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HIGHLIGHTS GRAPHICAL ABSTRACT

Assessment for seawater encroachment on
water quality (salinity & pH) was con-
ducted.

Spatial and hydrodynamic approaches
were used for the growth of paddy trees.
Two paddy seasons (May 2019-Jan 2020)
of Kuala Kedah, Malaysia; were investi-
gated.

Results shows water salinity has a signifi-
cant relationship with tidal variations.
Three plant indices revealed a direct effect
to the paddy crops and yields health.

Hydrodynamic
Forecasting

Vegetation Indices of 3
Different Season

Salinity Patern

ARTICLE INFO ABSTRACT

Editor: Fernando A.L. Pacheco Global warming has led to sea levels raise (SLRs) and Malaysia is no exception to this problem. Especially for low-lying
coastal areas including the Kuala Kedah area which is active in agricultural and fisheries activities. Farmers have had to

Keywords: bear up to 75 % of yield losses due to seawater breaches since 2016. Therefore, this study is designed to assess the im-

Food security

. . pact of seawater encroachment on water quality through spatial technology approaches and hydrodynamic modeling
Hydrodynamics modeling

Multispectral analysis related to the growth of paddy trees. The study was conducted during two different paddy cultivation seasons namely
Saltwater encroachment Season 1-2019 and Season 2-2019 which take place in the southwest and northeast monsoon in Kuala Kedah,
Water quality Malaysia. The study involved three phases, which are the assessment of salinity and pH concentration levels, the as-
sessment of the health of paddy crops through multispectral image analysis involving three plant indices (VI), namely
Normalized Difference Vegetation Index (NDVI), Blue Normalized Difference Vegetation Index (BNDVI) and Normal-
ized Difference Red Edge (NDRE), and finally, the assessment of the impact of SLR through the numerical method in
MIKE 21 for hydrodynamic modeling considering two conditions that are without mitigation factor (K1) and with
existing mitigating factor (K2). According to the findings, the salinity concentration trend is decreasing across the
growth stage during Season 1-2019, whereas it is the contrary during Season 2-2019. It was discovered that during
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the study period for both tidal events, 73 % of the 44 sampling points in Season 1-2019, as opposed to just 3 % in Sea-
son 2-2019, were categorized as Class 4 and Class 5. Even though there were fluctuations throughout the observation,
the pH reading is still within the allowed range of 6.5 to 9.0 for the estuary area. Following that, the ANOVA analysis
proved that salinity concentration a statistically significant difference with tidal variations and pH levels. Moreover,
the multispectral image analysis findings revealed that the VI value was correlated with both the yield and the health
of the rice crop, with R-square values of 0.842 compared to 0.706 and 0.575 for NDVI and BNDVI values, respectively.
It confirmed that NDRE granted a more accurate and reliable measurements. Additionally, the hydrodynamic simula-
tion results demonstrated that, if the mitigation factors were considered in the modeling, overflow seawater to the
mainland could be reduced by up to 20 %, reducing the impact of coastal flooding on the local area as well as the
nearby rice cultivation area. Ultimately, these three elements—water quality, vegetation index, and hydrodynamic
modeling—can assist in identifying the underlying cause of the problem and develop short and long-term solutions.

1. Introduction

Agriculture is a branch of industry that plays an important role in sup-
plying food resources for any country (Maghrebi et al., 2020; Salman
et al., 2021). Land use data for Malaysia shows that more than five million
hectares of land are classified as agricultural areas, as recorded by
Department of Town and Country Planning Malaysia (2018) and paddy
crops are the third largest crop in Malaysia after oil palm and rubber plan-
tations (Department of Agriculture Malaysia, 2020). However, according to
the statistics of rice production released by Department of Agriculture
Malaysia (2020), the total rice yield in Kedah decreased by 15 % in 2019
with only 560 metric tons recorded compared to 660 metric tons in 2016.
Radanielson et al. (2018a) and Reddy et al. (2017) reported that if the elec-
tric conductivity (EC) >2 dS/m, the reduction in paddy yield can reach up
to 1 ton per hectare.

Generally, paddy cultivation in Malaysia, which involves flooded paddy
type, is highly dependent on the water quality level especially salinity con-
centration and water pH which has a significant impact on the growth rate
of this crop (Dam et al., 2019; Reddy et al., 2017). The value of the salinity
concentration of water can be measured by the value of electrical conduc-
tivity (EC). As reported by Grieve et al. (2012) and Phogat et al. (2010), if
the EC value is >2 dS/m, the yield of paddy will decrease by up to 1 ton
of rice per hectare. In addition, the yield of paddy will continue to decrease
by up to 50 % if the EC reading is >6 dS/m, but the durability of the paddy
tree also depends on the growth stage of the paddy crop (Radanielson et al.,
2018a, 2018b; Thu et al., 2017). At the seeding stage, the paddy sapling
may die if the EC value reaches 10 dS/m. While at the reproductive stage,
the yield of rice will be reduced by up to 90 % if the EC value reaches 3.5
dS/m.

