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Fig. S1. Simplified illustration of the crop model with groundwater module. 

 



 

Fig. S2. Simplified illustration of the spatial food market model. 

  



We calibrate the runoff coefficient γ to estimate 𝑅𝑙, and then partition 𝑅𝑙 into the surface runoff 𝑅𝑠 and 
groundwater recharge 𝑅𝑔. The calibration of γ is performed for each grid (i.e., each soil column) at daily 
basis given the simulation outputs from the Noah Multi-Parameterization Land Surface Model (Noah-MP 
LSM, version 3.6; Niu et al. 2011) within the framework of NASA’s Land Information System (LIS; Kumar 
et al. 2006). The calibrated values of γ (average over all daily values in a grid) range from 0 to 10 with 
standard deviation ranging from 0 to 5 (Fig. S3).  

 

 
Fig. S3. Calibrated values of the runoff coefficient γ (left) and its standard deviation (right). 
 
 
 
The partition of 𝑅𝑙 into 𝑅𝑠 and 𝑅𝑔 is performed such that the resultant 𝑅𝑔 converge with the calculated 
value of deep percolation (DP) in each grid. DP is calculated based on effective precipitation, soil water 
content, and crop evapotranspiration (Doorenbos et al. 1980; Allen et al. 1998). 

The gridded yield factors for each crop estimated in the crop model are first aggregated to the level of 
adaptation zones, which is then taken as inputs to the spatial food market model DECO2. DECO2 then 
decides the area allocated to grow each crop in each adaptation zone. The resultant area allocation is used 
to calculate the groundwater storage change, considering irrigation, if any. The detailed coupling steps are 
described below [Eqs. (S1)–(S4) and Fig. S4]. ∆𝑆௖,௜ ൌ 𝑆௖,௜ − 𝑆଴ 

(S1) 

where 𝑆଴ is the initial groundwater storage, which is assumed to be 5000mm. 𝑆௖,௜ is the resultant 
groundwater storage at grid 𝑖 as if crop 𝑐 is grown at this grid, considering irrigation if any. Hence, ∆𝑆௖,௜ 
is the corresponding groundwater change in the grid. This groundwater change is then multiplied by the 
ratio of the area allocated to the corresponding crop (an output from DECO2) over the total area of the 



adaptation zone that the grid belongs to. This calculation provides an estimate of the actual groundwater 
change resulting from the portion of the area allocated to grow that crop: 

 

∆𝑆௖,௜∈௭ோ௘௔௟ = ∆𝑆௖,௜∈௭ × 𝐴௖,௭ 𝐴𝑡𝑜𝑡௭൘  

(S2) 

where 𝐴𝑡𝑜𝑡௭ is the total area of adaptation zone 𝑧. 𝐴௖,௭ is the area allocated to grow crop 𝑐 in adaptation 
zone 𝑧. 

∆𝑆௖,௭ோ௘௔௟ = ෍∆𝑆௖,௜ோ௘௔௟௜∈௭  

(S3) 

The gridded ‘real’ groundwater storage change is then aggregated to the level of adaptation zones. The 
effects on zonal groundwater storage change are also aggregated over all the modeled crops to obtain the 
overall groundwater change at each adaptation zone: 

∆𝑆௭ோ௘௔௟ = ෍∆𝑆௖,௭ோ௘௔௟௖  

(S4) 

  



 

Fig. S4. Coupling of the crop model and DECO2 (the spatial food market model). 𝑌𝐹௖,௭ is yield factor for 
crop 𝑐 at adaptation zone 𝑧. 𝑆௖,௜ is the resultant groundwater storage at grid 𝑖 as if crop 𝑐 is grown at this 
grid, considering irrigation if any. 𝐴௖,௭ is allocated area to grow crop 𝑐 at adaptation zone 𝑧. ∆𝑆௭ோ௘௔௟ is the 
actual groundwater change considering the allocated crop patterns in adaptation zone 𝑧 . The asteroid 
indicates that the variable would be updated when the coupled model runs under the irrigation scenario 
versus the baseline.  

