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Background and Objectives: Gorgan Bay, as one of the unique and vital
aquatic ecosystems in northern Iran, has faced significant environmental
challenges in recent years. These challenges stem from multiple factors,
including climate change, the decline in the Caspian Sea water level,
increased human activities, and morphological alterations in the region. A
precise identification of the factors contributing to the degradation of this
ecosystem is crucial for sustainable water resource management and
environmental conservation. This study aims to analyze the changes in the
water area and water quality of Gorgan Bay from 2000 to 2023 and to
identify the key factors influencing these changes.

Materials and Methods: This study investigates the temporal variations in
the water extent and quality of Gorgan Bay over the period 2000-2023
using satellite datasets from Landsat, MODIS, Sentinel, and Jason
missions. Indicators such as water temperature, turbidity, and colored
dissolved organic matter (CDOM) were analyzed to assess water quality.
Additionally, the water surface extent of the bay was mapped using the
Modified Normalized Difference Water Index (MNDWI) and the
Normalized Difference Water Index (NDWI). Pearson’s correlation
coefficient (r) was employed to examine the linear relationships between
meteorological parameters and the bay’s water extent. The Shapley value
analysis was applied to determine the significance of different features and
their impact on the bay’s surface area. Furthermore, a linear regression
model was utilized to evaluate the direct relationship between input
variables and the bay’s surface area. Finally, the random forest model was
employed to analyze the impact of variables such as the Caspian Sea water
level, Caspian Sea surface area, precipitation, temperature, and inflow
discharge on the extent of Gorgan Bay.

Results: The results revealed that from 2015 to 2023, the minimum water
temperature in Gorgan Bay increased by an average of 2.3 °C, with the
most pronounced warming observed in the southern and western regions of
the bay. Additionally, the persistent increase in water turbidity, particularly
in 2020, 2022, and 2023, reached its highest levels in the western and
southern parts of the bay, indicating poor water quality. The CDOM index
suggested that water quality in 2020, 2022, and 2023 remained within




acceptable limits, with no significant pollution detected. In 2015, water
quality was relatively better compared to recent years; however, certain
western sections of the bay were approaching unhealthy conditions. The
MNDWI and NDWTI indices indicated that over 50% of Gorgan Bay’s
initial surface area has been lost in recent years, with the most significant
reductions occurring in 2020, 2022, and 2023. During these years,
extensive areas in the west, south, and north of the bay experienced
complete desiccation. The analysis of the relationships between
temperature, precipitation, discharge, Caspian Sea surface area, and
Caspian Sea water level with the shrinking water area of Gorgan Bay
identified the Caspian Sea water level decline as the primary driver of
desiccation. The Pearson correlation coefficient between the bay’s surface
area and the Caspian Sea water level exceeded -0.90, with an R2 value
of 0.82, indicating a strong inverse relationship. The coefficients of
determination for other parameters, including the Caspian Sea surface area,
inflow discharge, precipitation, and temperature, were 0.43, 0.40, 0.19, and
0.11, respectively, suggesting that temperature had the least impact on the
bay’s shrinkage. The Shapley value analysis further demonstrated that the
Caspian Sea water level exhibited the highest variation across the
horizontal axis, highlighting its dominant influence on the bay’s surface
area, while other factors such as inflow discharge, Caspian Sea surface
area, temperature, and precipitation also played notable roles. The
regression analysis using Coefficient Value confirmed that the Caspian Sea
water level, with a coefficient of 0.54, had the most significant effect on
the bay’s desiccation, accounting for over 50% of the total impact. The
feature importance analysis from the random forest model indicated that
the Caspian Sea water level had the highest influence (0.78), followed by
the Caspian Sea surface area (0.14), while discharge, temperature, and
precipitation had values below 0.1. Additionally, an examination of the
Caspian Sea water level and Gorgan Bay’s surface area from 2000 to 2023
revealed that the bay’s surface area decreased from 400 km? in 2000 to 260
km2 in 2023, closely linked to the Caspian Sea water level decline, which
dropped by more than 2 meters over the past 23 years. These changes were
also associated with regional morphological alterations, including reduced
depth and modifications to the coastal shape, exacerbating the desiccation
process.