In terms of water pH level, a lower pH value is better for the plant to pro-
duce higher concentrations of leaf chlorophyll, and thus, provide a better
amount of yield (Liu et al., 2016). In accordance with Kahimba et al.
(2016), the normal pH range of irrigation water for agricultural purposes
is from 6.5 to 8.4. However, the pH of the water does not cause a change
in the pH of the soil if the soil is a type of clay compared to sandy soil.
This is because clay is a type of soil that has excellent buffer ability
(McCauley et al., 2017; USDA, 1994).

Some studies have found that increased salinity rates due to climate
change and human activities (Khanom, 2016) in the irrigation system of
paddy farming can have a negative impact on the growth of the crop
(Ahmed and Haider, 2014; Baten et al., 2015; Fraga et al., 2010; Gain
et al., 2004; Phogat et al., 2010; Reddy et al., 2017). The release of river
water into the sea and the variation of tides are among the factors that
cause the problem of sea water invasion in the estuary (Cheng et al.,
2012; Khojasteh et al., 2020). According to Garcés-Vargas et al. (2020)
and Uncles and Stephens (2011), authors indicated that tidal variation
can affect the level of seawater intrusion up to tens of kilometers into the
river and cause an increase in salinity levels due to the presence of sea
water in rivers and irrigation systems. Furthermore, Garcés-Vargas et al.
(2020) stated that the intrusion of seawater into coastal areas is a factor re-
sulting in a reduction in agricultural yields in addition to pest infestation,
which was also reported by Herman et al. (2015). Therefore, hydrodynamic

modeling can provide a clearer and more accurate picture of coastal
flooding due to SLRs in the affected areas in the long term. This hydrody-
namic model is a tool used to monitor and predict coastal conditions
based on a numerical analysis that is part of the physical model test
(Belibassakis and Karathanasi, 2017). In the commercial market, there
are different types of hydrodynamic software used in coastal studies
(Iglesias et al., 2019), involving one-dimensional (1D), two-dimensional
(2D) or three-dimensional (3D) modeling. Each model has a different ca-
pacity according to the tidal flow that has different numerical difficulties,
such as complex geometry, large-sized domains, and independent surface
determination, which represents the boundary condition of a study area
(Suérez-Lopez et al., 2019).

A 2D numerical model was used on flows with more complex geometry,
or when there are some strong velocity variations in cross-section, such as
vortex and re-circulation flow (Suarez-Lopez et al., 2019). It was able to
give a more accurate description than the 1D model. Moreover, this
model is capable of providing accurate results in case of flow inconsistency.
The Reynolds equation of average depth is used in this model by defining
the roughness of the base with the value of Manning or Strickler (Glock
et al., 2019). Among the widely used 2D numerical models are Hydro_AS-
2D, MIKE 21, Delft3D-Flow and TELEMAC-2D. MIKE 21 is an unstructured
hydrodynamic model which has proven to be the most efficient model
when run on multiple cores (Symonds et al., 2017) as well as producing
more accurate results especially for modeling in estuaries and rivers
(Fattah et al., 2018; Parsapour-moghaddam et al., 2018). Meanwhile, spa-
tial technology is seen to be gaining popularity in agriculture in monitoring
the growth of a crop. This technology can be used to monitor the health of
the paddy tree and estimate its crop yield (Yeom et al., 2021), detect prob-
lems related to the irrigation system (Kamruzzaman et al., 2020; Norasma
et al., 2018) and water quality levels (Tack et al., 2015), as well as produc-
ing dynamic and informative crop monitoring maps (Xiao et al., 2021;
Yeom et al., 2021; Zhang et al., 2017).

Additionally, the vegetation index (VI) is a spectral transformation of
two or more bands developed to increase the value of the properties of
plants and allow reliable spatial and temporal comparison of terrestrial
photosynthesis activity and variations of canopy structures, as discovered
by Huete et al. (2002). Most of the VIs have similar functions and use a re-
verse relationship between red reflection and NIR that correlates with
healthy green plants (Liu et al., 2019; Lu and Zhuang, 2010; Migliavacca
et al., 2018; Yebra et al., 2013), such as Normalized Difference Vegetation
Index (NDVI) (Rouse et al., 1973), Blue Normalized Difference Vegetation
Index (BNDVI) (Wang et al., 2007), and Normalized Difference Red Edge
(NDRE) (Buschmann and Nagel, 1993). Based on the reported literature,
there is a massive interest in studying the SLRs effects on the coastal layout.
Particularly, for regions highly interacted with seashore such as Malaysia.

Therefore, this study is conducted to assess the impact of seawater en-
croachment on water quality through spatial technology approaches and
hydrodynamic modeling related to the growth of paddy trees. The hydrody-
namic modeling of MIKE 21 as well as water quality in paddy crop areas es-
pecially for salinity and water pH parameters, were studied. In addition,
this research supported by the use of multispectral image analysis capable
of translating plant conditions using a vegetation index. Furthermore, the
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null hypothesis of this study was formed, which is that seawater encroach-
ment has no significant effect on the water's salinity concentration and pH
level. Meanwhile the alternative hypothesis is that seawater has a signifi-
cant effect on the water's salinity concentration and pH level. ANOVA
was used for the statistical analysis, with a significance level of 5 %.

