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Abstract
Coastal vegetation belts, depending on their capacity, can play a significant role in reducing coastal
hazards or restoring the coast by attenuating waves, trapping and accumulating sediments, and
rehabilitating the soil. Therefore, the role of coastal vegetation in modifying coastal characteristics
and reducing the severity of damage through wave damping is of great importance. This study aims
to investigate the effects of density, width of tall tree vegetation, and wave propagation velocity,
as well as to determine the significance of these factors on the changes in the destructive force of
breaking and non-breaking waves. To model tree trunks, non-flexible wooden stems with a
diameter of 1 cm and a height of 30 cm were used. These cylindrical stems were installed on the
beach section of the flume, and the force exerted on the obstacles by the waves was recorded using
a direct measurement method with an electronic load cell installed beneath the movable section of
the flume. The experiments were conducted with a fixed parallel arrangement, varying spacings of
5x5 and 10x10 cm, different vegetation widths of 10, 20, and 40 cm, and a constant bed slope of
zero. Considering 40 different wave heights and control tests without vegetation, a total of 280
different conditions were examined. According to the experimental data, for a fixed vegetation
width, the highest increase in force absorption occurred at a density of 5x5, which was 1.81 times
greater than that at a density of 10x10. Finally, based on the experimental data, an empirical
relationship between the drag coefficient and the Reynolds number was proposed.

Introduction

Floods that occur suddenly in watersheds can generate sudden waves. Investigating energy
dissipation and constructing structures suitable for such conditions is of great importance (Sajjadi
et al., 2024; Ahadiyan et al., 2024). Forests as a green belt reduce the height and energy of waves
passing through them, reducing their ability to erode sediments and to cause damage to structures
such as dikes and sea walls. As this happens, waves lose their ability to scour the seabed and carry
away sediments (Mclvor et all.,2012). Such waves can easily destroy coastal dikes through a
specific process. The destruction of these embankments, which are built to protect urban and rural
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areas, leads to economic and sometimes human losses (Ahadiyan et al., 2022; Sadeghi-Hardangi
and Ahadiyan, 2018). One of the strategies used, aside from creating roughness through vegetation
cover to control such failures, is the application of in-phase and out-of-phase submerged jets to
generate secondary flow or absorb the momentum of the opposing current (Maleki et al., 2025;
Tamoradi and Ahadiyan, 2022). It is well-accepted that wave attenuation by emergent and
submerged vegetation is a function of plant characteristics (geometry, stem density, spatial
coverage, buoyancy, stiffness) as well as hydrodynamic conditions, including water depth (h),
wave period (T), and wave height (H) (Augustin et al., 2009). Fathi-Moghadam et al. (2018)
showed that the depth of inundation by flexible coastal canopies was reduced by 14, 18, and 29%
for the coastal vegetation density of 30, 50, and 100%, respectively. Hirashi and Harada (2003)
showed that the pressure difference on the sides of the green belt is mainly due to drag resistance.
Azinfar et al. (2020) conducted various experiments in a wave channel to evaluate the effect of
submerged and non-submerged tree vegetation on breaking wave damping, simulating wooden tree
stems with a diameter of 1 cm as a green belt. Their laboratory results showed that for waves
generated with identical characteristics, when the obstacles change from a non-submerged to a
submerged state, the absorbed wave force decreases significantly. Salahi et al. (2024)
experimentally investigated the simultaneous effect of bed roughness and vegetation on momentum
absorption and drag coefficient. Their experimental results indicated that increasing the discharge
directly affects the drag force. On average, with a twofold increase in flow depth, momentum
absorption due to particle roughness can reach up to 60%, while under the same conditions,
momentum absorption for vegetation is less than 30%. Their results provide an effective method
for understanding the performance of different arrangements within the scope of the study.

Salmanzade et al. (2022) experimentally investigated the effect of tree type as vegetation cover
on momentum absorption. They modeled the hydraulic conditions of river flow and the
morphological conditions of vegetation along the river and floodplain. Their experiments were
conducted in a 'sharp-edged flume' with a length of 8.3 m, a width of 0.8 m, and a height of 0.55
m. They found that vegetation density varied with the spacing and leaf area of the models. The
density results can serve as a useful criterion for estimating the resistance caused by the presence
of vegetation roughness in rivers. In this regard, Salmanzade et al. (2024a) in another study
determined the physical properties of tree species and their response to external loads induced by
water flow. They proposed an index to describe the physical properties of tree species. This index
was derived based on the resonance frequency of the first vibration mode of the trees and a
fundamental relationship for homogeneous beams. Furthermore, Salmanzade et al. (2024b) in a
study investigating the effect of vegetation in waterways, modeled rigid and flexible vegetation
using artificial specimens. Their results showed that in both rigid and flexible models, as the
vegetation density index and relative depth increase, the drag force absorption increases. Therefore,
it can be explained that when the sea waves head toward the shore, with the green belt, the waves
pass through the canopies and the wave force, as a drag force, is absorbed by the trees, thus
decreases its height.

In this study, a new and unique method based on the principle of momentum and direct force
measurement has been used to measure wave energy decay simulated by the Green Belt. In this
research, the effect of density and width of the canopy, as well as different heights of waves and
still water, on the Attenuation of the force of the solitary breaking and Non-breaking waves has
been investigated. The importance of wave propagation velocity will also be examined through
how it affects wave force changes.

Methodology

Experiments were conducted in the Hydraulic Modeling Laboratory of the Faculty of Water
Engineering, Shahid Chamran University of Ahvaz, in an 8.3%0.8x0.55 rectangular flume called
Knife Edge Flume (Lashkar-Ara, 2010). Flume has Plexiglas sidewalls and a bed and is designed
to measure the force exerted by the wave force on the cylindrical barrier at its shore by means of a
dynamic load cell installed between the movable and fixed parts of the flume. At the beginning of
the experiments, wooden circular cylinders 1 cm in diameter with fixed spacing and parallel
arrangement were fixed in the moving part of the flume, whose slope was constant and zero. Then,
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by generating single solitary waves with different heights, the absorption force by the canopies was
monitored via an electrical display connected to the dynamic load cell.

Results and Discussion
Investigation of the maximum force with wave height

In order to better understand the effect of force with wave height, first, the changes in inlet wave
height and inundation depth with different elevations of reservoir water depth (P) and initial still
water depth (h) are examined. when the initial downstream still water depth is kept constant as the
reservoir water height increases, the wave height increases. Also, at a fixed depth of reservoir,
when the still water depth is increased, the wave height decreases. Another result is that when
downstream water depth increases, although wave height decreases, masses resulting from
breaking and non-breaking waves create more inundation depth at the obstacle's location. As the
density increases (width and distance of the circular cylinders), the force-absorbing area increases
too; as a result, the resistance due to drag form is increased, and more force is absorbed by the
canopies (Fig.1).

W:40 cm
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80
o density 5*5

60
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x density 10*10

4 No cover
40

20

0.15 0.2 0.25 0.3 0.35
Hinun (m)

Fig 1- Variation of Force at different Inundation depths at different densities of canopy

The effect of propagation velocity on the force of waves

The results show that as the propagation speed increases, the amount of wave force increases at
a higher rate, and this shows the importance of the propagation velocity on the wave force, or in
other words, the wave strength (Fig 2). These results are in good agreement with the initial wave
energy theory (Sorensen, 1997).

Breaking Wave Non-breaking wave
100 100
80 80
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Fig 2- Variation of Force with Velocity at Constant Density of 5x5 in (a): breaking Waves; (b): non-
breaking waves
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Drag force coefficient

In this study, after plotting the drag coefficient values obtained from the force measured in the
laboratory against the stem Reynolds number and fitting the data (Fig 3), the general trend of drag
coefficient changes with the stem Reynolds number was obtained.
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x W:40 cm
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4000 6000 8000 10000 12000 14000
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Fig 3- Drag Coefficient Values for Reynolds Stems at Different Widths of Canopy

Conclusions

- As the density and width of circular cylinders increase, the amount of force absorbed increases.
- As the propagation velocity increases, the amount of wave force increases at a very high rate.

- Finally, based on laboratory data, the general trend of drag coefficient changes with the stem
Reynolds number was obtained. The range of Reynolds numbers varies from 6000 to 12000.
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Table 1- Range of data collected in the present study

Parameters Dimension Range
The width of tree cover, W Cm 10,20,40
Still Water depth, h Cm 8,10,12,14,16,18,20,21
The height of the water tank, P Cm 28,31,34,37,40
Circular cylinder height, Ls Cm 30
Wave height, H Cm 6-15
Force absorption by tree cover, N Variable
F
Average wave velocity, u m/s 1.25-1.96
Circular cylinder intervals, L Cm 5x5,10x10
Circular cylinder diameter, D Cm 1
Constant slope, S % 0
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Abstract

Early detection of plant water status is crucial for effective water management planning. Remote sensing
methods, particularly spectroscopy, offer a practical, reliable, rapid, and non-destructive approach to
monitoring plant biochemical parameters, including water status. This study investigated the potential of
several spectral water indices — WI1-4, NWI5, RDVI, NDVI, and OSAVI — for monitoring the water status
of tomato plants grown in a greenhouse. The experiment involved treatments with silica nanoparticles at
concentrations of 0 and 100 mg/L, combined with three irrigation regimes providing 80%, 100%, and 60%
of the plants' water requirement. The findings indicated that relative leaf water content in tomato plants
decreased with increasing water stress across different months and throughout the study. However,
significant differences in relative leaf water content were only observed between the full irrigation treatment
(100%) and the 60% irrigation treatment. Furthermore, plants treated with 100 mg/L silica nanoparticles
generally exhibited higher relative leaf water content compared to those without nanoparticles. Among the
spectral indices evaluated, NWIS demonstrated the weakest correlation with relative leaf water content, while
WI2 and WII1 showed the strongest. Overall, the results suggest that spectral indices can be effectively
employed for rapid, non-destructive, and reliable assessment of tomato plant water status in greenhouse
environments.

Introduction

Water stress is one of the most important factors reducing the production of agricultural
products worldwide. Early detection of plant water status is essential to optimize crop water use,
and implement water savings methods (Ballesteros et al. 2016). Remote sensing techniques, such
as spectroscopy, are recognized for their practicality, reliability, speed, and non-destructiveness in
studying the biochemical characteristics of plants, including the water status of plants (Ihuoma and
Madramootoo, 2019). This study aimed to investigate the potential of plant water spectral indices,
which include water indices 1-4 (WI1-4), normal water index S(NWIS), spectral vegetation
indices RDVI, NDVI, and OSAVI, to estimate water status in tomato plants.
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Methodology

The experiment was performed in the research greenhouse of the Department of Water and
Environmental Engineering Science, the Shahid Chamran University of Ahvaz, Khuzestan
Province, Iran (31°18'13"N, 48°39'40"E, Elevation: 22.5 m a.s.l) during the growing season of
2021 from January to June. The experimental treatments involved silica nanoparticles with the
concentrations of 0 and 100 mg/L, and three water regimes (100%, 80%, and 60% of crop water
requirement). The split-plot was used as the experimental design arranged based on randomized
complete design (RCD) with four replications (120 pots in total). Three irrigation regimes were
identified as the primary determinants, whereas the two degrees of nanoparticle concentration were
considered as the secondary ones. A total of 120 pots were used. RWC was used to describe the
water status of Tomato leaves. RWC was determined by the procedure set out by SHlemmer et al.
(2005). Concurrent with other measurements, spectral reflectance was measured using a portable
spectrometer (ASD FieldSpec 3, Analytical Spectral Devices Inc, USA) operated in the spectral
range of 350-2500 nm. The measured values of leaf reflectance were used for calculating the
spectral indices (water indices 1-4 (WI1-4), normal water index 5(nwi5), spectral vegetation
indices RDVI, NDVI, and OSAVI. The ability of spectral indices to assess such water status-related
RWC of tomato leaves under different irrigation regimes was studied. An analysis of variance
(ANOVA) was performed on the spectral indices and relative water content (RWC) using the split
plot design. The PROC GLM technique of SAS software (version 9.4, SAS Institute, Inc., Cary,
NC, USA) was used for this analysis. Then, the least significant difference (LSD) test was used to
compare the means and determine if they were significantly different from each other at p < .05
level.

Findings

The results showed that the relative water content (RWC) of leaves in tomato plants under
deficit irrigation treatments in different months, and throughout the study period decreased by
increasing water stress. Nevertheless, the disparity in the magnitude of this index was only notable
in the treatment including complete irrigation and meeting 60% of the plant's water needs. Besides,
the relative water content of tomato leaves in the nanoparticles with the concentrations of 100 mg/1
was higher than 0 mg/l. Spectral indices were closely and significantly associated with RWC
Spectral indices had a close and significant relationship with RWC in an average of measurements
(0.66 **< R2<0.78**). Among all tested spectral indices, NWI5 and WI1, WI2 showed the least
and greatest consistent association with relative water content, respectively. Among eight spectral
indices, four satisfied most of the criteria used to determine the accuracy of the models to predict
RWC The models based on WI2, WI3, WI4, WI1, OSAVI, and RDVI provided more accurate

estimates of RWC the estimated values of parameters studied were always less than the measured
ones over the entire set of measurements. In conclusion, spectral reflectance could be useful for
fast, non-destructive, and reliable assessment of water status of tomato plants in greenhouse
conditions.

