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Abstract
The Red River is the largest river in northern Vietnam, and it serves as the main water source for production and human activities
in the Red River Delta region. Cities and provinces located in the Red River Delta, for example, Hanoi, Nam Dinh, and Ha Nam,
have experienced rapid economic growth with various large urban, industrial zones, and agricultural areas. As a result of
urbanization and industrialization, surface water in this region has been contaminated by multiple anthropogenic sources. In this
study, in addition to water quality assessment usingWQI, we used the reflectance values of visible and near-infrared bands and in
situ data to build a regression model for several water quality parameters. Among ten parameters examined, two parameters,
including total suspended solids (TSS) and turbidity, were used to construct regression correlation models using the Sentinel-2
multispectral images. Our results can contribute useful information for comprehensive monitoring, evaluation, and management
scheme of water quality in the Red River Delta. The application of this method can overcome the limitation of actual observation
results that only reflect local contamination status and require a lot of sampling and laboratory efforts.
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Introduction

The Red River is the largest river in northern Vietnam. The
river originates from Yunnan Province (China) and flows
through several provinces and cities in Vietnam such as Lao
Cai, Yen Bai, Phu Tho, Vinh Phuc, Hanoi, Hung Yen, Ha
Nam, Nam Dinh, and Thai Binh, before emptying into the
East Sea. The river is 1150 km long with 800 km of meander

through steep mountains and highlands with violent and un-
predictable swell during the rainy season (Luu et al. 2010;
NAWAPI and MONRE 2016). When the river reaches the
Red River Delta, it turns quiet and gentle at an elevation above
sea level of about 3 m. The Red River Delta plays a vital role
in socio-economic development with various historical and
cultural values. In recent years, many extensive industrial
parks and key economic regions have been built in this delta
area. Improper emissions from industrial parks, livestock
farms, and domestic sectors have caused significant impacts
on the water quality of the Red River Delta. The 2018 Annual
Report of the Ministry of Natural Resources and Environment
showed that the water quality of the Red River had trended
downwards over the last 30 years (MONRE 2018). This report
summarized the results of surface water quality monitoring for
the period from 2014 to 2018 at 23 sampling sites in the
Vietnam Red River. According to this report, the annual water
quality indexes (WQI) that were calculated declined from
2015 to 2018 at almost all monitoring points. However, the
fixed monitoring points with a relatively long distance, from
10 to 45 km, have not fully represented the water quality in the

Responsible Editor: Xianliang Yi

* Trinh Thi Tham
tttham@hunre.edu.vn

* Tu Binh Minh
tubinhminh@gmail.com

1 Faculty of Environment, Hanoi University of Natural Resources and
Environment, Hanoi, Vietnam

2 Le Quy Don Technical University, Hanoi, Vietnam
3 Goshu Kohsan Vietnam Company, Hanoi, Vietnam
4 Faculty of Chemistry, University of Science, Vietnam National

University, Hanoi, Vietnam

https://doi.org/10.1007/s11356-021-16730-0

/ Published online: 5 October 2021

Environmental Science and Pollution Research (2022) 29:41992–42004

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-16730-0&domain=pdf
mailto:tttham@hunre.edu.vn
mailto:tubinhminh@gmail.com


area, especially the locations affected by local pollution
sources. The water and sediment contamination with organic
and inorganic pollutants in the delta has also been documented
by several previous studies. For example, the water quality of
the Red River downstream was assessed in 2015 by analyzing
some physicochemical variables at five sampling sites at the
main axis of the Red River (Ba Lat estuary, Thai Binh
Province) and four distributaries of the Red River (Hoang
et al. 2016). Almost analyzed parameters such as total dis-
solved solids (TDS), turbidity, NO2

−, NO3
−, and NH4

+ were
under the permitting limit values of the National Technical
Regulation on Surface Water Quality for the irrigation pur-
poses, waterway, and other purposes with low-quality water
requirements quality (QCVN 08:2015, columnB1). However,
the concentrations of PO4

3− varied from 1.17 to 1.70 mg P/L
that were from 3.9 to 5.7 times higher than the permissible
limit QCVN 08:2015. The concentration of individual param-
eters in the short-term studies did not completely show the
synergistic effects of polluted sources on water quality.
Similarly, the average concentrations of some heavy metals
(Mn, Cd, Cr, Cu, Ni, Pb, and Zn) in sediments collected from
the Red River ranged from 0.35 to 806 ng/g dry weight
(Nguyen et al. 2016). At several sites in the upper of the
Red River, the enrichment factors (EF) of Cu, Cd, Pb, Ni,
and Zn showed that heavy metal pollution in sediment was
significantly high values.