In addition, this study is planned and carried out in accordance with the
existing condition of the study area, which includes a number of scopes and
limitations. Firstly, the salinity level and water pH are the first two water
quality parameters that have been closely examined in this study. Based
on the literature reviewed, it was thought that these variables had a signif-
icant impact on the growth of the paddy plants. Moreover, three vegetation
indices—NDVI, NDRE, and BNDVI—are evaluated and compared in order
to discover the best indicator that could accurately represent the healthi-
ness of paddy plants. Besides, this study specifically observed the effect of
splashing seawater into the nearest surface water bodies without focusing
on other aspects like diseases or groundwater.

In brief, this study began with the procedure of identifying sampling
points for water sample collection throughout three periods, namely 10
days after sowing (DAS), 40 DAS, and 60 DAS. Then, the aerial image acqui-
sition is planned and executed in accordance with the growth stage of the
paddy plants using a drone equipped with multispectral camera. The acqui-
sition process begins from 40 DAS, 60 DAS, and 100 DAS, which representing
the vegetative, flowering, and maturity stages, representing the vegetative,
flowering, and maturity stages. Subsequent, by using the Agisoft Metashape
software, the captured aerial images are analyzed and transformed into a ras-
ter image with vegetation index values. In addition, the collection of second-
ary data from the local agency, namely the National Water Research Institute
of Malaysia (NAHRIM), is carried out to perform the hydrodynamic modeling
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using MIKE Zero and MIKE 21 software. This secondary data is used as a base-
line for the purpose of calibrating and verifying simulated models. Lastly, the
outcomes from each phase—water quality, image processing, and hydrody-
namic modeling were assessed together.

2. Methods and materials

This study was conducted in a 30-ha rice cultivation area located ap-
proximately 200 m from the coastline of Kuala Kedah, Malaysia as shown
in Fig. 1 and this area is regulated by a statutory body known as the
Muda Agricultural Development Authority (MADA). There is a river that
is the link or used as a small and medium-sized boat route for fisheries ac-
tivities in the area, which is known as Sungai Kedah with the coordinates
6° 06’ 27” N, 100° 17’ 3.12” E. Most of the residents in Kuala Kedah are in-
tensively involved in paddy farming activities. This study was conducted in
2019 and involved two paddy planting seasons, namely Season 1-2019 and
Season 2-2019. Season 1-2019 involved paddy planting activities ranging
from the plot preparation process to harvesting activities carried out from
May to August 2019, while October 2019 to January 2020 was the planting
period for Season 2-2019.

In total, the study had three main phases: Phase 1 involved the collec-
tion of water quality data focusing on the value of salinity concentration
and pH for each water inlet and outlet for each paddy plot involved.
Phase 2 adopted on the observation of aerial images using an unmanned ae-
rial aircraft (UAVs) for an area of 10 ha covering 12 paddy plots located
closest to the coastline. Finally, Phase 3 involved hydrodynamic simula-
tions aimed to predict and identify areas with potential coastal flooding
due to rising sea levels.
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Fig. 1. Study area in Kuala Kedah, Malaysia.
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Table 1
General range of water salinity concentrations by category.
Class Concentration (ppm) Description

1 0-456 Very Low
2 457-700 Low
3 701-1100 Moderate
4 1100-1500 High
5 > 1500 Very High

Source: Abrol et al., 1988; Prince, 2019.

In Phase 1, water salinity concentration and water pH were two water
quality parameters studied directly by testing water samples collected
from the field in the period of May to July 2019 and October to December
2019, respectively, for Season 1-2019 and Season 2-2019. Each sample
collected at 10 DAS, 40 DAS and 60 DAS per season was analyzed and clas-
sified based on the general range of water salinity concentration as set out
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in Table 1, which is also used as a guideline by Abrol et al. (1988) and
Prince (2019). Fig. 2 shows a clear picture of the position of 44 water sam-
ple points, main irrigation, and MADA irrigation canals in the study area.
There is a MADA water pump house located about 1 km from the tidal
gate in the downstream area which serves as a platform to flow the river
water to the upstream area of the tributary.

Phase 2 was accommodated the data process from June 2019 to January
2020 involved the process of aerial image observation for a period of 40
DAS, 60 DAS and 100 DAS using an unmanned aerial vehicle (UAV)
equipped with multispectral camera. For every point on the flight path,
this multispectral camera can capture five black-and-white images, specifi-
cally representing the Red (R), Blue (B), Green (G), Near-Infrared (NIR),
and Red Edge bands, as shown in Fig. 3.

