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Abstract Lakes in the Hanoi urban areas are highly
vulnerable to serious eutrophication and algae bloom due
to anthropogenic pollution and climate change. This study
aims at monitoring the trophic state of lakes in Hanoi by
developing an empirical model for directly estimating the
trophic state index (TSI) from Landsat 8 (L&) level 2 data,
which has been atmospheric corrected by the Land Surface
Reflectance Code (LaSRC) algorithm and provided freely
by the US Geological Survey (USGS). Regression analysis
of a 138-point data set of in situ TSI measured in 13 lakes
in Hanoi on seven dates in the 2015-2020 time period with
the simultaneously acquired L8 reflectance data set
showed a significant correlation between TSI and L8
spectral ratio of the near-infrared band (band 5) versus the
green band (band 3) by a logarithmic equation (the
coefficient of determination, R* = 0.65). Validation results
demonstrated that the model was appropriate for
estimating TSI in highly trophic waters (the root-mean-
square error, RMSE = 6.6). The model then was applied to
six selected L8 images to observe an increasing trend in
TSI of 25 lakes in the Hanoi urban area during the
2015-2020 time period. The L8-LaSRC performed better
than the Landsat 8 Provisional Aquatic Reflectance
Product in providing data for monitoring shallow urban
lakes. Our proposed model can be applied to monitor the
TSI of worldwide lakes with similar features as lakes in the
Hanoi urban areas.
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1 Introduction

Urban lakes are inland water bodies surrounded by an
urban environment (Persson, 2012) and are often shallow,
highly artificial, and even hypertrophic (Birch and
McCaskie, 1999). Despite their small and shallow nature,
urban lakes play a vital role in enhancing urban landscape
and providing environmental and social-economic
services, e.g., regulating storm water, providing places for
recreation, supporting urban biodiversity, and providing
livelihoods. The quality and quantity of water in urban
lakes are strongly influenced by urbanization (Yang et al.,
2007; Yang and Ke, 2015). In particular, urban lakes
often receive a high nutrient and heavy metal load from
runoff due to contributions from municipal wastewater
discharges and sewage overflows. Consequently, urban
lakes are especially susceptible to eutrophication, toxic
pollution, and harmful algal blooms. Hence, monitoring
urban lake water quality, particularly monitoring and
assessing the lake’s trophic state, is indispensable in
urban environmental management to understand the
dynamics of the environmental quality and possible
impacts of urbanization on wildlife.

A lake’s trophic state is a concept that aims to quantify
the productivity of a waterbody and evaluate its usability
for fishing or swimming (Carlson and Simpson, 1996).
Hence, determining the lake trophic state is an essential
aspect of urban lake management because it provides
information about lake ecosystem services (e.g., clean
water, recreational opportunities, and aesthetics) and risks
(e.g., cyanobacteria blooms, high turbidity). The lake
trophic state has been determined using various indices,
the most well-known among them being the trophic state
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index (TSI), developed by Carlson (1977). Carlson’s TSI
is calculated from three variables, i.e., chlorophyll a
concentration (Chla), total phosphorus concentration
(TP), and the Secchi depth (SD). The TSI value ranges
from zero to 100 and can assign a trophic state “grade” to
a lake. Accordingly, lakes are commonly -classified
according to their trophic state, based on trophic state
categories, into four levels: oligotrophic, mesotrophic,
eutrophic, and hypertrophic (Carlson and Simpson, 1996).

The traditional method to determine the lake trophic
state is a lake survey where TSI can be calculated at each
survey point using in situ data of Chla, TP, and SD. This
is a costly and time-consuming method for monitoring the
trophic state of many lakes over a large region. Remote
sensing has been successfully used over the past 40 years
to estimate lake water quality worldwide, particularly in
monitoring trophic variables such as SD and Chla (Chang
etal.,2015; Gholizadeh et al., 2016). Using satellite
imagery to assess and monitor the lake trophic state is a
possible and promising application (Fuller and Jodoin,
2016; Membrillo-Abad et al., 2016) that helps overcome
the challenges of the traditional lake survey method.
Among numerous optical satellite data, Landsat 8 (L&)
data have been recognized as a tool with high potential
for retrieving water quality parameters such as Chla
(Boucher et al., 2018; Buma and Lee, 2020) and SD
(Olmanson et al., 2016; Ren et al., 2018) in inland lake
waters, even for small and shallow lakes in urban areas
(Ha et al., 2017a; Zhu et al., 2020). The temporal coverage
and spatial resolution of L8 and its easy accessibility are
primary reasons to select this sensor for monitoring the
trophic state of urban lakes. Moreover, L8 bands are
located in all of the main color segments of the visual
domain and are narrower than previous Landsat imagery,
providing more opportunity for the establishment of
empirical models for water retrievals (Chen et al., 2020).
Several studies have employed L8 data for estimating TSI
of lakes (Shietal., 2019; Zhou et al., 2019; Chen et al.,
2020; Kumar Jally et al., 2020), proving L8 data as a
promising tool to assess and monitor the lake trophic
level.