Conclusions

The tomato plant is one of the strategic crops in the agricultural sector. Considering relatively
high demand for tomatoes and the lack of water, there is a need for optimal management of water
consumption, and irrigation planning for the sustainability of producing agricultural products,
including tomato plants. The capability of water spectral indices, including water index 1-4 (WI1-
4), normal water index 5 (NWI5), vegetation spectral indices RDVI, NDVI, and OSAVI in studying
water stress status of tomato plants under the effect of irrigation regimes, and silica nanoparticles
in greenhouse conditions by determining The relationship between spectral indices and relative
water content index of plant leaves (RWC) was investigated. The potential for a rapid and non-
destructive assessment of changes in the water status of tomato plants in greenhouse conditions has
been demonstrated by the substantial correlation between the spectral indices and the relative leaf
water content index. It can be a good measure to express the water status of plant. The work
presented in this paper assessed the feasibility of using spectral indices to detect water stress in
tomato plants. Water scarcity had an adverse effect on water status (RWC), and this parameter
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decreased with the reduction of irrigation water. However, applying 100 mg/L of nanoparticles
increased the water condition index (RWC). Our study showed that WI1-4, NWI5, OSAVI, RDVI,
and NDVI were sensitive indicators for detecting water stress levels in greenhouse tomato plants.
Consequently, the use of spectral data in crop monitoring enables the rapid, non-destructive, and
dependable estimation of plant water status. The optimization of agricultural water use for
increased crop yield can be achieved by analyzing these features in real-time and providing the
producers with qualitative and quantitative information. Based on the findings of this study, it was
difficult to select a single index for precise estimation of plant water status. Therefore, innovative
data management techniques that would integrate various vegetation indices are needed to widen
the scientific knowledge on crop stress monitoring and provide irrigators with precise indices for
scheduling irrigation. Furthermore, future research efforts should be geared towards the integration
of thermal and narrow-band spectral indices to provide more precise information about plant water
status.
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Soil texture Sand Silt Clay pb PH EC FC PWP
(%) (%) (%) (gr/em?) (ds/m) (%Om) (%Om)
Sandy loam 58 26 16 1.47 5.6 345 21 9
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Table 2- Averag of Climate Information During the Growing Season

Month Temperature Relative humidity

mean (%)

January 20.5 63
February 22.7 74
March 22.8 56
April 28.2 32
May 31.6 28
June 34 29
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Table3- Spectral indices used in research

Index names Index Formulation Reference
NWI-5 (Rg70 — Ro10)/(Ro70 + Ro10) Elsayed et al., 2017
WI1 (900;970) Rooo0/Ro70 Penuelas et al., 1993
WaFerd.comem WI2(976;888) Roye/Rass
fndiees WI3(974:904) Ro74/Roo Elsayed et al., 2021
WI4(988;895) Rogg/Rgos
RDVI (Rgoo — Re70)/(Rgoo + Rg70)?  Roujean and Breon, 1995
Greenness 1+0.16)(Rggp — R R
indices OSAVI ( ) (Raoo + R;:;))-{(O. f%‘; Haboudane et al., 2002
NDVI (Rz50 = R705) /(R750 + Rygs) Gitelson and Merzlyak, 1994
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Table 4-The results of variance analysis of the effect of irrigation regime, silica nanoparticles, and
their interaction on relative leaf water content

Source of variation Degree of Mean square
freedom February  March  April May The whole period

Irrigation regimes (1) 2 11.41™  17.68™ 15.19™ 63.49" 42.58™
Error I 9 7.38 26.98 36.52 28.12 118.4
Nanoparticles( N) 1 4.59m 17.02™  10.61"  9.67" 9.98™
I*N 2 0.499m 2.60"  2.81™  0.23™ 1.13"

Error N 9 18.12 5.08 1.81 23.98 1.53

CV(%) 1.56 1.89 2.01 291 1.64

** * ns: significant effect at 1%, 5%, and no significant effect, respectively

(b 153 936 9 (SokeT Dglike (Sl 55 38 (B 4 sF o™ &5 2 DT (o STgim0 (oo (S dulin-—0 Jgurr
Table 5- Comparison of the mean of the relative water content of tomato plant leaves in
different irrigation regimes and silica nanoparticles
Percentage of relative water content of tomato plant leaves (RWC)

Treatments February March April May The whole period
Irrigation regime
Tioo 87.34* 85.982 83.92? 82.15° 84.852
Iso 86.16* 84.47° 82.49% 80.58° 83.432
Teo 85.91° 84.04° 81.64° 77.99¢ 82.392
Nanoparticles (mg/1)
Fo 86.03° 83.992 82.022 79.592 82.912
Fioo 86.91° 85.67° 83.35° 80.86* 84.20°
I*N
Ti0oF 100 87.79* 86.33% 84.222 82.582 85.23¢%
TiooFo 87.17% 85.54* 83.842 81.46* 84.50*
Is0F 100 86.542 85.442 83.312 81.352 84.16%
IsoFo 86.42% 84.93% 83.06* 80.21% 83.28%¢
TsoF 100 85.82:0 83.53% 81.67% 78.70% 82.81°
IsoFo 85.14° 82.58% 81.09% 77.15% 81.49¢

Mean with the same letter in each column and for each Treatment are not significantly different based on the LSD test
at the 5% level

100F0 |

T100F100 M- oooeeo” \ | i
I80F0 = ; :
I80F100 - = o § i :

160F0
160F100

15 18 17 18 19 20 21 22 23 24

‘\;Vavel‘egngth b
Fig.1- Leaf reflection spectrum of tomato plant in water stress and nanoparticles treatments
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Fig.2- The response of different spectral indices to water stress and silica nanoparticles in tomato

*mean values with the same letter are not significantly different based on the LSD test at the 5% level
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Table 6- Mean values of spectral indices of tomato plants in different regimes of irrigation and
silica nanoparticles

Treatments NDVI RDVI OSAVI

WI2 WI3 wi4 NWIS

Irrigation regime(%)

Tioo 0.8519*  0.7311 0.81432 1.0163*  0.9757*  0.9803* 0.9421* -0.007522

Igo 0.8513* 0.7327 0.8135% 1.0150°  0.9762°  0.9812° 0.91}34‘"’ -0.00747*

:.g Iso 0.8508* 0.7360 0.8129* 1.0129¢  0.9770°  0.9814> 0.9444° -0.00740°
& Nanoparticles (mg/1)

Fo 0.8511*  0.7341 0.81332 1.0141*  0.9765* 0.9812* 0.9436*  -0.00744*

Fioo 0.8515% 0.7324 0.8137* 1.0154°  0.9760* 0.9807° 0.9430° -0.00748*
Irrigation regime(%)

Lioo 0.8515*  0.7327 0.81392 1.0163*  0.9767* 0.9818* 0.9438*  -0.00750*

Iso 0.8509* 0.7342 0.81332 1.0142%  0.9775®  0.9826° 0.94352a -0.00744*

g Iso 0.8504*  0.7378 0.8127* 1.0126°  0.9783°  0.9829° 0.9462° -0.00737°
> Nanoparticles (mg/1)

Fo 0.8508*  0.7358 0.8132° 1.0137*  0.9780* 0.9826* 0.9453*  -0.00742*

Fio0 0.8511* 0.7340 0.8135% 1.0150°  0.9769>  0.9822* 0.9448? -0.00745*
Irrigation regime(%)

Thoo 0.8497*  0.7365 0.8134° 1.0154*  0.9780* 0.9844* 0.9459*  -0.00745*

Iso 0.84912 0.7384 0.8127* 1.0139*  0.9809°  0.9857° 0.94372a -0.00739*

Ta Ieo 0.8486° 0.7319 0.8124° 1.0121¢  0.9823¢  0.9867° 0.9482>  -0.00733°
= Nanoparticles (mg/1)

Fo 0.8490*  0.7404 0.8126* 1.0133*  0.9810*  0.9858* 0.9475* -0.00737*

1.0143* 09798  0.9854®° 0.9467*°  -0.00741°

Fioo 0.8493*  0.7376 0.8131*
b

= Irrigation regime(%)
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Tioo 0.8493*  0.7407 0.8130* 1.0148*  0.9814*  0.9860° 0.9485* -0.007422
Iso 0.8487*  0.7447 0.8124* 1.0132%  0.9834°  0.9873% 0.9496° -0.00737*
ab b

Ieo 0.8481*  0.7489 0.8116% 1.0117¢  0.9848°  0.9879® 0.9508° -0.00730°
b

Nanoparticles (mg/1)
Fo 0.8485*  0.7459 0.81212 1.0128*  0.9836* 0.9873* 0.9499*  -0.00734*

Fioo 0.8488*  0.7437 0.8126% 1.0136°  0.9829°  0.9867° 0.9493* -0.00738*
b

Irrigation regime(%)

Ti0o 0.8506* 0.7353 0.8136° 1.0157¢  0.9779*  0.9831* 0.9450* -0.00747*

a

Iso 0.8500*  0.7375 0.8130? 1.0141°* 09795  0.9842° 0.9464° -0.00741*
ab

Iso 0.8495*  0.7412 0.8124° 1.0123¢  0.9806° 0.9847° 0.9474° -0.00735°
b

The whole period

Nanoparticles (mg/1)
Fo 0.8499*  0.7390 0.8128* 1.0135*  0.9798*  0.9843* 0.9466*  -0.00739*

Fioo 0.8502*  0.7369 0.8132° 1.0146>  0.9789®  0.9838 0.9460°  -0.00743%®
b

Mean with the same letter in each column and for each Treatment are not significantly different based on the LSD test
at the 5% level

o Jlo g (Sl Doy o eSilko 4l 5 § (RMISE) s Sy 0 1o 4l 5 (R?) ool o 5o 1000 Y Sy

S PazgF olF oF 9 T (Slgiome sl 09T ¢ 90 b S a3l (NRMSE)
Table 7- Values of R, RMSE, and NRMSE for each spectral indices to Estimate relative water
content (RWC) in tomato plants

February March April May
Spectral

indices  p2  RMSE NRMSE R* RMSE NRMSE R?> RMSE NRMSE R? RMSE NRMSE

NDVI  0.59 1.23 0.149 0.68  0.62 0.072 0.62  0.77 0.091 0.58 1.48 0.184
RDVI  0.61 1.21 0.147 0.67  0.59 0.068 0.60 0.76 0.090 0.56  1.50 0.187
OSAVI 058 095 0.150 0.55  0.58 0.067 059 0.83 0.099 0.56 1.51 0.189
WI1 0.69  0.95 0.115 0.74  0.51 0.059 0.69  0.64 0.075 0.64 1.26 0.157
WI2 0.69 1.08 0.130 0.78  0.56 0.064 0.68  0.59 0.071 0.66 1.25 0.155
WI3 0.63 1.11 0.134 0.63  0.60 0.069 0.69 0.72 0.084 0.7 1.40 0.175
WIi4 0.64 1.16 0.140 0.62  0.55 0.064 0.65 0.70 0.083 0.69 141 0.175

NWI5  0.55 1.24 0.153 049  0.66 0.075 0.53  0.89 0.1 0.52 1.87 0..23
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Fig.3- The Linear regression relationship between spectral indices (WI1-4, NWIS, NDVI, RDVI,
and OSAVI) and relative water content (RWC) of tomato plants under water stress and silica
nanoparticles in the whole research period with linear regressions fitted.
** *: significant effect at 1% and 5% respectively.
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Fig.4- The Linear regression relationship between observed and predicted values of relative
water content (RWC) of tomato plants based on the data of eight spectral indices studied.
** *: significant effect at 1% and 5% respectively.
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Abstract

Rivers, as vital arteries of surface water, play an important role in providing various water consumption
needs. Population growth and vast urbanization carry out a significant increase in the production of sewage
and urban effluents, thus resulting in a decreasing river water quality rate. In this study, the impact of the
agriculture wastewater sector (gardens), villages, restaurants, and tourist sites of the study area on the Abbas-
Abad River water quality was investigated using the QUAL2Kw model. The modeling result of the period
2021-2022 showed any increase in pollutant flow realized by the agriculture sector and restaurant
wastewaters increased the biochemical oxygen demand value of the river, especially in spring and summer.
As a result, the amount of dissolved oxygen along the river, especially in the downstream sections (the end
of considered river reach), decreased. Additionally, the river water illustrated an alkaline condition (high pH
rate), and increased electrical conductivity (because of lack of sedimentation of dissolved and suspended
solids) along the river. Although the nitrate rate was increased along the river during spring and summer, it
did not also exceed the standard level for surface waters. The results of this research indicate a need to
establish quality management of the river to have a safe environmental balance development that prevents
the pollutant rate of the river, ensuring a sustainable trend in its self-purification value.

Introduction

Rivers are essential for providing water, yet population growth and urban expansion can
exacerbate water pollution. Water quality simulation models assist in managing pollution by
mimicking natural processes and elucidating the relationship between water supply and demand,
resulting in improved water quality and resource conservation (Farkhani, 2021). In this regard,
Chapra and Pelletier, (2003) introduced the QUAL2Kw water quality simulation model, which is
a stable and user-friendly one-dimensional model. This model can simulate over 15 parameters of
water quality and river flow, such as dissolved oxygen (DO), chemical oxygen demand (COD),
biochemical oxygen demand (BOD), electrical conductivity (EC), nitrate (NOs3), ammonium
(NHa), phosphate (PO,), temperature (T), and pH. Numerous studies have utilized this model to
simulate water quality in various rivers.
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Babamiri et al., (2021) conducted a study using the QUAL2Kw model to assess the quality
status and self-purification capacity of the Abbas-Abad River. The study involved simulating six
parameters (COD, BOD, DO, PO4, NO3, and NHy) using the model and comparing the results with
field observations. The sensitivity analysis revealed that the oxidation rate, nitrification rate, and
denitrification rate were the most influential parameters on water quality. Additionally, the study
found that river flow had the greatest impact on the river's self-purification capability. A study was
conducted to identify the sources of pollution in the Zarine-Rood River and to explore various
pollution control scenarios to meet water quality standards for the preservation of fish life. Many
studies have used the QUAL2Kw model to simulate the quality parameters of rivers, and the results
show that this model has good accuracy in simulation (Pashazade Laleh et al., 2021; Babamiri and
Dinpashoh, 2023; Noorali et al., 2026).

