monitoring system would help lessen 794 

losses associated with the floods, but as explained by Jian et al. (2009), the requisite relationships 795 

with measurable forcings (e.g., sea surface temperature) are difficult to isolate. A major challenge 796 

to the development of effective flood forecasting systems is the scarcity of land-based 797 

hydrometeorological data, and the national-security-based resistance to data exchange across 798 

international borders. See Yang et al. (2014) for a more detailed discussion of flood modeling of 799 

the Brahmaputra River in Bangladesh. 800 

In attempting proactive decision-making on the development of the water resources of the 801 

transboundary Brahmaputra basin, simultaneously maximizing hydropower and agricultural 802 

potential, sustaining ecology, and controlling damaging floods, further development of more 803 
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advanced water system decision tools would be very useful. Models capable of informing the 804 

tradeoffs between hydropower development, agricultural irrigation, and flood management at the 805 

food-water-energy nexus (Rasul 2014), are currently lacking in the Brahmaputra basin. A 806 

representative governing commission modeled after the Mekong River Commission would be best 807 

equipped to govern the population and use of such a model.  808 

CONCLUSION 809 

The potential is great in the Brahmaputra River basin for poverty-reducing development of 810 

infrastructure for agriculture, hydropower, and management of the risks of flood and drought. 811 

However, progress in these sectors and others has been hindered by significant natural and 812 

anthropogenic challenges. As they attempt to develop their transboundary water resources in a 813 

manner that reduces chronic water-related vulnerabilities, the people of the Tibet Autonomous 814 

Region of China, Bhutan, Northeast India, and Bangladesh face a number of daunting hydro-815 

climatic, economic, and political challenges. 816 

A critical compounding factor in the Brahmaputra basin is the lack of an authoritative, 817 

reliable, and comprehensive network of basin-wide information on climate, streamflow, natural 818 

hazards, and economic factors. Examples of the types of questions that might be addressed using 819 

an integrated water resources system model supplied with such information are: 820 

1) Is water quantity a limiting factor to growth in any riparian at any point in a typical 821 

year, and is this likely to change in the future? 822 

2) How might development (expansion/intensification) of agricultural irrigation in the 823 

basin stress the water resources balance in the basin, and how might it affect water 824 

quality? 825 
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3) What are the cascading benefits and costs of hydropower development in the basin? 826 

What are the potential benefits to flood control in the lower basin of increased water 827 

storage capacity at hydropower facilities in the upper basin (as opposed to more run of 828 

the river facilities)? What are the trade-offs between agricultural development and 829 

hydropower development in the basin, and might there be synergistic development 830 

strategies beneficial to both sectors? What are the far-reaching tradeoffs in terms of 831 

local economies/ecologies and global pollution between greater development in the 832 

basin of hydropower electricity versus coal-powered electricity? 833 

4) How do the anticipated effects of climate change on the Brahmaputra basin (e.g., 834 

agricultural productivity, glacial change, and monsoon shift) alter development 835 

tradeoffs? 836 

5) How might sediment loads change in the future, with changes in climate and economic 837 

development in the basin? How is the erosion and heavy sediment load of the 838 

Brahmaputra river expected to affect any proposed development in the basin (esp. 839 

hydropower and flood-plain agriculture), and what are the net benefits of measures 840 

proposed to control it? 841 

6) What margins exist for export of water from the basin? How much water can China or 842 

India divert from the basin before adverse effects are felt by other riparians? 843 

7) What opportunities for international cooperative development and management of 844 

water resources exist (that might encourage cooperation in other sectors – see Sadoff 845 

and Grey (2002))? 846 

We are hopeful that such a knowledge and modeling platform could be developed to help 847 

to answer questions such as these, and others as they arise, and identify strategic opportunities for 848 
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cooperative development that will lead to multiplicative benefits across sectors and national 849 

borders.  850 
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