Each aerial image had been recorded, analyzed using Agisoft Metashape
and ArcGIS software to translate crop conditions, and stored as a Geotiff
image that has a value of VI. For this study, three VIs - NDVI, NDRE, and
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Fig. 3. Example of multispectral images were captured for 5 different bands, which are (a) Red, (b) Green, (c) Blue, (d) Near-infrared, and (e) Red edge.

BNDV - were employed in accordance with the formula in Table 2. These
three VIs have the capacity to represent a crop condition. Next, each VI
value was classified into several categories as stated in Table 3 and analyzed
according to the observed rice crop plot.

Finally, Phase 3 involved a hydrodynamic simulation process that uses
secondary data obtained from NAHRIM for the study area. This process
began with identifying the study area and determining the boundaries of
the study area. Then, the border information was stored and uploaded in
the MIKE Zero software to generate the mesh. This mesh file was then
uploaded in the MIKE 21 Flow HD module. After all the necessary informa-
tion was uploaded, the simulation process began by performing the calibra-
tion and verification of this model. The calibration value was determined
using the average squared difference between the measured and predicted
values named as the Root Mean of Square Error (RMSE). The RMSE value
reflects the good performance of the model by assessing the least balance

between the two data sets (Abd Rahim et al., 2021; Neill and Hashemi,
2018). The following is the RMSE formula used.

1
RMSE = [~ 2 (S; - 0;)? €h)

ni=

Table 2
Vegetation index formulation for NDVI, NDRE and BNDVI.

Vegetation Index (VI) Calculation index Source

Normalized Difference
Vegetation Index
Normalized Difference Red Edge

NDVI — NIR — Red

O (Rouse et al., 1973)

NIR — RedE
NDRE = Ww (Buschmann and Nagel, 1993)

BNDVI = NIR — Blue

Blue Normalized Difference NIR Blue

Vegetation Index

(Wang et al., 2007)
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Table 3
Categories based on the value of the vegetation index (VI).
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Class Index Value Description
1 <0 No Vegetation
2 0to0.1 Low Vegetation Density
3 0.1t00.3 Moderate Vegetation Density
4 0.3t0 0.6 High Vegetation Density
5 0.6 to 1.0 Very High Vegetation Density

Source: Jesslyn, 2015; Giacomo and David, 2018; Zaitunah et al., 2018; Hashim
etal., 2019.

Table 4
Calibration values of coastal hydrodynamic parameters.

Parameter Calibration value
Water Level <10 %

Current Speed <20 %

Current Direction <20 Degree

Source: Department of Irrigation and Drainage Malaysia, 2013.

where O; is the observation data, S; is the model data for a variable, and n is
the number of observation data analyzed. Table 4 tabulated the guidelines
for coastal hydraulic modeling studies issued by the Department of
Irrigation and Drainage Malaysia (2013) to analyze the accuracy and reli-
ability of modeling results using the RMSE statistical analysis approach
(Mohd et al., 2018a, 2018b). The verification process was done by making
comparisons with the observed data. Once this process was completed, the
coastal flood analysis was done by assessing and predicting the level of sea-
water advance to the mainland and affected areas due to the increase in sea
water levels in 2012 used as baselines, and subsequently forecasts in 2020,
2050, and 2100.

3. Results

In this section, modeling results reflection was reported for the designed
methodology of the hypothesized research aims. Rainfall distribution fac-
tors, average temperature, and tidal events have been identified as factors
that can influence the environmental conditions in the study area, espe-
cially for the level of salinity concentration in the water in the paddy crop
plot.

Table 5
Distribution by concentration class for 44 water samples.®
Class 10 DAS 40 DAS 60 DAS
S12019 $22019 S12019 $22019 S12019 $22019
HT LT HT LT HT LT HT LT HT LT HT LT
1 - - 34 32 10 8 21 18 32 4 9 19
2 - 1 10 11 21 21 22 23 12 - 21 12
3 15 14 - 1 10 13 1 3 - - 13 13
4 21 24 - 3 2 - - - - -
5 8 5 - - - - - - - - -

Note: HT = high tide; LT = low tide; S1 = Season 1; S2 = Season 2.
? Water samples classification according to water salinity and days after sowing
(DAS).

Based on preliminary monitoring and analysis of rainfall distribution
patterns and average temperatures in the study area as shown in Fig. 4, it
was found that the average rainfall was recorded at 129 % higher in Season
1-2019 than the average rainfall in Season 2-2019. According to the results
of this consolidation, Season 1-2019 is classified as the rainy season, while
Season 2-2019 as the dry season.

In addition, the pattern of tidal events in the study area was also moni-
tored for the same period with reference to the 2019 tidal schedule book
published by the National Hydrographic Centre of Malaysia. The maximum
sea level height was recorded on May 19, 2019 and July 04, 2019, with a
height of 3.11 m in Season 1-2019 and 3.18 m on October 29, 2019 during
Season 2-2019. Meanwhile, the minimum height was as low as 0.24 m on
May 05, 2019 and 0.04 m on October 28, 2019, for Season 1-2019 and Sea-
son 2-2019, respectively. Next, the analysis of the water sample shows the
salinity concentration readings for each point classified according to the
level of salinity concentration as summarized in Table 5. It was found dur-
ing periods 10 and 40 DAS during Season 1-2019, 66 % and 7 % of the
water samples tested were classified in Class 4 and Class 5 with salt concen-
tration values exceeding 1100 ppm for both tidal events. While for Season
2-2019, only 3 % of the total water samples were classified as Class 4 dur-
ing the tide event within the 60 DAS period.