Conclusion: The findings of this study indicate that Gorgan Bay has faced
severe challenges related to declining water levels and deteriorating water
quality between 2000 and 2023. Correlation analyses and regression
models confirmed that the Caspian Sea water level decline is the dominant
factor in these changes, with a significant and direct relationship between
water level reduction and the shrinking of Gorgan Bay. These findings
underscore the urgent need for sustainable water resource management and
conservation strategies to protect Gorgan Bay as a fragile ecosystem in the
face of water level decline and water quality changes.
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Figure 1. The geographical location of Gorgan Bay and the Caspian Sea.



63U (5340 9 b pS (Awgrlopale [ oo (5 5 s Of CudsS g s Oyt (b3,

sl 53 O1LS hass & baoslsale ol 555 00
bl 5 b dl;» S e 8l 385 glaesls
) Ll o (5L 3 L
b Sl arsy ol s T S U
e sl dex D ol cwiS sl exls
Slolsale uslas 51 (CDOM 5 o508 ool
ol Sl eld esliul Y <k Landsat 8
S eslial b baasls ale 5 335, e
ol » 5 Google Earth Engine (GEE)
NGV PN W (’l’-‘;\ e P S

Sea Surface ) ol ghu sl el
Slolsale nslas 51 eslawal L (Temperature
4= ST B10 s, >~ xL ; Landsat 8
S sl e TOT Gl sl
f}?w uT sles .;)U\f&a f.:L: &j L;LAM@)\
gl o oSl peds am s YO B
solie bl Sas bl & g5 xS
By o dale Vodaly 5 b sl A UGl O gline

T, - K.,
Ln(%ﬂ)

A

")

(S e gL, s T ) daly 5 &S
23 Slske 5D 0 sl J8 Glacsl Ko 5 Ky
(LSl o VYYV/0 VAR 5 VWE/AAOY il b S jay &S
FsSe 2 el g mpe p Sl e
Sy e b L s (W m” sr’ um'])
boaolsl D3 el o5 Sen il 2 s e
) ol pae gy a4 gldy, gl ks
s3hpe dels ¥ odaly 5l esliad U (S sl

YY)

SST =Ty -273.15 (Y)

4- Water Temperature

sked (agn ol s eslatel 340 (glaesls
Seoiob s by ale olidles gla bl e
WS Sy oldlps JKisl  glaesls
(55 ke iy 5 JalS slassls glls o esliasla)
55 ol el s eslina OledS plead s CEU
Sy esls 5 syls I3 085 c:.l;- 03 9d>ws
A3 S (Soslaer YAYY L Yo bl sl
slalroy, oo Jde 5 4 Glp ez
uI sbobole gla osls 31 08 S C.:L;- 4
A el 0Ll 5 olbldS glaplial gladla
Sl 5 W88 s olwg colas s p ¢lp
D88 gl Ol kS slajasls e 3
o ske Sloylpale (gbaesls 315 sbos O 515
Sledbl 5 nolar feld Weesls cplas eslicd
¥ o TQW AR L\w:y slae )l sale
S S UGl cpl e gk 5 S, cpl AL e
w;%ﬁﬂalgtjd@molﬁfﬁj\
ool s 08 S mds s sl et ST 5 Ol

LS e
Olse a4 yusg laolsale 1gleylsale (glaesls
Bl s e ke L s IS el
NOAA 5 NASA L.y o Lsb e «xild
3y e o) L opslas Lledd b
es o5ls Sledbl 5 das o €l cilises slaily
(Y0) &S o aal b ) olalS 5 e S Gy
USGS 5 NASA . S 2o Sledsy acmdd
ol b G T D)V psls b sl
S g s b w2l 5 S
s Los OT 315 Gl Gl 5) O slae,lsals

SSa e uslsl O e Sk Sl

1- MODIS (Moderate Resolution Imaging
Spectroradiometer)

2- Landsat

3- Jason 1-3



AEXT AN 3 b)lo*:} XY 2,90 cdugyi cblas duuﬂ”sr’

S

3 S Mol s 5 gosles glac s

Ll e s Npde AU (o8l

£ oadaly 5l S (W) s sl ol 4 s
Coastal Aerosol &L > Sabl o
S o arloee |, (SR_B3) 5 L & (SR_BI)
Sl sl chle WSl S e ol e

Ll 5 (CDOM) K5 e >

SR B 1(C0astal Aerosol)
SR B3 (Green)

CDOM =

(¢)

um&&ﬁsu@uu&;ud\ﬁw,;