This research aims to assess the tempo-spatial variations in the qualitative characteristics of the
Abbas-Abad River. Utilizing hydrometric and hydraulic information, along with measured
qualitative data, the river's water quality was simulated with the QUAL2Kw numerical model. The
study examined the temporal and spatial changes in DO, BOD, NOs, EC, temperature (T), and pH.

Methodology

This study focused on the Mountainous River of Abbas-Abad in Hamedan province, Iran. To
evaluate the qualitative condition of the Abbas-Abad River, the QUAL2Kw model was used, and
data related to eight polluting sources entering the river were identified. These sources included six
agricultural drainages and two restaurant wastewater in the downstream area of Abbas-Abad.
Information about six sampling stations along the river was also utilized. The first station, located
upstream of the river, is more affected by natural conditions, with no agricultural activities or
sewage entering the area. Fig. (1) shows the location of pollutant sources and sampling stations in
the GIS environment, while Table. (1) displays the qualitative characteristics of polluting sources.
Stations 3 and 4 are affected by agricultural activities, while stations 2, 5, and 6 are exposed to
wastewater from restaurants and, to some extent, agricultural activities. Table. (2) shows the
geographic coordinates of the sampling stations along the Abbas-Abad River (Noorali et al., 2024;
Babamiri et al., 2026).
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Fig. 1- Location of point source pollutants and sampling stations



45
Evaluation of temporal-spatial ... Vol. 49, No. 1, 2026

Table 1- The average qualitative data of the pollutant sources entering the Abbas-Abad River

Point Distance* Q BOD DO NOs EC

sources (Km) (I/s) (mg/l) (mg/) (ng/) (us/cm)

Es 5.60 125 9.25 4.13 1240 98.30

E4 4.38 150 29.43 3.85 2422 235.75

Agricultural Es 3.55 6 10.35 2.12 1420 124.55
effluents Es 2.50 403 25.75 3.52 4420 442.70
E; 1.86 255 23.78 3.21 4224 523.60

Es 0.2 152 22.86 3.10 5843 549.25

Wastewater Wi 6.08 10 10 4.98 1490 110.25
of restaurants W3 5.20 250 55 2.97 3977 324.22

*Distance from upstream of the river

Table 2- Geographical location of sampling stations

Monitoring stations Distance* Geographical Coordinates

(Km) Latitude Longitude
S 7.03 34°46°00” 48°26°00”
S> 6.14 34°46°02” 48°26°20”
S3 5.25 34°46°09” 48°26°53”
Sq 4.23 34°46°15” 48°27°12”
Ss 1.86 34°47°57” 48°28°00”
Se 0.0 34°47°46” 48°28°34”

*Distance from upstream of the river

The model was run using available data for the spring of 2021, and model calibration was
performed using auto-calibration and a genetic algorithm in the modern version of QUAL2Kw.
Auto-calibration was carried out for 100 populations and 85 iterations of the genetic algorithm. To
evaluate the accuracy of the numerical modeling results and determine their error, the root mean
square error (RMSE), minimum mean square error (MSE), mean absolute error (MAE), and
standard error (SE) indicators were used (Eq.s 1 to 4). The small value of the criteria indicates a
more accurate simulation of real conditions (Rafiee et al., 2014).

-V )2
RMSE = \/@ (1
_ 2
MSE =y, S @)
Ym—-Y;
MAE = 37, %l 3)
[ Sy (m = ¥p)?
SE =¥ )

Where Ym is the observed value, Ym is the average observed value, Yp is the predicted value,
Yp is the average predicted value.

Results and Discussion

The RMSE, MSE, MAE, and SE errors indicate acceptable results for model calibration, with
the best values for the pH being 0.063, 0.004, 0.032, and 0.008, respectively. Model validation
using summer season data also shows satisfactory results, with the most favorable RMSE, MSE,
MAE, and SE values related to the DO at 0.26, 0.06, 0.22, and 0.03 mg/1, respectively.

The findings suggest that pollution entering the river during summer from agricultural and
restaurant sewage discharge is greater than in spring. The model output indicates unsuitable DO
levels downstream of the river in both seasons, pointing to an increase in pollution and a decrease
in the river's self-purification ability. However, the NO; concentration along the river does not
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exceed the standard input level for surface waters, including rivers (10 mg/1), despite showing an
increasing trend in both seasons.
Conclusion

This research identifies the polluting sources of the Abbas-Abad River and to assess its quality
during different seasons of 2021-2022. For this purpose, the QUAL2Kw model was used to
evaluate the river's quality condition. Meteorological data, hydraulic and hydrological properties
from the six sampling stations records (2021), were analyzed. Additionally, eight points of pollutant
sources entering the river were considered in the model. The results of the model's calibration and
validation demonstrate the QUAL2Kw model's capability in assessing river quality. The river
simulation results (2021-2022) indicate that the pollution rates from agricultural and restaurant
wastewater have increased the BOD levels during spring and summer. Consequently, the levels of
the DO along the river, especially at the end of the river flow, have decreased. Additionally, the
river water exhibits an alkaline (pH) condition. The EC rate has also shown a rising trend due to
the lack of settling of dissolved and suspended solids in the water. Although the NO; levels have
increased during the spring and summer, they did not exceed the standard value for surface water
(10 mg/1).
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Table 1- The average qualitative data of the pollutant sources entering the Abbas-Abad River

Point Distance* Q BOD DO NO3 EC

sources (Km) (L/s) (mg/L) (mg/L) (ng/L) (us/cm)

E> 5.60 125 9.25 4.13 1240 98.30

E4 4.38 150 29.43 3.85 2422 235.75

Agricultural Es 3.55 6 10.35 5.12 1420 124.55
effluents Es 2.50 403 25.75 3.52 4420 442.70
E; 1.86 255 23.78 3.21 4224 523.60

Es 0.2 152 22.86 3.10 5843 549.25

Wastewater of Wi 6.08 10 10 4.98 1490 110.25
restaurants W; 5.20 250 55 2.97 3977 324.22

*Distance from upstream of the river



o)

FY-OA Lo VFr0 Jlu ) o,lad ¥4 o5

Skl ooign s pske

S218 piged SBolCunl (2L cudge T Jgur
Table 2- Geographical location of sampling stations

Monitoring Stations Distance* Geographic Coordinates
(Km) Latitude Longitude
S1 7.03 34°46°00” 48°26°00”
Sz 6.14 34°46°02” 48°26°20”
S3 5.25 34°46°09” 48°26°53”
S4 4.23 34°46°15” 48°27°12”
Ss 1.86 34°47°57” 48°28°00”
Se 0.0 34°47°46” 48°28°34”
*Distance from upstream of the river
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Fig. 3- Current balance in the element
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Fig. 4- The considered reaches of the Abbas-Abad River for QUAL2Kw modeling
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Table 3- Average meteorological parameters of the Abbas-Abad station

Downstream boundary

tem ‘/:;; ture t?rflwef ;ﬁfe Wind speed Cloud cover Shader surface
o) “0) (ms) (%) (%)

133 4.30 3.10 30 70




oy

FY-OA Lo VF0 Jle ) o,las FA o3

ST ke 5 5k

BOD jlido ailigy (slowl b any a aladi ol 51 0090 gllas
Sgie BOD s DO jpslis & avg b cul asily il
w39y O CusS e ol 2aghS V/0 3gas 45 48 il
Jlosl b Cunly oo o8 il j1,8 gllacls (6505 0 3 ksl ps o
odal Cawnddy ol b )] o S laasls o pte sl
bl Jad > &by, Jsb 0 DO 3 BOD wlyeis ) 5l
(2018) Venae et al., 4(2021) Farkhani, cliéss gl
Sl 55 1 ool 5 (0) S s 35 bl
ol oLl wle ailsdg, Jgb o 1y ol los ¢ pH lyuss
» PH cllog jlaie 33,5 o odalin a5 jobled J23 0
)53 wlygy (ollB Cumsg oddlis VIVE-A (godgixe
5 glis) LialS w@lisy, candVl J 53,5 alold L il .
2l ol e ol 55 Wby, O slod dga (slod 2ol
5 (2023) Emami Ghara et al, cliss g b
23y edlks (2021) Farkhani,

Job » EC 9 NOs3 clale lyss 3g) JS3 nl (izan
2o NO3 cdale @lyuss sy o ol |y ob] polie s,
JlyeskS) alsdg) o5l slesl U i jlyteglS” jl 5 035 BOD
Bl (s8g) I w559l slacle; 959 s 4 (i
e b p> 6y Jobo 13 NO3 @l g gl il
oobely )b célls (2019) Afrous 4 Zallaghi gls
Jhde &gy Candpml Cuow 4 S b il @l
b alssg, Jsb 55 amd e s o bl Liglsél 35 EC )l
Job 3 @lee g Jsloe Clisls Gliee Jlao Jad 5o (23 il
Al e Ol 3 lee Sy 4 gt g Slodds peiias 415y,
b bdgy Jobo 53 sl Juad (b EC sl lisss 259) gl
w6 b Lol o)y cisllas (2020) Azari 4 Rafiee s.ixs s
2y &ylie (2023) Emami Ghara et al., 3.

Sy @l
JM Ogaml gl S
3 0xd 0yl clayzal)l (gly odal Canday polis gl

MSE RMSE lallss _asls sl cpizad 5 (F) Joio
oy L (8) Jodo pd o slayial)ly (6l SE s MAE
el ol (gl o dsulno (glallas asls LIS sy losd
JsB L ulis oximsylis T 4 pH EC NO3 DO BOD
MSE RMSE ,;3lis 3100 158 o J3o cygmlyelS (sl
e +8Y polie b pH o)l & bgyye cuipay SE g MAE
iblgo [ oA g o[ XY oo n¥

S35y Jgb 131, BOD 5 DO yolie s 5, (8) S
BOD jlsdo 335 0 0l doslis s o L5 oy Juab 5o
g ol Mo ity slaosy VT 3909 5 39y g9 b g
cadVl 3 DO e o o 4 cpimed b oiuljél
2j wsdyy sloos¥l g ol b hEs e wlssg,
4 399 sloa VI ¢y Sl gl gb b g 23l
D)5 o idlS gy gl B,

$Bagy b 5liegls QUALZKW Jao jld b bl y
85 s )3 (Camwaiamly) Gl el Coom 4 (CawdVL) e |l
Slpesks g cam Joleo ol 1ae liteshS” &7 Gl A5
L sl o 65,5 5 5 s syt g0 o bl A
dd JlyteshS Sl (hy U ilhag) Cundiml G @ 28 >
aldgy Ol wglhe cunS sxmdlis DO Glyuss by
ST DO s 3 wguome Cl s & abis oyl 5l 5 Liboo
5 SigkiS slaclay d9y9 Jdsar yol (pl & 298 Sl
Capndg ioped Al oo A9y il (slagygiw) SIS
o ieskS ) U U BOD Juaie Lulol y 4lssg, LiS

ST ple 4595 (A SikeJoho 33 o0kl 0 udlS” S yuol sy £ J9ur
Table 4- Parameters calibrated for qualitative modeling of the Abbas-Abad River

. Limits
Parameters Value Unit Mini Max
Fast BOD Oxidation rate 0 1/day 0 5
Ammonium Nitrification 0 1/day 0 10
Denitrification 0.316 m/d 0 2
Joe S 5elsl Sl @l -0 Jour
Table 5- Calibration results of the model parameters of spring
Water EC NOs DO BOD
Temperature pH (us/cm) (ng/L) (mg/L) (mg/L)
(9]

RMSE 0.99 0.063 8.05 91.79 0.84 0.61
MSE 0.87 0.004 64.90 8425.68 0.70 0.38
MAE 0.72 0.032 6.11 73.41 0.63 0.48

SE 0.07 0.008 0.07 0.06 0.11 0.06
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Fig. 5- Variations in the river water quality parameters during spring period
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Table 6- Validation of the model parameters of summer period

BOD DO NOs EC Water
(mg/L) (mg/L) (ng/L) (us/cm) pH Temperature
O
RMSE 1.09 0.26 120.91 14.50 0.30 1
MSE 1.20 0.06 14620.78 210.25 0.09 1
MAE 0.90 0.22 79.22 12.95 0.24 0.96
SE 0.08 0.03 0.06 0.08 0.04 0.06
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6- Variations in the Abbas-Abad River quality parameters during summer season
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Abstract
Drought is a natural phenomenon that occurs when precipitation is below normal levels over period of
time and is characterized by duration, severity, intensity, and frequency. Due to climate change, these
characteristics have changed, necessitating updated monitoring methods. Drought characteristics
were often examined separately through univariate - analyses; however, drought is an interrelated,
multivariate phenomenon whose attributes are dependent on one another. Therefore, recent
studies have recommended joint analysis of drought characteristics using multivariate
probability functions. This study used copula functions to analyze drought duration and severity
jointly. Daily precipitation data from Bandar Anzali (wet, 1755 mm average annual rainfall) and
Kerman (dry, 131 mm average annual rainfall) were analyzed from 1959 to 2020 using ERAS5-Land
reanalysis. The Standardized Precipitation Index (SPI) was calculated for six time scales (1, 3, 6, 9,
12, and 24 months). After fitting marginal distribution functions to the variables and confirming the
correlation between drought duration and severity, the best copula functions were selected for each
timescale. The results showed that in the "AND" condition (D>d AND S>s), the probability of similar
droughts was higher in Kerman than in Bandar Anzali, while in the "OR" condition (D>d OR S>s), the
probability of droughts with either high duration or severity was greater in Bandar Anzali. Furthermore,
estimating return periods by considering both duration and severity jointly provided a more accurate
assessment of drought events. The resulting curves, which demonstrate the relationship between
drought duration, severity, and return period, can serve as standard references for the Bandar Anzali
and Kerman stations across various time scales. These curves remain applicable as long as the
statistical distribution of drought duration and severity does not change. They provide a practical tool
for monitoring drought across different time windows and devising more effective strategies for water
resources management and mitigating drought impacts.
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Introduction

Drought is characterized by prolonged periods of below-normal precipitation, leading to water
shortages affecting ecosystems, agriculture, and human activities. Key attributes used to describe
drought include duration, severity, intensity, and frequency. The importance of these characteristics in
the design of water supply systems cannot be overstated. In recent years, changes attributed to climate
change have been observed in these characteristics, highlighting the need for improved methods of
monitoring drought. Given their random nature, studies on drought characteristics are frequently
conducted using probabilistic theories. While many previous studies have focused on examining
drought characteristics separately through univariate analyses. It has been established that drought is a
multivariate phenomenon. Characteristics such as duration and severity are interdependent; therefore,
accurate monitoring cannot be achieved using univariate functions alone. As a result, recent research
has advocated for studying drought and its associated characteristics through multivariate probabilistic
functions. Copula functions and joint probability distribution approaches allow researchers to analyze
multiple related variables simultaneously (e.g., Drought duration vs. Drought severity) rather than
independently treating them as separate time series data. Addressing the complexity of drought through
multivariate approaches enables researchers and practitioners alike to develop robust monitoring
frameworks essential for sustainable environmental management amid changing climatic conditions.
In this study, copula functions and the ERAS-Land reanalysis dataset were utilized to conduct a
comprehensive analysis of drought characteristics at two stations located in southern and northern Iran
during the period from 1959 to 2020.