Figs. 5 and 6 show the distribution of sample points according to the sa-
linity concentration class for the entire study area during Season 1-2019
and Season 2-2019. Generally, salinity concentrations were relatively uni-
form throughout the study area at 10 DAS for both tidal events in Season
1-2019. Then, at 40 DAS the value of salinity concentration decreased
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Fig. 4. Distribution of average monthly rainfall and average temperature for May 2019 to January 2020.
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Fig. 5. The level of salinity concentration by class during the occurrence (a), (b), (c) of the tide and (d), (e), () of the receding waters for the three stages of rice growth during

Season 1-2019.

and was concentrated in the part closest to the coastline. During the 60 DAS
period, all sample points that showed a low salinity concentration of
<700 ppm were categorized in Class 1 and Class 2 for both tidal events.
While for Season 2-2019, the distribution of salinity concentration was
dominated by Classes 1, 2 and 3 for both tidal events during the period of

10 DAS 40 DAS
T0E

100 1730°E
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High Tide S2-2019
STON TN

660N

Low Tide $2-2019

10 and 40 DAS. Only one sample point i.e., point 14, was recorded in
Class 4 at 60 DAS during the tide event.

Later then, pH values were plotted using a box plot based on the paddy
growth period for both tidal occurrences in Season 1-2019 and Season
2-2019, as seen in Figs. 7 and 8. Season 1-2019 showed a fluctuation
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Fig. 6. Salinity concentration level by class during occurrence (a), (b), (c) tide and (d), (e), (f) low tide for the three stages of rice growth during Season 2-2019.
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BoxPlot of pH Value during High Tide for Season 1-2019
and Season 2-2019
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Fig. 7. Boxplot of pH values during high tide events for Season 1-2019 and Season 2-2019.

pattern in the periods of 10 DAS, 40 DAS, and 60 DAS for both tidal events,
whereas Season 2-2019 shows a contrary trend, with pH levels reported as
more stable and consistent during paddy plant development. During Season
1-2019, 75 % of sampling points recorded a pH value of <7.5 during high
tide and also during low tide at 10 DAS and these values increased and
approached 8.0 at 40 DAS and eventually dropped back to 7.5 and below.
On the other hand, the pH values during Season 2-2019 showed that 75
% of the pH value was 7.7 for both tidal events. However, these boxplots
can only represent graphically the spread of the pH data but cannot be eas-
ily interpreted the relationship between tidal events and pH values.

Table 6 shows the distribution of pH readings by class for both seasons.
During the 10 DAS period in Season 1-2019, three samples from the water
samples tested were classified in Class 1 with a pH value of <6.5 for both
tidal events. However, there were two samples that recorded a pH value
in Class 3, which is low tide at 40 DAS and high tide at 60 DAS. While for
Season 2-2019, only one sample was classified as Class 3 during the tide
event in the 10 DAS period. The rest of the time, the pH values of the
other sample points showed a normal reading from 6.5 to 8.4.

While the multispectral analysis involved 12 paddy plots located about
200 m from the coastline, as seen in Fig. 9, which shows the layout of the

BoxPlot of pH Value during Low Tide for Season 1-2019
and Season 2-2019
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Fig. 8. Boxplot of pH values during low tide events for Season 1-2019 and Season 2-2019.
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Table 6
Distribution by pH class of 44 water samples.®
Class pHrange 10 DAS 40 DAS 60 DAS
S12019 S22019 S12019 S22019 S12019 S22019
HT LT HT LT HT LT HT LT HT LT HT LT
1 <6.5 3 3 0 0 0 0 0 0 0 0 0 0
2 6584 41 41 43 44 44 42 44 44 42 44 44 44
3 > 8.4 0 0 1 0 0 2 0 0 2 0 0 0

Note: HT = high tide; LT = low tide; S1 = Season 1; S2 = Season 2.
# Water samples classification according to potential of hydrogen and days after
sowing (DAS).

plots involved in the study area of 10 ha. These plots are divided according
to the name of the owners registered in MADA as well as in Beras Nasional.

The rice yield data for each paddy plot involved in this study was ob-
tained from the two agencies. Fig. 10 shows the rice yield for each plot dur-
ing Season 1-2019 and Season 2-2019. Based on this diagram, paddy
yields are seen to be higher in Season 2-2019 compared to Season
1-2019 for each plot and plot-4 is the largest plot with an area of >3 ha.

100°16'45"E

100°17'0"E
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Meanwhile, the highest rice yield of almost 3500 kg/ha and 4500 kg/ha
was recorded on plot-3 for the first and second seasons, respectively.