Various water quality index (WQI) models have been ap-
plied to assess surface water quality. The WQI data derived
from physical, chemical, and biological parameters can pro-
vide helpful information for governmental authorities to im-
prove or construct environmental regulations (Shweta et al.
2013). The formulas for calculating the freshwater supplier
WQI were designed by Horton to control the quality of water
for workers (Horton 1965). Since then, someQWImodels had
been researched and developed to apply to assess the pollution
level of different water sources such as groundwater (Brown
et al. 1971; Alastal et al. 2015), lake water (Tsegaye et al.
2006), surface river water (Sargaonkar and Deshpande 2003;
Liou et al. 2004), and inlandwater (CCME 2001). In Vietnam,
the Ministry of Natural Resources and Environment has is-
sued a decision no. 1460/QD-TCMT on promulgating a man-
ual to calculate WQI. In this guideline, the multiplicative ag-
gregate function was given to estimate scores for groups of
water quality parameters. Some authors have assessed the wa-
ter quality based on this guideline. Cao et al. (2020) combined
theWQI and the comprehensive pollution index (CPI) to eval-
uate the Cau River water quality at 23 sampling locations. The
WQI showed the high water quality fluctuation due to geo-
graphical areas and the impacts of pollution sources. TheWQI
was also used for water resource management in Kien Giang
Province, Vietnam (Tran and Pham 2020). The different WQI
values for each time of monitoring and seasonality have rec-
ommended water use purposes, including domestic use but

needing appropriate treatment measures, use for irrigation pur-
poses, and use for other suitable purposes. At the Red River
downstream, a few previous studies have measured the con-
centration of some water quality parameters in a short section
of the Red River without a comprehensive calculation of
WQI. Meanwhile, regular WQI measurement for the Red
River water will indicate the local impacts of pollution sources
from the inland.