Materials and Methods
ERAS-Land data

The ERAS5-Land reanalysis product is recognized as an enhanced version of the original ERAS
dataset, which was developed by the European Centre for Medium-Range Weather Forecasts
(ECMWF). Various climate variables, including temperature, humidity, precipitation, and wind, are
provided by both ERAS and ERAS5-Land products; however, a distinction in their spatial resolution
exists (Mufioz-Sabater et al., 2021).

Standardized Precipitation Drought Index (SPI)

In this study, the Standardized Precipitation Index (SPI) was employed for monitoring drought
conditions. A drought event is identified when the SPI value fallsbelow zero according to Run Theory
(Yevjevich, 1967). Utilizing this theoretical framework with SPI enables calculations of both duration
and severity related to drought events. The duration of a drought is defined as a continuous time period
in months during which SPI values remain below zero. Additionally, the severity of a drought is
characterized as the cumulative sum of SPI values throughout that period.

Marginal and copula functions

In this analysis, after calculating both duration and severity associated with drought conditions
while examining correlations between these two variables using Kendall's tau statistic, 11 marginal
distribution functions were fitted for each variable. Following the identification of optimal marginal
functions, 7 copula functions were utilized at each station for comprehensive joint monitoring of
drought events. Finally, calculations were conducted to determine joint probabilities of occurrence and
joint return periods under two scenarios: "and" (D>d and S>s) and "or" (D>d or S>s).

Results and Discussion

ERAS5-Land showed better performance in estimating monthly precipitation for Kerman compared
to Bandar Anzali. However, overall accuracy was found to be good at both stations when considering
the values of the evaluation criteria. It has been noted that alternating periods of drought and wet years
have been experienced at the Bandar Anzali station, while longer and more severe drought periods
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have occurred at the Kerman station, with the most intense drought recorded between 1960 and 1970.
By evaluating marginal distributions, it was shown that among the examined distribution functions, a
good fit for duration and severity of drought in various time windows was provided by generalized
Pareto, Nakagami, GEV, Normal, log-logistic, and Weibull distributions. The correlation among the
studied pair variables was confirmed; results from copula function analysis demonstrated that
Galambos Copula offered the best fit at 1-, 6-, and 24-month scales; Frank copula showed optimal
fitting at a 9-month scale; while Gumbel-Hoggard exhibited superior fitting at a 12-month scale. It was
found that the joint probability of drought occurrence over a 24-month period with a duration of less
than 8 months and severity below 8 is approximately 16% for Bandar Anzali and about 20% for
Kerman. For both stations at a one-month scale, this joint probability is roughly estimated to be around
75%. Furthermore, drought severity can be estimated with varying probabilities for specific durations.

Conclusion

Based on the results and as indicated in earlier studies, it has been observed that the computational
return period in the "and" scenario is greater than in the "or" scenario. This suggests that the likelihood
of two events occurring simultaneously is significantly lower, resulting in longer return periods.
Additionally, a general review of the presented graphs reveals that in the combined "AND" case (D>d
AND S>s), a higher probability of similar droughts occurring is found for Kerman compared to Bandar
Anzali. Conversely, in the "OR" case (D>d OR S>s), a greater probability of drought occurrences with
any characteristics related to duration or severity is noted for Bandar Anzali. It has been determined
that estimating return periods by considering both drought duration and severity together can provide
more useful and precise outcomes for comprehensive analyses of drought events. In fact, the curves
produced to illustrate relationships between duration, severity, and return period (probability of
occurrence) for droughts can be utilized as standard curves for both Bandar Anzali and Kerman stations
across various time scales. These curves remain effective as long as there are no changes in the
statistical distributions of drought duration and severity values at these stations; therefore, they can
enhance monitoring efforts regarding an essential component of water resources—precipitation—more
accurately over different time intervals while offering more effective solutions to mitigate drought
impacts.
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Table 1- Copula functions properties (Shiau, 2006)

Cop ul.a Abbreviation Equation Parameter Range
Function
Clayton Cly Cu,v) = (u®+v9—-1)-1°¢ 6>=0
Ali-Mikhail- uv
c = —

Hagq AMH (u,v) 1= 00 =)= 1<6<1
Farlie-
Gumbel- FGM Clu,v) =uv[l+6(1 —u)(1 —v)] -1<6<1
Morgenstern

1 (e —1)(e % -1)
Frank Fra C(u,v) = —Eln 1+ = 0+0
Galambos Gal C(u,v) = uv exp {[(—ln w7 + (—In v)‘e]_l/e} 0=1
Gumbel- 0 011/0

= —|(— — >
Hougaard GH C(u,v) exp{ [(~Inw)? + (~Inv)?] } 0>1
1
Clu,v) = m{l +@—-1Du+v)

Plackett Pla ( ) 6=0

-1+ 6 —-1)(u+v))?
—46(6 — Duv]'/?}
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Table 2- Evaluation metrics of ERAS-Land for monthly precipitation estimation

Statistic NSE RMSE R? PBIAS KGE
(mm)
Bandar Anzali 0.58 89.9 0.77 29.7 0.56
Kerman 0.76 10.3 0.67 1.2 0.7
800 Bandar Anzali 17 Kerman
= = 80
RS
8 £ 7
g w0 | g
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Fig. 3 - Violin plots of observational values and ERAS-Land reanalysis product at Kerman and
Bandar Anzali stations
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Fig. 4- SPI temporal change at Bandar Anzali station
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Table 3- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Bandar Anzali station at time scales of 1, 3 and 6 months. The best distribution functions
are shown as bold and underlined numbers.

SPI-1 SPI-3 SPI-6

?;itg?gglon Severity Duration Severity Duration Severity Duration

NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE
Normal 091 8.49 0.9 9.32 099 224 0.96 6.09 091 8.49 0.9 9.32
Log-Norman  0.95 6.24 0.89 9.43 0.88 10.19 0.87 10.62 0.95 6.24 0.89 943
Exponential ~ 0.96 6.05 088 10.19 0.82 12.14 053 1979 096 6.05 0.88  10.19
Gama 0.98 4.14 0.9 9.06 0.93 7.45 0.91 8.91 0.98 4.14 0.9 9.06
GEV 0.96 5.74 0.65 17.19 0.99 3.07 0.96 5.54 0.96 5.74 0.65 17.19
Logistic 0.93 7.82 0.9 9 0.99 2.69 0.96 5.68 0.93 7.82 0.9 9
Log-Logistic ~ 0.97 4.71 0.9 9.05 0.94 6.9 0.94 7.34 0.97 4.77 0.9 9.05
Rayleigh 057 1898  0.82 124 0.98 44 083 11.86 057 1898 0.82 12.4
Nakagami 098  3.64 091 8.85 0.96 5.68 0.93 7.82 098  3.64 091 8.85
g:r’;’;ahzed 094 701 093 743 094 713 081 1261 094 701 093 743
Weibull 0.98 4.42 0.91 8.82 0.96 5.55 0.95 6.46 0.98 4.42 091 8.82
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Table 4- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Bandar Anzali station at time scales of 9, 12 and 24 months. The best distribution
functions are shown as bold and underlined numbers.

SPI-9 SPI-12 SPI-24
Distribution Severity Duration Severity Duration Severity Duration
Function RMS
NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE E
Normal 0.8 1291  0.82 1233 054 1964 076 14.19 044 21.73 0.6 18.33

Log-Norman 0.94 7.38 0.97 5.37 0.99 3.48 0.97 53 0.94 6.85 0.86  10.95

Exponential 0.98 432 085 11.09 054 19.76 092 8.34 3487 042 2214

0.44

Gama 098 445 095 658 096 591 095 679 079 1329 077 13.98
GEV 099 259 097 487 097 466 07 1587 098 417 oo 3008
Logistic 095 669 094 723 08 1301 089 97 057 1897 069 16.08
Log-Logistic 098 383 097 47 098 395 096 548 096 595 089 9.9
Rayleigh 025 2511 07 1584 So 4452 T, 3097 o 4682 o 3887
Nakagami 092 799 089 98 085 1125 087 1032 072 1532 071 1561
[C,’aer‘;(r)ahzed 097 475 088 987 097 519 097 477 098 443 089  9.64
Weibull 097 46 093 755 099 319 096 562 09 923 083 1199
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Table 5- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Kerman station at time scales of 1, 3 and 6 months. The best distribution functions are
shown as bold and underlined numbers.

SPI-1 SPI-3 SPI-6

DiStriPUtiOH Severity Duration Severity Duration Severity Duration
Function NS RMS NS RMS NS RMS NS RMS NS RMS NS RMS

E E E E E E E E E E E E
Normal 093 756 093 759 099 209 094 734 1 1.93  0.96 5.7
Log- 0.73 149 083 1186 0.76 14.06 085 1124 097 527 0.94 7
Norman
Exponential 0.8 12.87 0.81 126 049 207 031 2409 066 1686 044 21.6
Gama 0.79 1337 0.87 10.54 091 8.7 0.80 952 098 357 095 645
GEV 096 548 095 646 099 2.07 094 7.06 099 219 096 5.54
Logistic 094 679 094 724 099 282 094 7.03 099 212 096 587
Log'- . 0.81 12.66 087 1043 098 456 093 749  0.98 3.8 095 641
Logistic

Rayleigh 0.87 1056 089 976 085 1123 0.62 17.8 097 526 081 1261
Nakagami 0.8 13.04 0.89 951 0.95 6.53 0.91 859 099 222 09 6.02

g;r’;gahzed 092 835 095 624 076 1432 06 1827 086 1075 079 13.39

Weibull 0.8 1288 089 976 098 378 094 7.3 1 181 09  5.59
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Table 6- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Kerman station at time scales of 9, 12 and 24 months. The best distribution functions are
shown as bold and underlined numbers.

SPI-9 SPI-12 SPI-24

l?li;tgli?;:ion Severity Duration Severity Duration Severity Duration

NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE
Normal 079 1325 07 1586 07 1593 081 127 0.7 1605 085 1131
Log-Norman 095 67 093 793 099 348 096 58 096 6.03 094 713
Exponential 098 438 084 1155 061 1821 095 64 0.46 214 089  9.62
Gama 098 409 088 102 097 466 096 589 095 6.7 096  6.18
GEV 099 329 094 711 098 392 094 697 095 6.57 071  15.64
Logistic 093 786 085 1121 081 1278 091 848 079 1326 089  9.64
Log-Logistic 098 43 095 668 099 26 096 609 095 6.23 095  6.79
Rayleigh 011 2737 029 2448 053 3595 0.8 2631 -049 3571 025 2528
Nakagami 093 745 078 1366 094 728 092 831 094 742 095 644
g:r‘::(r)ahzed 098 37 084 1151 098 444 097 495 093 778 092 807
Weibull 098 404 087 1058 099 295 097 53 0.96 6.18 095 625
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Fig. 6- Correlation of drought duration and severity using Kendall’s Tau at Bandar Anzali Station
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Fig. 7- Correlation of drought duration and severity using Kendall’s Tau at Kerman Station
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Table 7- Evaluation metrics of copula functions and 0 values at Bandar Anzali station at time scales
of 1, 3 and 6 months. The best copula functions are shown as bold and underlined numbers.

Time Scale  Copula Function RMSE NSE  AIC 0
Cly 0.1 0.89 -8.96 2.63
AMH 0.13 0.8 -8.88  0.99
FGM 0.19 055 -7.82 -0.48
SPI-1 FRA 0.08 092 -9.22 20
Gal 0.05 097 927 3.82
GH 0.08 092 -927 596
Plak 0.1 0.88 -9.11 20
Cly 007 093 82 46
AMH 0.11 0.85 -8.08 1
FGM 0.18 0.63 -7.02  -0.61
SPI-3 FRA 0.06 0.95 -8.41 20
Gal 0.06 096 846 2.06
GH 0.06 096 -8.46 7.64
Plak 0.07 094  -8.26 20
Cly 0.1 0.89 -8.96 2.63
AMH 0.13 0.8 -8.88 0.99
FGM 0.19 055 -7.82 -0.48
SPI-6 FRA 0.08 092 -9.22 20
Gal 005 097 927 3.82
GH 0.08 092 -927 596

Plak

0.1 0.88 -9.11 20
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Table 8- Evaluation metrics of copula functions and 0 values at Bandar Anzali station at time scales
of 9, 12 and 24 months. The best copula functions are shown as bold and underlined numbers.

