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Abstract: The main objective of this study was to develop empirical models from Landsat 5 TM data to
monitor nutrient (total phosphorus: TP), organic matter (biological oxygen demand: BOD), and algal
chlorophyll (chlorophyll-a: CHL-a). Instead of traditional monitoring techniques, such models could
be substituted for water quality assessment in aquatic systems. A set of models were generated
relating surface reflectance values of four bands of Landsat 5 TM and in-situ data by multiple linear
regression analysis. Radiometric and atmospheric corrections improved the satellite image quality.
A total of 32 compositions of different bands of Landsat 5 TM images were considered to find the
correlation coefficient (r) with in-situ measurement of TP, BOD, and CHL-a levels collected from
five sampling sites in 2001, 2006, and 2010. The results showed that TP, BOD, and CHL-a correlate
well with Landsat 5 TM band reflectance values. TP (r = —0.79) and CHL-a (r = —0.79) showed
the strongest relations with Bl (Blue). In contrast, BOD showed the highest correlation with Bl
(Blue) (r = —0.75) and B1*B3/B4 (Blue*Red /Near-infrared) (r = —0.76). Considering the r values,
significant bands and their compositions were identified and used to generate linear equations.
Such equations for Landsat 5 TM could detect TP, BOD, and CHL-a with accuracies of 67%, 65%,
and 72%, respectively. The developed empirical models were then applied to all study sites on the
Paldang Reservoir to monitor spatio-temporal distributions of TP, BOD, and CHL-a for the month
of September using Landsat 5 TM images of the year 2001, 2006, and 2010. The results showed that
TP, BOD, and CHL-a decreased from 2001 to 2006 and 2010. However, S3 and 54 still have water
quality issues and are influenced by climatic and anthropogenic factors, which could significantly
affect reservoir drinking water quality. Overall, the present study suggested that the Landsat 5 TM
may be appropriate for estimating and monitoring water quality parameters in the reservoir.

Keywords: empirical models; multiple regression; Paldang Reservoir; water quality parameters

1. Introduction

Freshwater reservoirs are significant natural resources within the biosphere that func-
tion as sources of drinking, irrigation and industrial water, tourism attractions, and aquatic
organisms’ habitats [1-3]. These reservoirs face a number of stressors, including land use
change, pollution, intensive farming, climate change, and human activities, causing several
water quality issues [1,4,5]. About fifty percent of the world’s populations live near water
resources, and human activities accelerate aquatic stressors like eutrophication and algal
blooms [4]. Due to rapid urban population growth, industrialization, intensive agricultural
farming, and global climate changes, reservoirs are facing significant challenges, most im-
portant of which are the rise in nutrients, algal blooms, and organic matter pollution [6-8].
This is a global environmental issue and a current research subject [3,9,10].

Paldang Reservoir is one of the main reservoirs in South Korea, formed by the con-
struction of a hydroelectric dam in 1973 [11]. It has been used for various purposes such
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as irrigation, hydroelectric, fishing, recreation, and drinking water [12]. It has been de-
clared a nationally protected resource and provides water for the Seoul metropolitan and
surrounding areas [13]. Approximately half of the Korean population depends on the
Paldang Reservoir for drinking water [14]. Simply put, the water quality of the reservoir
is crucial to the Korean government. However, human activities have risen in the water-
shed, resulting in short-term algal blooms and organic pollution in the reservoir [15,16].
Urbanization, municipal pollutants, livestock farms, intensive farming practices,
domestic and industrial wastewater, and inflowing rivers contribute to the water con-
tamination of the reservoir [17,18]. Henceforth, monitoring the nutrients, organic matter,
and algal chlorophyll concentrations and determining their spatial and temporal dynamics
are essential to managing the reservoir water quality [3].

Traditional monitoring approaches, including in-situ measurements and laboratory
analysis, allowed us to understand and categorize water-quality parameters [1,3,19].
Though this technique yields accurate measurements, it is time-intensive and labori-
ous and may not provide an overview of water quality at a broad spatial scale [20].
Furthermore, current monitoring techniques can not cover the wider spectrum of spa-
tial and temporal analysis which is necessary to resolve aquatic integrity and public health
issues [4]. It is particularly true for large water bodies like Paldang Reservoir, one of
Korea's largest freshwater sources.