Up to present, there are two approaches to estimate TSI
directly from remote sensing data, i.e., using a semi-
analytical algorithm (Shietal.,2019) and using a
machine learning model (Zhou et al., 2019). The semi-
analytical algorithm analyzed the relationships of in situ
TSI with water’s inherent optical properties (IOP), such
as the total absorption coefficient, a(1), and the total
backscattering coefficient, by, (1), derived from R,(1)
(Shi et al., 2019). The semi-analytical algorithm does not
need recalibrating data and can be applied to different
water types, but its performance relies on the accurate
spectral models for estimating IOP components for each
water constituent (Chen et al., 2018). The uncertainty of
the semi-analytical algorithm has been reported in
previous studies (Jiang et al., 2019; Liu et al., 2020) on

the errors in deriving the diffuse attenuation of down-
welling irradiance (Ky, m™!), a(l), from R, (1).
Moreover, the use of the semi-analytical algorithm is
time-consuming and contains a complicated procedure for
estimating Chla (Rotta et al., 2021) and SDD (Jiang et al.,
2019; Liu et al., 2020) before calculating TSI, which is
limited in processing a large data set. Therefore, the semi-
analytical algorithm is inappropriate for water quality
monitoring at the local level which requires a simple but
effective technique. The machine learning model, the
radial basis function (RBF) neural network, was used to
estimate TSI directly from L8 data by Zhou et al. (2019)
based on the constructions of the input layer parameters
from band combinations with water information and the
output layer of the TSI. The limitation in the number of
training data (33 points) and testing data (10 points)
challenged the model’s applicability in a broad region
with various water trophic levels and seasonal fluctuation
of TSI. The band-ratio method, with the advantage of
reducing the atmospheric and topological effects, was
also shown in the study of Zhou et al. (2019).

An empirical model for a direct estimation of TSI from
L8 data has been missing in previous studies. The
empirical model is often developed by direct regression
analysis between the remote sensing data, the remote
sensing reflectance, and in situ TSI calculated by one or
more indicators (Chla, SD, and TP) measured simulta-
neously. The empirical model requires a wide range of
matching in sifu measurements and is location/region-
dependent (Lee et al., 2016). However, as Matthews
(2011) stated, the empirical approach has a demonstrable
high capability in water quality monitoring because of its
simple yet robust procedures. In addition, the algorithm
can be applied to diverse waters affected by similar
weather and hydrological conditions if the empirical
algorithm is developed based on a data set measured from
broadly varied bio-geophysical and optical waters.

The primary challenge in using L8 data for monitoring
the trophic state level of inland lakes is the atmospheric
correction (AC) process because most water reflectance
signals received by satellite sensors are affected by the
atmosphere (Mouw et al., 2015). Many AC methods for
L8 data have been developed (such as Dark Object
Subtraction (DOS), QUick Atmospheric Correction
(QUAC), Fast Line of Sight Atmospheric Analysis of
Spectral Hypercubes (FLAASH), Atmospheric Correction
for OLI ‘Lite’ (ACOLITE) ) and evaluated for the applica-
tion in retrieving water quality parameters (Bernardo et al.,
2017; Haet al., 2017a; Pham et al., 2018). Among them,
FLAASH has been proposed as the most accurate AC
method for water retrievals in inland waters (Ha et al.,
2017a; Pham et al., 2018). However, the procedure of
FLAASH is complicated and time-consuming for the
purpose of long-term monitoring that requires high
quality in human resources and facilities. Since 2017, the
US Geological Survey (USGS) has provided the
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atmospheric corrected L8 data (L8 level 2) to all users
freely, from which L8 data are generated by using the
algorithm called Land Surface Reflectance Code
(LaSRC) (Vermote et al., 2016). The L8 LaSRC data
have been evaluated as promising for water constituent
retrievals in inland waters (Kuhn et al., 2018; Pham et al.,
2018; Dave et al., 2019). On April 1st, 2020, the USGS/
ESPA released the Landsat 8 Provisional Aquatic Reflec-
tance Product (L8PAR) which provides water surface
reflectance for water constituent retrievals. This product
was preliminarily evaluated as inappropriate for retrievals
in small and turbid inland waters because of providing
negative values for almost all pixels of the water bodies
(Ogashawara et al., 2020). Further validation is still
needed to evaluate the performance of L8PAR data for
water quality monitoring purposes.