Time Copula

. RMSE NSE AIC 6
Scale Function
Cly 0.09 0.91 -8.11 7.38
AMH 0.17 0.66 -7.9 1
FGM 0.26 0.17 -7.05 -0.87
SPI-9 FRA 0.08 0.93 -8.23 20
Gal 0.08 0.93 -8.18 19.82
GH 0.08 0.93 -8.18 6.05
Plak 0.11 0.85 -8.09 20
Cly 0.09 0.89 -7.64 9.79
AMH 0.18 0.6 -7.36 1
FGM 0.28 0.07 -6.57 -0.97
SPI-12 FRA 0.1 0.89 -1.7 20
Gal 0.13 0.9 -1.67 14.74
GH 0.09 0.9 -1.67 1.37
Plak 0.13 0.79 -7.56 20
Cly 0.16 0.71 -6.97 10.14
AMH 0.23 0.34 -6.62 1
FGM 0.33 -0.31 -5.99 -0.9
SPI-24 FRA 0.16 0.69 -6.96 20
Gal 0.12 0.81 -5.84 19.94
GH 0.17 0.65 -6.82 4.7
Plak 0.19 0.54 -6.82 20
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Table 9- Evaluation metrics of copula functions and 0 values at Kerman station at time scales of 1, 3
and 6 months. The best copula functions are shown as bold and underlined numbers.

Time Scale Copula Function RMSE NSE AIC [
Cly 0.1 0.88 -8.74 2.34
AMH 0.11 0.85 -8.7 1
FGM 0.15 0.72 -7.54 -0.51
SPI-1 FRA 0.1 0.87 -8.95 20
Gal 0.1 0.87 -8.98 5.09
GH 0.1 0.88 -8.97 3.56
Plak 0.1 0.88 -8.86 20
Cly 0.1 0.89 -7.97 3.8
AMH 0.13 0.79 -7.9 1
FGM 0.22 0.43 -6.83 -1
SPI-3 FRA 0.08 0.93 -8.21 20
Gal 0.07 0.84 -8.29 19.99
GH 0.07 0.94 -8.28 1.5
Plak 0.09 0.91 -8.06 20
Cly 0.06 0.96 -7.94 5.43
AMH 0.12 0.84 -1.75 1
FGM 0.19 0.59 -6.74 -0.51
SPI-6 FRA 0.05 0.97 -8.09 20
Gal 0.07 0.93 -8.12 19.92
GH 0.04 0.98 -8.12 6.86
Plak 0.07 0.94 -7.95 20
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Table 9- Evaluation metrics of copula functions and 0 values at Kerman station at time scales of 9,
12 and 24 months. The best copula functions are shown as bold and underlined numbers.

Time Scale Copula Function =~ RMSE NSE AIC 0
Cly 0.11 0.84 -7.95 6.07
AMH 0.18 0.59 -1.77 1
FGM 0.29 0.02 -6.96 -0.93
SPI-9 FRA 0.1 0.87 -8.03 20
Gal 0.08 0.92 -7.02 4.34
GH 0.11 0.86 -8 4.97
Plak 0.13 0.78 -7.94 20
Cly 0.1 0.89 -7.36 5.95
AMH 0.17 0.66 -7.19 1
FGM 0.26 0.18 -6.56 -0.94
SPI-12 FRA 0.08 0.91 -7.45 20
Gal 0.09 0.9 -7.45 4.89
GH 0.09 0.91 -7.45 5.85
Plak 0.12 0.83 -7.35 20
Cly 0.09 0.91 -6.51 8.87
AMH 0.16 0.68 -6.28 1
FGM 0.25 0.23 -5.72 -1
SPI-24 FRA 0.09 0.9 -6.51 20
Gal 0.11 0.85 -6.57 5.76
GH 0.09 091 -6.57 8.18
Plak 0.12 0.82 -6.43 20
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Fig. 10- The joint return period of drought duration and severity for “and” state at Bandar Anzali

station
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Ol oliwl 33 "9" Sl 35 JWKiS Stk 9 Dk g9 Slo plgi Cals™ 3l 0598 -1 K

14 14 14
10 M 2 2
12 e ¢ 12 ? 12
IS '3 20
= 6 = 210l
£10 £ s £10
] ] S
2 v 2 3
2 8t ke . 2 8t Z 8
% e e 0 10
2 6} 6 El
i & b . £
4 2 2 4 4
2 2 2
0 . " " N N . - 0 . 0 R N
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 6 8 10 12 14
Drought duration (months) Drought duration (months) Drought duration (months)
SPI-1 SPI-3 SPI-6
EY
14 14 & © 14 13 120
% 40 S % & %
12 12} 12
30 40 80
£10} £10} 10}
! 5 » Z G
2 s B 2 8 % 8
- - 20 20 - 40 40
B 3 6 36/
£ £ £
a a a
| 10 10 =4 =4
2 2t 2
0 R R R R 0 R R . R ol . R R R
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Drought duration (months) Drought duration (months) Drought duration (months)
SPI-9 SPI-12 SPI-24

Fig. 12- The joint return period of drought duration and severity for “or” state at Bandar Anzali
station
& Fow ol 53" Il 58 IS itk § Do 3 8lae plgT Cadi3l 0598 -1 Y S



DOI: 10.22055/jise.2025.48618.2150

A

e B 3 ke ¢i}: Sslp o 101 5 (63LT Ol

14 ~ . 14
6
12 12
= ‘ =
=10 =10 *
T T
78 78
! : S
s 6 Z 6
4 =
T4 T4
2 2
0 0
0 2 4 6 8 10 12 14 0 2 4

Drought duration (months)

SPI-1
14 60 14
12 12
o

210 £10
] ]
3 :
78 ® 28
z 2 z
St %
6 E)
E £
T4 T4

2 2

0 0

0 2 4 6 8 10 12 M 0 2 4

Drought duration (months)

SPI-9

6 8

Drought duration (months)

SPI-3

6 8

Drought duration (months)

SPI-12

2 14 4
‘5 12 3 3 0
£ 20
¢ s
=
st
26 10 10
£
4 a
4
2
0
10 12 14 0 2 4 6 8 10 12 14
Drought duration (months)
SPI-6
8 14 60
6 12 & -3 120
40 £ 80
:
28
£
<t
20 36 40 40
a
T4
2
0
10 12 4 0 2 4 6 8 10 12 14

Drought duration (months)

SPI-24

Fig. 13- The joint return period of drought duration and severity for “or” state at Kerman station
Olo s ol l 33 "b" Sl 33 JKis o 9 e g3l plgi i 3L 0598 — 11 S

2 a8l L gl wad &Iyl glayldgel (ST oy ol y
sl Jlsiis g8y Jlais! (D>d and S>s) "y" ply s
" el 3 a8 o 3 el Jplo ) s olayS 5o aoliie
laseie Sy o b JlSits g53g Jloisl (D>d or S>5)
CaiS 0353 (30059 ol it S 5Vl ey ot
gty JLSid (B g Gdo pile 93 (85 Hlaip L
FEB 9 paierge JuSis wly gole Ll 1 Slgie ply
093 g (B «bde s dlaly &S Jols gla soxie @dlg 5> Al
Wilgi e imd oo lts 1) ba JLusizs (gg8y Jloatl) cuissl
P ol g Jihin ol Gy oo e lsisd
o o b laionie ool g odlital ilisio iloj slapobito
olSinn) cpl ) JWKis Bus g e polie (gylel x5
adlgo Sl sl gl 5l ol ool g 35, (a8 iSS i
Oygody dilisee Sloj (slb oy )3 Ghl st O lie ke
il Guals sl ) 6585 laylSaly g 03y o S
30 1)) Jluiis

ERAS- Cg 5 )Slos 4y dagi b g dadllan ol gl ool
Jlos sl Jgame (l J) Olgie ik w3 5> Land
o Liblie 15 039 4 Alto ] 905 o3lil JluSiis IS
S oslawl Cplplo b o Cuodl @)lii deng (2] sloodls
5 e S8 ol (6> & ERAS-Land ol Jpamo
Judos (el wcal @se SYob (glel 0y93 g camlin Sloj
Do oo Mgy oslBl Caliseo gladiny (o JlSis

S 5 domd

&l 5l Jusis gbhaasuie w)yp sy adlas opl o

9 g989 Jloin! lgi oo milgs ol 1 ookl b i ooliwl fade
sbaasuie (18,8 Jain L) Jsas mly cuis;l o)e0
ol 4 ol LB ey 00 ply Oygedy JluSits Gilie
ol seodly I ealazwl b SPI jad s ausbre 5 (o yslaio
9 ©de sldpaze ERAS-Land Joojb Joame 51 Jols
Yo lVaA&NN Sbj b wlbis gly JusSis o
@38 &l e ool il @ig @b N ol 5 ele
Jab M )l uLu.oJol 9 JL\.«S y‘l; O)Le'l W l; Bl

o 25 Sl o o it Sl ol 2 sl
w9 O ple g48s Jlainl (ate mli oy ey bl
du.wl?v.a "li" 9 "5" el 99y Fiﬁ’ L.A.wf)b 0)9d ).u 9 L;L.;Sw.o
&S Ja.vl).w d‘).v LAL““S“O CalB9 k.».uuf)l—‘ 0)9d "5" cdls PRl [
O bl gl satuine e | JLSis e g Ode
Sle S b gly cutSib ooy LTl ed e
wasuie b il JLSis B b g pasuie d jl Jluslis
s Slasbre cuiSb o9 canl 0 5 (LS slaallas
ol ol oaimd L5 el oyl el ;55 "L o @ cns "
25 035 yieS sl Glojed ©ygody asdly 93 5dy (uild oS
O 33 ) Sl (S (635510 SIS Sl 093 53 ot



M

O4-AF o NF 0 Jlo ) o)laii F4 000 L;,L:J,TQ,W\;@,,,(‘)19
O s 95 o5 5l OB Wy o5 28l Slay

03y Julowi 5 4555 w0kl ik cooblnlee atel 1 gl Bm 93 3l 2Ly &565 g a5 5l o pMel Wlio o) B g

Ao asl aens (355 dn ) ey nl @l s Cllae Ll BI85 ogas 53
@S (503 (P (52905 (B deone 109D DM g3
Oilrg @lS ooy n siile Loy yn (e togw B9 ol Ll el oGt sl o calo> 55 un (St
Ao W200,S5 cdl > dlds
L5 9 P odls 4w gwd
ol S5 g s 336 ey ) Gl 04 1)) dlis o yd gl g CleMbl don
References

0-

Abdul Rauf, U.F. and Zeephongsekul, P. 2014, “Copula based analysis of rainfall severity and duration:
a case study”, Theoretical and Applied Climatology, Vol. 115 No. 1-2, pp. 153-166, doi:
10.1007/s00704-013-0877-1.

Ahmad, I., Ahmad, T., Rehman, S.U., Mufrah Almanjahie, I. and Alshahrani, F. 2024, “A detailed study
on quantification and modeling of drought characteristics using different copula families”, Heliyon, Vol.
10 No. 3, p. 25422, doi: 10.1016/j.heliyon.2024.e25422.

Ali, M., Deo, R.C., Maraseni, T. and Downs, N.J. 2019, “Improving SPI-derived drought forecasts
incorporating synoptic-scale climate indices in multi-phase multivariate empirical mode decomposition
model hybridized with simulated annealing and kernel ridge regression algorithms”, Journal of
Hydrology, Vol. 576, pp. 164—184, doi: 10.1016/j.jhydrol.2019.06.032.

Aschale, T.M., Cancelliere, A., Palazzolo, N., Buonacera, G. and Peres, D.J. 2024, “Analysis of the
Spatiotemporal Trends of Standardized Drought Indices in Sicily Using ERAS-Land Reanalysis Data
(1950-2023)”, Water, Vol. 16 No. 18, p. 2593, doi: 10.3390/w16182593.

Behzadi, F., Javadi, S., Yousefi, H., Hashemy Shahdany, S.M., Moridi, A., Neshat, A., Golmohammadi,
G. and Maghsoudi, R., 2024. Projections of meteorological drought severity-duration variations based on
CMIP6. Scientific Reports, 14(1), p.5027. doi: 10.1038/s41598-024-55340-x.

Chen, L. and Guo, S. 2019, “Drought Analysis Using Copulas”, Copulas and Its Application in
Hydrology and Water Resources, Springer, pp. 97-116, doi: 10.1007/978-981-13-0574-0_5.

Dai, A. 2011, “Drought under global warming: a review”, Wiley Interdisciplinary Reviews: Climate
Change, Vol. 2 No. 1, pp. 45-65, doi: 10.1002/wcc.81.

EskandariPour, M. and Soltaninia, S. 2022, “Analyzing the duration frequency and severity of drought
using copula function in the Yazd city”, Journal of Water and Climate Change, Vol. 13 No. 1, pp. 67—
82, doi: 10.2166/wcc.2021.366.

Frees, E.W. and Valdez, E.A. 1998, “Understanding Relationships Using Copulas”, North American
Actuarial Journal, Vol. 2 No. 1, pp. 1-25, doi: 10.1080/10920277.1998.10595667.

10-Ganguli, P. and Reddy, M.J. 2012, “Risk Assessment of Droughts in Gujarat Using Bivariate Copulas”,

Water Resources Management, Vol. 26 No. 11, pp. 3301-3327, doi: 10.1007/s11269-012-0073-6.

11-Gholami, S., Farajzadeh, M. and Ghavidel Rahimi, Y. 2024, “Comparative study of the performance of

CHIRPS and ERA5-Land databases in detecting droughts in Iran”, Natural Geography, Vol. 16 No. 61,
pp- 1-22. In Persian.