  



Table S1. Summary table of model parameters and variables 

Symbol Explanation Symbol type 𝑦 Year Set 𝑠 Season Set 𝑧 Adaptation zone Set 𝑛 Market Set 𝑐 Crop Set 𝜉 Animal produce – beef and milk Set 𝑓 Food (i.e., Crops and animal produce together) Set 𝑟 Roads (Connecting two markets 𝑠௥ and 𝑑௥ – the source and 

destination) 

Set 

𝑅௜௡௡ ,𝑅௢௨ ௧௡  Set of roads coming into and going out of a market location 𝑛 Set 𝑑𝑓௬ Discount factor for year 𝑦 Parameter 𝛹௭௡ Fraction of adaptation zone 𝑧 that is in the Thiessen polygon 

corresponding to market 𝑛 

Parameter 

𝑄௭௡௙௦௬ி→஽  Quantity of food 𝑓 sold by producer in 𝑧 to a distributor in 

market 𝑛 in the season 𝑠 of year 𝑦 

Primal Variable 

𝜋௡௙௦௬஽→ி  Price for food 𝑓 paid by a distributor to any producer in market 𝑛 in the season 𝑠 of year 𝑦 

Dual Variable 

𝐴௭௖௦௬ Area allotted for crop 𝑐 by the crop producer in 𝑧 in the season 𝑠 of year 𝑦 

Primal Variable 

𝑄௭௙௦௬ி  Quantity of food 𝑓 produced in adaptation zone 𝑧 in the season 𝑠 of year 𝑦 

Primal Variable 



𝐶௭௖௦௬ி  Cost of raising unit area of crop 𝑐 for the crop producer in 𝑧 in 

the season 𝑠 of year 𝑦 

Parameter 

𝐶௭௦௬௖௛௚ Penalty for change in cropping patterns between adjacent years Parameter 𝑌௭௖௦௬ Yield of crop 𝑐 in adaptation zone 𝑧 in the season 𝑠 of year 𝑦 Parameter 𝑄௭௦௬஼  Number of cattle reared in adaptation zone 𝑧 in the season 𝑠 of 

year 𝑦 

Primal Variable 

𝑄௭௦௬௦௟  Number of cattle slaughtered in the adaptation zone 𝑧 in the 

season 𝑠 of year 𝑦 

Primal Variable 

𝑄௭௦௬஼,క  Quantity of animal product 𝜉 produced in the adaptation zone 𝑧 

in the season 𝑠 of year 𝑦 

Primal Variable 

𝑄௭௡௦௬஼→஽,క  Quantity of animal product 𝜉 sold by the livestock producer in 𝑧 to the distributor in market 𝑛 in the season 𝑠 of year 𝑦 

Primal Variable 

𝜋௡௦௬஽→஼,క  Price for animal product 𝜉 paid by the distributor in market 𝑛 to 

any livestock producer in the season 𝑠 of year 𝑦 

Dual Variable 

𝐶௭௦௬஼  Cost of rearing cattle in the adaptation zone 𝑧 in the season 𝑠 of 

year 𝑦 

Parameter 

𝑌௭௦௬క  Yield of animal product 𝜉 in the adaptation zone 𝑧 in the season 𝑠 of year 𝑦 

Parameter 

𝑘 Proportion of cattle that should be slaughtered before they die Parameter 𝑟௕௜௥௧௛, 𝑟ௗ௘௔௧௛ Birth and death rate of cattle Parameter 𝑄௭௦௬஼,ு௘௥ௗ  Minimum heard size to be maintained Parameter 𝑄௡௙௦௬஽್  Quantity of food 𝑓 brought by distributor in market 𝑛 in season 𝑠 of year 𝑦 

Primal Variable 



𝑄௡௙௦௬஽ೞ  Quantity of food 𝑓 sold by distributor in market 𝑛 in season 𝑠 

of year 𝑦 

Primal Variable 

𝑄௥௙௦௬஽  Quantity of food 𝑓 transported by distributor through road 𝑟 in 

season 𝑠 of year 𝑦 

Primal Variable 

𝐶௥௙௦௬஽  Cost of transporting food 𝑓 through road 𝑟 in season 𝑠 of year 𝑦 Parameter  𝑄௥௦௬஽  Maximum Quantity of food that can be transported through 