Satellite remote sensing is currently one of the most powerful and most reliable
methods for monitoring and managing water quality [3,21]. Readily accessible remote
sensing data offers cost-effective and less time-intensive methods than in-situ methods
by providing continuous spatial and temporal coverage of environmental processes [1].
This approach delivers a large-scale synoptic range of the systems [19,22]. Spectral satellite
radiance measurement is interrelated to many water quality variables influencing an aquatic
ecosystem’s optical properties [23,24]. Several previous studies have shown that satellite
systems’ brightness data are closely associated with water quality variables [3,4,19-22,24,25].

Miller et al. [26] noted that the “Landsat series provided an approximate annual economic
benefit of 2.19 billion US dollars spread across several study areas for only the USA”. Since 1984,
Landsat 5 has provided a steady stream of data with a moderate spatial resolution (30 m),
multispectral imagery, and a sampling rate of 16 days [4,19,24]. Therefore, these pictures
are appropriate for demonstrating the study of aquatic resources. The moderate spatial
resolution of images allows us to study a small water body, about 8 ha [25]. It indicates
that Landsat Thematic Mapper (TM) sensor can be used extensively to form the empirical
relationships among water quality parameters and spectral reflectance values. The most
common way to determine a relationship among spectral reflectance values and water
quality parameters are through regression analysis. The most critical aspect of running a
regression analysis is choosing a regression model with appropriate independent parame-
ters (single bands, band ratios, and combinations of bands) that yield a high R? value. A
high R? value reveals that the return equation is highly correlated with existing data and
provides a relatively accurate model. However, previous studies demonstrated that the
bands that best predict water quality parameters differ with water conditions and ecosys-
tems. Therefore, empirical models must be individually developed for each variable at
different systems. Researchers used Landsat 5 sensor to determine the spatial and temporal
distribution of water quality parameters throughout the world, including chlorophyll-a
(CHL-a), turbidity, Secchi depth (SD), total suspended solids (TSS), total phosphorus (TP),
organic matter (BOD), electrical conductivity, etc. [4,19,21,22,25,27-30].

This study aimed to develop a method for using Landsat 5 TM data to determine TP,
BOD, and CHL-a concentrations in Paldang Reservoir, Korea. This reservoir was selected
for study due to its status as a nationally protected resource. This research’s primary
objectives were to: (i) determine the relationship among TP, BOD, and CHL-a with TM
bands, band ratios, and combinations of bands and (ii) develop empirical models using
regression analysis for monitoring TP, BOD, and CHL-a. The developed models were also
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used to evaluate the spatio-temporal variations in TP, BOD, and CHL-a among study sites
during 2001, 2006, and 2010.

2. Materials and Methods
2.1. Study Area

The Paldang Reservoir is situated approximately 45 km northeast of Seoul and pro-
vides drinking water for 24 million people [14]. It has an area of 38.2 km? and a volume
of 250 x 106 m? [11]. The mean and maximum depth of the reservoir is 6.5 m and 25
m, respectively [11]. Five reservoir sampling sites labelled S1-55 were selected for this
study. Sites S1 and S2 were located in the South Han River part of the reservoir. In contrast,
S3, 54, and S5 were situated at the North Han River, Kyoungan Stream, and dam, respec-
tively. The water intake tower for Paldang Reservoir is located at S5 (Figure 1). It receives
water from three different sources, namely the Kyoungan Stream, South and North Han
River, and directly affects the reservoir’s hydrodynamics and water quality [2,11,12,16].
About 95% of the reservoir’s water comes from the North and South Han Rivers, which
have relatively good water quality [11]. In contrast with the two sources, Kyoungan Stream
has a small flow rate and a lower water quality. The drinking water supply tower is located
near Kyoungan Stream’s confluence and this significantly impacts drinking water quality
(Figure 1).
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Figure 1. The map showing the study sites of Paldang Reservoir.