AUl e S bl 1 ol S Canss
2L Sl e 5 e Sl i
Vodsdr 5 spd glebd ol sl S|
ol cuiS US4 by slaatls 3 sdom
L Gp sla,atls fomes ol sdd asiis
Bble 3 m 3dS 5 Cowdd olpale 3 eslizad

O del s il &) 858

ol G Olge w e (Turbidity) o508

by spde ald Of CudS GLsl sl e
ULl als oslal Of adas b 608 e
5 Sl Kb Glae O3 35y s 18 sbas
1 eslizal U Ysame 5 das e 0LES 1y 05O 28
SSeilul o lsale 51 (g bl b (Sl eSS
23 Sl o Sl eslinal b oo puS sl o
s Landsat 8 (slolsale sl Cilies (glails

SR _B 3(Green )

Turbidity =
U =TSR _B2(Blue)

)

el 8 STl 5 Cad ] 4
CJLMSJ: 4 (CDOM) L5'<'U o.l.&d}- Lfﬂ b\}a
o li = O 55 S 5l o)lal s suan 5 b JI
P b Gressdme s 55 ol 4 06

5 AE Jﬂ slge 4y sd Goes slge ol L

CDOM  Turbidity o 541 slaasls cibisee Slib 3 i -\ Jyd

Table 1. Different Level of water pollution indicators Turbidity and CDOM.

CsS axls S sl pals S sl
Turbidity Index CDOM Index Levels of Concern
0-1 0-0.5 =

Good
-k«-’ -
1-5 0.5-1.5 7
Moderate
[
5-10 15< ¢
Unhealthy

5 (Green) e ladl o OVl 51 el ol
&S o oslisl (Middle-Infrared) Sle e 3 053l
Rl sl of K8 glp petls K Olse wos
oslital U 5 355 e eslizal OlalS 5 S aSle <L

e

s2=li NDWI ; MNDWI _ib _asls
sl s ol gble Lasis I, MNDWI

J‘)JL;G i BEL) )‘ S J-.’JL"G-: E) 6%)\}&[.:

1- Modified Normalized Difference Water Index



63U (5340 9 b pS (Awgrlopale [ oo (5 5 s Of CudsS g s Oyt (b3,

s b S5 Cueal Ls ol adlas ol o
SO S mls coles Lol G e S
slie sy ol Al eslizal 'SHAP (slals gul
5 RS ambe (Shis Gl b R e
bodbe s Shs o e b
GulS 5l eslatal b s 0 0L (g3de O soas
5 Ages gy Al sl Ol s SHAP
oMt ol K e 5 Ad dsle (S
s gy OSGl Sls 503 cpl L3 S () SHAP
A e b i) NS A cer 5 S S
Sl 3 shse S S e el L) S
b zelsly 55148 30 Sk, s 5 oS sba Shs
Al Fe
58205 Sl rze G ot BLET e Gl
Y&la;'- O Sy dle 31 QB S o ool
JB 5 esle SGST K Olsea e ol S oslanal
AU s b sy S besls o (gl s
Do S5 Jia 58 pasiila 5 S A
ui)').af olkd gy pwlie slaesls 5l eslaal L ot
S ledoles Olgea O S, ol 5 A el
it ) e 3 S e (s o ool
)J.ub Olsae Olgn B A enls holad 15 508 &y gemay
OB S bt Comlis Slis 52 1) joite pa el
3 ey A WJde b o eslald s S J.\.Lx
e i s iie a5 i (IS
SIS Jelge Slalis @ 5 das o 1)) andlae 5 5
LS 0 S
ele e S5 sl 5 6 L3 Gl
bos (ol o3 sbos combs 3 sl o 5l
E cxls 5 OB S Al 4 o 22 s
oslaza! J-.:jru.é.sl.\a_? KK O S5 s 5108 S

1- Shapley Additive explanations
2- Linear Regression
3- Random Forest Regression
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Figure 2. Map of the Water Temperature Index of Gorgan Bay during the years 2015-2023.
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Figure 3. Map of the Turbidity Index of Gorgan Bay during the years 2015-2023.
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Figure 4. Map of the CDOM Index of Gorgan Bay during the years 2015-2023.
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Figure 5. Map of the MNDWI Index of Gorgan Bay during the years 2015-2023.
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63U (5340 9 b pS (Awgrlopale [ oo (5 5 s Of CudsS g s Oyt (b3,

