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Fig. 1. Location of the study area [13]
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Fig. 2. A flow chart outlining the implementation steps of the seasonal smart groundwater market mechanism
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the strategies determined in the previous stage and calculating
the criteria of 1) the total amount of water consumed by users in
the market, 2) the total profitability of the market and 3) aquifer
water level ratio after and before market implementation.

Clustering of proposed strategies with K-means method and
plotting the value of the criteria calculated in the previous step
for the strategics relaled to cach of the clusters. At this stage,
each cluster of strategies is considered as a range of scenarios. |

A
1
I
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Choosing a scenario whose strategies are relatively more favorable ’
and unfavorable in terms of the desired criteria. The selected
sccnarios arc considerced as the most robust and most vulnerable
scenarios, respectively. The amounts of scasonal water rights
related to the best scenario are considered as robust strategies for
the implementation of the market in the water year.
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Fig. 3. The main steps of the robust decision-making method to consider the uncertainty of the

evapotranspiration monitoring algorithm in the market mechanism
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gnd s ns 25 S0 0L ge sla S5 N dgr
EC Depth to GW Area (hectare) Well ID User number
(usi/cm) (m)
4079 95 120.02 407 1
4297 95 30.00 344 2
4349 105 55.43 343 3
4364 105 62.99 345 4
4451 100 24.16 341 5
4493 105 33.22 339 6
4573 95 43.82 351 7
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4987 130 74.96 1236 8

5099 105 100.48 334 9

4453 100 99.07 346 10
4441 105 63.56 340 11
4803 95 69.94 335 12
4378 105 95.94 386 13
4363 105 75.88 347 14
4391 110 52.55 385 15
4321 105 62.24 348 16
4525 105 63.39 337 17
4919 105 95.73 336 18
4418 95 71.00 338 19
4251 105 56.37 349 20

Table 1. Users’ characteristics of the regional groundwater market
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Approximate Growth Acuction

phenology stage interval Month
Boom-Leaf out i Apr
) Stage | Trading p
Shell expansion season 1 May
; Trading
Shell hardening Stage Il season 2 Jun
Nut filling Jul
Nut filling Stage 111 Trading Aug
Shell splitting-Hull season 3 s
slip p
Harvest i Oct
Stage IV Trading
Post-harvest season 4 Nov

Table 2. Auction seosons equivalent to
different pistachio growth steges .

! Regulated deficit irrigation
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Fig. 5. A user‘s submitted bid packages

Jlesl 51 0108 adsl salm ol s 353 00 Jlasl
SRRy U5 N5 PSR PP VPP UM P Ry IS UV
st ’f@e Coppo w55 8 5 sl Gl L o
sy Sales b el s 5 A e 5 Cd Ol
L B ETE N 1 O S T P SR E A
i 2Lk Gl ks GBS 5 5l sileae Jaa
Jlo 3 sdilze gossn o L3 ol SWols sanlin i pn
53k bl (VY Jl) sy 50 58 5 5L gl t by
Cead oler 4 O Gl balgs skl cony e
Gl Vsl e (8 Jsux) Ll e s O SVsls
ATV AN LS5 w (’JL@" G Jsl gousd 55 O, aan
Jbe 2 Olse o (G e 5 Ologs) YAYY 5 0AA0
S jshilen Cd el dwles (Glule Cwld) (ileang
S 5 Sl Oley 53 olS oS LIS W PR N
53 ok L3 Ll 5L 5 (eoler A3y So,53) Jpramme Zuils
R IP RO VRN S JVRNS ) ARFCINC I PP
Sl s w4 S cnl 83 0L cl sy s u>
(s 33 il LekS B 0L sl S
s 5 B a5 B sl s Pl ol
Sl sl 51 OBL @ s S S OLOE Al S
S ol gl LS o (S sl Olpul U S ahk 3 as e