Fig. 11a and b showed the graph of vegetation index (VI) by plot for Sea-
son 1-2019 and Season 2-2019 as well as the paddy yield. During Season
1-2019, the average rice production for 12 paddy plots was 2345 kg per
hectare compared to the 2795 kg per hectare recorded for Season
2-2019. From the perspective of VI, the value of each of these indices
was averaged to represent the state of each plot. NDRE has the lowest
values with average values of 0.347 and 0.288, respectively. For Season
1-2019 and Season 2-2019, which are categorized as Class 4 (High Vegeta-
tion Density) and Class 3 (Moderate Vegetation Density). Meanwhile, NDVI
and BNDVI are in Class 5 (Very High Vegetation Density) with average
values of 0.611 and 0.707, and 0.633 and 0.665, respectively, for Season
1-2019 and Season 2-2019. Subsequently, to get a clearer picture, mapping
each VI using a color range as the presented in Table 2 was done for both
seasons. Each VI value indicates an increase for each stage of rice growth.
Overall, Fig. 12 shows that the value of VI in the second season is better
than the first season of the twelve plots observed.

Fig. 13a, b and c showed the distribution of the area of each VI
according to the rice plot. During the 60 DAS in Season 1-2019, 60 % of

100°17"15"E

6°7°0"N

6°6'45'N

Legend
(] Paddy Plot

0 40 80 160 240 320
U — — ot s

6°6'30"N

Fig. 9. Layout of 12 observed rice plots.
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Paddy Plot Area and Yield on Season 1-201S and
Season 2-2019
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Fig. 10. Paddy yield by plot and plot area for Season 1-2019 and Season 2-2019.

the total plot-12 area was classified as Class 3, which has a moderate vege-
tation density of NDVI and BDNVI represented by blue, as illustrated in
Fig. 12 (a) and (b), respectively. However, for the NDRE index value as
seen in Fig. 13 (c), the majority of plot area 12 is categorized as Class 2,
which has a low vegetation density represented by yellow.

Results for Season 2-2019, at 60 DAS, plot-3 showed a relatively low
index value with almost 30 % categorized as Class 1, i.e., no vegetation is
represented by red for NDVI and BNDVI, as shown in Fig. 14 (a) and (b), re-
spectively. However, the NDRE index value in Fig. 14 (c) shows that >60 %
of the area for the same rice plot is categorized in the same class. However,
at 100 DAS, all plots recorded a better index value than the index value at
60 DAS.

Furthermore, a time-series analysis of the water level data that had been
gathered for the period ranging from January 29 to February 6, 2021, in the
studied area was also used to calibrate and validate the simulation findings
from MIKE 21. The calibration graph for the time-series data of water levels
simulated and collected using the tide gauge installed at Kuala Kedah Jetty,
Malaysia, is seen in Fig. 15 (a) with the RMSE value at 6.74 %, which com-
plies with the requirements of the guidelines issued by the Department of
Irrigation and Drainage (DID), Malaysia. The same applies to the speed
and direction values of the current which were also calibrated using the
data modeled and observed in the study area, as depicted in Fig. 15
(b) and (c). The RMSE value for the current speed is 11.43 % while for
the current direction is 18.7°. These two parameters also meet the require-
ments as stated in the DID guidelines of not >20 % and 20°, respectively, for
the speed and direction of the current. Besides, the validation process was
carried out based on the time series of speed and current direction of the ob-
served data and the results of model simulations at ADCP1 and ADCP2 sta-
tions, as illustrated in Fig. 16a and b.

Thereafter, the coastal area of Kuala Kedah was divided into two parts,
namely the northern part (NA) and the southern part (SA), for the simula-
tion process using MIKE 21 Flow HD. The results of the K1 simulation
showed that these two areas experienced coastal flooding due to rising
sea levels between 2020, 2050 and 2100. Fig. 16 shows a forecast picture
of areas affected by rising sea levels in 2012, 2020, 2050 and 2100. Visu-
ally, parts of SA are more affected than parts of NA from year to year in
terms of the proximity of seawater to land and potentially flooded areas
(Fig. 17).

10

Table 7 shows the maximum distance of seawater to mainland as a re-
sult of SLR for 2020, 2050 and 2100, from the simulations for K1 and K2.
In 2012, for K1, the seawater advance distance to the mainland was ex-
pected to be up to a distance of 643.7 m and 788.5 m from the coastline
and continued to increase to a distance of 926.5 m and 1212.6 m in
2100, respectively, for parts of NA and SA. However, the proximity of sea-
water to the mainland can be reduced taking into account the mitigation
factors built by DID in 2016 in K2 modeling.

Table 7.

Fig. 18 shows the number of areas affected by the SLR in 2020, 2050
and 2100 for both conditions. In 2100, 469 ha and 498.9 ha are predicted
to be flooded with the absence of coastal protection structures for parts of
NA and SA, respectively. But if coastal protection structures are included
in this flood analysis, the affected areas are expected to be reduced by up
to 50 % even if these structures are only built in NA.