AY
DOI: 10.22055/jise.2025.48618.2150 e 3 e gl 313 ot 1001 5 53U OLe

12-Gonzélez, J. and Valdés, J.B. 2003, “Bivariate Drought Recurrence Analysis Using Tree Ring
Reconstructions”, Journal of Hydrologic Engineering, Vol. 8 No. 5, pp. 247-258, doi:
10.1061/(ASCE)1084-0699(2003)8:5(247).

13-Grimaldi, S., Petroselli, A., Salvadori, G. and De Michele, C. 2016, “Catchment compatibility via
copulas: A non-parametric study of the dependence structures of hydrological responses”, Advances in
Water Resources, Vol. 90, pp. 116—133, doi: 10.1016/j.advwatres.2016.02.003.

14-Guo, C., Ning, N., Guo, H., Tian, Y., Bao, A. and De Maeyer, P. 2024, “Does ERA5-Land Effectively
Capture Extreme Precipitation in the Yellow River Basin?”, Atmosphere, Vol. 15 No. 10, p. 1254, doi:
10.3390/atmos15101254.

15-Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J., et al.
2020, “The ERAS global reanalysis”, Quarterly Journal of the Royal Meteorological Society, Vol. 146
No. 730, pp. 1999-2049, doi: 10.1002/q;.3803.

16-Legg, S., 2021. IPCC, 2021: Climate change 2021-the physical science basis. Interaction, 49(4), pp.44-
45.

17-Kavyani Malayeri, A., Saghafian, B. and Raziei, T. 2021, “Performance evaluation of ERAS precipitation
estimates across Iran”, Arabian Journal of Geosciences, Vol. 14 No. 23, p. 2676, doi: 10.1007/s12517-
021-09079-8.

18-Kazemiazar, F., Rezaie, H. and Mirabbasi, R., 2025. Performance evaluation of monthly ERAS5 and
ERAS5-Land Reanalysis precipitation data in the upstream of the Zayandehroud reservoir basin. /ranian
Journal of Irrigation & Drainage, 19(1), pp.75-87. (In Persian).

19-Klein, B., Schumann, A.H. and Pahlow, M. (2011), “Copulas — New Risk Assessment Methodology for
Dam Safety”, Flood Risk Assessment and Management, Springer Netherlands, Dordrecht, pp. 149—185,
doi: 10.1007/978-90-481-9917-4_8.

20-Liu, C.-L., Zhang, Q., Singh, V.P. and Cui, Y. 2011, “Copula-based evaluations of drought variations in
Guangdong, South China”, Natural Hazards, Vol. 59 No. 3, pp. 1533-1546, doi: 10.1007/s11069-011-
9850-4.

21-Liu, X.-F., Wang, S.-X., Zhou, Y., Wang, F.-T., Yang, G. and Liu, W.-L. 2016, “Spatial analysis of
meteorological drought return periods in China using Copulas”, Natural Hazards, Vol. 80 No. 1, pp.
367-388, doi: 10.1007/s11069-015-1972-7.

22-McKee, T.B., Doesken, N.J. and Kleist, J. 1993, “The relationship of drought frequency and duration of
time scales”, Eighth Conference on Applied Climatology, American Meteorological Society, Vol. Jan17-
23 No. 1993, Anaheim CA, pp. 179-186.

23-Meimandi, J.B., Bazrafshan, O., Esmaeilpour, Y., Zamani, H. and Shekari, M. 2024, “Risk assessment
of meteo-groundwater drought using copula approach in the arid region”, Stochastic Environmental
Research and Risk Assessment, Vol. 38 No. 4, pp. 1523-1540, doi: 10.1007/s00477-023-02641-8.

24-Mianabadi, A. 2023, “Evaluation of long-term satellite-based precipitation products for developing
intensity-frequency (IF) curves of daily precipitation”, Atmospheric Research, Elsevier B.V., Vol. 286
No. February, p. 106667, doi: 10.1016/j.atmosres.2023.106667.

25-Mirabbasi, R., Fakheri-Fard, A. and Dinpashoh, Y. 2012, “Bivariate drought frequency analysis using
the copula method”, Theoretical and Applied Climatology, Vol. 108 No. 1-2, pp. 191-206, doi:
10.1007/s00704-011-0524-7.

26-Mishra, A.K. and Singh, V.P. 2011, “Drought modeling — A review”, Journal of Hydrology, Vol. 403
No. 1-2, pp. 157175, doi: 10.1016/j.jhydrol.2011.03.049.



AY

O4-AF o NF 0 Jlo ) o)laii F4 000 L;,L:J,TQ,W\;@,,,(‘)19

27-Muiioz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C., Arduini, G., Balsamo, G., Boussetta, S.,
Choulga, M., Harrigan, S., Hersbach, H. and Martens, B., 2021. ERA5-Land: A state-of-the-art global
reanalysis dataset for land applications. Earth system science data, 13(9), pp.4349-4383. doi:
10.5194/essd-13-4349-2021.

28-Nadarajah, S. and Gupta, A.K. 2006. “Intensity-duration models based on bivariate gamma distributions”,
Hiroshima mathematical journal, Vol. 36 No. 3, pp. 387-395, doi: 10.1029/2006 WR005641.

29-Nash, J.E. and Sutcliffe, J.V. 1970, “River flow forecasting through conceptual models part I — A
discussion of principles”, Journal of Hydrology, Vol. 10 No. 3, pp. 282-290, doi: 10.1016/0022-
1694(70)90255-6.

30-Nazeri Tahroudi, M., Ramezani, Y., De Michele, C. and Mirabbasi, R. (2022), “Trivariate joint frequency
analysis of water resources deficiency signatures using vine copulas”, Applied Water Science, Vol. 12
No. 4, p. 67, doi: 10.1007/s13201-022-01589-4.

31-Pascoa, P., Gouveia, C.M., Ribeiro, A.F.S. and Russo, A. 2024, “Compound drought and hot events
assessment in Australia using copula functions”, Environmental Research Communications, Vol. 6 No.
3, p. 031002, doi: 10.1088/2515-7620/ad2bb8.

32-Pronoos Sedighi, M., Ramezani, Y., Nazeri Tahroudi, M. and Taghian, M. 2022, “Joint frequency
analysis of river flow rate and suspended sediment load using conditional density of copula functions”,
Acta Geophysica, Vol. 71 No. 1, pp. 489-501, doi: 10.1007/s11600-022-00894-5.

33-Ramezani, Y., Nazeri Tahroudi, M., De Michele, C. and Mirabbasi, R. (2023), “Application of copula-
based and ARCH-based models in storm prediction”, Theoretical and Applied Climatology, Vol. 151 No.
3—4, pp. 1239-1255, doi: 10.1007/s00704-022-04333-9.

34-Salvadori, G. and De Michele, C. 2007, “On the Use of Copulas in Hydrology: Theory and Practice”,
Journal of Hydrologic Engineering, Vol. 12 No. 4, pp. 369-380, doi: 10.1061/(ASCE)1084-
0699(2007)12:4(369).

35-Shiau, J.T. 2006, “Fitting Drought Duration and Severity with Two-Dimensional Copulas”, Water
Resources Management, Vol. 20 No. 5, pp. 795-815, doi: 10.1007/s11269-005-9008-9.

36-Shiau, J.T. and Modarres, R. 2009, “Copula-based drought severity-duration-frequency analysis in Iran”,
Meteorological Applications, Vol. 16 No. 4, pp. 481-489, doi: 10.1002/met.145.

37-Shiau, J.T. and Shen, H.W. 2001, “Recurrence Analysis of Hydrologic Droughts of Differing Severity”,
Journal of Water Resources Planning and Management, Vol. 127 No. 1, pp. 3040, doi:
10.1061/(ASCE)0733-9496(2001)127:1(30).

38-Tan, M.L., Armanuos, A.M., Ahmadianfar, I., Demir, V., Heddam, S., Al-Areeq, A.M., Abba, S.1., et al.
2023, “Evaluation of NASA POWER and ERAS5-Land for estimating tropical precipitation and
temperature extremes”, Journal of Hydrology, Vol. 624, p. 129940, doi: 10.1016/j.jhydrol.2023.129940.

39-Tosunoglu, F. and Can, I. 2016, “Application of copulas for regional bivariate frequency analysis of
meteorological droughts in Turkey”, Natural Hazards, Vol. 82 No. 3, pp. 1457-1477, doi:
10.1007/s11069-016-2253-9.

40-Tosunoglu, F. and Kisi, O. 2016, “Joint modelling of annual maximum drought severity and
corresponding  duration”, Jowrnal of Hydrology, Vol. 543, pp. 406-422, doi:
10.1016/.jhydrol.2016.10.018.

41-Tosunoglu, F. and Onof, C. 2017, “Joint modelling of drought characteristics derived from historical and
synthetic rainfalls: Application of Generalized Linear Models and Copulas”, Journal of Hydrology:
Regional Studies, Vol. 14, pp. 167-181, doi: 10.1016/j.ejrh.2017.11.001.



A¥
DOI: 10.22055/jise.2025.48618.2150 e 3 e gl 313 ot 1001 5 53U OLe

42-Trenberth, K.E., Fasullo, J.T. and Balmaseda, M.A. 2014, “Earth’s energy imbalance”, Journal of
Climate, Vol. 27 No. 9, pp. 3129-3144.

43-Vasiliades, L., Loukas, A. and Patsonas, G. 2009, “Evaluation of a statistical downscaling procedure for
the estimation of climate change impacts on droughts”, Natural Hazards and Earth System Sciences, Vol.
9 No. 3, pp. 879-894, doi: 10.5194/nhess-9-879-2009.

44-Wang, F., Wang, Z., Yang, H., Di, D., Zhao, Y. and Liang, Q. 2020, “A new copula-based standardized
precipitation evapotranspiration streamflow index for drought monitoring”, Journal of Hydrology, Vol.
585, p. 124793, doi: 10.1016/j.jhydrol.2020.124793.

45-Wilhite, D.A. 2000, “Drought as a Natural Hazard: Concepts and Definitions Drought”, in Wilhite, D.A.
(Ed.), Drought: A Global Assessment, New York, pp. 3—18.

46-Xu, C., Wang, W., Hu, Y. and Liu, Y. 2024, “Evaluation of ERAS, ERAS5-Land, GLDAS-2.1, and
GLEAM potential evapotranspiration data over mainland China”, Journal of Hydrology: Regional
Studies, Vol. 51, p. 101651, doi: 10.1016/j.ejrh.2023.101651.

47-Yevjevich, V. 1967, “An objective approach to defnitions and investigations of continental hydrologic
droughts”, Hydrology Papers, Vol. 23, pp. 1-18.

48-Yilmaz, M. 2023, “Accuracy assessment of temperature trends from ERAS and ERAS5-Land”, Science of
The Total Environment, Vol. 856, p. 159182, doi: 10.1016/j.scitotenv.2022.159182.

49-Yue, S. and Rasmussen, P. 2002, “Bivariate frequency analysis: discussion of some useful concepts in
hydrological application”, Hydrological Processes, Vol. 16 No. 14, pp. 2881-2898, doi:
10.1002/hyp.1185.

50-Zhang, Q., Xiao, M., Singh, V.P. and Chen, X. (2013), “Copula-based risk evaluation of droughts across
the Pearl River basin, China”, Theoretical and Applied Climatology, Vol. 111 No. 1-2, pp. 119-131, doi:
10.1007/s00704-012-0656-4.



N

Shahid Chamran
University of Ahvaz

Irrigation Sciences and Engineering (JISE)
Vol. 49, No. 1, Spring 2026, p. 85-94

Journal homepage: https://jise.scu.ac.ir

EXTENDED ABSTRACT

Investigation of water footprint components for dominant crops in
Dezful plain

Z. Naderi', A. M. Akhoond-Ali** and M. Ghomeshi®

1- Ph. D Of Water Resources Management ,Faculty Of Water Science and Engineering ,Shahid Chamran University Of
Ahvaz,Ahvaz,Iran.

2" Corresponding Author, Professor, Faculty of Water and Environmental Engineering, Shahid Chamran University of Ahvaz, Ahvaz,
Iran. (aliakh@scu.ac.ir)

3- Professor Hydraulic Structures Department, Faculty of Water and Environmental Engineering, Shahid Chamran University of
Ahvaz, Ahvaz, Iran.

ARTICLE INFO TO CITE THIS ARTICLE:
Article history: Naderi, Z., Akhondali, A., Ghomeshi, M. 2026.
Received: 19 February 2020 'Investigation of water footprint components for
Revised: 15 December 2020 dominant crops in Dezful plain', /rrigation Sciences
Accepted: 03 January 2021 and  Engineering, 49(1), pp. 85-94. doi:
Available online: 05 May 2026 10.22055/ise.2021.31806.1896.

Keywords: Pollution level,
Sustainability Assessment, Green
Waterfootprint.

Abstract

This research assesses the water resource consumption of agricultural products in the Dezful Plain,
emphasizing the critical role of the Water Footprint (WF) index for optimal resource allocation in
Iran, where agriculture dominates water usage. Based on the findings from Table (1), the study
evaluated the WF of major crops, revealing an annual consumption of 31.97 million cubic meters.
This total comprises 46.2% blue water, 50.2% green water, and 3.67% grey water. While the 1.17
million cubic meters of annual grey water discharge re-enters the hydrological cycle, the associated
water quality degradation poses a significant challenge for planning. Nonetheless, an assessment
of environmental sustainability using the Water Pollution Level (WPL) index indicates that the
region remains sustainable despite the production of grey water. This highlights the necessity of
considering water quality impacts alongside quantity in comprehensive water resource
management.