Traditional methods for monitoring water quality, includ-
ing sampling and analysis of samples in the laboratory, often
require expensive costs and time-consuming and a sizeable
specialized workforce (Giardino et al. 2010; Yepez et al.
2018). In comparison, remote sensing technology has been
widely used to monitor, evaluate, and predict water quality
parameters with high accuracy and time and cost-saving
(Gholizadeh et al. 2016). The capabilities of satellite images
can be exploited to monitor different phenomena over large
spatial scales, such as the surface of rivers (Ennaji et al. 2018).
Many moderate resolution satellite images (e.g., Landsat,
MODIS, Sentinel) could be fee-download to turn measure-
ment of satellite radiances into water quality information
through some processing. In this process, excluding or
correcting atmospheric interference from near-land targets
and analyzing water reflectance are essential steps to estimate
water quality parameters such as chlorophyll-a (Chl-a), col-
ored dissolved organic matter (CDOM), suspended particulate
matter (SPM), or turbidity (Richter 2009; Knaeps et al. 2012;
Kiselev et al. 2015). The remote sensing technique can serve
as an efficient tool for collecting and mapping pollutant infor-
mation from some geographical regions. Initial studies on the
remote sensing application to monitor water quality mainly
focused on the relationship between reflected spectrums ob-
tained from satellite images and quality parameters measured
by empirical methods (Ritchie et al. 1976; Chen et al. 1992;
Dekker et al. 1996). Earlier studies have found linear relation-
ships between spectral reflection and some parameters such as
total suspended solids (TSS) and chlorophyll-a concentrations
in surface water (Ritchie et al. 1987; Ritchie et al. 1990; Chen
et al. 1991; Moran 1992). Optical satellite images at different
resolutions were used to determine TSS concentrations in sur-
face water (He 2008; Doxaran et al. 2007; Guzman and
Santaella 2009). The use of spatial resolution multispectral
data, Landsat-8, Landsat-7, and Sentinel-2 for water quality
monitoring was carried out in two small lakes in Italy and
Belgium (Bresciani et al. 2019). Cloud-free satellite images
were converted into information about the concentration of
Chl-a, turbidity, Secchi disk depth (SDD), and water temper-
ature by using an image processing chain implementing phys-
ical methods. These forecast results were also compared with
23 data points on-site. In addition, satellite images obtained
simultaneously from Sentinel-2B sensor and Landsat-8 sensor
were processed to obtain the concentrations of the four param-
eters mentioned above in a hydroelectric reservoir in Brazil
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(Pizani et al. 2020). The researchers also evaluated the poten-
tial of water quality monitoring using Sentinel-2 observations
at the Sado Estuary, Portugal. The match-ups of in situ and
satellite data of suspended particle concentrations showed
Sentinel-2 is effective for monitoring some variables such as
Chl-a in a high fluctuate system (Sent et al. 2021). The low
operating costs of the free use of available remote sensing data
have strongly prompted water management agencies to use it
as a water quality assessment tool alongside field monitoring.
In Vietnam, there have been a few studies using optical satel-
lite image data to assess water quality in coastal areas in
Quang Ninh Province and Hai Phong City (Ke et al. 2015),
Tri An Lake in Dong Nai Province (Hung and Tarasov 2016),
and West Lake in Hanoi (Ha et al. 2016). In general, most
studies in Vietnam use Landsat medium resolution satellite
images in estimating water quality parameters (Pham et al.
2018; Hung and Tarasov 2016; Nguyen et al. 2017a,
2017b). Some recent studies have used Sentinel-2 high spatial
resolution satellite images in estimating chlorophyll-a content
in river and lake areas in Vietnam (Nguyen et al. 2017a,
2017b).

In this study, the WQI calculation formulas guided in de-
cision no. 1460/QD-TCMT were applied to assess the water
quality in the downstream Red River area. High sampling
density with one sample every approximately 4 km effectively
helped determine the water quality affected by different pol-
lution sources. At the same time, we use the Sentinel-2 sensor
with high-resolution images to determine the instant minimum
variation of water quality parameters. The results obtained by
the Sentinel-2 sensors are compared with data measured in
actual water samples to assess possible errors of the remote
sensing method. The research results will be the scientific
basis for managers to use Sentinel-2 remote sensing images
for regular water quality forecasting in the entire Red River
basin. Implementing on-site sampling programs to measure
water quality parameters and their ecological effects in water
bodies is often expensive and time-consuming. Furthermore,
this is often not representative of the total area of interest.
Remote sensing techniques that provide cost-effective system-
atic observations of an extensive water system will offer enor-
mous advantages.

Material and methods

Study area and field monitoring data

A total of 30 surfacewater samples were collected along the Red
River in March 2019, from Hanoi City (20° 0′ 13″ N; 105° 52′
50″ E) to Nam Dinh Province (20° 19′ 45″ N; 106° 15′ 43″),
with 114.6 km in length (Fig. 1 and see Table S1 for more
detail). The information about the distribution of the population
and pollution sources in the study area is described in Table 1.

All the samples were preserved from the change of composition
due to various chemicals reactions, physical processes, and bio-
degradation (Sliwka-Kaszyńska et al. 2003). The analysis of
physicochemical parameters such as total suspended solids
(TSS), chemical oxygen demand (COD), chloride (Cl−), ammo-
nium (NH4

+), nitrite (NO2
−), nitrate (NO3

−), phosphate (PO4
3−),

and arsenic (As) was performed according to the Vietnam
Standards (TCVN) methods and the Standard Methods for the
Examination of Water andWastewater (SMEWW) (Baird et al.
2017). The pH, oxygen reduction potential (ORP), dissolved
oxygen (DO), and conductivity parameters were measured in
situ by using the multi-parameter meter (Hach HQ440D). These
parameters were defined as water quality indicators following
the National Technical Regulation on Surface Water Quality
(QCVN 08-MT:2015/BTNMT).

