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Remote sensing-based indices for mapping of water quality in Thai Binh river at Hai
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Abstract

This research explored the potential of remote sensing to estimate the relationship between
sattelite spectrals and riverine environments, especially during extreme events when routine in-
situ measurements are not available. Water quality parameters of Turbidity, Total Suspended
Solids (TSS), Total Dissolved Solids (TDS), Biochemical Oxygen Demand (BOD), Chemical
Oxygen Demand (COD), Amoni concentration, Chlorophyll-a and the Trophic state index (TSI)
were calculated using the Landsat 8 data and were correlated to the near in-situ measurements
using regression equations for quantitative estimation of water quality in the session of Thai Binh
River at Hai Duong province. This technique, using the obtained coefficients was applied to map
the water quality in the Thai Binh River during the seasons of Sep. 2016, Nov. 2019 and Jun. 2020,
and found in a good general agreement with the field measurements. The preliminary results
indicate that (1) Spectral bands from Landsat images have the potential to map the spatial
distribution of water quality in river environments, (2) Remote sensing data can be used for
quantitative estimation of water quality parameters in river environments when coupled with linear
regression equations, and (3) the same approach can be used to estimate water quality in rivers
within reasonable error limits. Acquisition of more in-situ measurements of are on going to derive
more general regression coefficients and achieve more validation results.
Keywords: RS-based indices, water quality mapping, Thai Binh river, Hai Duong province
1. Introduction

Water quality is one of the most important factors for riverine ecosystems. Water quality

parameters of Turbidity, Total Suspended Solids (TSS), Total Dissolved Solids (TDS),
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Amoni concentration,
Chlorophyll-a and the Trophic state index (TSI) in the water affect the river habitats strongly.
These parameters reflect the physical and chemical property of water. They influence the total
primary productivity by affecting the transmission of light in water, as well as the transition of
heavy metal and the micro-pollutant. Suspended sediment concentration and biochemical
parameters are spatially inhomogeneous and their spatial distribution are difficult to measure with
the routine in-situ monitoring method. Remote sensing is an efficient method, which can provide
realistic water quality data with large spatial distributions for water resource study. In this study,

remote sensing techniques are used for mapping of water quality in the Thai Binh River at Hai
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Duong province. Previous developed indices such as Turbidity Index, Chlorophyll-a Index (Frohn
and Autrey, 2007; Bee, 2008), Normalized Difference Suspended Sediment Index (NDSSI)
(Hossain va nnk, 2006) and Normalized Suspended Material Index - NSMI (Montalvo, 2010) were
also used to test the applicability in the study area. The study finds that the use of previous
approaches can be used with consideration of measurement data. The regression equations from
remote sensing data are effective approaches to estimate the water quality in study area and they
all have reasonable agreements with in-situ measurements.

Estimation of water quality from optical satellite data using regression equation was studied
in many regions over the world. The available techniques can be categorized in four general
groups: (1) simple regression (correlation between single band and in-situ measurements)
(Williams and Grabau, 1973), (2) spectral unmixing techniques (Gomez et al., 1997), (3) Band
ratio technique using two and more bands (Lathrop, 1992; Populus et al., 1995; Wang et al., 2000),
and (4) multiple regressions (using multiple bands and in-situ measurements) (Binding et al.,
2005).

Usually when suspended sediment concentrations are high, the backscatter/reflectivity of
water is high. There are three matters dominate the reflectance of inland water, which are yellow
substance, suspended sediment and phytoplankton. Yellow substance is a soluble matter, which
has no scatter capability, but it has a strong absorption effect on short-wave bands that highly
reduce the underwater downwelling irradiance. Therefore, when the absorption of water itself and
yellow substance is small, actual suspended sediment information could be obtained (Wang et al.,
2003).