Hanoi city, the capital of Vietnam, is sometimes called
“the city of lakes” because, in only six core districts of
the city (viz. Ba Dinh, Hoan Kiem, Dong Da, Hai Ba
Trung, Cau Giay, and Tay Ho), there are 112 lakes and
ponds (CECR, 2015). Lakes in the Hanoi urban area play
a vital role in regulating stormwater, reducing flooding
and inundation, providing spots for sightseeing, recreation,
entertainment, and festivals. Despite their important role,
lakes in the Hanoi urban areas face many serious problems
such as pollution due to domestic garbage and untreated
wastewater, water surface reduction due to illegal
encroachment of the lake corridor, and levelling for
construction land (CECR, 2010; Lap et al., 2013). Many
preceding domestic studies also confirmed that these
lakes are classified as highly eutrophic to hypertrophic (Ha
et al., 2016; Nguyen et al., 2016; Han et al., 2017; Hoang
etal., 2017; Thay et al., 2017). Lakes in Hanoi are repre-
sentatives of urban lakes worldwide, which are always at
highly trophic levels and required frequent monitoring.

This study aims to develop an empirical model to
estimate the TSI in small, shallow, and highly trophic
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urban lakes from L8 LaSRC data. In this study, a 138-
point in situ TSI, which was calculated from in situ
measured Chla and SD over 13 lakes in Hanoi, was cross-
regressed with the L8 LaSRC-derived water reflectances
acquired at the same time with the field measurements. In
this study, both L8-LaSRC and L8PAR data were also
evaluated using in situ water reflectance measured in
West Lake on August 13th, 2019. The proposed models
were then applied to multiple-date L8 scenes to identify
the changes of TSI of lakes in the Hanoi urban area in a
5-year period and TSI dynamics of West Lake during the
summer of 2015-2020.

2 Materials and methods

2.1 Studied lakes

Figure 1 illustrates the locations of studied lakes in Hanoi
city (Vietnam). Among 13 surveyed lakes, 12 lakes (i.e.,
Ho Tay Lake, Nghia Tan Lake, Thu Le Lake, Giang Vo
Lake, Dong Da Lake, Nam Dong Lake, Ba Mau Lake,
Bay Mau Lake, Thien Quang Lake, Linh Dam Lake,
Hoan Kiem Lake, and Van Quan Lake) are located in the
Hanoi urban areas, and they all are featured as small (the
water surface area ranges from area 0.4 to 400 ha),
shallow (the average depth is 2-3 m), and of high
turbidity (the average SD < 0.5 m) (CECR, 2015). Algae
blooms occurred frequently in several lakes such as Van
Quan Lake and Hoan Kiem Lake, bringing floating green
scum and foul smells (Vietnamnet.vn, 2016; Vnexpress.net,
2018; Vietnamnews.vn, 2016, 2018), indicating a very high
trophic level of these two lakes, which can be recognized
as the top bound of TSI values used in this study. In
contrast, Dong Mo Lake is a reservoir located in the city
belt with a total water surface area of 650 ha and an
average depth of 5 to 10 m (Fig. 1) and was selected to
provide the low bound of TSI values for this study
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Distribution of 13 studied lakes (dark blue areas) and locations of measured points in Hanoi.



28 Front. Earth Sci. 2025, 19(1): 25-40

because the lake trophic level is lower than lakes in the
Hanoi urban area.

2.2 Field measurement and sampling

In situ data were collected at 138 points over 13 studied
lakes during seven field campaigns in 2016, 2017, and
2019. At each point, the water sample was collected at a
depth of 30 cm using a Van Dorn water sampler and kept
in 1-L cleaned darkly colored bottles. In the laboratory,
the water samples were analyzed to determine Chla, the
photosynthetic pigment concentration that indicates the
amount of algae living in the water, based on the standard
spectrophotometrically method (10200-H) of the American
Public Health Association (APHA, 1998), which used a
DR 5000 UV-VIS Laboratory Spectrophotometer (Hach,
Colorado, U.S) with a 1 nm spectral bandwidth resolution.
SD was measured in the field using a standard 20 cm
diameter plastic Secchi disk (model 3-58-B10, Wildco,
Florida, U.S). To avoid direct sunlight reflections from
the water, SD was measured on the ship’s shaded side
and determined by the arithmetic average of a total of
three readings.

Above-water surface reflectance measurements were
also taken using the GER1500 spectroradiometer (Spectra
Vista Corporation, New York, US) by the above-water
reflectance measurement method (Mueller et al., 2003).
Water reflectance, p, (1) at each measured point was
calculated using the following equation:

Ly(A)—r- Lsky (/l))
Ly () ’

where R, is the reflectance of the reference panel; Ly (1)
is the radiance of water-viewing; Lgy (1) is the radiance of
sky measured sequentially at 4045 degrees from nadir
and zenith, respectively, and 135 degrees from the Sun in
azimuth (Mobley, 1999); r is the air—water interface
reflectance with a value of 0.028; and L,(1) is the
radiance of the reference panel. In this study, the above
water surface reflectance data aids in understanding the
optical features of studied lakes and evaluating atmospheric
corrected products’ performance.