4. Discussion

Generally, during the 10 DAS period for both season and tidal events,
the highest salinity concentration was seen in the downstream area of the
Sungai Kedah estuary. There is a tidal gate that is commonly used to pre-
vent seawater from entering nearby waters and also used to drain water
from the highlands if it rains heavily (Walsh and Miskewitz, 2013). How-
ever, during heavy rainfall and high tides, the likelihood of seawater enter-
ing the river is very high due to rising sea levels. This causes higher salinity
concentrations in this area (Fatema et al., 2016). In addition, during this pe-
riod, the river was used directly for the purpose of irrigating the paddy
crops in the area.

However, during the periods 40 DAS and 60 DAS, salinity concentra-
tions were seen concentrated on the left side of Figs. 5 and 6 for both season
and tide events. This area is located closest to the coastline and has the po-
tential to indicate the penetration of seawater by overflow and under-
ground movement through the pores of the soil particles while the area
receives high rainfall. These results are consistent with a report by Geng
and Boufadel (2017), which found that rain intensity significantly affects
the salinity of pores near the coast. The movement of salinity particles to
the supratidal zone occurs faster when receiving more rain at one time
(Yu et al., 2020).
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Fig. 11. Paddy yield and vegetation index (VI) by plot for (a) Season 1-2019 and (b) Season 2-2019.

Generally, the supratidal zone is known as a spray zone defined by a
zone close to the coast but higher than the height of the tide. Sometimes
this zone is splashed but not submerged by sea water (Darmawan et al.,
2018). The zone is only flooded by seawater during high tide or the possi-
bility of a large storm wave hitting the coastal zone. Therefore, the salinity
concentration should be monitored and controlled to avoid losing the yield.

In addition, during Season 1-2019, the study area received a higher
rainfall distribution and caused the rate of seawater distribution to the irri-
gation system higher; thus, resulting in an increase in salinity content in the
crop plot especially at 10 DAS where higher rainfall was recorded com-
pared to 40 and 60 DAS. The location of the study area in the supratidal
zone received a high amount of seawater infiltration during heavy rains
as the movement of salinity particles became faster and potentially flooded
by seawater, as reported by Darmawan et al. (2018).

However, during Season 2-2019 with a small rainfall distribution, al-
most 100 % of the irrigation source was from river water especially at 60

11

DAS, which received the lowest rainfall compared to 10 and 40 DAS. Dur-
ing the tide incident in Season 2-2019, one sample point was found to re-
cord the highest salinity value of the season with 1160 ppm, which was
due to backwater and reverse flow events. This is in line with the findings
by Apel et al. (2020) and Sakai et al. (2021), which asserted that dry-
season irrigation water tends to be saltier by the end of the 21st century
due to the movement of seawater up to 80 km to the upstream part of the
river during high tide events. Statistically, rainfall distribution has a signif-
icant difference on salinity concentration during Season 1-2019 and Season
2-2019 for both tidal events. Therefore, the concentration of salinity in this
coastal area increases with rainfall intensity, which is influenced by the sea
level during tidal occurrences.

As for the pH value, it was found that it was affected by the rainfall re-
ceived where Season 1-2019 received a high amount of rainfall of up to
129 % compared to Season 2-2019 for both tidal events, as per Fig. 4. In ad-
dition, a report by Mama et al. (2021) stated that if there is a mixing of
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Fig. 12. Mapping of plant index for the entire study area for Season 1-2019 and Season 2-2019.

seawater and river water during the rainy season, the pH value will be
somewhat higher than in the dry season. However, the pH values of both
tidal events for Season 1-2019 and Season 2-2019 are within the normal
range of pH values. This finding is in line with the normal range of pH
values between 6 and 9 for the estuary area (Aurora et al., 2021). Whereas
in terms of statistical analysis, salinity concentration has a very significant
difference on the pH value of water for each tidal event for both seasons
with a p-value lower than 0.0001.

Based on Fig. 10, it was found that a larger plot area did not necessarily
produce higher rice yields than smaller plots. This is in line with the find-
ings by Ceyhan et al. (2012) and Singh and Singh (2016), which stated
that the yield of a crop is directly or indirectly influenced by a number of
factors, especially environmental factors including water quality and
proper agricultural practices. With the results from the use of the VI index
through the spatial analysis approach, it is possible to translate the actual
state of the crop.

Based on the statistical analysis of the rice and VI yield data in this
study, as illustrated in Fig. 11, it shows that NDRE gives a more accurate
value with the R-square value being 0.842 compared to 0.706 and 0.575,
respectively, for the values of NDVI and BNDVI. These scenarios and find-
ings are in line with the results of studies by Fu et al. (2020) and Zhang
et al. (2019), which stated that NDRE is more stable than other plant indi-
ces. According to this diagram, the health of the paddy crop affects the
amount of rice yield. It is noted that the high VI value, especially the
NDRE value which has been proven to accurately reflect the state of a
crop, will produce a high crop yield. This is because Red Edge and NIR
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are more sensitive and can characterize the dynamic growth of the canopy
(Fu et al., 2020).