Furthermore, to describe overall the quality of surface wa-
ter used for different purposes, it is common to use the water
quality index (WQI). In this study, the water quality index was
calculated based on analysis results and applied the formulas
given in no. 1460/QĐ-TCMT that were promulgated as tech-
nical guidelines for the calculation and publication of
Vietnam’s water quality index. Three groups among five
groups of parameters have been selected for the total of
WQI, including group 1 (pH values), group 3 (as was selected
from the heavy metal group in this study), and group 4 (or-
ganic and nutrient parameters such as DO, turbidity, TSS,
COD, BOD5, Cl

−, NO3
−, NO2

−, NH4
+, and PO4

3−). The cal-
culating WQI of the water body follows some equation
bellowing:

WQISI ¼
qi−qiþ1

BPiþ1−BPi
* BPiþ1−Cp
� �þ qiþ1 ð1Þ

WQISI ¼
qiþ1−qi

BPiþ1−BPi
* Cp−BPi
� �þ qi ð2Þ

where

BPi the lower limit concentration of the observed
parameter specified in decision no. 1460/QĐTCMT
corresponding to the level (i) (see Table S2-S5);

BPi+1 the upper limit concentration of the observed
parameter specified in decision no. 1460/QĐ-TCMT
corresponding to the level (i+1) (see Table S2-S5);

qi WQI value corresponding to the level (i) specified in
decision no. 1460/QĐ-TCMT (see Table S2-S5);

qi+1 WQI value corresponding to the level (i +1) specified
in decision no. 1460/QĐ-TCMT (see Table S2-S5);

Cp concentration of observed parameter selected for
calculation.

Equation (1) is applied to calculate the sub-index of quality
rating for most parameters. Equation (2) is used to calculate
the quality rating for DO and pH in case the percentages of
saturated DO range from 20 to 80% and pH values vary from
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5.5 to 6.0, respectively (see Supplement text for more detail).
The overall water quality index was calculated by aggregating
the individual WQI of each parameter selected.

WQI ¼ WQII
100

*
∏m

i¼1WQIm
� � 1

m

100
*

1

k
∑k

i¼1WQIIV

� �
ð3Þ

where

WQII the calculated WQI value for pH values (group 1);
WQIIII the calculatedWQI values for parameters in group 3;
WQIIV the calculatedWQI values for parameters in group 4.

Based on the computed score of WQI, water quality is
classified into six categories corresponding to the

Fig. 1 Map of sampling points in
the Red River downstream area

41995Environ Sci Pollut Res  (2022) 29:41992–42004



symbol and colors to assess the water quality to meet
the needs of use (Table 2).

Remote sensing data and processing methods

The Sentinel-2 mission consists of two satellites (Sentinel-2A,
launched on June 23, 2015 and Sentinel-2B, launched
March 7, 2017) developed to support natural resources and
environmental monitoring. Together they cover all Earth’s
land surfaces, large islands, and inland and coastal waters
every 5 days (https://sentinel.esa.int/). It acquires images in
13 spectral bands in visible, NIR, and SWIR wavelengths
along a 290-km orbital swath. The European Space
Agency’s Copernicus Program (ESA) provides free images
in the range of 0.443-2190 nm with the spatial resolution of
10m (bands no. 2, 3, 4, 8), 20 m (bands no. 5, 6, 7, 8a, 11, 12),
and 60 m (bands no. 1, 9, 10).

In this study, we downloaded the accessible Sentinel-2B
data from the European Space Agency (ESA) on April 19,
2019 (https://earthexplorer.usgs.gov/). The collected
Sentinel-2B multispectral images were used to estimate the
total suspended sediment and turbidity concentration. After
collecting images, the Sentinel-2B spectral bands were syn-
chronized to the exact spatial resolution of 10 m using the
SNAP software. Since the atmosphere affected the acquisition
characteristics from satellite images, optical remote sensing
images need to be corrected to apply for an assessment of

environmental quality. The original images were transformed
from digital numbers (DN) to reflection images at the top of
the atmosphere R*(TOA). Then, these results were converted
to surface reflections through an atmospheric correction
(Mobley 1999). Sentinel-2B data was radiometric corrected
at level-1C (L1C) by the supplier. In this study, the atmospher-
ic correction was performed by dark object subtraction (DOS)
method (Chavez 1996). This method estimates the atmospher-
ic contributions to a surface spectrum by measuring 20 homo-
geneous surfaces over a range of illumination conditions.
After atmospheric correction, the Sentinel-2B image is geo-
metrically corrected to the local coordinate system VN-2000.

