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Introduction

Global warming caused by the increase in greenhouse gases, which leads to climate change, is known—
based on various studies—to be a result of industrialization. One of the consequences of climate change is
the alteration of water resources as well as changes in the general circulation of the atmosphere,
temperature, and precipitation. Iran, located in the arid and semi-arid belt, is not exempt from this
phenomenon. Since most of Iran’s surface water resources are rapidly declining due to population growth
and agricultural expansion, the pressure on groundwater resources is increasing. Climate change reports
and modeling efforts in this regard can assist researchers in simulating the current and future states of
aquifers and surface water resources, enabling them to make informed decisions regarding their
management.

Materials and Methods

In this study, to assess the condition of groundwater resources in the Chahardoli plain during the period
2006-208 (most likely 2006-2080), the MODFLOW hydrological model was used. For climatic
components such as precipitation and maximum and minimum temperature, the GFDL-ESM4 and
MIROC-ES2L climate models were applied, using observed data covering 1988—2018 under two scenarios:
SSP126 and SSP585. The long-term monthly averages of climatic parameters (precipitation, maximum and
minimum temperature) were compared between observed and simulated data. In this research, the
groundwater level for the coming months was simulated for all piezometers, and the unit hydrograph of the
Chahardoli aquifer was plotted for the current state as well as for the reference and SSP126 and SSP585
scenarios.

Results and Discussion

In this study, the sixth assessment report of the Climate Model Intercomparison Project (CMIP6) was
used to predict future temperature and precipitation. To validate and evaluate the accuracy of general
circulation models and their data fitting, the statistical indices RMSE, MAE, and NS were employed.
Considering model uncertainty, a single model is not sufficient for validation and enhancing prediction
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accuracy; therefore, two models—GFDL-ESM4 and MIROC-ES2L—were applied under two scenarios,
SSP126 (optimistic) and SSP585 (pessimistic).

The analysis of climate change impacts over the region indicated that precipitation will decrease while
maximum and minimum temperatures will increase during the upcoming period (2026-2040). Simulated
groundwater levels under different scenarios for 19 piezometers in the Chahardoli aquifer revealed that, in
the SSP585 climate change scenario, groundwater levels in the central and southern parts of the aquifer
were lower compared to the other scenarios. This decline corresponds to reduced precipitation and
continuous extraction from 954 existing wells. Furthermore, when analyzing groundwater level decline and
plotting the unit hydrograph of the Chahardoli aquifer under various scenarios, the SSP585 (pessimistic)
scenario showed the greatest decline about 3 MCM. The simulation results demonstrated that the aquifer
deficit is expected to increase by approximately 0.15 million cubic meters over the next 14-year period,
with the aquifer water balance remaining negative.

Conclusion

The results regarding aquifer depletion are consistent with previous studies conducted on the Qorveh,
Dehgolan, and Chahardoli aquifers. Moreover, a comparison between the obtained results and earlier
studies carried out in other regions of the country and around the world indicates that climate change,
together with human activities, has contributed to the decline in groundwater levels. If the current trend of
excessive groundwater extraction continues, along with reduced recharge due to decreasing precipitation in
future years, aquifers in all regions are likely to continue facing depletion relative to their present
conditions. Given these changes, proper water resource management considering agricultural, domestic,
industrial, and environmental aspects can mitigate the adverse effects of human activities and climate
change on regional water resources. In recent years, numerous studies have examined the impacts of climate
change on groundwater levels across different parts of the world, confirming the undeniable influence of
climatic variations and the choice of climate models and emission scenarios on groundwater resources.