When this VI value is visualized as in Fig. 12, the NDRE value gives a
more accurate picture than NDVI and BNDVI, as well as being validated
with ground data, which is the yield of each paddy plot as shown in
Fig. 11 (a) and (b). This situation is in line with the findings reported by
Gholizadeh et al. (2017) in which NDRE has a high correlation with produc-
tivity values at 60 DAS for rice crops and corn crops as reported by Carvalho
et al. (2020) due to the same characteristics and structure of leaves as rice
(Islam et al., 2014).

In general, the analysis of each plot can be used to identify the problem-
atic plot. Season 1-2019 shows an upward trend per VI, while Season
2-2019 is down at 60 DAS. This is due to surrounding factors such as low
rainfall distribution which causes the salinity content in the paddy crop
plot to be higher (Materu et al., 2018). However, at 10 DAS, the amount
of water in the plant plot is released to ensure that the paddy grains reach
maturity well and can be harvested at the right time. In terms of VI,
NDRE shows a lower value compared to other VI as it is more sensitive to
changes in chlorophyll content that affects the color of crop leaves (Fu
et al., 2020; Lu et al., 2017; Simic Milas et al., 2018). However, the VI
value shows a positive improvement which represents better crop condi-
tions during this period.

Next, from the results of the hydrodynamic simulation for the K1 condi-
tion, more severe flooding is expected at the estuary of the Kedah River and
the low surrounding areas of both the NA and SA areas. This is in line with
findings by Awang et al. (2012) which discovered that sea level rise has the
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Fig. 13. Distribution of area by value category (a) NDVI, (b) BNDVI, and (c) NDRE during Season 1-2019.
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Table 7
Forecast of maximum distance of seawater advance to mainland due to SLR.

Year K1 Distance (m) K2 Distance (m)

NA SA NA SA
2012 643.7 788.5 - -
2020 752.7 810.6 586.4 717.5
2050 869.2 1123.8 690.1 879.8
2100 926.5 1212.6 759.9 960

Note: K1 = simulation without mitigation factor; K2 = simulation with mitigation
factor; NA = northern area; SA = Southern area; Distance = distance from the
coastline.

potential to submerge coastal areas and low estuaries, and could damage
existing infrastructure and buildings. The results of a study by Mohd et al.
(2018a, 2018b) also found that almost 1 km of buffer zone along the
coast of Cherating to Pekan could potentially be flooded by the sea due to
rising sea levels in the area.

For K2 conditions, the number of affected areas for the NA part can be
reduced by >50 % compared to K1 conditions. However, the share of SA
for K2 was only reduced by 10 % due to the absence of coastal protection
structures in this part. Meanwhile, if measured in terms of the percentage
of study areas affected by coastal floods in 2100, K2 recorded only 23 %
compared to 72 % for K1 as illustrated in Fig. 18. The results of this analysis
are consistent with the findings by Grases et al. (2020), Jahangirzadeh et al.
(2012), and Zufayri Zulfakar et al. (2020) where coastal protection struc-
tures were found to be capable of absorbing high wave energy and reducing
their impact as well as preventing seawater overflow due to overtopping
waves and flooding during storm events.

Therefore, it is expected that in the year 2100, this seawater advance
continues to be alarming not only to submerge the paddy planting area,
but also the surrounding housing area if there are no permanent coastal pro-
tection structures in the mitigation plans in the future. Based on the total
paddy yield for Season 1-2019 and Season 2-2019, on average each
hectare produces 2.5 t of paddy and the total is estimated to be around

Science of the Total Environment 868 (2023) 161585

308 t loss per paddy season if 123 ha of paddy crop plot in this study area
are entered by saltwater.

Overall, the results of this study can have a significant impact especially
in the field of knowledge and society. It is seen that geospatial analysis is ca-
pable of translating various aspects and situations into the true picture;
thus, expanding this field of knowledge to stakeholders. In addition, this
study can also assist stakeholders in the planning and management of
paddy crops as well as increase farmers' yields as recommended by the fed-
eral government.

5. Conclusion

The growth of paddy plants especially for areas located close to the
coast depends on the level of water quality, especially the concentration
of salinity and water pH which has a significant impact on the growth
rate and health of the crop. However, the tidal variation of seawater should
also be noted as it can affect the water quality level given the location of the
paddy planting area which is located close to the coastline. Similarly, envi-
ronmental conditions such as rainfall distribution play an important role in
stabilizing the growth of crops and ecosystems. In addition, with the use of
hydrodynamic modeling, it is able to support the findings of the study and
in turn assist in identifying areas that are potentially affected by the in-
crease in dynamic sea water levels over time. In conclusion, this integrated
study was able to analyze and produce more comprehensive and detailed
findings, especially to assess each element related to each other such as bet-
ter water management, improve the health of plants especially for coastal
areas, and directly improve the results. Therefore, the income of the
farmers also increased, and thus, met the country's rice needs.
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