Table 1 - Average values persent water footprint components of products from 2006 to 2016

crop Y%wf(green) Y%wf(blue) Y%wf(gray)

Wheat 40.35 53.01 6.64

Maize 6.66 89.5 3.84
Sugar beet 30.32 68.06 1.02

Clover 62.84 35.65 1.5
Rapeseed 95.13 2.42 2.46

Alfalfa 38.88 59.61 1.5

Introduction

Given Iran's location within the global arid and semi-arid belt, as well as the low level of
application of modern systems in the agricultural sector, and considering that a 25 percent reduction
in the global water footprint of products results in a 39 percent saving in water reserves, two
factors—the use of modern irrigation systems in agriculture and the methods of planting,
cultivating, and harvesting—are identified as the primary criteria for determining and reducing the
water footprint of each product in any given region (Cao, 2014). The current status of surface and
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groundwater exploitation has steered conditions toward a state where most plains in the country
have been declared as 'prohibited' or 'restricted' by the Ministry of Energy, and the issuance of new
exploitation permits for them has been banned (Seydan, 2001). Existing evidence indicates a
critical state of water resources.

Methodology

In this study, five major crops cultivated in the study area including wheat, sugar beet, rapeseed,
alfalfa and maize were studied and their water footprints were calculated. The water footprint of a
product comes from the combination of three components: blue water, green water, and gray water
CropWat 8.0 software was used to calculate evapotranspiration and water requirement of plants in
the study area.

Results and Discusspn

The study showed that of the 31.97 million cubic meters of water consumed during the year for
the cultivation of selected crops, 46.2% belonged to the blue component, 50.2% to the green
component, and 3.67% to the gray component. Regarding the gray component of 1.17 million cubic
meters per year, it can be said that although this volume of water comes back to the region's water
cycle, the decline in water quality is a major issue that must be addressed in macro planning.

Conclusions

The results indicate an increase in the amount of water footprint and significant green water in the
plain. Large-scale planning in agriculture and crop production, using environmental and climatic
potentials of the region, has attempted to conserve and conserve valuable water resources in the
area. Let's see a smart and sustainable development in the region.
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Table 1- Annual cultivation area of crops from 2006 to 2016
Crop 2006 2007 2008 2009 2010 2011 2013 2014 2015 2016
Wheat 38,076 55,781 30,825 41,558 52,802 58,011 31,906 35,461 33,125 43,000
Maize 25,619 18,543 11,220 8,033 22,595 31,007 23,182 25,585 17,122 14,596

Sl;‘eiir 43 0 0 0 0 0 0 972 1,724 2,180
Clover 114 16 747 1246 1396 1473 1,573 1378
Rapeseed 849 950 1,307 1,460 865 1,459 330 3242 550 2,515
Alfalfa 0 264 0 0 74 55 230 18 48

YorlB Yool Jlo 3 Y gammo T (b S5 tawgin palio -V Jous
Table 2- Average amounts of water footprint components of products (m>/ton) from 2006 to 2016

Crop WH(Green) WF(Blue) WEF(Gray) WEF(Total)
Wheat 344.1 452 56.6 852.8
Maize 61.1 820.9 353 917.3

Sugar beet 38.5 84.6 1.3 124.4
Clover 126.6 71.8 3 201.5
Rapeseed 1076.9 27.4 27.8 1132.1
Alfalfa 96.8 148.3 3.7 248.8
DY gaze T 5435 Gl Jler buwgho p3lio ¥ 9
Table 3- Global average water footprint of crops(m’/ton)

Crop WH(Green) WE(Blue) WEF(Gray) WEF(Total)
Wheat 1277 342 207 1826
Maize 947 81 194 1222

Sugar beet 82 26 25 133
Clover * * * *

Rapeseed 1703 231 336 2270

Fodder crops 207 27 20 254

FoITB Yool Jlo 3 ¥ gamo ST (8135 G151 e tawgie polie —£ g
Table4 - Average values persent watefootprint components of products from 2006 to 2016

Crop %WEF(Green) %WEF(Blue) %WEF(Gray)
Wheat 40.35 53.01 6.64
Maize 6.66 89.5 3.84
Sugar beet 30.32 68.06 1.02
Clover 62.84 35.65 1.5
Rapeseed 95.13 2.42 2.46
Alfalfa 38.88 59.61 1.5
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Abstract

Earth-fill dams play a critical role in water resource management, flood control, and agricultural
water supply. However, seepage control and pore water pressure reduction remain key challenges
for ensuring their long-term safety and performance. This study employs numerical modeling using
Seep/W software (GeoStudio) to investigate the influence of clay cover length and thickness on
the hydraulic performance of an earth-fill dam located in East Azerbaijan, Iran. The effects of
lengths (59.6, 73.3, 93, and 100 m) and thicknesses (0.5, 1.0, 1.5, and 1.8 m) on seepage flow rate,
hydraulic gradient, and pore water pressure were systematically analyzed. Results indicate that
increasing the clay cover thickness to 1.5 m reduced seepage flow by 55.22%, while increasing the
length to 93 m resulted in a 48.81% reduction. Further increases in length and thickness did not
yield significant additional reductions in seepage, demonstrating that a length of 93 m and a
thickness of 1.5 m are optimal. Moreover, a clay cover thickness of 1.5 m reduced the exit hydraulic
gradient by 60.60% and pore water pressure by 56.94%, whereas increasing the length to 93 m
reduced these parameters by 47.47% and 41.58%, respectively. Economic analysis revealed that
optimizing the clay cover dimensions reduced excavation volume by 50%, height by 30%, and
thickness by 40%, and operational costs by up to 30%, while improving hydraulic performance by
70%. These findings confirm that the optimal clay cover dimensions (length: 93 m; thickness: 1.5
m) not only substantially reduce seepage and enhance hydraulic performance but also provide an
innovative, cost-effective approach to earth-fill dam design by significantly lowering operational
costs.

Introduction

Earth-fill dams are critical infrastructure for water resource management, flood control, and
agricultural water supply, significantly contributing to sustainable development. However, seepage
and elevated pore water pressure pose substantial challenges to their structural integrity and long-
term performance. Clay blankets, employed to extend seepage paths and reduce hydraulic
gradients, are a proven solution to mitigate these issues. This study aims to evaluate the influence
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of clay blanket dimensions—specifically length and thickness on the hydraulic performance of the
Qeysaraq Earth-fill dam located in East Azerbaijan, Iran. The research investigates the effects of
varying blanket lengths (59.6, 76.3, 93, and 100 meters) and thicknesses (0.5, 1, 1.5, and 1.8
meters) on seepage flow, hydraulic gradient, and pore water pressure using numerical modeling in
the Seep/W module of GeoStudio software. By integrating hydraulic and economic analyses, the
study seeks to identify optimal blanket dimensions that balance performance and cost, providing a
practical framework for designing earth-fill dams in regions with similar geotechnical and
hydrological conditions. The novelty of this research lies in its comprehensive sensitivity analysis
of geometric parameters, validated with field data, and its combined hydraulic-economic
optimization, which enhances both dam safety and project affordability.

Methodology

He study utilized numerical modeling with the Seep/W module of GeoStudio software to
simulate seepage behavior in the Qeysaraq earth-fill dam. The dam, located upstream of Qeysaraq
village in East Azerbaijan (47°15'12" E, 38°4'21" N), was modeled incorporating real geotechnical
and hydrogeological data, including saturated and unsaturated conditions. The analysis focused on
evaluating four blanket lengths (59.6, 76.3, 93, and 100 meters) and four thicknesses (0.5, 1, 1.5,
and 1.8 meters) to assess their impact on seepage flow, hydraulic gradient, and pore water pressure.
The model employed the flow continuity equation (0 (k« oh/0x)/0x + O (ky oh/dy)/dy + O (k.
0h/0z)/0z = 0) and Darcy’s law (q = -kVh), with soil-water characteristic curves (SWCC) and
variable permeability to ensure accurate representation of hydraulic behavior. Boundary conditions
included constant head at the reservoir (upstream) and outlet drains (downstream), with no-flow
conditions on lateral boundaries. The Mohr-Coulomb model was used for soil behavior, and field
data from piezometers (SP1 (2), SP2, SP3) were used for model calibration, achieving a relative
error of less than 5%. Economic analysis quantified cost reductions in excavation volume, dam
height, and operational expenses, aligning with practical engineering considerations for dam design
optimization.

Results and Discussion

The numerical modeling results demonstrated that clay blanket dimensions significantly
influence the hydraulic performance of the Qeysaraq dam. Increasing the blanket thickness to 1.5
meters reduced seepage flow by 55.22%, from 8.5x107% to 3.7x107° m?/s, while extending the
length to 93 meters achieved a 48.81% reduction. Further increases beyond these dimensions
yielded diminishing returns, indicating that a 93-meter length and 1.5-meter thickness are optimal.
The 1.5-meter-thick blanket decreased the outlet hydraulic gradient by 60.6%, from 0.12 to 0.05,
and pore water pressure by 56.94%, from 4.8x10° to 2.2x10° N/m?2. In contrast, the 93-meter length
reduced the hydraulic gradient by 47.47% and pore water pressure by 41.58%.

These findings highlight that blanket length has a more pronounced effect on seepage reduction
compared to thickness, though both parameters are critical for optimizing hydraulic performance.
Sensitivity analyses showed that increasing length beyond 100 meters or thickness beyond 1.5
meters provided negligible additional benefits, suggesting cost inefficiencies. Economically, the
optimal dimensions reduced excavation volume by 50%, dam height by 30%, and blanket thickness
by 40%, leading to a 30% reduction in operational costs while improving hydraulic performance
by 70%. Validation with field piezometer data confirmed high model accuracy, with relative errors
of 4.2%, 3.8%, and 4.5% for total head calculations. Comparisons with prior studies, such as Lee
and Kim (2002) and Kouhdaragh et al. (2025), showed improved accuracy in seepage flow
prediction (12.6% better) and hydraulic gradient reduction (8.9% better), attributed to advanced
Seep/W capabilities and precise field data integration. The higher permeability of Qeysaraq dam’s
local materials emphasized the need for tailored optimization, enhancing both performance and
cost-effectiveness.

Conclusion
This study underscores the critical role of optimized clay blanket dimensions in enhancing the
hydraulic performance and economic viability of earth-fill dams. The optimal configuration of a
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93-meter length and 1.5-meter thickness for the Qeysaraq dam achieved a 55.22% reduction in
seepage flow, 60.6% in hydraulic gradient, and 56.94% in pore water pressure, with a relative error
of 4.6% compared to field data. Economically, this configuration reduced excavation volume by
50.4%, dam height by 30.1%, and operational costs by 30.3%, while improving hydraulic
performance by 70.8%. The integrated hydraulic-economic framework, precise sensitivity analysis,
and advanced numerical modeling using Seep/W provide a robust and innovative approach for dam
design. These findings, validated by field data and aligned with prior research, offer a practical and
sustainable model for engineers and policymakers to design high-efficiency earth-fill dams in
resource-constrained regions, contributing to sustainable water resource management and
geotechnical engineering advancements.
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Table 1- Geometric characteristics of the studied dam

Parameter Quantity
Dam height 16 meters
Crest length 988 meters
Crest width 6 meters

Upstream slope V¥
Downstream slope V¥

Crest number

1701 meters
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Table 2- Permeability of foundation and dam body materials studied

Material Name

Vertical permeability value (m/s)

Material Name

Clay Core
Fine Filter
Coarse Filter and Drain
Soil Shell
Surface Alluvial Layer
Silt and Clay Layer
Cut-off Watertight Wall

1x107
1x1073
1x1072
5%107
1x10°¢
1x107
1x107

Clay Core
Fine Filter
Coarse Filter and Drain
Soil Shell
Surface Alluvial Layer
Silt and Clay Layer
Cut-off Watertight Wall
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Table 3- Characteristics of the variables of the models used in the simulation

Variables Amount of changes
Length of clay blanket 6.59, 3.76, 93 and 100 meters
Thickness of clay blanket 0.5, 1, 1.5 and 8 meters
Type of dam 1 mode
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Fig. 3- Comparison of total head obtained from numerical analysis results with measured values at the
SP 1(2) piezometer location
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Fig. 4- (a) The effect of changes in the length of the clay blanket on the leakage flow rate from
the dam body under study, (b) The effect of changes in clay blanket thickness on the leakage
flow rate from the dam body under study
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the studied dam, (b) The effect of changes in clay blanket thickness on the compressive force on
the studied dam
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Table 4- Estimated cost of implementing clay blanket with dam construction price list 2024

Row ltem Item . Unit Length Width Thickness Amount U?‘t Total price
Number Description price
Preparation of
materials and
implementation Cubic
1 11703 of clay core meter 93 510 1.5 71145 1193000 84875985000
and horizontal ete
blanket of the
dam
Plastering and
other necessary Cubic
2 11704 preparations meter 93 510 1.5 71145 118000 8395110000
for clay
processing
Estimated total cost of implementing clay blanket (rials) 85711095000
Comparing the cost of the studied dam with the price list © unit price
41872085 total price
90,000,000,000 : 84875985000/00 [t
80,000,000,000 1
“© 70,000,000,000 1
é 60,000,000,000 1
“ 50,000,000,000 -
= 40,000,000,000 -
o
S 30,00,000000 1 $395110000/00
ﬁ 20,000,000,000 |
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118000

Pk)tﬁng o

1193000

Item description

Fig. 8- Clay blanket cost estimate bar chart
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Abstract
Drought has intensified in arid and semi-arid regions in recent decades, posing serious challenges to
water resources and agriculture. This study assessed agricultural and meteorological drought in
Hormozgan Province using Google Earth Engine and MODIS-derived indices from 2000 to 2022.
NDVI, VCI, VHI, and SVI were used for agricultural drought, while TCI, PDSI, SPI, and PCI were
applied for meteorological drought assessment. The results showed significant trends in VCI and VHI,
as well as in PDSI and SPI, across the studied stations. Jask and Hajiabad stations exhibited significant
positive trends at the 99% confidence level for VCI, VHI, PDSI, and SPI, while Minab showed similar
trends for VHI, PDSI, and SPI. The findings indicated that much of the province is affected by severe
to very severe drought. Overall, the combined use of satellite-based and ground-based meteorological
indices provides an effective approach for monitoring drought, although index performance depends
on local climatic, topographic, vegetation, and soil conditions.

