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1. Introduction

ABSTRACT

Recently, due to the trend of decreasing rainfall and increasing groundwater pumping rate, there have
been concerns about the risks caused by the decrease in the volume of aquifer reserves and the drop
in the groundwater level, and as a consequence the land subsidence. Also, in Ajabshir plain due to
a gradual decrease in the water level, it is necessary to estimate the subsidence and investigate the
subsidence potential to prevent its harmful risks in the future. For this purpose, using the ALPRIFT
framework, which includes seven layers of parameters affecting subsidence, the subsidence potential
map was zoned. The subsidence potential index was obtained in low and moderate ranges. In the next
step, using Sentinel-1 satellite images, the subsidence during the years 2020-2021 was estimated to
be 2.4 cm, which had a significant correlation with the groundwater level of the water year 2020-2021
and subsidence potential. In addition, artificial intelligence optimization methods including fuzzy
logic (Sugeno) and genetic algorithm were used in order to fix the defects of applying expert opinions
and increase the correlation between subsidence (Insar) and ALPRIFT, among these models, Sugeno’s
fuzzy method provided the best correlation between the two subsidence maps and ALPRIFT. The
correlation between subsidence with ALPRIFT, ALPRIFT-GA and ALPRIFT-SFL was obtained as
0.46, 0.62 and 0.72 respectively.

In recent years, there have been concerns about the consequences
of reducing the water level in exploitation wells and the increase in
extraction compared to the recharging of groundwater resources.
One of the most essential concerns, in this case, is land subsidence,
especially in residential areas, which causes a lot of human

and financial damage, as well as reducing the hydrodynamic

coefficients of aquifers and thus reducing their storage. Ajabshir
plain is one of the plains of the Urmia lake basin, where
groundwater is the main sources of water used in the region. With
the withdrawal from groundwater, the possibility of subsidence
in the plains also increases, which increases the need to identify

vulnerable and prone-to-subsidence areas to manage the amount
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and location of the withdrawal from groundwater. Considering the
critical conditions of the groundwater in the plains around Urmia
lake and the phenomenon of subsidence in recent years, it seems
necessary to investigate this phenomenon in the Ajabshir plain as
well. Therefore, in the current study, the subsidence potential of
the study area was carried out using the practical framework of
ALPRIFT, and then, to improve the performance of the ALPRIFT
method, remove expert opinions and reduce uncertainty, artificial
intelligence methods including Sugeno Fuzzy Logic (SFL) and
genetic algorithm (GA) has been used. Also, for verification, it
has been compared with the amount of subsidence extracted and

calculated from the radar data of the Sentinel-1 satellite.

2. Research methodology

2.1. Study area description

The aquifer of the Ajabshir plain has an area of about 73 square
kilometers and is spread over an area equal to 76% of Ajabshir
plain. The plain islocated on the edge of Urmia lake and west of East
Azerbaijan province. The elevation of the highest and lowest point
of the region is 3345 and 1272 meters, respectively, compared to the
average sea level. Qala-chai River is the main drainage of Ajabshir
basin, originates from thewestern slopes of Sahand Mountain, and
flows in the east-west direction. After passing through Ajabshir

city, it flows into Urmia lake.

2.2. Subsidence vulnerability potential with ALPRIFT

The ALPRIFT framework was used for the first time in Shabestar
plain by Nadiri et al. (2018) inspired by the DRASTIC method
(Aller et al., 1987; Habibi, 2021). This method is a practical
quantitative framework for investigating the potential of
vulnerability to subsidence in aquifers based on the ranking and
weighting method (PCSM: Point Count System Model) (Nadiri et
al., 2017a, b, c¢). ALPRIFT includes seven effective layers which
causing subsidence in the studied area: (A) Aquifer media, (L) Land
use, (P) Pumping, (R) Recharge, (I) Impact of aquifer thickness,
(F) fault distance and (T) decline of the water Table. At first, each of
these parameters is converted into the required layers with specific
ratings in the Arc GIS environment with interpolation methods, and
then using predetermined weights by Nadiri et al. (2018) will be
overlapped and finally, the vulnerability zoning map of the region
will be created. Equation (1) is used to prepare the subsidence
potential index map:

SVI = ArAw + LrLw + PrPw + RrRw + Irlw + FrFw + TrTw (1)

Where SVI is the index of subsidence potential, r and w index
also represent the rank and weight of the layer, respectively.
The ranks of the sub-layers of each criterion vary from 1 to 10
depending on their impact on the vulnerability potential, where 1

means the lowest and 10 the highest risk of subsidence (Nadiri et

al., 2018). The weight of each layer is a fixed value between 1 and
5, which shows the relative importance of each layer compared to
other layers in the vulnerability potential of the aquifer (Nadiri et
al., 2018).

Fuzzy logic is used through fuzzy operators based on the IF
variable IS set THEN, action model. Fuzzy logic includes three
methods: Larsen (LFL), Mamdani (MFL), and Sugeno (SFL),
which mainly uses Sugeno modeling because of its constant and
linear process (Sugeno, 1985). This method of modeling includes
three steps: 1) determining the structure or clustering, 2) using
fuzzy operators, and 3) estimating the parameters and least squares
of error. Fuzzy sets are the most suitable method for solving human
errors and the nature of uncertainty in systems due to having vague
and gradual boundaries between defined boundaries (Calvo et al.,
2009, Tayfur et al., 2014). To optimize ALPRIFT with artificial
intelligence methods, the subsidence potential index (ALPRIFT)
must first be modified with the following formula and then continue

with the optimization process:

% *(NSV )i 2)
(NSV) s

CSVI indicates the corrected subsidence vulnerability index,

CSVI =

(SVI) . is the maximum value of subsidence index, (NSV) s
the maximum amount of subsidence estimated through InSAR, and
(NSV), is the amount of subsidence obtained from InSAR.

For GA optimization, the objective function of the genetic
algorithm optimization method is given in Eq. (3). This function
is the same as the correlation coefficient between the subsidence
obtained from radar images and thesubsidence vulnerability index
(ALPRIFT), which weight coefficients are optimized with the aim

of maximizing this function.
S, VS, -N)

F =
VLo s -5y

In the above relation, F is the objective function of the optimization

3)

problem, V: the vulnerability index of the point, ¥ : is the average
of the vulnerability indexes, S : is the radar subsidence at point i, §':

is the average radar subsidence and n is the number of data.

2.3. Preparing a map of the input layers of the ALPRIFT method
To prepare a potential map of subsidence vulnerability with the
ALPRIFT framework, seven effective parameters including:
(A) Aquifer media, (L) Land use, (P) Pumping, (R) Recharge,
(I) Impact of aquifer thickness,(F) fault distance and (T) decline of

the water Table were used.

2.4. Subsidence with Sentinel-1 images
SLC, Sentinel-1 images were used to calculate the amount of
subsidence in Ajabshir plain using radar images. In this research,

from two pairs of Sentinel-1 radar images with a one-year
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period (2020-2021), each pair of images with a 36-day period
(15.10.2020-09.09.2020 and16.10.2021-10.09.2021) was used. In
the following, the work steps are briefly mentioned in order: Stack,
S-1 Enhance Spectral Diversity, Interferogram Formation, Phase
to displacement, Range-Doppler Terrain Correcting. Then it was
entered into the ArcMap environment in the tiff format of the Snap
software and by superimposing it with the DEM map ofthe area, the

final map was obtained.

3. Discussion and results

In this research, the ALPRIFT framework was used to investigate
the potential of subsidence vulnerability so that sensitive and
influential parameters in increasing the potential of subsidence
vulnerability canbe investigated. Based on this, the subsidence
vulnerability index for Ajabshir plain was divided into two classes
of low and medium potential. Sentinel-1 radar images were used
to verify and ensure the accuracy of the potential obtained from
the ALPRIFT method. Based on this, the subsidence rate for the
year 2020-2021 with two pairs of images (With the time period
of 15.10.2020-09.09.2020 and16.10.2021-10.09.2021), 2.4 cm
was estimated. To know the relationship between subsidence and
groundwater level, a correlation was established between them
and a correlation coefficient of 0.25 was obtained, which was
acceptable in its own way. The drop in the groundwater level
of this aquifer in the long term (1386-1400) was one and a half
meters and in the short term (2020-2021), it was 0.84 meters. Also,
the correlation coefficient between the calculated subsidence
potential and the actual subsidence was 0.46, which showed that