asls c.b-f e Sl S als s Sl 8
Lo 35l anb o cpl oL B 4 5 AL
e s Gk ) e s Ses les
o pde @tV olie IS els & Wil
& Ol ol s g 55 b & b g3
Sl 5 U85 mlst a5 Ll 0
sl jo3 28 Jamaen s SOl 550 )
.J).z
WE S s 0Ad S Fee Jelee e
P Jelse on s Jed ke s cnl 0
balsa glacsls Q85 c.\;— O S
Sloslsale glassls «(R) b 5 (T) L el
O ks Sl Clee 5 53 Lo 515 L ks
OB S mds w 93555 Q) (o> gleosls iz
2l el et el TAYF L Yeer JL
Y Jsd e R Laoals Jdo 5 a2 51 Lol
ol 5 515 Olad oS das e LY IS
23 083 w5 (25 5 o sl !
JMU 5 edg Jls gae /0) (ol pae ool c]ad
E o Sl Sk e S G  is
C]a“ 23 b s s S I s ol anils 08 S
LsseS LLiyl g Jlsbas v/00 (ool pae oyl
el 3l 0L O S el ol

Db S b ekt ¥ Jpdr bt bl
Sl 5 088wl s i (Saean
Sl Sa ccwl adls 3 5 b ‘_ﬁj Bip
R ol 2 5 /A e Oy e 2 S
o laasylis J.a\ O-i\ Sl o3 AT L ﬁ\ﬁ
L A
ol D8 S st ol Sl 5 5 b

Coles 3 sbos S 515 Rl b s sba

1- Area Gorgan Bay (AGB)

Yy

o o e laatll Conly oo
Sl KLLS XYY B Y10 sladle b oK S
silia ) D008 5 Ly Ol CokS 53 e 5 LG
CJ;- S L e Ol sl laals Lol
Sgsdane gl ilr bt gladle 53 088
53 Sk 5 ol aaS 2als ey il des
gl e Gl cl es g axlge S Ol
shle 5o gles i 58l & Ol o s
glgazls o Sl @l o4 s s
oLl ol gy atugy S pees s CDOM
R I W P VRCH JOVFL T Y
e S e (S 5 b e 5
le.auf.sjﬂ 39,58 ‘L;,’,‘jﬁﬁ‘fi LS s
s bl O mhaw 1alS 5 (o 5 53l
el GIbI gL
AC GGes 5 53R eon Sussd
ool S ol des wile cili gla el
L35 5 sl O sl o vy ol
Gosre 3 Sl sl OB S mlr 0ud Sax
Jolse s Mo 5l e S a0 Gldlas i ol
Sledbl Ll 55 o 5 03,8 KaS Sl piS pl 5 S5
W2 5 s e Gl s sl 2 (aﬂ
Sl Ol daa s ol 3 Sa8s Sos LS
b Bl LSSl 5wl Sy sl
Coxdy g 4 oS Ll dalpr sprs 4 e
Q.Jﬁ&&ﬁsbﬁicuﬁé}ngmﬁj
Slp W85 mbs Sl el 4w
5 Codame 5l 3 O 28 5 ome Slagenes 5]
Gu e o e O30l Cﬁlﬁ- Ll ol
Sl 383 Srombp s eVl 55,5 J s
Sosro il gl jtisu 53 O O e (iludngs
Bl g e el gl 5 Sales DLl ol



AEXT AN 3 b)lo*:} XY 2,90 cdugyi cblas duuﬂ”sr’

il st gl Coles g 508 S e
Ar Ok Ol Gln O e SGosba
Qilg il ale 18 OF sl oy 5 +/AY
Ly @ laﬁja oA Q—.’.‘ s bl {)b:,a gﬁ)'?{‘s
Gt ot 5 TN Qg il LS
5 Dk by St U8 S il 0us
Jole Olgea OF 515 J2alS 5 a0 515 55 by
_]ou)\ L od g CJ))JJ ‘U"‘ ﬂo)y\& ] oJJS
5 EE Cands Sk Cels Sl oS Gl
w5 )3 ast sy 55 0T & wly (eS|

]

Gl s 4 oar g Lol Wil G131 S mds
JUE &S s o Ol ) Ol i L, A 5 0
b b 55 08 8 il 5 5 sbos Ole (bLS
Ol 5l Ll of ol Y5 5l S oS cd 0ud
osba Sl Sl ol b s els gl
el sdalie BB A S gla 1o gas 55 (85560
S b ol Byl de bl ol s o
o sk o S5 a o 088 ks ous
Colos Dyl iged sl A QL3 Sdns
o WS w0 Si Lo, b
OLEs 1) v/8Y U ol e a5 /N O g
Qlfjf@b-a\.gdsbj&:vfiaéyjl el esls
GIE g el o pB s W gy o S b

5 ok Ol Lol ol 2303 g 58 LB s 0

o 3350 S AL 5 08 S s Comles (Kian - g
Table 2. Correlation of Gorgan Bay area and the studied parameters.