In this research, various band math equations have been developed to determine many
components of water quality, aiming to discover new mathematical relationship to identify and
discriminate the suspended materials and biochemical concentrations in river water. The linear
regression shows that the vast majority of image-estimated parameters are closely correlated with
the in-situ measurements. It has been observed that although remote sensing has been considered
as a proven technique for water quality estimation, all the developed models and algorithms are
applicable for specific areas and environments. To address this issue in this research we attempted
to explore the potential of remote sensing to develop regression equations that can be used in
regional riverine environments like study area, especially during extreme events when routine in-
situ measurements are not available.

2. Materials and methods
2.1. Data used

The data used for this study is mosaic images of the remotely sensed data of Landsat 8 (OLI).
The system is designed to collect 15m resolution panchromatic data and different bands of data in
the visible, NIR, and MIR (Middle Infra Red) spectral regions at a resolution of 30m and 60/100m
resolution data at Thermal Infra Red (TIR) band. Total 16 Landsat 8 OLI imagery from 2016 to
2020 were collected and the images acquired in 30/9/2016, 10/11/2019 and 21/6/2020 were used
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for further analysis. Figure below shows the nature of Landsat

above 3 time periods.
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Figure 1. Landsat 8 images of study area on 9/2016 (a), 11/2019 (b) and 6/2020 (c)

To remove the systematic errors and improve the quality, DN values of Landsat image were

converted to radiance. The conversion of DN values to radiance is based on a calibration curve of
DN (Chander and Markham 2003; Negi et al. 2009). All the images were projected to the Universal

Traverse Mercator (UTM) coordinates zone 48. The spheroid and datum was also referenced to

WSG84. Enhancement of the images using histogram equalization techniques was later performed

on all the images.

It has been proven that the satellite data and the ground measurement data should be taken almost

simultaneously. Very fortunately, 23 of the measurements are found very close to the dates of the

available Landsat 8 images of study area. Normally only the images within a 10-day overlap with

the in situ data can be selected. There are a total of 23 ground sampling stations distributed on the

river system.
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Figure 2. Location of 23 collect samples
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2.2. Satellite-based water quality parameters

Landsat 8 OLI imagery were used to determine spatial distribution of the relative variation of
water quality in the river environment. The water quality parameters of Turbidity, Total Suspended
Solids (TSS), Total Dissolved Solids (TDS), Biochemical Oxygen Demand (BOD), Chemical
Oxygen Demand (COD), Amoni concentration, Chlorophyll-a and the Trophic state index (TSI)

values were correlated to in-situ measurements to estimate their concentration quantitatively.

Table 1. Part of the in-situ measurements database
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It has been observed for Landsat OLI imagery that Blue band and Near-infrared band are most
sensitive to water and water transparency (turbidity). These bands usually gives the highest and
lowest reflectance values respectively for water. These characteristics have been observed for
water with different levels of turbidity. Biochemical parameters were also sensitive to the Blue,
Green, Red and Near infrared bands. According to Nguyen et al., (2016) for any vegetation band
5 (near-infrared) and band 4 (red) of Landsat 8 OLI data always gives the highest and lowest
reflectance respectively.

Near real time of the corresponding image acquisition dates in-situ measurements of water
quality in the Thai Binh River were obtained from 23 stations. To determine the most suitable
coefficients to estimate water quality in the river water using remote sensing data, the obtained
values were plotted against the corresponding near real time in-situ measurements. The
relationship between calculated values and in-situ measurements were interpreted using different
numerical equations including linear, exponential, logarithmic, polynomial and power function.
The coefficients associated with the equation that achieved highest correlation coefficient (R?)
value were considered suitable to use water quality estimation in the study area. Accordingly the
polynomial equations was found to have R? values of over 0.8 and considered the most suitable
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equations initially. After a careful observation it was noticed that the polynomial equations have a
potential to provide accurate estimation of TSS and TDS concentrations in low turbid and high
turbid water because they have the best fit. However, the curves are very flat in the low turbid
region and seem not to be capable of detect variation in the estimation. More importantly, the trend
of increase in concentration at high turbidity values may result in unphysical predictions. The
linear equations, although posses lower R? values than the polynomial equations, they show the
potential to detect the variability in suspended materials and biochemical concentrations in both
low and high turbid water. Therefore, the power equations were considered to be the most suitable
approach to estimate the suspended materials and biochemical concentrations in the study area.
3. Results and discussion
3.1. Regression analysis

