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aƻǘƛǾŀǘƛƻƴΥ LǊǊƛƎŀǘƛƻƴ ϧ LƴŘƛŀΩǎ ²ŀǘŜǊ /Ǌƛǎƛǎ

Motivation Research Question                  Methods                    Results

"When the balloon bursts, untold anarchy will be the lot of 
ǊǳǊŀƭ LƴŘƛŀΦά 
ςTusharShah (Taming the Anarchy, 2008 )

International Water Management  Institute (IWMI)

×άhŦ ŀƭƭ ǎŜŎǘƻǊŀƭ ǿŀǘŜǊ ŘŜƳŀƴŘǎΣ the irrigation sector will be 
affected most strongly by climate changeέ όLt//Σ нллтύ
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Motivation: The Indian Monsoon

Motivation Research Question                  Methods                    Results



Motivation Research Question                  Methods                    Results

GFDL-ESM2G                                 NorESM1-M

Motivation: Future Monsoon Precipitation is Uncertain

MIROC-ESM-CHEM                    CCSM4                                  GFDL-CM3

% change 1970-79 & 2040-49
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Motivation: ά²ŀǘŜǊ ƻƴ 5ŜƳŀƴŘέ ϧ DǊƻǳƴŘǿŀǘŜǊ Depletion

Motivation Research Question                  Methods                    Results
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Source: Mukherji, Rawatand Shah (2013), Directorate of Economics and Statistics, Ministry of Agriculture, 
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Motivation: ά²ŀǘŜǊ ƻƴ 5ŜƳŀƴŘέ ϧ DǊƻǳƴŘǿŀǘŜǊ Depletion

Motivation Research Question                  Methods                    Results

ÅGroundwater depletion - a global problem 
(Konikowand Kendy 2005, Wada et al 2010)

ÅBUT India - world's largest consumer and the country 
probably most vulnerable to this threat 
(World Bank, 1998; Shah, 2010; Sekhri, 2011) 

Source: Aeschbach-Hertigand Gleeson, Nature, 2012
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Motivation: Policy Implications

Motivation Research Question                  Methods                    Results

×tƻƭƛŎȅ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ŦƻƻŘ ǎŜŎǳǊƛǘȅκǇƻǾŜǊǘȅ ŀƴŘ ΨŦǊŜŜΩ 
electricity:
Á Eᴻlectricity subsidies -> ᴻ rate of groundwater extraction 

(Badianiand Jessoe, 2013)

Á At the same time, Ȣgroundwater tables -> Ȣ food production, ᴻ poverty 
(Sekhri, 2012; Sekhri, 2013)
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Motivation: Policy Implications

Motivation Research Question                  Methods                    Results

×tƻƭƛŎȅ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ŦƻƻŘ ǎŜŎǳǊƛǘȅκǇƻǾŜǊǘȅ ŀƴŘ ΨŦǊŜŜΩ 
electricity:
Á Eᴻlectricity subsidies -> ᴻ rate of groundwater extraction 

(Badianiand Jessoe, 2013)

Á At the same time, Ȣgroundwater tables -> Ȣ food production, ᴻ poverty 
(Sekhri, 2012; Sekhri, 2013)

×Non-renewable groundwater/ fossil groundwater Č
Extraction in excess of recharge
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Methods: Conceptual framework

Motivation                 Research Question                  Methods Results
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Methods: Conceptual framework

Motivation                 Research Question                  Methods Results



Q1: How will climate change affect the demand for 
non-renewable/ unsustainable groundwater (UGW)?        

Q2: What would the agricultural impact be if        
groundwater abstractions were reduced to sustainable    
levels? 

Q3: Can inter-basin water transfers (NRLP) alleviate 
groundwater stress?