it can be the results obtained from ALPRIFT were confirmed,

73

but in order to improve the ALPRIFT method and eliminate the
disadvantages of expert weighting and reduce uncertainty, genetic
and fuzzy algorithm optimization methods were used. This study
showed that both the genetic algorithm and Sugeno’s fuzzy
algorithm have improved the results of the ALPRIFT method,
but the Sugeno’s fuzzy method has a better performance than
the genetic algorithm and can be used to estimate the subsidence

potential in the study area.

4. Conclusion

The results of this research show that the correlation coefficient
between the three methods (ALPRIFT, GA and SFL) with the
Sentinel 1 satellite data, theSugeno fuzzy method (SFL) with
a correlation coefficient of 0.72 and a squared error of 0.2 was
the best method. Based on this, in the vicinity of Ajabshir city,
the villages of Shishvan, Mahaba, Shirazand Pesian have high
subsidence potential than other parts of theplain. The investigations
showed that the pumping of groundwater, recharging, lowering
of the groundwater level and the aquifer media are the most
important factors causing the land subsidence of this area. In these
agricultural and residential areas with dominant material of silt,
clay and a mixture of clay and sand the highly land subsidence
will be occures if a continuous pumping and groundwater level
delining carry out the area. Despite the importance of the issue,
no study and management measure have been carried out in this
plain, so it is suggested that management programs to protect the
subsidence, such as modifying the cultivation and irrigation pattern,
should be carried out in these areas, and excessive pumping should

be avoided.
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Figur 3. Water resources map of the study area.

\A

andllae 5 5 ailate T mlie iy Y JSC



AE=VL () PR Eo ¥ a0 pole/l S0 9 ol jSiuw 695 LS/ e pinoiae Cobs Cuuniing 8 sy o e

Ly ok i 51 05y Sl ealial b e 5 ol lin)se sbaaY 4
S 488 (alg s 5 0d Sy oa (Nadiri etal., 2018) O, Kan 5 5 b
S iy b frily Gastle a8 agh g b Al sl it (6 s o
3 55 n oslizal (1) o

SVI=ArAw + LrLw + PrPw + RrRw + Irlw + FrFw + TrTw )
Core S S A W ST el (i b Jrdly (el SVIG 8 kel o
Olier 4 (Kot slme a &Y 5 4 by e slaad)y il e 0¥ 055 5 455
3 nraS Sl 4V S Tl e V0 6 Sl ndicanT Joily p 6T ST
sleas, (Nadiri et al,, 2018) 353 o 3,5 i 3 Contiyp st o b Vo
6 oMas 5 Y 8 05y el ediiesls QLS Y Jgd 5 ulyl a4 b e
Jeily 53 Bos slae¥ 4 i L 0¥ b o Comnl S LB O B
{(Nadiri et al., 2018) das s Olis Ol o (6 p T

Sy T 3 08t b Canniidg B (5 39T Junslig oy 22 —F ¥
OLas 5 G bows et Cis 3 0L iy S T Ol
oslizul (Aller et al., 1987) ¢Saulys 55, ‘5;(.[@\ L (Nadiri et al., 2018)
Sl oy 6&&&&&;'4}3-)% (e ol (IR es) ol 0l
#3055 5 (P45 oy el p LOIST 53 Sty b a4 S s pdy e
(Nadiri et al., 2017a, b, ¢) 4L o (PCSM: Point Count System Model)
il n andllas 350 dilaie )5 Cenis B oslul 5o B 4V Cda el Ci T
Sbey «L: Land use) o150 )8 (A: Aquifer media) Ol Loss
[t} J.gT Cubes (R: Recharge) «di (P: Pumping of groundwater)
sl g (F: Fault distance) J,“f ;) alols (It Impact of alluvium thickness)
b bzl ool 1 plaSTa Il ) (T: Water table decline) (jwes 5 T pelaw
s bisos s b T ST Lo 55 jasie glasituas,

(Nadiri et al., 2018) & JT 55, sla zal)l 5l r\fjh 4 bge A3055 945y -Y gl
Table 2. Rate and weight of each parameter of the ALPRIFT method (Nadiri et al., 2018).