2.2. Methodological Approach

This study solely depends on secondary data. To monitor the water quality parameters
(WQPs: TP, BOD, and CHL-a) of a reservoir, several Landsat 5 TM images with band values
were acquired and processed. Finally, regression analysis was carried out to establish a
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relationship between band values of Landsat images and in-situ measurements of WQPs.
Figure 2 illustrates the methodological approach of this study.
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Figure 2. Methodological flow chart of the study.

2.2.1. Acquisition and Processing of Satellite Data

A total of 19 images of Landsat 5 TM (path/row: 116/34 and 115/34) were down-
loaded from the United States Geological Survey (USGS) Website (https:/ /earthexplorer.
usgs.gov/, accessed on 26 April 2021). Seven images from the year 2001 (dated 11 January,
16 March, 17 April, 19 May, 15 September, 27 November, and 13 December), six images
from 2006 (dated 25 January, 17 February, 14 March, 5 August, 13 September, and 18 De-
cember), and six images from 2010 (dated 5 February, 16 March, 24 September, 19 October,
11 November, and 29 December) were selected due to availability of cloud-free images.
To make these raw images more suitable to use, appropriate radiometric and atmospheric
corrections were carried out using the semi-automatic classification plugin (SCP) of QGIS.
To remove the effect of haze, this plugin employs dark object subtraction (DOS) method.
SCP is a widely used plugin for preprocessing satellite images [31,32]. SCP uses the spectral
radiance scaling method to convert the digital number (DN) to top of atmosphere (TOA)
reflectance in two steps [33]. The procedure is described in the following sections. At first,
the spectral radiance at the sensor’s aperture L (Wm 2 sr~'um~!) is measured from DN
(Equation (1)) [34]:

Lx =My X Qear + AL 1

where M| = Band-specific multiplicative rescaling factor from Landsat metadata (RA-
DIANCE_MULT_BAND_x, where x is the band number), A; = Band-specific additive
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rescaling factor from Landsat metadata (RADIANCE_ADD_BAND_x, where x is the band
number), Q. = Quantized and calibrated standard product pixel values (DN). After that
DQOS, the image-based atmospheric correction is carried out in SCP to calculate land surface
reflectance (Equation (3)) for each pixel by calculating path radiance (Equation (2)):

Ly =My X DN,y + Ap — 0.01 x Egynp X cosfs/ (7 x d?) )

where, L, = path radiance, DN,;;,, = minimum DN value of the scene, d = Earth-Sun distance
in astronomical units, Eg;y) = mean solar exo-atmospheric irradiances, 6s = solar zenith
angle in degrees, which is equal to 8s = 90° — fe where e is the Sun elevation:

p =[x (Ly = Ly) x d*1/(Esuna X cosfs) ®)

where, p = land surface reflectance, L, = spectral radiance at the sensor’s aperture,
L, = path radiance.

2.2.2. Assembling WQPs Data and Associated Band Values

The concentrations of different WQPs (TP, BOD, and CHL-a) of five sample collection
points in Paldang Reservoir were collected from the South Korean Ministry of Environment
for 2001, 2006, and 2010. These measurements are usually collected once a month. The dates
of acquisition of satellite images were near the sampling days. A total of 95-pixel values
for each band associated with these sample points were extracted from processed satellite
images in the ArcGIS platform (Esri Inc., Redlands, CA, USA). For this analysis, four bands
(blue, green, red and near infra-red) of Landsat 5 TM images were selected to extract,
and a total of 32 band compositions were calculated in Microsoft Excel (Microsoft Office,
Redmond, WA, USA).