11

Research Question

Motivation                 Research Question                  Methods                    Results
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Methods: Multidisciplinary Approach

Motivation                 Research Question                  Methods Results

Econometric Model
Identifying sensitivity of 

irrigated area to 
weather changes

Climate Inputs

Water Balance 
Model

Hydrology model to 
represent spatial and 
temporal water cycle

Projections of  Crop 
irrigated area by 

season

Water Model 
Input

ResultsEcon Model
Output

ɲ ¦ƴǎǳǎǘŀƛƴŀōƭŜ 
Mined 

Groundwater 
Demand

Step 1

Step 2

Step 3
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Identification comes from the exogenous variability in the weather:

ÌÏÇὍ
 ὰέὫὍȟ ♫ὰέὫ╡▀ȟ◄ ♬ ὰέὫὋὈὈ

ὰέὫὃȟ ȟ ” ‗ ὃ ȟ

- districtὨ, state ί, year ὸ ρωχπςππυ-

Methods: Step 1

Motivation                 Research Question                  Methods  Results

*ICRISAT, Ministries of Agriculture& WaterResources, Central Groundwater Board of India
*APHRODITE
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Identification comes from the exogenous variability in the weather:

ÌÏÇὍ
 ὰέὫὍȟ ♫ὰέὫ╡▀ȟ◄ ♬ ὰέὫὋὈὈ

ὰέὫὃȟ ȟ ” ‗ ὃ ȟ

- districtὨ, state ί, year ὸ ρωχπςππυ-

Ὅ ḊCrop irrigated area for 6 crops: 
rice, wheat,        sorghum, barley, maize,      cotton

Main foodgrains

production: 30%, 35%   
value : 40%, 19%    Coarse foodgrains

production: 2%, 5%, 6%

value : 2%, 3%, 5%     Cash crop

production: 8%   

value           : 12% 

Methods: Step 1

Motivation                 Research Question                  Methods Results
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Identification comes from the exogenous variability in the weather:

ÌÏÇὍ
 ὰέὫὍȟ ♫ὰέὫ╡▀ȟ◄ ♬ ὰέὫὋὈὈ

ὰέὫὃȟ ȟ ” ‗ ὃ ȟ

- districtὨ, state ί, year ὸ ρωχπςππυ-

Ὅ ḊCrop irrigated area for 6 crops: 
rice, wheat,        sorghum, barley, maize,      cotton

Main foodgrains

production: 30%, 35%   
value : 40%, 19%    Coarse foodgrains

production: 2%, 5%, 6%

value : 2%, 3%, 5%     Cash crop

production: 8%   

value           : 12% 

Methods: Step 1

Motivation                 Research Question                  Methods Results

- zero observations
- nonlinear corner solution 
- Tobit 
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Identification comes from the exogenous variability in the weather:

ÌÏÇὍ
 ὰέὫὍȟ ♫ὰέὫ╡▀ȟ◄ ♬ ὰέὫὋὈὈ

ὰέὫὃȟ ȟ ” ‗ ὃ ȟ

- districtὨ, state ί, year ὸ ρωχπςππυ-

Ὅ ḊCrop irrigated area for 6 crops (rice, wheat, sorghum, maize, barley, cotton)

╡▀◄: No. of rainy days: Precipitation > 0.1mm (Fishman, 2012)

Total precipitation : Monsoon rainfall from June to September 

GDD :    Growing degree days  В ὈὝ ȟ (Schlenkeret al., 2006)

Methods: Step 1

Motivation                 Research Question                  Methods Results



17

Identification comes from the exogenous variability in the weather:

ÌÏÇὍ
 ὰέὫὍȟ ♫ὰέὫ╡▀ȟ◄ ♬ ὰέὫὋὈὈ

ὰέὫὃȟ ȟ ” ‗ ὃ ȟ

- districtὨ, state ί, year ὸ ρωχπςππυ-

Å Controls: 
- Lag dependent 
- Previous 5 yr average crop area, ὰέὫὃȟ ȟ

- District fixed effects (”) , year fixed effects (‗), state 
specific time trends (ὃ )

Å Conley corrected standard errors (OLS), cluster standard errors 
at the district level (Tobit)

Methods: Step 1

Motivation                 Research Question                  Methods Results
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Methods: Step 1

Motivation                 Research Question                  Methods Results

×Precipitation plays a larger role than GDD in driving changes 
in irrigated area. 