The water reflectance values (ρw) were extracted from visible
bands (bands 2, 3, 4) and a near-infrared band (band 8) of
Sentinel-2B image. A regression model was built to show the
relationship between the ρw and the turbidity and total
suspended sediment (TSS) concentration measured in situ.
The concentrations of TSS and turbidity in water samples are
divided into two groups: Most of the measurement results were
applied for building the regression model (SH08-SH30) and
several for evaluating the regression model’s accuracy (SH01-
SH07). The regression model with the highest correlation coef-
ficient (R2) would be selected to estimate the turbidity and TSS
concentration for the entire study area. Besides, the root mean
square error (RMSE) and mean absolute percentage error
(MAPE) were typically used to assess the performance in con-
junction with the R2.

Table 1 Characteristics of pollution sources of the Red River downstream

Population Main waste sources

Province Number (people) Density (person/km2) Quantity (source) Volume (m3/day) Waste sources

Ha Noi 9,093,900 2410 60 456 Hospitals, medical facilities

11 19,800 Industrial zones, industrial clusters

95 1254 Craft villages

130 520 Livestock and agricultural production

Hung Yen 1,269,090 1364 70 483 Hospitals, medical facilities

5 21,000 Industrial zones, industrial clusters

10 417 Craft villages

81 405 Livestock and agricultural production

Ha Nam 854,469 991 138 800 Hospitals, medical facilities

9 31,700 Industrial zones, industrial clusters

60 2500 Craft villages

50 298 Livestock and agricultural production

Thai Binh 1,942,000 1259 81 600 Hospitals, medical facilities

4 4800 Industrial zones, industrial clusters

62 2510 Craft villages

48 345 Livestock and agricultural production

Nam Dinh 1,780,865 1076 124 970 Hospitals, medical facilities

4 9896 Industrial zones, industrial clusters

15 662 Craft villages

89 352 Livestock and agricultural production
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Results and discussion

Water quality parameters in the Red River
downstream area

The analytical results of various water quality parameters in
surface water samples taken from the Red River downstream
area are presented Table 3. Accordingly, most of the measured
values were below the permissible limit for irrigation water
specified by the National Technical Regulation on Surface
Water Quality. However, the COD values ranged from 24.0
to 216 (average 80.0) mg/L, indicating that the Red River
water may be polluted with organic matter. At almost all sta-
tions except at SH18, SH19, and SH22, the COD values were
1.6 to 7.2 times higher than the permitting limit values of
QCVN 08-MT:2015/BTNMT (column B1). Domestic waste-
water in the Red River Delta area accounts for 23% of the
domestic wastewater whole country because of the high pop-
ulation density in the study area (MONRE 2018). In addition,
according to the survey results from the Departments of
Natural Resources and Environment of Ha Noi, Hung Yen,
Ha Nam, Thai Binh, and Nam Dinh provinces, the daily
wastewater flows derived from agricultural and cattle activi-
ties were approximately 1920 m3 per day that corresponded to
the COD pollution load of about 5414 kg per day to the Red
River water source. The high values of TSS at most of the
sampling sites could be explained by the naturally large
amount of alluvium of the Red River (MONRE 2018). The
nitrite contents in the water samples taken from Ha Nam
Province and Nam Dinh Province (SH17 to SH30) were
higher than those measured in the samples from Hanoi City.
This observation can be explained by the influence of agricul-
tural and industrial activities on the water environment.
According to a report from the Department of Natural
Resources and Environment in 2019, the total volume of
wastewater discharged into river water from several main re-
sources in Ha Nam Province, Thai Binh Province, and Nam
Dinh Province were 35.298 m3, 8255 m3, and 9880 m3 per
day, respectively (Table 2). The high pollution load of N-
NO2

− in wastewater has been affecting the content of nitrite
in the Red River water.