2.2.3. Development of Multiple Regression Equation between WQPs and Landsat
Band Values

After arranging the data, outliers of the dataset were identified by plotting box-whisker
plots (Supplementary File Figures S1-S3). These box-whisker plots have identified one
outlier for BOD (3.5 mg/L), six for TP (123, 138, 140, 142, 228, 236 ug/L), four for CHL-a
(49.1, 56.3,71.9, 132 ug/L). For developing the empirical models, these outliers were omit-
ted. Pearson’s coefficient of correlation () was calculated to find the strength of association
among the band values and WQPs. To identify the significant band values, a threshold
value of r was considered to be equal to or greater than 0.7, which represents strong cor-
relation [21]. Multiple regression analysis was carried out in an online-based calculator
to generate equations for each WQP. This analysis continued iteration until a significant
p-value was obtained. This online-based calculator consideres all the assumptions of linear
regression analysis (https://www.statskingdom.com/doc_linear_regression.html#multi,
accessed on 26 April 2021). The assumptions are: (i) linearity—there is a linear relation-
ship between the dependent variable, Y and the independent variables, Xi; (ii) residual
normality; (iii) homoscedasticity (homogeneity of variance)—the variance of the residu-
als is constant and does not depend on the independent variables Xi; (iv) variables—the
dependent variable, Y, should be continuous variable while the independent variables,
Xi, should be continuous variables or ordinal variables; (v) multicollinearity—there is no
perfect correlation among two or more independent variables, Xi.

To determine the efficiency of the generated models, root mean squared error (RMSE),
root mean squared log error (RMSLE), mean relative error (MRE) and mean absolute
error (MAE) were computed along with coefficient of determination (r?) and p-values.
The following are the equations of RMSE, RMSLE, MRE and MAE. These equations can be
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applied to radiometrically and atmospherically corrected Landsat 5 TM images to predict
specific water properties (TP, BOD and CHL-a):

2
RMSE = | =L =0 - 9) 4)
2
RMSLE - Vz(logm +1) ~log(0y-+1) -
rlg-1
MRE = =19 ‘ ©)
n
MAE — M @)

where, P; = predicted values of WQPs, O; = observed values of WQPs, and n = sample size.

2.3. Spatio-Temporal Variation of WQPs

The spatio-temporal variation in WQPs of Paldang Reservoir for the years 2001, 2006,
and 2010 were studied using the generated equations. Landsat 5 TM images of the month of
September of these years were processed in SCP of QGIS, and the area of interest- Paldang
Reservoir was extracted from the images. From their band values, values of WQPs were
computed in Raster Calculator (Esri Inc., USA) and analyzed for the change detection
study.

3. Results
3.1. Reservoir Conditions

The water quality parameters (TP, BOD, and CHL-a) of the Paldang Reservoir showed
significant site variations (Table 1). The mean TP varied from 34.75-92.06 ng’l from sites
S1-S5. Site S4 showed the highest TP (92.06 ugL~!) value compared to all sites due to
the reception of wastewater from industry and household activities. Moreover, Site 54 is
highly impacted by the Kyoungan Stream. Niirnberg [35] proposed that TP concentrations
> 30 ugL~! indicate a eutrophic reservoir. Mean TP levels above 30 pgL~! at all sites were
observed in this study. High BOD values suggest that organic matter pollution is linked
to wastewater effluents. The mean BOD ranged from 1.05 to 1.72 mgL~! in the Paldang
Reservoir. Like TP, the highest BOD had been observed in Site S4 (1.72 mgL’l). It is well
known that CHL-a is the primary indicator of eutrophication in the lentic system [5,36].
The mean CHL-a varied from 10.89 to 27.74 ugL.~!. Niirnberg [35] proposed that eutrophic
reservoir should be indicated by CHL-a concentrations greater than 9 pgL.~!. Mean CHL-a
concentrations at five sites were found above 9 pgL.~!. Like TP and BOD, the highest CHL-a
was also observed at site S4. Industrial and household wastewater and the Kyoungan
Stream highly affect the water quality of site S4. Eun and Seok [11] and Mamun et al. [2]
found that the water quality of the Kyoungan Stream is in poor condition compared to the
South Han River (sites S1 and S2) and North Han River (Site S3), and this could have a
major effect on the reservoir’s water quality.
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Table 1. Summary statistics of Total Phosphorus (TP), Biological Oxygen Demand (BOD) and
Chlorophyll-a (CHL-a) in Paldang Reservoir.