S g Olsebl Ao Ot g o o bs e,
R? P-value Pearson Parameters
o sk Sl
0.82 0.0001 0.91
Level
v el
0.40 0.001 0.63 TSR e
Q
Les
0.11 0.064 -0.34
T
ook
0.19 0.03 0.43
R
yim by ol
0.43 0.0001 0.66 e

1- Area Caspian Sea (ACS)



GO (530 9 LS gl pude [ o (5 )5 s O CudS g s Ol pund (215

Correlation Matrix with Significance

r.o

0.43* 0.50*
ACS “ 0.54* 0.2
AGB  Level Q T

l o

s 2350 SBALL L OB S s Colas () (solsime 5 (Soed  Slo -V S5
Figure 7. Correlation and significance (*) matrix of the Gorgan Bay area with the studied parameters under.

S day sl o3 SIS OB S s Cls 555
sl va Cobae ¢ o5 Lo L;}f;_: sla S O
iyl ol 03 e S B G 58 0k s bes
551 568 Lol @8 36 olge bl ol azils
SAS 3 Ol 1 ol el 03 55 sbys
odalin lsges 53 e S5y cpl 4 byye LS 508
das o Ol ot 4 SHAP s s oo 5328
2 NS L Jale n5eae o3 slos ol 515
SOl pl el ey O S s 08 S
OO I C = P COR PP U JL

o 2050 SLALL S8 S e 80
(Jold el aw 51 OB S il 0Us i
Slosel 5 o O S5 Jde ls 503 SHAP s 4al
03 &S A el dslas Ji?- b 250
Sy pedalie Ve 54 A la IS5
S 3pd e edalie A SE 55 SHAP Sls sl
35 SAS\y p S whls o by o Sl
S el OF lime 4 cpl ol Bl e il
A L S s o sl S S
G Solea cwl aals 08 S el ol

High
level - o o : : . oo ®we oo :-: .
o |eoe
q - . 4%
e
ACS e oo F ,SE g
o §
T S B
R cam
- - - - - - - — ' Low
-100 -80 -60 —40 =20 0 20 40 60
(J2e (2953 52 550) SHAP ke

SHAP value (impact on model output)
OB S s (Sis S5 baadjo SHAP Sls goi A JSS
Figure 8. SHAP Plot of Key Factors Influencing the Drying of Gorgan Bay.

AR



AEXT AN 3 b)lo*:} XY 2,90 cdugyi cblas duuﬂ”sr’

d_ﬂ ol s L;Lajju o b g_.JT B
T w S o el o s ok o sbos
gl e s clandls 65 e Gl S Sa
Cobee a3 em S HE SR Sk
s 4 Ol (6518 5T Olgn Ul e ls 08 5 el
G goma 53 Ny R t-'BL g_.JT S FeS
N SAGes S0 G S sl Jdos
3 A e S8 UEF Al oo S e
5 Gl Gl gl sleal, Ll

Sl s e 0L A S 55 g S5 13 se0

ot O S5 Jde 53 aesls sla S5s 51 SO ja
St dwls Al 5l WL s g
S das e 0L Jde ol 5 S e L;)l.lfﬁl“‘l}
S5 O S ls 0ar i b S
i L aS el e O pl agls o gl
a3 gl ol Sl s el S
35 @ls 53 S e ek 6 Sadn Hsba OB S
sl Sl e Ao 00 Sl i o sl o

)\ o ! 034 )\EJ:SU -}\Ai\).e L)'i‘ » LQL;}J"}

AGB=3425+(51.9xlevel) +(2.9xq) + (17.3x T) + (6.5x R) + (12.2 x ACS) M)

Linear Regression Feature Importance

b 9aw Sy B Sy Cuedl
50 4
40 4
2
S .9 30
g é"
£ 3
8
&} 20
101
0 . : : ;
e & 8 = 7
z z

OB R s (a5 s Joe sladle b 0 g 55l pd Sl gei -4 S
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Figure 10. Random forest feature importance analysis of key factors affecting the Gorgan Bay Drying.
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