The WQI values indicate that almost all water samples
taken from our study area are in good and medium condition,
except for a few samples in very bad quality (Fig. 2). At
locations where the WQI values were high, the river water
can be used for irrigation and domestic purposes. According
to the national report on the current state of the environment in
2018, the surface water quality of the Red River basin signif-
icantly fluctuated during the period 2014–2018 (MONRE
2018). In recent years (2016–2018), water quality in some
main rivers tended to decline. In fact, at some sampling sites
such as SH5, SH19, and SH20, lowWQI values indicate very
bad water quality, mainly due to high pH, TSS, and CODTa
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values. The Red River receives wastewater from multiple
sources from its catchments. Domestic wastewater usually
contains high levels of nutrients, suspended solids, and organ-
ic compounds, which are responsible for the decrease of WQI
values (Hoang et al. 2016; MONRE 2018).

The principal component analysis and cluster analysis
were applied to field data to estimate the impact of each
water quality parameter on water quality and potential
relationships between the samples. The first five princi-
pal components (PC) of the parameters obtained from
the results of principal component analysis explained
74.11% of the total variance of the hydration dataset
(Table 4). The PC1, which contained positive loading
on DO (0.228), turbidity (0.916), TSS (0.928), Cl−

(0.666), and PO4
3− (0.228) (explaining 23.11% of the

total variance), showed that the study area’s water qual-
ity might be affected by rural domestic wastewater and
agriculture non-point source. The PO4

3− in water mainly
originated from crop plantations and livestock farms
through surface runoff (MONRE 2018). The PC2,
which explained 18.88% of the total variance, indicated
the correlation the BOD5 (0.807), NH4

+ (0.718), and
NO2

− (0.356). The oxygen-consuming pollutants in
PC2 were mainly derived from human sewage and

agricultural wastewater. The PC3 and PC5, explaining
12.69% and 8.80 % of the total variance, were correlat-
ed with As (0.629) and pH (0.873) in water. The factor
loading of As indicated that some heavy metals may be
related to influences from agricultural activities using
pesticides and industrial point sources around the Red
River (Yang et al. 2020).

Cluster analysis provides information about groups of sam-
ples that may have effects from similar waste sources (see Fig.
S1). The cluster of samples SH05, SH19, and SH20 with
heavily polluted water quality is a group of sampling points
affected by wastewater discharged from health facilities and
some industrial zones. The sampling site clusters of SH16-
SH18 and SH08 with moderate and good water quality have
a similar source of contamination from sand mining areas,
craft villages of producing stone, and brick factories around
the river. The clusters, including SH23-SH26 and SH28 and
SH29 with moderate water quality, are corresponding to sites
close to some large industrial zones and some hospitals such
as Nam Dinh General Hospital and Nam Dinh Endocrine
Hospital. The classification of sampling sites in the whole
research area based on cluster analysis suggests a reduction
in sampling sites in the monitoring network without affecting
the reliability of the results (Dabgerwal and Tripathi 2016).

Table 3 Water quality parameters
of surface water samples collected
from the Red River downstream

The WQI score Water quality status Visible color Action/purpose of use

91-100 Excellent water quality Green Domestic water supply

76-90 Good water quality Blue Domestic usage

51-75 Moderate water quality Yellow Irrigation and equivalent purposes

26-50 Poor water quality Orange Transportation and equivalent purposes

10-25 Very poor water quality Red Emergency treatment before use

<10 Extreme polluted water Brown Emergency treatment before use

Fig. 2 Water quality index (WQI)
of surface water samples collected
from the Red River downstream
area
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Correlation between water quality parameters
obtained by remote sensing and field monitoring