Keywords: Chahardoli Plain, MODFLOW, Groundwater Level, Unit Hydrograph.
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Table 4. model evaluation parameters in calibration
step
Property Value
Mean Residual (Head) -0.61
Mean Absolute Residual 0.98
(Head)
Root Mean Squared 1.19
Residual (Head)
Mean Resodual (Flow) 0.00
Absolute Residual (Flow) 0.00
Root Mean Squared 0.00
Residual (Flow)
Mean Weighted Residual -1.19
(Head+Flow)
Mean Absolute Weighted 1.92
Residual (Head+Flow)
Root Mean Squared 2.34
Weighted Residual
(Head+Flow)
Sum of Squared Weighted 103.61
Residual (Head+Flow)
Displayed Precision 2
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Fig 4. Error model in the validation step

Gl e e bosgi ol alne (e ol gl 5 o egin
0yl 1,35 5 Slauly > g0 o Jow ol anils 0929 Joud LB
Sy 2l g b APrl) ole G ol cdl> o 53 e
Y JSi) 09 0 0,8 Sl cpl o Jae g 0o bl jlasly
olyzel By) ol ey Gosb 5l plssel 4 s09,5 slogliy>
Uz 5 oy905] (simmod by, b (soiaiay Sj5—o 4 5 00d dnnlone
Ol )08 Gl 0 aiei oo e o4l Jow 50,5 0 S (6l
Calan) Jlal cls 50 Jae (255 5 0dh o) oyl dlale
lo el 09— go (s 1,35 Sl sl (e 4 ((Sgyoee
Do o0 0, dlS ol VA oo 4y Jogim VA 0 0y Adi g ‘sbu\g—‘
Cowd & hagim y2 Jowe 50 (silmde b ol slas polie
sl arl i glas ol 05 5 sl a9 50 6l anl o
ol Jsd b bl ¥ JSCs 0] co &ws 4 MAE g RMSE
J> e 30 Sloue sloosls b Jow ;o o)) o o (65lwdnds
A o las e i so i 1) o liel g ¢gul IS
sl 3 58 Jps8 LB odgama 13 e (el eSSl gl
3o (o YA) calizre Jloj slopls o Uas jolie )45 cdl>
3 e szl g oot o ovalin ¥ ooz 0 Joo (gl I
Jde cwlin 5,Sles oaims i aS o ks 18 Jou8 b oogue
o) amle VA 6,50 SG sl Jow o Jae 3 ,Shee ol (sl ol
sl asls polie g casl oadd o liel (Yo oA sl Y- -9
Jshine C80 samms lis (F JSo) sasleccwsay MAE 4 RMSE
VA) @lizes Sloj slopls jo s jiolie .ol (g5lwand Jow
plad ;o 5 canloads &l)1 ¥ S jo Jow (o Liel Jobo 5o (ole
casbie Bldasl sasms ylis as o4l 1,8 Jou8 LB oogasme (o laole

ol o3 oz Syl e bl b o laents Joa

30 G

19000
1888.0
18760
18640
18520
18400
18250
18160
1604.0
17920
1760.0

>



614

\f’fJLw/\Ne)Lo.wY‘a o)jéldj)swﬂj)mm$u]w|b¢w w}))&y‘

ol b o (Lt -T-

wleale Slanlie g oo (g jlwn b csloools slo S
Sl Y B D gla IS o (Y- FoY-Y5) 0,50 1o sl slo iy
Jow 50 (Sl as aes oo i bl . wl ool ools
e slaols > SSP585 5 SSP126 (slass L GFDL-ESM4
sl 30 52 )0 MIROC-ES2L Jus oluly 5 il ,31 5 U]
Sl Sl (n e sy e Sl ool aled o (Sails
15 SSP585 (55, i MIROC-ES2L o 4 bz e 5050 0
Jow yo (Saibaul als a0 0 TVl a4 ole (19555,8
Slaalica yolie & Coes SSP126 (55,lies ,> GFDL-ESM4
Shoo s o 2y el 0591 ]33 MIROC-ES2L. o
3D 9 100 nd glaole as bgype Jos g0 2 0 Slas
ooty ool 38 0n S FID 5 ooy Vo I a3 B0 5
slools 4 bgrpo Joo 99 52 T (g0y50 po Jolam gloo Sl yis

