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



Spatial Food Market Model
Each role maximizes profit/utility
Total Demand = Total Supply
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Fig. S2. Simplified illustration of the spatial food market model.



We calibrate the runoff coefficient y to estimate R[, and then partition Rl into the surface runoff Rs and
groundwater recharge Rg. The calibration of y 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 y (average over all daily values in a grid) range from 0 to 10 with
standard deviation ranging from 0 to 5 (Fig. S3).
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Fig. S3. Calibrated values of the runoff coefficient y (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 [Egs. (S1)—(S4) and Fig. S4].

ASc,i = Sc,i - SO
(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 ¢ is grown at this grid, considering irrigation if any. Hence, AS, ;
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:

Real _ Ac,z
ASc,iez - ASc,iez X

Atot,
(82)

where Atot, is the total area of adaptation zone z. A , is the area allocated to grow crop ¢ in adaptation
zone Z.
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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:
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Crop Model with GW Module

@

Fig. S4. Coupling of the crop model and DECO?2 (the spatial food market model). Y F, , is yield factor for
crop c¢ at adaptation zone z. S ; is the resultant groundwater storage at grid i as if crop ¢ is grown at this
grid, considering irrigation if any. A, , is allocated area to grow crop c at adaptation zone z. ASReal 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

s of year y

Symbol Explanation Symbol type
y Year Set
s Season Set
z Adaptation zone Set
n Market Set
c Crop Set
13 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 Set
destination)
R}, RV, : Set of roads coming into and going out of a market location n Set
dfy Discount factor for year y Parameter
Yn Fraction of adaptation zone z that is in the Thiessen polygon Parameter
corresponding to market n
Qinfoy Quantity of food f sold by producer in z to a distributor in Primal Variable
market n in the season s of year y
T fay Price for food f paid by a distributor to any producer in market | Dual Variable
n in the season s of year y
Azcsy Area allotted for crop ¢ by the crop producer in z in the season | Primal Variable
s of year y
Qf sy Quantity of food f produced in adaptation zone z in the season | Primal Variable




C ;Csy Cost of raising unit area of crop ¢ for the crop producer in z in | Parameter
the season s of year y
Czcsh)‘,g Penalty for change in cropping patterns between adjacent years | Parameter
Yesy Yield of crop c in adaptation zone z in the season s of year y Parameter
QZCSy Number of cattle reared in adaptation zone z in the season s of | Primal Variable
year y
Qsly Number of cattle slaughtered in the adaptation zone z in the Primal Variable
season s of year y
Q chi Quantity of animal product ¢ produced in the adaptation zone z | Primal Variable
in the season s of year y
QZC,;I;,‘E Quantity of animal product ¢ sold by the livestock producer in | Primal Variable
Z to the distributor in market n in the season s of year y
”gs_;cf Price for animal product ¢ paid by the distributor in market n to | Dual Variable
any livestock producer in the season s of year y
C ZCSy Cost of rearing cattle in the adaptation zone z in the season s of | Parameter
year y
nyS y Yield of animal product ¢ in the adaptation zone z in the season | Parameter
s of year y
k Proportion of cattle that should be slaughtered before they die Parameter
Tpirtho Taearn | Birth and death rate of cattle Parameter
chs'l; erd Minimum heard size to be maintained Parameter
0 5 ;sy Quantity of food f brought by distributor in market n in season | Primal Variable

s of year y




D,
Qn}sy

Quantity of food f sold by distributor in market n in season s

Primal Variable

of year y

fosy Quantity of food f transported by distributor through road r in | Primal Variable
season s of year y

Cf}sy Cost of transporting food f through road r in season s of year y | Parameter

Qfsy Maximum Quantity of food that can be transported through Parameter

road r in season s of year y

n,"l‘};’f Price for food item f paid by a store to a distributor in market n | Dual Variable
in the season s of year y

T ey Price for food item f paid by a consumer to a store in market n | Dual Variable
in the season s of year y

QZ‘;!’S y Quantity of food f brought by the store in market n in season s | Primal Variable
of year y

Qrvltjfsy Quantity of food f sold by the store in market n in season s of | Primal Variable
year y

Q,Vl'jcsy Quantity of food f stored by the store in n in season s of year y | Primal Variable

C,';l}/csy Cost of storing food f at n in season s of year y Parameter

Q,Vl'jcsy Maximum Quantity of food f that can be stored at n in season | Parameter
s of year y

Azfsy Intercept of the demand curve for food f for consumers in Parameter
adaptation zone z during season s of year y

by sy Slope of the demand curve for food f for consumers in Parameter

adaptation zone z during season s of year y




Q;]fsy Quantity of food f consumed in adaptation zone z during Primal variable

season s of year y

Q%}’g, Quantity of food f bought by consumers in adaptation zone z Primal variable
from the market n during season s of year y
Q;]fsy Consumption limit for food f in adaptation zone z during Parameter

season s of year y (to model export)

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

- - 1 h 2
Z dfy Zancls)ynrchsg ;csyAzcsy - 2 (2 zcsg;q(Azcsy Azcs(y—l)) )

csy csyn

subject to

F-D F
ancsy: Azcsyv chsy > 0

T Azesy o AR (625
Qchsy = YaesyAzesy (6 Csy)
Qz 71—21;5)3/ = Pon Qs sy (6m csy)

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

O%csy = Xn YenOinesy > 0 (05s)
Skoy + dfy (Chisy + Cond Ascsy + Coad 1) Asesy)
—df, (Czcshy Azesiy-1) + Cch(y+1) zcs(y+1)) - > 0 (Azesy)
6725y Yacsy
Smesy — AfyThesy 5 0 (624,

2. Livestock producer

C-D}¢ D—>C &
2 dfy Z ansy Tnsy CZSyQZCsy

subject to



0ty 05y 0, =0
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The KKT conditions corresponding to this optimization problem are as follows.
dfyCrsy — 6zz(milk)syYZ(ST;ilk) — 8fsy + kdgsy — 0
C
digy = (1 + Thiren = Taearn)Tisy = (%)
Szesy = Uy¥mOsmesy 5 O (5
Szsy = Ozsy — 6 z(beef)syyziilef + Ts(y1) > 0 (Qs,
SZnEsy dfyﬂgs_;/cg = 0 (chr;?/f)

3. Distributor

W=D Dp D—»F D
z dfy 2 n}S‘sy nfsy _ansy nfsy Zcrfserfsy
, Yy n
subject to
Q2 Qn Q% = 0
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The KKT conditions corresponding to this optimization problem are as follows.
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4. Storage manager (or stores)
U-w oWs WD nW W oW
Z dfy (”nfsy nfsy ~ Tnfsy Qnfsy — CnfsanfSY)
ylhrnrf
subject to
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The KKT conditions corresponding to this optimization problem are as follows.
Uu-w 11
dfynnfsy - 6nfsy > 0 (er/:;zy)
Cafsy + Ongsy + Onfsy = Onfsy+y > O (Q%s,)
611 _ df 7.L.U—>W 0 W
agsy — BT (")

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

1 2 - -
2 dfy azfsngfsy - Ebzfsngfsy - 2 ngfs;l/ erlfsl;/
f,S,y n

subject to



Qsfsys Qnfsy 2 0
Z QW—>U _ QU 19
n ¥znfsy — Zfsy (6zfsy)
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U
QY Q 20
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The KKT conditions corresponding to this optimization problem are as follows.
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0 w-U
= (anfsy
Zn len6217Zfsy
5 U
dfyngfsgl// - 621]2531 - SerZfsy > 0 (szsy)
6. Market clearing
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