TP (ug/L) BOD (mg/L) CHL-a (ug/L)
Sites Mean + SD Mean + SD Mean + SD
(Min—Max) (Min—Max) (Min—Max)
50.93 + 29.51 1.15 £ 0.56 13.61 £ 6.16
51 (28-142) (0.4-2) (1.1-49.1)
52.81 +27.35 1.31 £ 0.61 15.37 £ 12.14
52 (29-140) (0.4-2.3) (0.9-37.5
34.75 +22.94 1.05 £ 0.35 10.89 £ 6.83
53 (11-100) (0.4-1.5) (1.2-24.4)
92.06 + 66.66 1.72 £ 0.68 27.74 + 14.37
54 (11-236) (0.8-3.5) (3-132)
43.25 +28.18 1.18 £ 0.37 16.71 £ 11.52
55 (12-116) (0.7-1.9) (5.3-42.5)

A Pearson-based correlation analysis was used to identify the relationship among
TP, BOD, and CHL-a (p < 0.05; Table 2). The BOD showed positive correlation with TP
(r=0.249) and CHL-a (r = 0.627). The positive correlation between BOD and TP suggests
that nutrients (TP) flow into the Paldang Reservoir along with organic matter (BOD).
The high positive correlation between BOD and CHL-a indicates that autochthonous
organic matter production is primarily resulting from phytoplankton processes. CHL-a
was positively related with TP (r = 0.375), which is the key factor regulating algal growth
in the freshwater lentic system [5,9,10].

Table 2. Pearson correlation among total phosphorus (TP), biological oxygen demand (BOD) and
chlorophyll-a (CHL-a).

Variables r Value 4
BOD TP 0.249 0.02
BOD CHL-a 0.627 <0.001
TP CHL-a 0.375 <0.001

3.2. Relations of Band Compositions with TP, BOD, and CHL-a

Values of 32 band compositions and associated TP, BOD, and CHL-a concentrations
were employed to compute correlation (r) values for Landsat 5 TM sensors. The band
compositions and their allied r values are shown in Table 3. Only four bands (blue, green,
red, and near-infrared) provide the visibly displayed water quality parameter spectral
reflectiveness (0.4-0.9 um); that is why we used these four bands to determine TP, BOD,
and CHL-a [20]. TP is a significant factor in deciding eutrophication in freshwater systems.
The TM bands’ correlation with TP ranged from —0.07 (B2/B4) to —0.79 (B1). Particularly,
TP showed the strongest correlation with Bl (r = —0.79). The present findings have
concurred with some previous studies [20]. BOD is the indicator of organic pollution
in the aquatic systems. BOD and TM bands’ correlation varied from —0.15 (B1/B3) to
—0.76 (B1*B3/B4). Like TP, BOD showed the highest correlation with Bl (r = —0.75) and
B1*B3/B4 (r = —0.76). CHL-a is a good indicator of overall algal biomass in the aquatic
systems. The present results showed a dynamic relation between TM bands and CHL-a.
The correlation among TM bands and CHL-a ranged from 0.12 (B2/B3) to —0.79 (B1).
Like TP and BOD, CHL-a showed the highest correlation with B1 (r = —0.79). From the r
values, influential bands and band compositions have been identified to generate empirical
models for TP, BOD, and CHL-a (marked in bold; Table 3).
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Table 3. Correlation matrix values for different band compositions of Landsat 5 TM with TP, BOD and
CHL-a (B1: Blue, B2: Green, B3: Red, B4: NIR-Near-Infrared, TP: Total Phosphorus, BOD: Biological
Oxygen Demand, CHL-a: Chlorophyll-a, influential bands and band compositions have been (v > 0.7)

marked in bold.
r-Values

Band Composition — 50D CHL-a
Bl —0.79 —0.75 —0.79
B2 —0.76 —0.74 —0.76
B3 —0.74 —0.71 —0.75
B4 —0.68 —0.60 —0.53
B1*B2 —0.70 —0.71 —0.72
B1*B3 —0.68 —0.67 —0.70
B1*B4 —0.65 —0.63 —0.62
B2*B3 —0.66 —0.65 —0.68
B2*B4 —0.63 —0.62 —0.56
B3*B4 —0.61 —0.58 —0.58
B1*B2*B3 —0.58 —0.57 —0.61
B1*B2*B4 —0.57 —0.55 —0.55
B1*B3*B4 —0.55 —0.52 —0.53
B2*B3*B4 —0.54 —0.50 —0.51
B1/B2 —0.42 —-0.25 —0.39
B1/B3 —0.20 —0.15 —0.28
B1/B4 —0.28 —0.36 —0.33