road 𝑟 in season 𝑠 of year 𝑦 

Parameter 

𝜋௡௙௦௬ௐ→஽ Price for food item 𝑓 paid by a store to a distributor in market 𝑛 

in the season 𝑠 of year 𝑦 

Dual Variable 

𝜋௡௙௦௬௎→ௐ Price for food item 𝑓 paid by a consumer to a store in market 𝑛 

in the season 𝑠 of year 𝑦 

Dual Variable 

𝑄௡௙௦௬ௐ್  Quantity of food 𝑓 brought by the store in market 𝑛 in season 𝑠 

of year 𝑦 

Primal Variable 

𝑄௡௙௦௬ௐೞ  Quantity of food 𝑓 sold by the store in market 𝑛 in season 𝑠 of 

year 𝑦 

Primal Variable 

𝑄௡௙௦௬ௐ  Quantity of food 𝑓 stored by the store in 𝑛 in season 𝑠 of year 𝑦 Primal Variable 𝐶௡௙௦௬ௐ  Cost of storing food 𝑓 at 𝑛 in season 𝑠 of year 𝑦 Parameter  𝑄௡௙௦௬ௐ  Maximum Quantity of food 𝑓 that can be stored at 𝑛 in season 𝑠 of year 𝑦 

Parameter 

𝑎௭௙௦௬  Intercept of the demand curve for food 𝑓 for consumers in 

adaptation zone 𝑧 during season 𝑠 of year 𝑦 

Parameter 

𝑏௭௙௦௬ Slope of the demand curve for food 𝑓 for consumers in 

adaptation zone 𝑧 during season 𝑠 of year 𝑦 

Parameter 



𝑄௭௙௦௬௎  Quantity of food 𝑓 consumed in adaptation zone 𝑧 during 

season 𝑠 of year 𝑦 

Primal variable 

𝑄௭௡௙௦௬ௐ→௎  Quantity of food 𝑓 bought by consumers in adaptation zone 𝑧 

from the market 𝑛 during season 𝑠 of year 𝑦 

Primal variable 

𝑄௭௙௦௬௎  Consumption limit for food 𝑓 in adaptation zone 𝑧 during 

season 𝑠 of year 𝑦 (to model export) 

Parameter 

Source: Reprinted from Sankaranarayanan et al. (2020), under Creative Commons-BY-4.0 license 
(https://creativecommons.org/licenses/by/4.0/). 

  



Mathematical Formulations of DECO2 

 

1. Crop producer 

෍𝑑𝑓௬௖,௦,௬ ቌ෍𝑄௭௡௖௦௬ி→஽ 𝜋௡௖௦௬஽→ி − 𝐶௭௖௦௬ி 𝐴௭௖௦௬௡ ቍ  − ෍ ൬12𝐶௭௦௬௖௛௚൫𝐴௭௖௦௬ − 𝐴௭௖௦ሺ௬ିଵሻ൯ଶ൰௖,௦,௬,௡  
subject to 

𝑄௭௡௖௦௬ி→஽ ,𝐴௭௖௦௬ ,𝑄௭௖௦௬ி   ≥ 0   

 ∑ 𝐴௭௖௦௬௖  = 𝐴௭௦்௢௧௔௟  (𝛿௭௦௬ଵ ) 𝑄௭௖௦௬ி   = 𝑌௭௖௦௬𝐴௭௖௦௬  ൫𝛿௭௖௦௬ଶ ൯ 𝑄௭௡௖௦௬ி→஽   = 𝛹௭௡𝑄௭௖௦௬ி   (𝛿௭௡௖௦௬ଵ଼ ) 
The KKT conditions corresponding to this optimization problem are as follows. 

𝛿௭௖௦௬ଶ − ∑ 𝛹௭௡𝛿௭௡௖௦௬ଵ଼௡   ≥ 0  ൫𝑄௭௖௦௬ி ൯ 
 𝛿௭௦௬ଵ + 𝑑𝑓௬ ቀ𝐶௭௖௦௬ி + 𝐶௭௦௬௖௛௚𝐴௭௖௦௬ + 𝐶௭௦(௬ାଵ)௖௛௚ 𝐴௭௖௦௬ቁ 

−𝑑𝑓௬ ቀ𝐶௭௦௬௖௛௚𝐴௭௖௦(௬ିଵ) + 𝐶௭௦(௬ାଵ)௖௛௚ 𝐴௭௖௦(௬ାଵ)ቁ −𝛿௭௖௦௬ଶ 𝑌௭௖௦௬  

≥ 0  (𝐴௭௖௦௬) 
𝛿௭௡௖௦௬ଵ଼ − 𝑑𝑓௬𝜋௡௖௦௬஽→ி  ≥ 0  ൫𝛿௭௖௦௬ଶ ൯ 

    