Pu(D)=Ry,-

)

2.3 TSI determination

TSI based on Chla (TSIcp,) and TSI based on SD,
(TSIsp) were determined from in situ Chla and SD
according to equations developed by Carlson (1977),
which were simplified by Carlson and Simpson (1996) as
the following:

TSIchia = 9.81 - In(Chla) +30.6, Q)

where the unit of Chla is pg/L and TSIcp, is a non-
dimensional number, and

TSIsp = 60— 14.4-In(SD), 3)

where the unit of SD is in meters and TSIsp is a non-
dimensional number.

The in situ TSI was calculated from TSIcp, and TSIsp
by the equation

TSICh]a + TSISD

TSI = ,
2

“4)
where all TSI, TSIcn, and TSIsp are non-dimensional
numbers.

TP was not used to calculate TSI in this study because
TSI}, is often related to TSI, and TSIg, by linear
regression models and has a nearly similar value to these
index variables. In other words, TSI, calculated from
TSI, and TSIy, can classify the lake trophic level
(Carlson and Simpson, 1996). In addition, TP is an
inactive optical parameter (Gholizadeh et al., 2016), and
TSIp, therefore, cannot be estimated directly from L8
data. Using the averaging TSI values of TSI, and TSIgy
provides a better comparison of the estimated TSI in this
study to the estimates of other studies using L8 data.

2.4 Landsat 8

Seven L8 scenes of path 127 and row 45, acquired on the
same dates as the water measurements, were used to build
the TSI estimation model, and their information is listed
in Table 1. Additionally, an L8 scene which acquired on
July 1st, 2015, over Hanoi city was also employed to
validate the TSI estimation model because its acquiring
time was closest to the time of water measurement by the
Center for Environment and Community Research
(CECR) (CECR, 2015), July 7th 2015. All eight of these
L8 scenes were ordered and downloaded from the USGS
Earth Explorer website via the on-demand interface.
These L8 scenes all were computed for bottom-of-
atmosphere (BOA) reflectance (surface reflectance) by
the Land Surface Reflectance Code (LaSRC) algorithm
(Vermote et al., 2016), which used auxiliary input data
(i.e., water vapor, ozone, and elevation) from Moderate
Resolution Imaging Spectroradiometer (MODIS) and the
Earth Topography Five Minute Grid (ETOPO0S5) to generate
surface reflectance from Top of Atmosphere (TOA)
Reflectance (USGS, 2020a). The LaSRC-based L8 surface
reflectance data (hereafter referenced as L8-LaSRC) were
designed for land applications but have also been
exploited successfully for water constituent retrievals in
riverine waters (Bernardo et al., 2017; Pham et al., 2018;
Allam et al., 2020). Therefore, a further evaluation of the
L8-LaSRC performance for water constituent retrieval in
other inland waters, particularly lake water, is still
needed.

In this study, we also evaluated the performance of
L8PAR for retrieving remote sensing surface reflectance,
R,s(1) in small and shallow inland waters through the
case of lakes in the Hanoi urban area. The L8 scene used
for the evaluation was acquired on August 13th 2019 over
Hanoi city and ordered via the USGS EROS ESPA
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Table 1 Information of L8 scenes used

No. Scene ID Date Product Purpose

1 LC81270452015182LGNO1 July Ist 2015 L8-LaSRC Validation

2 LC81270452016153LGNO1 June 1st 2016 L8-LaSRC Model building
3 LC81270452016281LGN02 October 7th 2016 L8-LaSRC Model building
4 LC81270452017091LGN0O0O April 1st 2017 L8-LaSRC Model building
5 LC81270452017155LGNOO June 4th 2017 L8-LaSRC Model building
6 LC81270452018158LGN0O0 June 7th 2018 L8-LaSRC Mapping

7 LC81270452019177LGNO0 June 26th 2019 L8-LaSRC Mapping

8 LC81270452019225LGNO0 August 13th 2019 L8-LaSRC and L8PAR Model building/AC
9 LC81270452019337LGNO0 December 3rd 2019 L8-LaSRC Model building
10 LC81270452020180LGN0O0 June 28th 2020 L8-LaSRC Mapping

on-demand interface. The LSPAR generates R, (1) based
on the Landsat Provisional Aquatic Reflectance algorithm
(Mobley et al., 2016) operating in the Sea-viewing Wide
Field-of-View Sensor (SeaWiFS) Data Analysis System
(SeaDAS) package. The R,;(1) was computed by
converting the TOA reflectance into the water-leaving
radiance, then normalizing the water-leaving radiance by
down-welling the solar irradiance (USGS, 2020b). In
both L8-LaSRC and L8PAR cases, water surface
reflectance, p,, (1) is computed from a division of R, (1)
by n for the comparisons with in situ reflectance.