Landsat 8 spectral bands were converted to DN and then, these values are combined and
calculated based on Equation (1), which is the general predictive equation for water quality
parameter, and then are compared with the ground measurements.

y=ax+b (1)
Where, x is the DN values and y stands for the individual water quality parameter.
a and b are the coefficients fitting to the in-situ data by the regression analysis.

Different models are used for the estimations of 8 water quality parameters by utilizing linear
regression analysis. Comparisons are conducted for individual band or band ratio, while the
combinations of reflectance value are more complex which include TM3*TM4 (Chen et al., 1996),
TM3*TM4/InTM1(Li et al., 2007), TM3*TM4/In(TM1+TM2) (Li et al., 2007), TM3/TM4, (TM4-
TM3)/(TM4+TM3), TM4/TM1, TM1/TM2 (Dwivedi and Narain, 1987), In(TM1/TM2) (Li et al.,
2007), and (TM1-TM3)/(TM2-TM3). Once the correlation coefficient R? is considered as high
enough, a regression equation will be calculated and this equation can be used for the whole image
and generates a water quality maps.

By applying the regression equations to each of the images in the database, the spatial patterns,
as well as the temporal trends of 8 water quality parameters, can be investigated.
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Figure 3. Scatter plots comparisons for water quality estimations
The comparison results for the estimated values and in-situ measurements of different
parameters. The prediction made by the linear models have a very good relationship with the
suspended materials and biochemical data, and the scatter points on the plots seem to be close to
the line, which means their relationships are probably linear. All the datasets show good
agreements, with the R? over 0.5. Therefore, it can be concluded that the Landsat 8 OLI images

are reliable enough to predict the water quality in Thai Binh river system at Hai Duong province.
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3.2. Spatial and temporal analysis

The seasonal patterns and temporal trends of water quality in Lake Simcoe are both analyzed
in this study, as the available data for Thai Binh river system have a long time span of 4 years from
2016 to 2020. The spatial patterns of all 8 parameters are displayed in terms of the concentration

maps.

21°14' 10" 21°14' 10"

90T

W0 9€ 2901
o
H

u0S 9€

SN
SRS

R LN

Néng do

NAM SACH NAM SACH

CAM GIANG CAMGIANG

“ IRHALDUONG - IPHAIDUONG
# d 2 geaint ST P
THANH HA THANHHA /

BINH GIANG BINHGIANG

GIALOC i GIALOC

5 D s
¢ Xy s Xy

7 Al
AL

1 A )
2,

2
%
1%\'

NINH GIANG NINH GIANG

AN
N TSy
106° 07' 20"

106° 07' 20"

20° 41' 10" 20° 41' 10"

a b
Figure 4. Turbidity (a) and TSS (b) maps in September 2016

From the above maps, it is obvious that the upper and lower sections of the river is normally
clearer than the middle area, and the turbid area is concentrated near the Hai Duong city as well as
industrial zones (An Phat, Viet Hoa - Kenmark, Nam Sach, Dai An, Lai Vu, Lai Cach, etc.)