B2/B3 0.31 0.18 0.12
B2/B4 —0.07 —-0.27 —0.18
B3/B4 —-0.27 —0.41 —0.24
B1*B2/B3 —0.76 —0.73 —0.75
B1*B2/B4 —0.72 —0.74 —0.72
B1*B3/B2 —0.78 —0.73 —0.78
B1*B3/B4 —0.78 —0.76 —0.75
B1*B4/B2 —0.72 —0.61 —0.63
B1*B4/B3 —0.73 —0.63 —0.58
B2*B3/B1 —0.65 —0.64 —0.65
B2*B3/B4 —0.75 —0.74 —0.72
B1*B2*B3/B4 —0.71 —0.71 —0.72
B1*B2*B4/3 —0.67 —0.66 —0.59
B1*B3*B4/2 —0.63 —0.59 —0.60
B2*B3*B4/B1 —0.59 —0.55 —0.51

3.3. Empirical Model Development of TP, BOD, and CHL-a from Landsat 5 TM Data

Variables with high correlation values (x| > 0.70) have only been used to generate the
empirical model for TP, BOD, and CHL-a (Table 4). The analysis was performed in an online-
based calculator until a significant relationship was indicated by the p-value (p < 0.01).
Due to an online-based calculator’s automatic iteration power, it is not easy to control the
inclusion of any specific independent variables. The p-values for the model show that they



Remote Sens. 2021, 13, 2256

9of 15

have a significant relationship. The developed model using Landsat 5 TM images can detect
TP 67% correctly while it was 65% and 72% for BOD and CHL-a, respectively (Table 4).
The values of RMSE, RMSLE, MRE and MAE also depict the efficiency of developed
models (Table 4). A more efficient TP, BOD, and CHL-a models from Landsat 5 TM can be
developed using more sampling point data [21]. Considering our findings, further studies
should be carried out with satellite sensors data to develop the empirical models of TP,
BOD, and CHL-a. Scatter plots of the observed TP, BOD, and CHL-a data with predicted
TP, BOD, and CHL-a values from the generated regression models are shown in Figure 3.
For TP, the relationship between observed and predicted values displayed a correlation of
0.82 with p < 0.01. In contrast, it was 0.81 and 0.85 for BOD and CHL-a, respectively with
p <0.01.

Table 4. Linear equations for Landsat 5 TM to detect TP, BOD and CHL-a of Paldang Reservoir (B: Blue, G: Green, R:
Red, NIR: Near-Infrared, TP: Total Phosphorus, BOD: Biological Oxygen Demand, CHL-a: Chlorophyll-a, WQPs: Water

Quality Parameters).
Sensor WQPs Equations R? p RMSE RMSLE MRE MAE
=91.01 — 268.22*B*NIR/G —
TP 347.50*G*R/NIR + 1194.55B*G*R /NIR 0.67 <0.01 30.4 0.072 0.11 3.39
=1.83 — 127.38*B*G + 13.39*B*G/NIR +
Landsat 5 TM BOD 18.50*B*R/G — 36.74*B*R/NIR + 0.65 <0.01 0.08 0.058 0.25 0.23
122.78*B*G*R/NIR
=39.40 + 548.80*G — 778.68*R +
CHL-a 1396.84*B*R — 243.21*B*G/R 0.72 <0.01 49 0.155 0.34 1.41
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Figure 3. The relationship among observed and predicted TP, BOD and CHL-a for Landsat 5 TM (TP: Total Phosphorus,
BOD: Biological Oxygen Demand, and CHL-a: Chlorophyll-a).
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3.4. Spatial and Temporal Patterns of Water Quality Parameters