ol ol38l ao,0 B0 B Y g0 60 9,31 (LT e

Ol g (S ol gdaw Ol puodi wig, -F-¥

ouyl 098 18 O o Bl poris

5 Sl lacdlad SISl (o) sl SR cnl 5o

5 o8l DlyiS (692l g 22 0 (S92l 93 (ool Dt
GFDL-ESM4 _Jas (sl,; SSP585 5 SSP126 (555 liws 50
Syl b plol (Bls (6 g 0 Shos 3l Sl 5l a8
pas 9 992 90 slaolx 5l ()l oy Ll aslol (28 L g e
FAAGY- 5 5 ool slaglow ;5 (conldl Ll 5 s
S G 1y Gl Jalge 3l s gyl (ol g0
99 Jold &5 090 (g2 5l )3 S (o0 (o) 0 |y (ool Ll 5
S 080 53 Sl Jelse )-“L‘ ot g o8l s G925l
lsel ol B5s a5 o 1ol Jas (VYA L Y-Y$)
3550 esiet 2 5> s ol g Sl s S50 ez



9ol ceds Of wlie p paldl s I o) s

z 60 Esspl26 Wssp585  observation o 28 msspl26  mssp585  observation
g 50 £ 50
= 40 b g 40
£ 30 < 30
= £ 20
o) 20 =10 I i I
£ 10 S 0 R
= il w l a
0 B = SH S > &
S A DS EN SE S ,b&\o&"@ Y* 66‘0'@@&@6‘
>’ P K SN WP Y' Sale) 9
gv‘igp& » WIS ?93@@&0&004@&@0@ < %Q'Q %o ©
< =9 Time(month)
Time(month)
MIROC-ES2L (o) g GFDL-ESM4 () sl Joe w8l puis (Uogs slaw b oo (g3 bwandd g a1l (oudn) (505l dug lo -0 S
93k olyl

Fig 5. Compared precipitation (mm) based and Simulatied in climate change scenarions models a) GFDL-ESM4 and b)
MIROC-ES2L in Chahardoli aquifer

22 msspl26 WsspS85  observation P 43‘2 msspl26 Mssps85  observation

40 30
o3 S 25
%25 % 20
£ 20 E 15
=15 10

10 5 I I I
5 0

0 22 ST EEe2E8858 3

o8 s 3 = me 2 £ 5

d@&{\\ & & & & 2238 < = = 8 8 § E

\‘50159@ @Qy V’Q @ S /\ Y&%Q 6\0?046&@0@ = é < % o é g

& n
Time(month) Time(month)

MIROC- (<) g GFDL-ESM4 (1) (sla e puldl yuii gbogy yluw b ouid g jlurdanis 5 a3l (31,55l 13510 glos -5 S

P92,z olyl ESIL
Fig 6. Compared Tepercute maximum (°C) based and Simulatied in climate change scenarions models a) GFDL-ESM4
and b) MIROC-ES2L in Chahardoli aquifer

35 . 20 i
30 Hsspl26 EsspS5S85  observation W sspi26 WsspS85 wrobservation a
25 15
20
) 10
g 10 s
E 5 I I =
= o I I E o0 = = I '
- SE RO o> s BB ) S = >0 > % 5 5 5 5
S EESEEEFZEE2E T fEEEEEZEZ2 22
1022 &<« == 3 8 8 E E 2 2 < = 3 E 8 E E
g O 2 [ Q o [ O E o Q [} Q
-15 S < 2 2 9 = © < 238 % 9
= 2 o © 2 8 -10 = 53 o 2
n Z A v Z A
Time(month) -15 Time(month)

MIROC- () 3 GFDL-ESM4 (1) Juw 95 a8l yuais gUogs ybow b o0t (g jLurdamcs 9 4y (31,55li) JBlas slos -V JSCi

99,4z olsl ES2L
Fig 7. Compared Tepercute minimum (°C) based and Simulatied in climate change scenarions models a) GFDL-ESM4
and b) MIROC-ES2L in Chahardoli aquifer

o8l u..l}»_.....us ‘5’50)%,} u‘}?:j 6;).0 ‘)....7!.:).) L O)L.o_.ib e w)ﬂ) g_ai c.'a_n g_)‘)»..»..x.: od.a" Cawdy CJL».A ‘)oL..:‘)J
Dl @ S8 3 AF ojle U agin ar bgye 9,5 odalie C8l e Ve B (i oy 9550 fegiem 1
SSP126 o8l ,ous5 (g3 i o ) ol g Ol sy gy da bayje Cll o oS A Sl Bollae Ol sy ol



7

AY-F JLHJ Y O)LA-:J Yo 0)50/6))5L.~S s&Jj)Mjui u,...a‘.) 4.').......’