Finally, a density slicing integrated in ENVI 5.3 was
applied to L8-LaSRC data to map the TSI distribution
using various intervals to better visualize the spatial
distribution of TSI and its change.

3 Results
3.1 Trophic state of lakes in Hanoi

The results from 138 points measured over 13 lakes in
Hanoi on seven different dates, of which L8 acquired data
are shown in Table 2, indicated a high trophic status of
studied lakes. /n situ Chla over 105 measured points

ranged widely from 30.5 pg/L to 566.82 pg/L, averaged
at 163.45 pg/L, suggesting that these lakes’ water
contained an abundance of phytoplankton. /n situ SD
measured at 93 points ranged from 0.05 m to 1.4 m with a
mean value of 0.39 m. The highest SD value was
recorded at Dong Mo Reservoir, where in situ Chla was
missing. The highest SD value measured in lakes in the
Hanoi urban area was 0.58 m (recorded at Lake Linh
Dam on April 1st 2017). The lake waters in the Hanoi
urban area can be classified as highly turbid waters with
the main suspended particulates being phytoplankton
which is evidenced by a strong correlation of SD and
Chla (the Pearson correlation coefficient, R = —0.77).

In situ TSI values calculated from in sifu Chla and SD
by Egs. (2), (3), and (4) ranged from 55 to 100, correspond-
ing to the eutrophic level (50 to 70) to hypertrophic level
(70 to 100), with the algae scum attribute based on the
TSI category of Carlson and Simpson (1996). Resultant
Chla and SD at 60 simultaneously measured points
showed a significant relationship (RZ = 0.60) following
an exponential curve (Fig.2(a)), illustrating a high
dependence of the water clearance (or turbidity) on the
abundance of phytoplankton in water. However, the
correlation of TSIcy, and TSIsp was not strong (R? =

Table 2 Field measured water quality parameters, including the Secchi Depth (SD), chlorophyll-a concentration (Chla) and the trophic state

index (TSI) of studied lakes in Hanoi (Vietnam)

Date Lake Sample No. SD/m Chla/(ug-L™1) TSI
June 1st 2016 West, Ba Mau, Bay Mau, Nam Dong, 42 0.05-0.51 48.7 — 541 69 — 100
Dong Da, Giang Vo, Linh Dam,
Nghia Tan, Thien Quang, Thu Le
October 7th 2016 Hoan Kiem, West, Van Quan, Bay Mau, 30 - 84.6 —273.9 76 — 86
Dong Da, Giang Vo, Linh Dam,
Nghia Tan, Thien Quang
April 1st 2017 Linh Dam 12 0.21-0.53 30.5-98.74 67179
June 4th 2017 Van Quan 6 0.03 -0.07 358.1 —566.8 93 - 100
June 26th 2019 Thu Le, Van Quan 16 0.15-0.49 - 70 — 88
August 13th 2019 West 15 - 118 —270.6 77— 86
December 3rd 2019 Van Quan, Dong Mo 17 0.15-1.40 - 55-87

Notes: “—” means no data; ““...— ...” is from minimum to maximum.
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Fig. 2 Correlations between (a) in situ chlorophyll-a concentration (Chla, pg/L) and Secchi Depth (SD, cm); (b) trophic state index
(TSI) calculated from in sifu Chla (TSIcy,) and TSI calculated from in sifu SD (TSIsp); (¢) and (d) in situ TSI and TSIy, and TSIsp.
These relationships indicate a stronger dependence of in situ TSI on SD than Chla (¢, d). The TSI value ranges from 55 to 100,
corresponding to the trophic levels from eutrophic to super-hypertrophy (Carlson and Simpson, 1966).

0.54, Fig. 2(b)); nevertheless the final in situ TSI was
highly correlated with both TSIy, and TSIsp (Figs. 2(c)
and 2(d), R? = 0.80 and 0.92, respectively). In particular,
in situ TSI depended more strongly on TSIsp than TSIcya
at values ranging from 50 to 60 and 90 to 100 (Figs. 2(c)
and 2(d)), suggesting that the SD measurement should be
carried out simultaneously with Chla determination to
assess the lake trophic level.

The lowest TSI values of lakes in Hanoi urban were
recorded in Linh Dam Lake in April 2017, ranging from
66 to 72. The highest value of TSI was obtained in Giang
Vo Lake in June 2016 and Van Quan Lake in June 2017
(from 90 to 100), corresponding to a Chla value that
reached over 500 pg/L, and floating scum was observed
(Fig. 3). These in situ TSI data agreed with other
domestic studies in identifying the trophic state of lakes
in Hanoi urban areas based on total phosphorus
concentration or other indicators (Nguyen et al., 2016;
Hoang et al., 2017; Thuy et al., 2017). Several lakes, i.e.,
Van Quan Lake, Giang Vo Lake, Hoan Kiem Lake, and

West Lake, had a very high level of Chla (> 200 pg/L) in
water and therefore were sensitive to algae blooms and
scums, which had recently been recorded.