×Crop irrigated area increases, with increasing dry spells ( or 
decrease in no. of rainy days)

×Crop irrigated area can either rise or fall in response to 
increases in total monsoon rainfall 
ÁVaries by season
Á+ve relationship in dry season

Estimating  ȟΠ ȟ (Summary of Results):
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× 5 GCMs that come closest to describing the monsoon phenomenon well :
NorESM1-M, GFDL-ESM2M, MIROC-ESM-CHEM, GFDL-CM3, CCSM4 
(Menon et al., 2013)

× Strongest warming scenario (RCP 8.5)

 ȟΠ ȟ + Future climate projections up to 2050 

-> projections of crop irrigated area 

Methods: Step 2

Motivation                 Research Question                  Methods Results

Dry season
Wet season
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× 5 GCMs that come closest to describing the monsoon phenomenon well :
NorESM1-M, GFDL-ESM2M, MIROC-ESM-CHEM, GFDL-CM3, CCSM4 
(Menon et al., 2013)

× Strongest warming scenario (RCP 8.5)

Water balance model estimates :
total irrigation water demandВὡὈ and tracks supply of water  (ὡὛ):

ВὡὈ ὡὈ ὡὛ ὡὛ ὡὛ

Water Supply Rank                         1 2 3

Methods: Step 3

Motivation                 Research Question                  Methods Results
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* Groundwater levels (GWL) 
inferred from change in UGW 
needed to meet irrigation 
water needs

Results from 5 individual 
GCMS

Results: Demand for UGW

Motivation                 Research Question                  Methods                    Results

Q1:How will climate change affect the demand for unsustainable groundwater?

Ўzbetween 1979-2000 & 2029-50
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Volume of Unmet Irrigation Water Demand

Future multi-model mean (solid line) and range (shaded) are 

based on 5 GCM climate futures, with uncertainty due to 

differences in GCM projections.

Q2:What would the agricultural impact be if UGW was absent?

Results: Policy (Unmet Demand and Food Security)

Motivation                 Research Question                  Methods                    Results
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Volume of Unmet Irrigation Water Demand

Future multi-model mean (solid line) and range (shaded) are 

based on 5 GCM climate futures, with uncertainty due to 

differences in GCM projections.

Results: Policy (Unmet Demand and Food Security)

Motivation                 Research Question                  Methods                    Results

Crop Production Loss

Q2:What would the agricultural impact be if UGW was absent?
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Results: Policy (Unmet Demand and Food Security)

Motivation                 Research Question                  Methods                    Results

Crop Production Loss

Current (c. 2000) agricultural production: 
the caloric intake of 173 million people 
όмп҈ LƴŘƛŀΩǎ ǇƻǇǳƭŀǘƛƻƴύ ƛǎ ŘŜǇŜƴŘŜƴǘ 

upon UGW.  

173 million is 50% of total U.S. population

Q2:What would the agricultural impact be if UGW was absent?
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Source: National Water 
Development Authority

NRLP Plan
Å 37 river links (canals)
Å 15,000 km canals
Å 174 billion cubic meters of water transferred 

annually

Goals
Å Supply water for 35 million ha cropland
Å 35 GW hydropower

$120 billion USD

Results: Policy (National River Linking Project)

Motivation                 Research Question                  Methods                    Results
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Source: National Water 
Development Authority

Results: Policy (National River Linking Project)

Motivation                 Research Question                  Methods                    Results

Å On September 16, 2015 the 
first of the proposed links was 
launched
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2041-2050
UGW without 

Inter-Basin Transfers

2041-2050
UGW with 

Inter-Basin Transfers

UGW alleviated (%)UGW (cubic km / year)

Only NRLP canals NRLP canals + New reservoirs 

1 - 4% 

Q3:Can the NRLP alleviate groundwater stress?

Motivation                 Research Question                  Methods                    Results

Results: Policy (National River Linking Project)

10 - 20%