> !

ol s Copi Lo Sy 45 SSP585 o L8l a5

Ol iy ey ol w5 00 yieS SSP126

Groundwater level(m) Groundwater level(m)

Groundwater level(m)

Groundwater level(m)

1804
1802
1800
1798
1796
1794
1792
1790
1788

1810
1805
1800
1795
1790

1785

1820

1815

1810

1805

1800

1795

1817
1816
1815
1814
1813
1812
1811
1810

el ol g

1803
1802
1801
1800
1799
1798
1797
1796
1795
1794
1793
200 0

simulation
s——gsp126
ssp585

Point85

Groundwater level(m)

100
Month

150

1790
1785
1780
1775
1770
1765
1760
1755

1750
200 0

simulation

—sspl126

ssp585
Point87

Groundwater level(m)

50 100

Month

150

1836
1834
1832
1830
1828
1826
1824
1822
1820
1818

200 0

simulation
—ssp126
ssp585

point 89

Groundwater level(m)

50 100

Month

simulation

150

1840
1835
1830
1825
1820
1815
1810
1805

—ssp126
ssp585

point 91

Groundwater level(m)

150 200

Month

A la w3 A g Y AD AY AV AY o le b slo tegi o
@ Co i aS glas gl,ls SSP585 o ldl 15 (5o,
50 00 lmand (e 2l Sl g Shelis glaesls
Sl 50 30,5 saaline (pioren .Sl ABlS a2 0 0,90

e simulation
e—sspl126

ssp585
Point84

50 100 150 200
Month
simulation
—3sp126
ssp585
Point86
50 100 150 200
Month
simulation
—sspl126
ssp585
point88
50 100 150 200
Month
—— simulation
—sspl26
ssp585
point 90
50 100 150 200
Month



9ol ceds O wlie p aldl s SIS o)

7Y

_ 1822 . . 1830
£ 1820 simulation E 1825 —— simulation
T 1818 T——sepl26 T 1820 ——sspl26
= 1816 SSpSRS 2 13815 PS8BS o
o point!
E 1o i
2 1810 point 95 Z 1805
5 £ 1800
5 1808 £ 1795
€}
1500 0 50 100 150 200 1790
Month 0 50 100 150 200
Month
A1820 ——simulation A1810 simulation
£ g
= —ssp126 =
=1815 pointa /1805 ssp126
> >
O ssp585 [
: 1810 : 1800 ssp585
< & point 96
= 1805 $179%
z
= <
£ 1800 51790
) e
o L]
O 1795 Q1785
0 50 100 150 200 0 50 100 150 200
Month Month
z 1803 simulation 1825 :
§ 1802 ——sspl26 E 1820 point5 simulation
[}
i: 1801 ssp585 E 1815 —ssp126
£ 1800 5 1810 ssp585
.E 1799 ‘; 1805
=)
§ 1798 point6 g 1800
O 1797 (3 1795
0 50 100 150 200 0 50 100 150 200
Month Month
_ 1804 simulation 1800 . .
£ 1802 -+ 0 simulation
= —sspl =
S 1800 N s 1793 ——sspl26
2 1798 ———5Sp585 =
5 1796 = 1790 ssp385
S 1794 : g
_E 1792 point7 _E 1785
2 1790 H :
3 2 1780 t10
5 1788 & b
1786 1775
0 50 100 150 200 0 50 100 150 200
Month Month
—_ 1815 simulation 1805 . r
g ’é‘ simulation
= 1810 —sSp126 = 1800
2 0int9 4 —ssp126 .
2 1805 sspsgs P 2 1795 point
§ 5 ssp585
= 1800 ‘§ 1790
]
= 1795 'E 1785
) )
& 179 & 1780
0 50 100 150 200 0 50 100 150 200
Month Month

(SSP126 SSP585) ol yui sLogs yLows 9 @22 30 0390 30 ookl (g3 lwsaid (om0 5 T 515~V IS

Fig 11. Groundwater level simulated in period based and scenarios climate change (SSP126 , SSP585)
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