General features of measured water reflectance, p, (1),
within the range of 400-900 nm of eight points
representing optical water features of eight lakes in Hanoi
(Fig. 1) are shown in Fig. 3. Water reflectance spectra of
these lakes confirmed the high trophic level of the waters
with a very strong peak appearing near 709 nm (Schalles,
2006; Matthews and Bernard, 2013). The horizontal bias
of peaks of spectra in the green region shows a difference
in dominated algae taxa among these lakes (Schalles,
2006). At very high values of TSI (e.g., TSI of Van Quan
Lake = 100 and TSI of Ba Mau Lake = 87), p,, (1) in the
green region showed a lower value than in other waters
with lower TSI values (Fig. 3). Conversely, at TSI values
lower than 83, p,, (1) in the green region demonstrated an
increasing trend in agreement with the increase in TSI.
Similar trends were observed in the red region
corresponding to the L8 red band of 640—670 nm. The
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Fig.3 (a) Features of water reflectance spectra of studied lakes and TSI calculated from measured points; (b) and (c) photos of
algae scums and floating in Van Quan Lake in June 2017 and 2019. VQ: Van Quan Lake; LD: Linh Dam Lake; HT: West Lake, TL:
Thu Le Lake; DM: Dong Mo Lake; 3M: Ba Mau Lake; HK: Hoan Kiem Lake; NT: Nghia Tan Lake.

most significant relationship between p,, (1) and TSI was
observed in the region corresponding to the L8 NIR band
(850—880 nm) with the Pearson correlation coefficient (R)
equal to 0.80, suggesting that the L8 NIR band is
applicable for estimating TSI.

3.2 Performance of L8-LaSRC and L§PAR

Assessing lakes’ trophic state is a critical task in urban
environmental management at the local level. The utility
of L8 data for determining and monitoring lakes’ trophic
state provides economic and practical efficiency if the
data are easy to access and process. Since atmospheric
correction is a necessary procedure in remote-sensing-
based water retrievals, the use of readily available,
processed data, such as L8-LaSRC and L8PAR, is a
significant advance due to their convenience for water
management at the local level. However, the performance
of L8-LaSRC and L8PAR should be evaluated to select
favorable data for use at the local level.

Figure 4 shows a visual comparison of L8-LaSRC and
L8PAR for the L8 scene acquired on August 13th 2019 in
ten urban districts of Hanoi city. The RGB image of the
L8-LaSRC false-color composition (band 7, band 5, band 3)
and the band 9 (cirrus) image are shown in Figs. 4(a) and
4(b), respectively, illustrating no-cloud cover over the
studied lakes. Water surfaces of 12 studied lakes in the
Hanoi urban areas are displayed clearly in association
with the surrounding landscape. The retrieval of R,s(1)
from L8PAR is shown in Fig. 4(b), presenting a large
area of missing R,;(1) data for 12 studied lakes, with
negative values for all dark-colored pixels. Positive
values were only found in areas marked in yellow.
Indeed, Fig. 4 shows poor performance of LSPAR data
for water retrievals in small and shallow lakes, which are
common features of lakes in Hanoi’s urban areas.

Figure 5(a) shows the status of L8PAR data for West
Lake on August 13th 2019. Accordingly, there were 13

points out of a total of 15 points of in situ measurement
out of areas with positive values. LEPAR values extracted
from these 13 points were flattened over all four bands of
L8-visible bands (bands 1 to 4) and were “—9999”, as
presented in all dark pixels. Only two pixels corresponding
to two measured points (HT9 and HT12) had positive
values, which equaled 0 for the bands 1, 2, and 4 in both
pixels. The values of band 3 for these two pixels were
0.011 and 0.024, respectively, and were lower than in situ
Py (533-590) shown in Fig. 6(a).

Overall, the present version of L8PAR is not suitable
for water retrievals in inland lake waters because of
marking almost all of the lake surface as “dark pixels”,
which contain only negative values over the whole four
bands (visible and NIR bands) as reported by Ogashawara
etal. (2020) and may be more favorable for water
retrievals in coastal waters (Nazeer et al., 2020).