The developed empirical models were applied to all study sites on the Paldang Reser-
voir to monitor spatio-temporal distributions of WQPs on 15 September 2001; 13 Septem-
ber 2006, and 24 September 2010, using Landsat 5 TM images (Figures 4-6). Sites S1 and
S2 are influenced by the South Han River, While S3 and S4 are affected by the North Han
River and Kyoungan Stream. The TP concentration varied between 5.82 to 80.60 pugL !
on 15 September 2001. The maximum TP concentrations gradually decreased from 2001
(80.60 pgL—1) to 2006 (57.83 ugL ') and 2010 (55.32 ugL 1) in the Paldang Reservoir due
to new treatment facilities in the sewage treatment plants and the development of water
quality management strategies in the reservoirs (Figure 4). However, the TP concentrations
were still in a eutrophic state in site S3 and S4 during 2006 and 2010. Like TP, the maxi-
mum BOD concentration also showed decreasing pattern from 2001 (2.28 mgL~!) to 2006
(2.10 mgL~!) and 2010 (2.0 mgL~!) (Figure 5). It indicates that the biological effluent
treatment process may efficiently degrade the influent’s degradable organic matter [16].
The highest BOD level was also observed in 54 during 2010 September. Like TP and BOD,
the maximum level of CHL-a was also showed a declining trend from 2001 (35.46 ugL~1)
to 2006 (14.96 ng’l) and 2010 (14.31 ugL’l) (Figure 6). During 2001 September, the entire
reservoir showed a eutrophic state (>9 pgL.~!) based on CHL-a concentration. Although the
water quality is getting better in terms of TP, BOD, and CHL-a from 2001 to 2010, Site S3
and 54 are still facing some problems. The authors suggest that sites S3 and S4 should be
taken under special consideration as 5S4 highly influences the intake tower water quality.
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Figure 5. Spatial and temporal pattern of biological oxygen demand (BOD) on September 2001, 2006 and 2010.
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4. Discussion

The present study shows that remote sensing technology can be a handy tool to detect
water quality parameters. Landsat data series are useful for monitoring the water quality
of freshwater bodies. Paldang Reservoir has experienced significant water quality changes
due to urbanization, land use change, and intensive agricultural farming [14,15,17]. The ob-
served mean TP and CHL-a concentration at all sites in the Paldang Reservoir showed
eutrophic conditions. This indicates a moderate risk of cyanobacterial exposure in the
reservoir [37]. Previous studies stated that blooms of cyanobacteria are associated with
eutrophic conditions in water bodies [36]. CHL-a is a good predictor of total phytoplankton
biomass and monitoring CHL-a is a direct tool for semiquantitative estimation of cyanobac-
terial biomass in aquatic environments [2]. Previous studies of Paldang Reservoir have
suggested that cyanobacterial blooms occur during the spring season and identified the
following genera: Anabaena, Aphanocapsa, Chroococcus, Coelosphaerium, Dactylococcopsis,
Microcystis, Merismopedia, Phormidium, Oscillatoria, and Pseudoanabaen [2,16,18]. In addition,
TP, BOD, and CHL-a levels at site 5S4 were constantly elevated. The water quality of site
54 is heavily impacted by industrial and domestic wastewater and the Kyoungan Stream.
Eun and Seok [11] and Mamun et al. [2] found that the water quality of the Kyoungan
Stream is in poor condition in comparison to the Southern Han River (Sites S1 and S2) and
Northern Han River (Site S3) based on nutrients, organic matter and algal chlorphyll. It
could have significant effects on the reservoir’s water quality.