2. Livestock producer 

෍𝑑𝑓௬௦,௬ ቌ෍𝑄௭௡௦௬஼→஽,క 𝜋௡௦௬஽→஼,క − 𝐶௭௦௬஼ 𝑄௭௦௬஼௡,క ቍ  
subject to 



𝑄௭௦௬௦௟ ,𝑄௭௦௬஼ ,𝑄௭௦௬஼,క  ≥  0   𝑄௭௦௬஼   = (1 + 𝑟௕௜௥௧௛ − 𝑟ௗ௘௔௧௛)𝑄௭௦(௬ିଵ)஼ − 𝑄௭௦(௬ିଵ)௦௟   (𝜋௭௦௬஼ ) 𝑄௭௦௬௦௟   ≥   𝑘𝑄௭௦௬஼  (𝛿௭௦௬ଽ ) 𝑄௭௦௬஼   ≥  𝑄௭௦௬஼,ு௘௥ௗ  (𝛿௭௦௬ଵ଴ ) 𝑄௭௦௬஼,௠௜௟௞  =  𝑌௭௦௬௠௜௟௞𝑄௭௦௬஼  (𝛿௭(௠௜௟௞)௦௬ଶ )  𝑄௭௦௬஼,௕௘௘௙  = 𝑌௭௦௬௕௘௘௙𝑄௭௦௬௦௟   (𝛿௭(௕௘௘௙)௦௬ଶ ) 𝑄௭௡௦௬஼→஽,క   = 𝛹௭௡𝑄௭௦௬஼,క   (𝛿௭௡క௦௬ଵ଼ ) 
The KKT conditions corresponding to this optimization problem are as follows. 

𝑑𝑓௬𝐶௭௦௬஼ − 𝛿௭(௠௜௟௞)௦௬ଶ 𝑌௭௦௬(௠௜௟௞) − 𝛿௭௦௬ସ + 𝑘𝑑௭௦௬ଽ −𝑑௭௦௬ଵ଴ − (1 + 𝑟௕௜௥௧௛ −  𝑟ௗ௘௔௧௛)𝜋௭௦௬஼   
≥ 0  ൫𝑄௭௦௬஼ ൯ 

𝛿௭క௦௬ଶ − 𝑑𝑓௬𝛹௭௡𝛿௭௡క௦௬ଵ଼   ≥ 0  (𝑄௭௦௬஼,క ) 𝛿௭௦௬ସ − 𝛿௭௦௬ଽ − 𝛿௭(௕௘௘௙)௦௬ଶ 𝑌௭௦௬௕௘௘௙ + 𝜋௭௦(௬ାଵ)஼   ≥ 0  ൫𝑄௭௦௬௦௟ ൯ 𝛿௭௡క௦௬ଵ଼ − 𝑑𝑓௬𝜋௡௦௬஽→஼,క  ≥ 0   ቀ𝑄௭௡௦௬஼→஽,క ቁ 
    

3. Distributor 

෍ 𝑑𝑓௬௙,௦,௬ ቐ෍ቀ𝑄௡௙௦௬஽ೞ 𝜋௡௙௦௬ௐ→஽ − 𝑄௡௙௦௬஽್ 𝜋௡௙௦௬஽→ிቁ௡ −෍𝐶௥௙௦௬஽ 𝑄௥௙௦௬஽௥ ቑ   
subject to 𝑄௡௙௦௬஽್ ,𝑄௡௙௦௬஽ೞ ,𝑄௥௙௦௬஽   ≥  0   ∑ 𝑄௥௙௦௬஽ + 𝑄௡௙௦௬஽್௥∈ோ೔೙೙   = ∑ 𝑄௥௙௦௬஽ + 𝑄௡௙௦௬஽ೞ௥∈ோ೚ೠ೟೙   ൫𝛿௡௙௦௬଺ ൯ ∑ 𝑄௥௙௦௬஽௙   ≤   𝑄௥௦௬஽  ൫𝛿௥௦௬ଵ଺ ൯ 
The KKT conditions corresponding to this optimization problem are as follows. 