L8-LaSRC provides data for all sizes of water surface,
from the scale of several-pixels to large lakes (Fig. 4(a));
therefore, it can be used for water retrievals in small
urban lakes. However, LaSRC was shown to overestimate
in retrieving R,;(1) from the NIR band (band 5) over
water surfaces because the effect of the reflected skylight
was not accounted for in the algorithm (Bernardo et al.,
2017). Figure 6 shows the difference of L8-LaSRC-based
reflectance spectra features compared to the in situ
reflectance spectra. The in situ reflectance spectra in
Figs. 6(a) and 6(b) demonstrate the similarities in all 15
measured points, while the L8-LaSRC reflectance spectra
presented bias over each point. A large difference
between in situ data (Fig. 6(b)) and L8-LaSRC data was
observed at band 5 (B5): in situ values corresponding to
B5 are lower than those of B2, B3, and B4, but L8-
LaSRC B5 values are higher than B4, B2, and B3 (in
several points) values. In this sense, the large deviations
between the remote-sensing-based water optical features
and on-surface water optical features should be
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Fig. 4 Landsat 8 (L8) data acquired on August 13th 2019 in ten urban districts of Hanoi city: (a) a RGB composite image (band 7,
band 5, band 3) of Landsat 8 processed by the the Land Surface Reflectance Code (L8-LaSRC); (b) the band 9 (cirrus) image
presents no-cloud cover over the studied lakes; (c) a RGB composite image (band 3, band 2, band 1) of Level 2 Flag from the
Landsat 8 Provisional Aquatic Reflectance Product (L8PAR) with the yellow marks areas in (a) indicating the missing data of

L8PAR in most studied lakes.

considered when applying bio-optical or analytical
algorithms for water retrievals using L8-LaSRC data. In
this case, the use of an empirical algorithm is more
suitable for water retrievals than bio-optical or analytical
algorithms.

3.3 Empirical model for estimating TSI from L8-LaSRC

For better long-term monitoring of TSI, a reliable
empirical model for estimating TSI from L8-LaSRC
should be developed based on multi-date measurements
and a wide range of TSI wvalues. First, the cross
relationships of in situ TSI at 138 measured points and
the corresponding L8-LaSRC-derived R, (1) were investi-

gated. The result shows that TSI was significantly
correlated to BS (R = 0.67) but uncorrelated to the other
bands (B1: R=0.08; B2: R=10.00; B3: R=0.12; B4: R =
0.13). Based on the feature of water reflectance spectra
mentioned in Section 3.1, ratios of the NIR band (B5)
versus two other visible bands the red band (B4) and the
green band (B3) were also investigated for the correlation
with in situ TSI. Two blue bands of L8-LaSRC (B1 and
B2) were warned not to be used in users’ analysis by the
LaSRC developers because these bands have already been
used within the algorithm to perform aerosol inversion
tests (USGS, 2020a); therefore, they were not included in
the investigation. Strong correlations between TSI and
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L8-LaSRC pixels corresponding to 15 measured points. B1 to B5 are L8 band in the visible and NIR regions.

B5/B3 (R = 0.77) and B5/B4 (R = 0.72) were observed.
The result from curve-fitting analysis of TSI with B5/B3
and B5 demonstrated the best fit of the logarithmic curve
for describing the cross-relationship between TSI and
B5/B3 (Fig. 7(a)), while a linear line is the best fit for
describing the relationship between TSI and BS (Fig. 7(b)).
The highest value of the determination coefficient of the
relationship between TSI and B5/B3, R? = 0.65,
suggested that this band ratio is favorable for estimating
TSI from L8-LaSRC. B5 data, however, showed a
significant correlation with TSI (R = 0.45); nevertheless
B5 was not suitable for estimating the index because of
the strong deviation of the data due to the interference of
the effect of the reflected skylight (Fig. 7(b)). Band-ratioing

has been proven as a method that helps reduce the effect
of the atmosphere on the water reflectance signals (Ha
et al., 2017b). Therefore, the use of the band ratio model
(B5/B3) is better than a single-band model (B5) in
reducing the effect of reflected skylight.
Accordingly, TSI can be estimated from L8-LaSRC by
the equation for the logarithmic curve shown in Fig. 7(a):
B5
TSI=21.46-In| — .
S 6 n(B3)+79 66, %)
where TSI is a non-unit quantity, BS and B3 is R,s(4),

derived from the NIR band (B5) and the green band (B3),
of L8 after correction by LaSRC.
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Performance of Eq. (5) in estimating TSI was evaluated
using 28 Chla-measured points in small lakes and ponds
in the Hanoi urban area by CECR in the first week of July
2015 (CECR, 2015). Equation (5) was applied to L8-
LaSRC of the scene acquired on July 1st 2015 over the
Hanoi urban area to estimate TSI for 28 pixels
corresponding to 28 measured points (Fig. 8(a)). The
validation result shown in Fig. 8(b) demonstrates a good
match of estimated TSI and in situ TSI using Eq. (5). The
standard error of the estimates (root mean squared error
(RMSE) = 6.6) was smaller than the interval of the TSI
category (Carlson and Simpson, 1996), confirming the
appropriateness of Eq. (5) for estimating TSI in small and
shallow lakes like those in Hanoi’s urban area.
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3.4 Changes in trophic state of lakes in Hanoi’s urban area