Variation in TP, BOD, and CHL-a concentrations of the Paldang Reservoir was promi-
nent during the pre-monsoon, monsoon, and post-monsoon seasons [18]. TP concentrations
were higher during the monsoon period due to intense precipitation, while BOD and CHL-
a level at Paldang Reservoir was highest in the spring period [2,18]. The summer monsoon
significantly influences the nutrient, organic matter, and algal chlorophyll in the Korean
reservoirs [5,16,38]. Organic matter in aquatic systems may come from allochthonous or
autochthonous sources. Allochthonous organic matter enters into the environment during
precipitation events, while algae produce autochthonous organic matter by photosynthe-
sis [18]. It was noticeable that 69% of the total organic matter was allochthonous in the
Paldang Reservoir during monsoon season [18]. Inversely, during winter and spring, a
high load of autochthonous organic matter had observed because of low flow rates and
high water residence time [16]. Previous research on Paldang Reservoir indicated that 73%
of autochthonous organic matter loading happens during the spring [16,18]. The high-level
organic matter during spring corresponds to algae’s maximum production [18]. It suggests
that autochthonous production by algae (CHL-a) is dire to accumulate organic matter in
the reservoir during spring; hence, the threat to the reservoir’s water quality is highest
in spring [18].

The water quality of the Paldang Reservoir varied from site to site and season to season
due to climatic factors and anthropogenic activities. Since climatic conditions are uncon-
trollable, anthropogenic impacts should be kept to a minimum. For that reason, regular
monitoring of water quality parameters is essentially mandatory. Traditional monitoring
approaches are time-intensive, laborious, and cannot provide an overview of water quality at
a broader scale [1,19].

On the other hand, satellite remote sensing is presently one of the most potent and
reliable approaches for monitoring and managing water quality [4,20,21]. This study has
confirmed the applicability of Landsat 5 TM to identify and map the water quality pa-
rameters in the reservoir. The developed empirical models by multiple linear regression
analysis can identify TP 67%, BOD 65%, and CHL-a 72% accurately from Landsat 5 TM im-
ages. As shown in Table 4, blue*near-infrared /green (B1*B4/B2), green*red /near-infrared
(B2*B3/B4), and blue*green*red /near-infrared (B1*B2*B3/B4) bands and band ratios are
the significant predictors for TP concentrations in Paldang Reservoir. Previous studies also
found that three visible bands (blue, green, and red) and NIR bands and their ratios are
suitable for estimating TP concentrations in freshwater systems [4,20]. blue*green (b1*b2),
blue*green/near-infrared(b1*b2/b4), blue*Red /Green (B1*B3/B2), blue*red /near-infrared
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(B1*B3/B4), blue*green*red /near-infrared (B1*B2*B3/B4) bands and band ratios are the
significant predictors for BOD concentrations in the reservoir. Quibell [39] reported that
the NIR and red bands ratio were good predictors of CHL-a concentration in waters. Also,
other bands and band ratios are good indicators of CHL-a [40]. The present result indi-
cated that CHL-a was better explained by the green (B2), red (B3), blue*red (B1*B3) and
blue*green/red (B1*B2/B3) bands and band ratios.

5. Conclusions

Nutrient and organic pollution and algal blooms regulate water quality in freshwater
systems. For this reason, it is essential to develop a cost-effective remote sensing moni-
toring tool to estimate the water quality parameters for maintaining an effective water
management system. The present study has successfully established Landsat 5 TM data’s
applicability to detect TP, BOD, and CHL-a for the surface water of Paldang Reservoir
(Korea). The results showed that TP, BOD, and CHL-a are closely related to the Landsat
5 surface reflectance band values. TP (r = —0.79) and CHL-a (r = —0.79) showed the highest
relations with B1 (blue) band. By contrast, BOD showed the highest negative correlation
with Bl (blue) (r = —0.75) and B1*B3/B4 (blue*red /near-infrared) bands (r = —0.76). The de-
veloped empirical models of Landsat 5 TM data can estimate TP, BOD, and CHL-a correctly
by around 67%, 65%, and 72%, respectively, for the reservoir. The results presented here
revealed that the surface water quality of the reservoir varied from site to site. The water
quality of sites S3 and S4 are affected by anthropogenic factors, which significantly impact
reservoir’s water quality. Considering the present findings, we should take a particular
account for site S3 and 54 to maintain the water quality. The present developed models
and methods could be applied to other Korean reservoirs for validation.
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