&:M-d‘ cv\ﬂT e “ QLM& ulj_:)ls dod LS‘J” QVDU

! Real time

Yoo

s sl pled i e 0L Sl @ a5 L
U e gulam Glp ol e a8 (Bs 3 5 s
Sl Sk cul s a § L s ol OIS S
s JB s Ysens oS aleiy glayloses el
Syee 54, S 3 0l Sl s> RS 03 gdmes 43 Lyls
LS el 3 ks
Slhde,s e 2als) Ladily RV S S i
DL OB sl olesly sl (0108 gails 0 Slme (22
e bl ol a3Y ol T e 5y el
b)) had sads) Galom e 4 SVals pll e
Sl Sl amS 3 5 O Sl el e Geilye Juad a
Go3sdoms &0 bge gamb gVl oz 53 O PE
sladly Jﬂ-":’ S oo o B T G I g A S Y
L [ O S TR S RUELUYC R WE
@Yhﬂﬁ&ﬂ—ém@“{&&.iﬁwﬁ#b)ﬂ&“
() Jsds Jslee (VoY) @l dlov 5wl s slaal>
Sl 5 Jole s el Wl des b el
sl b aS yb w0 3,8 0 Sopo eeinie] Ja
=l 1Ol Cedls s g 5o 5 53 ilie s alS Ll
5 b b e niol S5 OIS da Ol s
Olge @ 33 gl mlaw 003 MLl cxse S oo

(Lhab;) Q‘)_v)ls 345 g0 L;Lhcu.‘jﬂ: 4o e Ji‘bj g_,qwj.p



Do 5 35 iy

e Lmladpde 3.8 5 50 L e 5wl iy e pe

(aSa 20) sz il J b 53 fund 3ol S5k & 30,5 o8 OIS sl sl ¥ g

Curre_nt Initial water rights (based on adjusted entitlements)
Well ID User number _Water right
Anual Stage 1 Stage 2 Stage 3 Stage 4
407 1 385759 123255 48963 101494 23026
344 2 545708 174361 69265 143576 32574
343 3 249332 79665 31647 65600 14883
345 4 270502 86429 34334 71169 16147
341 5 733883 234485 93149 193086 43806
339 6 743292 237491 94343 195561 44368
351 7 635091 202920 80610 167093 37909
1236 8 413985 132274 52546 108920 24711
334 9 710362 226970 90163 186897 42402
346 10 286967 91690 36424 75501 17129
340 11 270502 86429 34334 71169 16147
335 12 541004 172858 68668 142339 32293
386 13 362237 115739 45977 95305 21622
347 14 338715 108224 42992 89116 20218
385 15 425746 136031 54038 112014 25413
348 16 272854 87180 34632 71788 16287
337 17 357533 114236 45380 94067 21342
336 18 404577 129267 51351 106445 24150
338 19 395168 126261 50157 103969 23588
349 20 493960 157826 62696 129961 29485
Seasonal available water 2823591 1121669 2325072 527503
Annual available water 8837185 6797835

Table 3. Initial water withdrawal permits of the users in different auction stages
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User number Stage 1 Stage 2 Stage 3 Stage 4
1 386756 219510 576914 62966
2 59401 54868 144204 15739
3 109756 101380 266445 29081
4 124727 54815 134342 33047
5 47828 9125 7300 12672
6 65774 12549 10040 17427
7 86764 16554 13243 5064
8 148419 28318 22654 8662
9 198950 37959 30367 11611
10 196151 37425 29940 51972
11 125856 24013 19210 33346
12 138477 26421 21137 8082
13 189965 36245 28996 50333
14 150250 138783 364748 39810
15 104057 19854 15883 27571
16 123232 113827 299159 32651
17 125503 23946 19157 12213
18 189542 36164 28931 11062
19 140574 26821 21457 34623
20 111610 103092 270945 29572
Seasonal reallocated water 2823591 1121669 2325072 527503
Annual reallocated water 6797835

Table 4. Final groundwater right redistribution after entering water market (cubic meter)