The BODs, COD, NOs™ are clearly show both the effects population density at major cities
and towns in ther northern part and agricultural activities in the southern part of study area. The
amount of fetilize is derived from the land use, which is predominately agricultural land, and in
addition, the vegetation lands occupy about 67% of the terrestrial area. Hai Duong is one of the
provinces with a very high urbanization rate in recent years. About 15% of the land area is urban,

where the population has doubled in the past twenty years.
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Figure 5. Calculation results of BODs content in September 2016 (a) and November 2019 (b)
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Figure 6. Calculation results of COD content in September 2016 (a) and November 2019 (b)
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Figure 7. Calculation results of NO3™ content in September 2016 (a) and November 2019 (b)

Correlation coefficients of BODs, COD and NOj3™ are somehow lower than the parameters of
suspended materials, with the values of 0.348, 0.439 and 0.679, respectively. The distribution of
population, industrial activities, the landforms and land uses in the area significantly influence the
water flowing to the Thai Binh river system, and thus the water quality of the water. All of these
factors can contribute to the instability of river water and the low agreements between the satellite-
estimated parameters and the in-situ measurements.

For the parameters of suspended materials (turbidity, TSS and TDS), it clearly shows that in
the late-summer period, the river usually has its worst water clarity, there are more lights and
signals reflected to the remote sensor. Therefore, the relationships between the reflectance values

and in-situ data become stronger.
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Figure 8. Calculation results of TDS content in September 2016 (a) and November 2019 (b)
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There might be some other components in the water such as the garbage left by the residents.
The eroded soil will make the water turbid as well.

In the scale of the whole province, the northwest part of the study area has worse water quality
than the southeast part. This indicates that the northwest part is suffering from a more severe water
quality problem than the southeast part. It can also be found that the water quality is turning bad

gradually following the direction from southwest to northeast.
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Figure 9. Calculation results of Chlorophyll-a (a) and Trophic State Index (b) in study area

The study area is also suffering from the most severe environmental problem with agricultural
activities. The concentration map estimated by the regression equations can indicate the spatial
distribution of the eutrophic areas. The contribution of TP, TN and chl-a are relatively high in
drainage water pumped from the intensively cultivated land. However, the trophic state is still not
too high in the river compare to the lakes in the area. The Carlson’s modified tropic state index
(TSIm) 1s applied in this study, as it only uses the chl-a concentration to represent the trophic state
index of both the river system and inland lakes in the area. The trophic state on Thai Binh river
system show oligotrophic state, it generally host very little or no aquatic vegetation and are
relatively clear, while eutrophic lakes tend to have large quantities of organisms, including algal
blooms. In some cases, the algal biomass in lakes reaches too high and massive fish die-offs
occured as decomposing biomass deoxygenates the water.

The colour in the water can increase the absorption of light and therefore decrease the signal
back to the remote sensors. The atmospheric conditions (e.g., haze and water vapor content) clearly
affect the light reflected by land and water surfaces as it travels back toward the satellite sensors.

The trends of all suspended sediment concentration and biochemical parameters imply that
the water quality of the entire area has worsen, especially the water quality in the northern area
where the population density is high and the concentration of industrial zones, and more attention

needs to be paid to this area.
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4. Conclusion

Parameters of suspended materials and biochemical concentrations were calculated using the
Landsat 8 OLI imagery to map the spatial distribution water quality in the Thai Binh River at
different time periods. This study builds the empirical relationships between the Landsat 8 images
and the in-situ water quality data. Obtained values from regression equations were correlated with
the near real-time in-situ measurements and the relationship between them were expressed by
linear equations were found most suitable for quantitative estimation of water quality in the Thai
Binh River. Obtained regression coefficients were applied to map the 8 water quality parameters
in study area. The results were compared by the near real time measurement data and found in
good general agreement qualitatively and quantitatively.

This research is still evolving and these initial results indicate that remote sensing based data
has the potential to estimate relative variation of water quality and map the spatial distribution of
suspended materials and biochemical concentrations in river environments in study area.
Acquisition of more in-situ measurements of water parameters are on going to derive more general
regression coefficients and achieve more validation results. However, there are usually a confusion
of the pixels in satellite imagery between the water and soil if the spatial resolution of the satellite
images is not high enough. Sometimes even if the stations are located perfectly on the imagery, it
still may turn out that the DN values of soil rather than water are extracted. All of these reasons
may more or less affect the results of estimation.
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