𝑑𝑓௬𝜋௡௙௦௬஽→ி − 𝛿௡௙௦௬଺   ≥ 0  ቀ𝑄௡௙௦௬஽್ ቁ 𝛿௥௦௬ଵ଺ + 𝑑𝑓௬𝐶௥௙௦௬஽ + 𝛿௦ೝ௙௦௬଺ − 𝛿ௗೝ௙௦௬଺   ≥ 0  ൫𝑄௥௙௦௬஽ ൯ 𝛿௭௡௙௦௬଺ − 𝑑𝑓௬𝜋௡௙௦௬ௐ→஽  ≥ 0   ቀ𝑄௡௙௦௬஽ೞ ቁ 
    

4. Storage manager (or stores) 

෍ 𝑑𝑓௬ ቀ𝜋௡௙௦௬௎→ௐ𝑄௡௙௦௬ௐೞ − 𝜋௡௙௦௬ௐ→஽𝑄௡௙௦௬ௐ್ − 𝐶௡௙௦௬ௐ 𝑄௡௙௦௬ௐ ቁ௬,௛,௡,௙   
subject to 𝑄௡௙௦௬ௐ್ ,𝑄௡௙௦௬ௐೞ ,𝑄௡௙௦௬ௐ   ≥  0   𝑄௡௙(௦௬ିଵ)ௐ + 𝑄௡௙௦௬஽್   = 𝑄௡௙௦௬ௐ + 𝑄௡௙௦௬஽ೞ   ൫𝛿௡௙௦௬ଵଵ ൯ 𝑄௡௙௦௬ௐ   ≤   𝑄௡௙௦௬ௐ  ൫𝛿௡௙௦௬଼ ൯ 
The KKT conditions corresponding to this optimization problem are as follows. 

𝑑𝑓௬𝜋௡௙௦௬௎→ௐ − 𝛿௡௙௦௬ଵଵ   ≥ 0  ቀ𝑄௡௙௦௬ௐ್ ቁ 𝐶௡௙௦௬ௐ + 𝛿௡௙௦௬଼ + 𝛿௡௙௦௬ଵଵ − 𝛿௡௙(௦௬ାଵ)ଵଵ   ≥ 0  ൫𝑄௥௙௦௬஽ ൯ 𝛿௭௡௙௦௬ଵଵ − 𝑑𝑓௬𝜋௡௙௦௬௎→ௐ  ≥ 0   ቀ𝑄௡௙௦௬ௐೞ ቁ 
 

Here 𝑠𝑦 − 1 is the previous season (which could be in the previous year) and 𝑠𝑦 + 1 is the next season 
(which could be in the next year). 

 

5. Consumer 

෍ 𝑑𝑓௬௙,௦,௬ ቌ𝑎௭௙௦௬𝑄௭௙௦௬௎ − 12 𝑏௭௙௦௬𝑄௭௙௦௬௎ ଶ −෍𝜋௡௙௦௬௎→ௐ𝑄௭௡௙௦௬ௐ→௎௡ ቍ  
subject to 



𝑄௭௙௦௬௎ ,𝑄௭௡௙௦௬ௐ→௎   ≥  0   ∑ 𝑄௭௡௙௦௬ௐ→௎௡   = 𝑄௭௙௦௬௎   ൫𝛿௭௙௦௬ଵଽ ൯ 𝑄௭௡௙௦௬ௐ→௎   ≥    𝛹௭௡𝑄௭௙௦௬௎  ൫𝛿௭௡௙௦௬ଵ଻ ൯ 𝑄௭௙௦௬௎   ≤ 
𝑄௭௙௦௬௎   ൫𝛿௭௙௦௬ଶ଴ ൯ 

The KKT conditions corresponding to this optimization problem are as follows. 

𝑑𝑓௬൫𝑏௭௙௦௬𝑄௭௙௦௬௎ − 𝑎௭௙௦௬൯ + 𝛿௭௙௦௬ଵ଼ + 𝛿௭௙௦௬ଶ଴ +∑ 𝛹௭௡𝛿௭௡௙௦௬ଵ଻௡   
≥ 0  ൫𝑄௭௡௙௦௬ௐ→௎ ൯ 

𝑑𝑓௬𝜋௡௙௦௬௎→ௐ − 𝛿௭௙௦௬ଵଽ − 𝛿௭௡௙௦௬ଵ଻   ≥ 0  ൫𝑄௭௙௦௬௎ ൯  
    

6. Market clearing 

෍𝑄௭௡௙௦௬ி→஽௭  = 𝑄௡௙௦௬஽್  ൫𝜋௡௙௦௬஽→ி൯ 𝑄௡௙௦௬஽ೞ  = 𝑄௡௙௦௬ௐ್  ൫𝜋௡௙௦௬ௐ→஽൯ 𝑄௡௙௦௬ௐೞ  = ෍𝑄௭௡௙௦௬ௐ→௎௭  ൫𝜋௡௙௦௬௎→ௐ൯ 
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