Figure 3 presents Sentinel-2B satellite image taken on April
1 9 , 2 0 1 9 w i t h c o d e n u m b e r
S2B_MSIL1C_20190419T032539_N0207_R018_T48QX-
H_20190419T080321. The water surface reflectance values
(ρw) at visible bands (bands 2, 3, 4) and near-infrared band
(band 8) of Sentinel-2B image of the study area are used to
build regression model on the basis of total suspended sedi-
ment and turbidity concentration at 23 water sample points. In
this study, we experiment with different regression models,
including using only one band, using two bands, using 3
bands, and using all 4 visible and NIR bands of Sentinel-2B
image. Next, the correlation coefficient (R2) values in the re-
gression models were compared to choose the optimal regres-
sion model for estimating the total suspended sediment and
turbidity concentration (Espinoza Villar et al. 2013; Chelotti
et al. 2019).

As a result, for both TSS and turbidity, the models with the
best fit were using multiple bands (R2 = 0,776 and 0.774;
RMSE = 6.27 mg/L and 1.84 FTU; MAPE = 7.76% and
7.71% in respective). The slightly good results were also ob-
tained with the band 2 that have R2 = 0.721, RMSE = 0.004
mg/L, and MAPE = 8.74% for TSS, R2 = 0.700, RMSE =
0.004 FTU, and MAPE = 8.65% for turbidity. The remaining

models with a single band, two bands, and three bands were
no good fit (R2 < 0.50). Thus, three linear regression parame-
ters (R2, RMSE, and MAPE) indicated the good relationships
for TSS, turbidity, and ρw multiple linear regressions using
four Sentinel-2B multispectral bands. Therefore, the multiple
regression models that the dependent variable was TSS or
turbidity and the independent variables were ρw extracted
from four Sentinel-2Bmultispectral bands (three visible bands
and near-infrared band) were used to predict TSS and turbidity
values at whole river region. The linear equation is shown
below:

TSS
mg

L

� �
¼ 1320; 282B2−336; 432B3

þ 950; 579B4−30; 350B8−160; 679

ð4Þ

Turbidity FTUð Þ ¼ 384; 681B2−131; 027B3

þ 330; 741B4−24; 619B8−46; 770

ð5Þ

where B2, B3, B4, and B8 are the spectral reflectance values
at blue (band 2), green (band 3), red (band 4), and near-
infrared bands (band 8) of Sentinel-2B satellite images on
April 19, 2019.

The TSS and turbidity datasets were predicted using the
selected regression models for 30 sampling points (including
seven samples for validation) with the mean and standard
deviation of 50.0 mg/L and 10.9 mg/L (for TSS) and 14.7
and 3.11 FTU (for turbidity). The distribution of TSS and
turbidity determined from the Sentinel-2B satellite image on
April 19, 2019 in surface water in the Red River downstream
is presented in Figs. 4 and 5, respectively. The satellite-
derived TSS concentrations were from 33.7 to 78.0 mg/L,
while turbidity content ranged from 8.95 to 22.8 FTU.
Significantly, the values of TSS and turbidity were highest
around SH18, with predicted values to be 78.0 mg/L and
22.8 (FTU), respectively. These results are similar to the dis-
tribution of TSS content and turbidity obtained from the anal-
ysis of real samples. Interestingly, the TSS content at most
sampling sites determined from the Sentinel-2A satellite im-
age is slightly smaller, while the turbidity values were gently
higher than their values at the laboratory. The relative percent
difference between both results ranged from 0.125 to 36.6%
for TSS and 0.726 to 37.9% for turbidity. The results affirm
that Sentinel-2B optical satellite images can be applied to
calculate the concentration of TSS and turbidity with relative-
ly high accuracy. In addition, when constructing a regression
correlation between that value in the field and the predicted
value, the values of RMSE andMAPE (Figure 6) for both TSS
and turbidity were quite small, indicating good agreement
between data obtained from two methods (Karaoui et al.
2019). The percentage error of 7.99 % and 14.3 % presented
the acceptable average distance between the predicted and
TSS measurement values and turbidity values. The small per-
centage error between predicted values and measurement
values evidenced the effectiveness of the models.