@lgnin O L LI 5 sl s calies Ll 3 53 01,8 ol 5 pm 0 g

User number  Status que (tomans/year) Pre-market condition Post market condition
(tomans/year) (tomans/year)
1 5.53E+09 4.53E+09 7.47E+09
2 4.66E+09 3.82E+09 4.53E+09
3 4.55E+09 3.73E+09 3.86E+09
4 5.17E+09 4.24E+09 4.31E+09
5 3.99E+09 3.27E+09 5.40E+09
6 5.49E+09 4.50E+09 5.84E+09
7 5.37E+09 4.40E+09 5.65E+09
8 6.12E+09 5.02E+09 5.66E+09
9 1.03E+10 8.45E+09 8.50E+09
10 3.70E+09 3.03E+09 5.95E+09
11 5.21E+09 4.27E+09 4.33E+09
12 7.34E+09 6.02E+09 6.20E+09
13 4.40E+09 3.61E+09 6.27E+09
14 6.22E+09 5.10E+09 5.27E+09
15 5.55E+09 4.55E+09 4.79E+09
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16 5.11E+09 4.19E+09 4.30E+09
17 5.20E+09 4.26E+09 4.84E+09
18 7.82E+09 6.41E+09 6.49E+09
19 5.82E+09 4.77E+09 5.40E+09
20 5.95E+09 4.88E+09 5.36E+09
Total benefit (tomans/year)
1.14E+11 9.30E+10 1.10E+11
Consumed water from aquifer (Cubic meter/year)
- 8837185 6797835 6797835
Water productivity (tomans/cubic meter)
12900 13680 16200

Table 5. Final users’ benefits in the different conditions
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Fig. 6. Distribution of annual groundwater rights among users before and after
implementing seasonal groundwater market
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Fig. 7. The values of consumed water and the groundwater level ratio for different strategies and clusters of
scenarios
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Abstract

The decline in access to groundwater resources in different regions of the world due to the over-extraction
and unsustainable management of these resources has led to significant environmental, economic, and social
problems. In this regard, several researches have been carried out on the groundwater markets as a potential
solution for aquifer restoration. However, in some cases, water markets have increased the tension on water
resources due to the lack of proper water market mechanisms and monitoring of water withdrawals. The
main purpose of this paper is to propose and evaluate a mechanism for the groundwater market to
redistribute the water rights of groundwater resources and determine the exchange price in the market, taking
into account the existing uncertainties. Therefore, proposing an efficient and effective groundwater market
mechanism, encompassing the institutional, economic, social, and environmental components, is of great
importance. In this article, proposing and evaluating the mechanism of the smart water market, a model has
been presented for the management of groundwater resources by considering the existing uncertainties.
Additionally, it suggests hiring remote sensing tools to estimate evapotranspiration as a novel approach for
monitoring water consumption in the groundwater market. In this regard, the uncertainty arising from the
error of remotely-sensed evapotranspiration in the results of the groundwater market mechanism has been
evaluated using the robust decision-making (RDM) method. Based on the uncertainty resulting from the
error of the remote sensing of the evapotranspiration, the amount of allowed water rights in each season has
been considered as an interval. Given the unknown probabilistic distribution of variables, non-probabilistic
methods are employed to analyze the uncertainty and reach a robust decision. In this regard, considering all
possible combinations of seasonal water rights (as different market scenarios) and assessnig the decision
criteria for each of them, the degree of desirability of these scenarios can be determined. The methodology
can be generalized for different study areas, however to evaluate its efficiency, the proposed models and
algorithms are assessed using the data of Nough region in Rafsanjan plain, as one of the forbidden plains
with high economic value of water in terms of pistachio production. By designing and evaluating
groundwater market mechanism, taking into account the economic and social components, sustainable
management of groundwater resources is expected to be promoted and farmers' livelihoods to be less
affected by water restrictive policies. The results show that the proposed mechanism of the seasonal
groundwater market has increased the economic efficiency of water consumption in the study area by 25%.
Furthermore, with the implementation of the water market, the redistribution of water rights has a better fit
with the users’ cultivated area. Finally, the RDM method identifies the best scenario, incorporating allowed
water rights for four auction seasons, offering a sustainable policy for seasonal groundwater rights
redistribution amid market monitoring uncertainties.

Keywords: Groundwater market, robust decision-making method, remote sensing, evapotranspiration,
uncertainty.
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