Pumping rate (cm/ ) ) Recharge Distance from fault Alluvial thickness Groundwater level
Land use Aquifer media
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rate Range rate Range rate Range Rate Range Rate Range Rate Range Rate Range
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6 125 4.y  Transportation 13 Different 1 24< 1 5< 6 175-225 6 227
7 520 3-4 areas rocks 7 225-280 7 2735
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1 2 3 4 5 3 B
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Table 3. Piscopo’s recharge rating (Piscopo, 2001).
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Figure 4. Input of ALPRIFT layers: 1) Aquifer media, 2) Land
use, 3) Pumping, 4) Recharge, 5) Impact of aquifer thickness,

6) fault Distance, 7) Decline of water table.
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Figure 5. Map of the subsidence rate of Ajabshir plain in 2019-

2020 based on Sentinel-1 satellite.
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Table 4. The results of evaluation of optimization performance with fuzzy

sugeno.
Evaluation criteria R R? RMSE
Train 0.93 0.87 0.101
Test 0.84 0.72 0.2
Ol Lo ca dis laa¥ 5 4 0T ) s 5 (5252 Sl Skay 0¥ & S ) i 9501 b ol Sl 3T g 5 41 (8 30k e T ABi—
Cetiy p gyl Gasls ol il olantl a5 T mlaw 2315 S Bdn w035 anta b S5 02, S b (Sleane adles ol s
G o NS b 48 T s 4 40 U A aibase (ol oS5 (..:,_)}leL. dﬂ.‘u_.WTPu,s)\abw};@wé@pqacu.;;ef
305 oW 5> Jeld T st (Nadird et al,, 2018) 01K S5 vb_ui” a0t S T sle el i (Sl 0s 5 b il s 3
365 el ) glaiand 53 Sty b feily (i oS LS e skiiaigy SLa05s 0313 1A L el s 4 (F) el 5o oda w6 03,57 i b
b 4k ol 3l oo Tomnt  Stwas o b (C -5 JSK8) s sdalin 5, o> v;i,jist,\;@jju;,,y;;;l_;.\i.\? Sl axla (V) Jm b o
Bl (o 7T (Gl Sty bl S T g Glaasy bl asy oy opl s (Vlaly) A Jol> oS53
SVI, =134+ 0.02L + 5P +2.7R + 0.7 + 0.01F + 1.3T, (V) 835 ot el 855 02, S 51 eeTwsey $la03s ool 055 5
SN0 sTEOD  seioo0  seioo0  ss7ou0 SIS0 STEWD B0 Sedwo ST g sTswo S0 ssiow s sion0 g
N N €] E

4152000
4152000
4152000

414?000

4149000
4149000

4l4§000
4146000
4146000

4141}000
4143000
4143000

ALPRIFT

127.73 ALPRIFT-FUZZY

4140000
4140000
4140000

L]
30.79 0.75

5 Plain =
0.076

15075 0 1.5 3

4.5
Km

&5 Plain

15075 0 1.5 g 45

4152000

¥

4152000
4152000

4149000

4149000
4149000

4146000

4146000
4146000

4143000

4143000
4143000

ALPRIFT-GA

95.53

4140000

4140000
4140000

= 88.04 53 Plain

15075 0 15 8 45
=== = e = |

Km Km

575000 578000 581000 575'000 578’000

A

584000 587000

581000

B

581000 584000

C

584000 587000 575000 578000 587000

S5 (.:J_),il\—s;ji,ﬁ (C smlo 636-Ci T (B i T (A tols (culuangy (slaadis —¢ IS

Figure 6. Zoned maps:

A) ALPRIFT, B) ALPRIFT-Fuzzy Sugeno, C) ALPRIFT-Genetic Algorithm.
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Figure 7. The hydrograph diagram of the groundwater level of Ajabshir plain and Correlation results between subsidence rate and ground-

water level in 2019-2020.
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