Introduction

Drought is a natural hazard with the profound environmental, economic, and social repercussions,
particularly in arid and semi-arid regions. Hormozgan Province, characterized by its predominantly
dry and semi-arid climate, has experienced an intensification of drought conditions in recent decades.
Effective monitoring and assessment of drought in this region are indispensable for the reduction of
disaster risk, strategic agricultural planning, and informed water resource management. Conventional
ground-based drought indices, while valuable, often suffer from limited spatial coverage, underscoring
the need for complementary methods. Remote sensing technologies, particularly satellite-derived
indices, offer a robust solution by providing extensive spatial and temporal data . This study utilized
the capabilities of Google Earth Engine (GEE) platform to evaluate drought conditions across
Hormozgan Province. By integrating meteorological and agricultural drought indices derived from
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MODIS sensor data with observational data from synoptic ground stations, the research aimed to
enhance the accuracy and comprehensiveness of drought assessments. This approach bridged the gap
between ground-based and remote sensing methodologies, enabling a more holistic understanding of
drought dynamics in the region.

Methodology

This study used Google Earth Engine (GEE) platform, and MODIS satellite data to analyze key
drought indices. The agricultural drought indices considered included Normalized Difference
Vegetation Index (NDVI), Vegetation Condition Index (VCI), Vegetation Health Index (VHI), and
Standardized Vegetation Index (SVI). For meteorological drought analysis, indices such as the
Temperature Condition Index (TCI), Palmer Drought Severity Index (PDSI), Standardized
Precipitation Index (SPI), and Precipitation Condition Index (PCI) were utilized. These indices were
calculated on monthly, seasonal, and annual scales for the period spanning 2000 to 2022, using the
MOD11A1 and MOD13A1 data products (Zou, et al 2020; Wei et al., 2021). To complement satellite-
derived data, ground-based SPI data from six synoptic stations in Hormozgan Province were collected.
The dataset was thoroughly processed to achieve consistency and handle any missing data. Principal
Component Analysis (PCA) was used to determine the best temporal scales for the Modified
Standardized Precipitation Index (MSPI) at each station (Qaisrani et al., 2022). The analyses were
conducted using a suite of advanced tools, including ArcGIS, ENVI, XLSTAT, and RStudio, ensuring
a robust and comprehensive geospatial and statistical evaluation of drought conditions.

Results and Discussion

This study investigated drought variability in Hormozgan Province, focusing key synoptic stations
over the period 2000 to 2022. The results highlight notable wet and dry phases, with severe drought
conditions observed in years such as 2006 and 2010, contrasted by wetter periods in 2009 and 2019.
Principal Component Analysis (PCA) identified critical temporal windows for monitoring drought
sensitivity at each station, revealing pronounced seasonal and monthly variability. Spatial analyses
demonstrated extensive severe drought conditions from 2000 to 2018, with some signs of recovery in
recent years. The integration of the Standardized Precipitation Index (SPI) with vegetation and
meteorological indices proved effective in capturing both drought patterns and vegetation health across
the region.

Conclusions

Drought presents significant environmental challenges, both in the short and long term, particularly
in arid and semi-arid regions. This study underscored the efficacy of Google Earth Engine platform
combined with meteorological and agricultural indices for monitoring spatial and temporal drought
dynamics in Hormozgan Province over the period 2000 to 2022. The PCA and Modified Standardized
Precipitation Index (MSPI) effectively showed critical drought trends across various synoptic stations,
emphasizing the severe drought conditions that often coincide with warmer months. Agricultural
indices, such as the Vegetation Condition Index (VCI) and Vegetation Health Index (VHI), alongside
meteorological indicators, such as the Palmer Drought Severity Index (PDSI) and SPI, provided a
comprehensive framework for drought assessment. These results underscore the importance of
comprehensive drought mitigation strategies that consider the effects on agriculture, water resources,
and natural ecosystems in Hormozgan Province. The study demonstrated the value of combining
satellite-derived indices with ground-based data to enhance drought monitoring and inform effective
risk management strategies.
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Tablel- The studied synoptic stations and their geographic features

Row | Station Name Latitude Longitude Height above sea
Degree Minutes Degree Minute level (meters)

1 Bandar Abbas 56 22 27 13 97

2 Bandar Lengeh 54 50 26 32 22.7
3 Haji Abad 55 91 28 31 931.2
4 Jask 57 77 25 64 52

5 Minab 57 01 27 11 29.6
6 Roudan 57 19 27 46 219.6
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Table 2- classes of agricultural drought indices based on different indices

Drought classes VHI and TCI, SPI SVI and PDSI Class PCI
VCI NDVI
Extreme wet 60 <X 2<X 4 <X
Severe wet 50<X <595 1.5<X<199 3<X<399
Moderate wet 40 <X <495 1<X<149 0.75-1 2<X<299
Mild wet 1<X<199
Normal 30<X<395 099 <X 0.5-0.75 —-0.99 <X Unigorm 10
<-0.99 <099 <X
Mild drought —-1.99 <X
<-1
Moderate 20<X <295 -1<X 0.25-0.5 —-2.99 <X Moderate 11-
drought < -149 <-2 15
Severe drought 10<X <195 -1.5<X 0.1 -0.25 —3.99 <X Concentrated  16-
<-1.99 <-3 20
Extreme drought X<10 <-2 0-0.1 <-4 Very 20
Concentrated < X
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Table 3- Corralation coefficient of satellite indexes and MSPI index in different time periods of
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Abstract

Over the past few decades, due to human activities, industrialization and urbanization, air pollution and increased
waste generation have become a life-threatening factor in many countries around the world. The detection and
treatment of pollution, due to technological advances, represent some of the most important challenges facing the
world today. The rapid increase in the quantity and complexity of data generated daily in the field of environmental
science and engineering requires advances in data analysis. Advanced data analysis approaches, such as machine
learning, have become essential tools for uncovering hidden patterns or inferring correlations. A number of artificial
intelligence approaches study the nonlinear behavior between inputs and outputs in chemical and biological processes,
from predictive models to emerging optimization and control algorithms for pollutant removal processes and
intelligent control systems. In the present study, the characteristics, advantages and limitations of artificial intelligence
methods, including single and hybrid artificial intelligence methods, were investigated for environmental cleanup. In
summary, the aim of the present study is to investigate different artificial neural networks in the wastewater treatment
process to predict the efficiency of pollutant removal, evaluate the use of fuzzy logic for intelligent control of the
aerobic stage of the wastewater treatment process, soft sensors with the help of artificial intelligence for accurate
estimation of measurement parameters in wastewater treatment plants, and design of monitoring and early warning
systems for aquatic and atmospheric environments, artificial intelligence modeling of solid waste generation, recycling
and reduction of solid waste. The results of this study showed that modeling complex environmental problems using
artificial intelligence technologies has become common in the environmental field, especially in wastewater treatment.
Artificial intelligence technologies are widely used in dealing with problems related to wastewater, air pollution, and
solid waste, and have bright future horizons.
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Introduction

In the past decade, due to human activities, industrialization and urbanization, air and increased
production have become an important factor of life in much of the world. Pollutants can even indirectly
affect citizens, for example, by infiltrating agricultural food crops or even affecting livelihoods and well-
being in cities (Wang et al., 2019; Ercilla-Montserrat et al., 2018). Environmental pollution has become a
major concern for society, prompting strict requirements and regulations for wastewater treatment, air
pollutants, and solid waste, and the need for further improvement in this area (Kannangara et al., 2018).
Also, the amount of air pollutants has increased between 2018 and 2023, which is perhaps the main reason
for this increase in population, increasing industries, and of course, increasing human and industrial
activities (Kafi et al., 2024). Due to all these facts and risks, urgent solutions are necessary to implement
pollution reduction measures (Li & Yi, 2020). Detection and treatment due to technological advances
represent some of the most important challenges facing the world today. The rapid increase in the quantity
and complexity of data generated daily in the field of environmental science and engineering requires
advances in data analysis and analysis. Advanced data analysis and analysis, such as machine learning,
have become tools for creating hidden patterns or inferring correlations. Synthetic technology methods
study the nonlinear behavior of inputs and outputs in chemical and biological theories from emerging
optimization and control algorithms to pollutant removal processes and intelligent control systems..

Methodology

In this study, the characteristics, advantages and limitations of artificial intelligence methods, including
single and hybrid artificial intelligence methods, were investigated for environmental cleanup. In summary,
the aim of the present study is to investigate different artificial neural networks in the wastewater treatment
process to predict the efficiency of pollutant removal, evaluate the use of fuzzy logic for intelligent control
of the aerobic stage of the wastewater treatment process, soft sensors with the help of artificial intelligence
for accurate estimation of measurement parameters in wastewater treatment plants, and design of
monitoring and early warning systems for aquatic and atmospheric environments, artificial intelligence
modeling of solid waste generation, recycling and solid waste reduction

Results and Discusspn

Results of this study The results showed that modeling complex environmental problems using Al
technologies has become popular in the environmental field, especially in wastewater treatment. Al
technologies are widely used in dealing with problems related to wastewater, air pollution, as well as solid
waste, and have bright future horizons. Many approaches have also proven practical applications of Al in
water application, air quality monitoring, industrial waste management including solid, electronic, toxic
and hazardous waste control, etc. One of the notable developments in the past decades was the popularity
of Al technologies in the field of environmental pollution control, which are considered as attractive and
efficient alternative methods to deal with the complexities of uncertain, interactive and dynamic
environmental problems. Among all these technologies, various types of ANN are the most widely used Al
technologies, because they are much easier to implement. However, the performance of artificial neural
networks is limited due to their relatively poor repeatability. In air pollution control, AI models are
potential, effective and powerful tools for modeling and analyzing pollutant levels related to environmental
pollution (Shams et al., 2021). Therefore, it is recommended to develop various Al algorithms for predicting
ambient air pollution, as it is useful for government officials, decision makers and the general public in
terms of environmental, health and economic objectives. In industrial waste, Al methods show superior
performance under optimal conditions when applied to recycled construction waste materials. In the
renewable energy sector, Al is also an effective optimization tool of production chains to optimize and
improve decision-making, which reduces energy costs (Rentsch et al., 2015). In modern cities, solid waste
from construction activities has been associated with a huge volume of aggregate concrete. Salimbahrami
and Shakeri (2021) used ANN and Support Vector Machine (SVM) method to obtain the compressive
strength of recycled concrete
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Conclusions

The results of the study showed that modeling complex environmental problems using artificial
intelligence technologies has become common in the field of environment, especially in wastewater
treatment. Artificial intelligence technologies have been widely used in dealing with wastewater, air
pollution, and solid waste. Methods such as artificial intelligence technologies for wastewater treatment,
intelligent control of wastewater treatment, and soft sensor technologies for wastewater treatment play a
leading role in modeling, optimization, prediction, and control. Artificial intelligence technology is also
used to warn the aquatic environment and assess water quality in rivers, lakes, oceans, and groundwater,
estimate air pollutants, predict solid waste generation, and recycle and reduce solid waste. Therefore,
artificial intelligence has many applications in the control and management of environmental pollution.
Different types of applications of artificial intelligence in the water sector are also classified as predictive
models, water resources management and optimization, decision support, and management evaluation.
Challenges and implications for Al development, research, and policy are largely focused on ethical and
environmental dimensions, and often on providing principles rather than practical implementation. The
research highlights two important challenges—practical and conceptual—that need to be addressed to foster
sustainable Al
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Table 1- Comparison of studies conducted in the field of environmental pollution with artificial
intelligence

Authors Year Subject

Results

Jahani and Siri YY)

networks

Mahmoudzadeh Y. YY

Investigating the effect of urban
vegetation on reducing noise
pollution using artificial neural

Study of two neural network
etal models: multilayer perceptron
(MLP) and linear regression in

Based on the results of the model
sensitivity analysis, wall width, average
tree height, and average shrub crown
diameter with impact coefficients of 0/72,
0/44, and 0/15, respectively, have the
greatest impact on reducing sound
intensity in urban green sound walls.
The results show that the major pollutants
are mostly particulate matter (PMj), CO»,
.SO,, and NOx

assessing air pollution in Tabriz

metropolis
Vosoughetal  Y:YY¥

Evaluation and prediction of
volatile organic compound
pollution levels at gas stations
using two artificial neural network
models: multilayer perceptron and
radial basis function
Bhuvaneshwari  Y+YY Investigating the Gaussian Support

The results and analyses conducted in this
study showed that the major pollution
resulting from gasoline consumption

consists of two stages, one during
refueling and the other after gasoline
consumption.
The results of this research showed that

etal Vector Machine Algorithm Based  the average prediction error is 9/83, which

on Air Pollution Prediction

Lietal Y«Y)  Application of heuristic algorithms
(neural network (BP), extreme
learning machine (ELM), genetic
algorithm optimized neural
network (GA-BP)) in carbon
emissions from transportation

Liu et al ARRR

Investigation of an intelligent
hybrid model (EWT-MAEGA-
NARX which combines EWT,

MAEGA and NARX neural

is lower than existing solutions and the
accuracy is 95 Percentage.

The results show that the genetic
algorithm optimized with hybrid extreme
learning machine (GA-ELM) has the
highest degree of fit between the predicted
value and the actual value, which
represents the most carbon emission of the
heuristic algorithm in transportation.

Experimental results show that the EWT-
MAEGA-NARX model can achieve
satisfactory prediction in predicting air
pollutant concentrations.

networks) for predicting air

pollutant concentrations
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