Table 4 Factor loading in five principal components

Variables Principal component

1 2 3 4 5

pH 0.022 −0.019 −0.008 0.089 0.873

Temperature 0.366 0.053 0.181 0.841 −0.118
DO 0.228 −0.407 0.745 0.102 0.208

Turbidity 0.916 0.192 0.076 0.115 0.065

TSS 0.928 0.195 0.026 0.101 0.028

COD −0.249 0.093 0.755 −0.423 0.031

BOD5 0.233 0.807 −0.170 −0.067 0.175

Cl− 0.666 −0.242 −0.224 −0.207 −0.175
NH4

+ −0.066 0.718 0.009 0.168 0.008

NO2
− 0.299 0.356 −0.498 −0.159 0.190

NO3
− −0.116 −0.651 0.180 0.222 0.289

PO4
3− 0.228 0.056 0.107 −0.783 −0.173

As 0.171 −0.064 0.629 0.254 −0.491
Eigenvalues 3.00 2.45 1.65 1.38 1.14

% of variance 23.11 18.88 12.69 10.62 8.80

Cumulative 23.11 41.99 54.68 65.30 74.10

Extraction method: principal component analysis

Rotation method: varimax with Kaiser normalization

Bold typeface: strong correlation coefficient
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In comparison, most previous studies built the linear
regression models based on the spectral data and concen-
tration of some quality parameters measured on-site.
Then, ρw or remote sensing reflectance (Rrs) from
Sentinel-2 or Landsat imagery was used to retrieve water
quality parameters (Potes et al. 2018; Karaoui et al. 2019;
Yadav et al. 2019; Sent et al. 2021; Marinho et al. 2021).
The researched results in the Negro River (Marinho et al.
2021) showed a good correlation between the Rrs from in
situ measurements and Sentinel-2 image (R2 > 0.80,
RMSE < 1.5 mg/L, and MAPE < 17%). The comparison
between measurement water quality parameters and the
reflectance in each sampling location at Marias
Reservoir was used to investigate the relation between

bands and laboratory analysis results at Bin EI Reservoir
with R2 greater than 0.52 and RMSE smaller than 1.024
mg/L (Karaoui et al. 2019). Besides, the measured values
of field water quality parameters were both the input pa-
rameters for the regression models and the variance to test
different algorithms for quality water parameters retrieval
from Sentinel-2 data (Pizani et al. 2020). Pizani et al.
(2020) produced multiple regression models that used
the spectral reflectance bands from both Sentinel-2 sensor
and Landsat-8 sensor at Três Marias Reservoir. Similar to
this study, the values of R2, RMSE, and MAPE obtained
from the regression model for Sentinel-2 images at Três
Marias Reservoir were 0.78, 0.16, and 0.13, respectively.
This evidence revealed that using a part of the

Fig. 3 Sentinel-2B satellite image taken on April 19, 2019
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experimental dataset of water quality parameters as the
input data for the regression model in the remote sensing
method will save the cost of measuring surface water re-
flectance in situ. Therefore, the field monitoring method

and remote sensing method were combined to estimate the
water quality parameters, which will save environmental
monitoring costs and obtain the dataset with the high fre-
quency of time and spatial.

Fig. 4 Spatial distribution of TSS
concentrations in surface water of
the Red River downstream area

Fig. 5 Spatial distribution of
turbidity in surface water of the
Red River downstream area
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Conclusion

In the present study, we utilized field monitoring and remote sens-
ing data to develop an effective method for the evaluation of
turbidity and TSS concentrations in the surface water of river
basins. Our method showed several advantages such as diverse
spectra, good spatial resolution, short update time, and free sup-
port. The Sentinel-2 optical satellite images can be used tomonitor
certain parameters of water quality. Significant correlations be-
tween the predicted and measured values of TSS concentrations
(R2 = 0.776) and turbidity (R2 = 0.774) were observed. Our ana-
lytical results show that TSS and turbidity values tend to increase
toward the downstream, implying a decrease in water quality.
However, the WQI values in almost all sampling stations indicate
good water conditions. Besides, the accurate mapping of water
quality parameters can be exploited to obtain the general idea of
their concentration variation due to their high impacts on the water
quality state. Furthermore, the results obtained in the study should
be a useful information source, which could be used to monitor
measurements and manage surface water in river basins.
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