Figure 9 demonstrates the application of Eq. (5) for
estimating TSI of 25 lakes in the Hanoi urban areas from
L8-LaSRC of two scenes acquired on July 1st 2015 and
June 28th 2020. In the figure, large changes of TSI were
observed in West Lake, Hoan Kiem Lake, and Dinh Cong
Lake: mean TSI values of West Lake increased from 65
to 70 (corresponding to a highly eutrophic level) in early
July 2015 to 75-80 (corresponding to hypertrophic level)
in late June 2020, but the mean TSI value of Dinh Cong
Lake decreased from over 90 in July 2015 to 80-85 in
June 2020. Although most lakes in the Hanoi urban area
were chemically treated for organic pollution by the city
government from 2016 to 2019, the increasing trend in
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Community Research (CECR) (2015) used for validating the Eq. (5); (b) result of matched-up validation between in situ TSI
calculated from Chla at 29 points shown in (a) and estimated TSI from L8-LaSRC data by Eq. (5) compared to the 1:1 reference line
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Fig. 9 Change in TSI of lakes in Hanoi urban area after five years (from 2015 to 2020).

TSI has remained and been observed in large lakes such
as West Lake, Linh Dam Lake, Yen So Lake, and Hoan
Kiem Lake. In several small lakes, such as Dong Da
Lake, Bay Mau Lake, Lan Lake, and Dinh Cong Lake,
TSI demonstrated a decreasing trend but still
corresponded to the hypertrophic level. Figure 9 suggests
that TSI changes at two time points (corresponding to the
S-year interval as published by CECR (2015)) were
unable to reflect the TSI dynamic and driving factors
affecting the changing trend. Long-term monitoring with
a shorter time interval should be conducted to understand
the eutrophication driving forces and the efficiency of
protective measures. For instance, a year-long period of
monitoring at a lake scale of West Lake in the early
summer every year from 2015 to 2020 (Fig. 10) provided
more detailed information on the dynamics of TSI and
associated factors.

Focusing on West Lake, the change of TSI of this lake
over 5 years from 2015 to 2020 is shown in Fig. 10.
Estimated TSI from L8-LaSRC of West Lake in early
summer (June—July) has varied from 65 to 70 in July
2015 (corresponding to highly eutrophic level) to 85-90
in June 2019 (corresponding to highly eutrophic level to
super-hypertrophic level) and was 75-80 in this year
summer (June 2020). It was acknowledged that high
temperature leads to increased soluble phosphate
concentration in the water, leading to an increase in algae
blooms and floating plants, particularly in shallow lakes
(Feuchtmayr et al., 2009). The cases of West Lake in June
2019 and 2017 were prime examples of this point.
According to Vietnam Institute of Meteorology, Hydrology
and Climate Change (2019), the mean temperature in

June 2019 was 0.7°C to 1°C higher than that of June in
the other years, during which several heatwaves occurred.
During the first week of June 2017 (precisely from June
2nd 2018 to June 5th 2018), a historical heatwave
occurred in Hanoi, with the highest temperature reaching
42.5°C on June 4th 2018 (Wunderground, 2017). Con-
sequently, phytoplankton in West Lake grew excessively,
and algae blooms occurred in several areas along the
shoreline of West Lake, leading to increased TSI (Fig. 10).
Conversely, during the first week of June 2018, lakes in
Hanoi were diluted by rainwater, leading to decreased
TSL

4 Discussion

Literature review results show that the lake trophic index,
TSI, was often computed indirectly from remote sensing
data, particularly from estimated Chla or SD (Odermatt
etal., 2012; Buttand and Nazeer, 2015; Watanabe et al.,
2015). The uncertainty of estimated TSI based on the
indirect approach suggested a direct approach for rapidly
monitoring and mapping the TSI (Shi et al., 2019). If the
use of the analytical algorithm proposed by Shi et al.
(2019), based on the relationship of TSI with the
absorption coefficient at 440 nm (L8 band 1), was found
to be limited for estimating TSI in lakes with a high
concentration of CDOM, which is a common feature of
small and shallow lakes in the tropical region such as
lakes in the Hanoi urban areas, and the machine learning
model, the radial basis function (RBF) neural network,
proposed by Zhou et al. (2019) to estimate TSI directly
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Fig. 10 L8-LaSRC-derived TSI changes in West Lake in early summers of 2015, 2016, 2017, 2018, 2019, and 2020.

from L8 data was challenged from the model’s
applicability in a broad region with various water trophic
levels and seasonal fluctuation of TSI, then our empirical
model was validated with reasonable error (RMSE = 6.6,
corresponding to 8% of the in situ TSI mean) using the
TSI measured by the local community, confirming the
appropriateness of the model for monitoring the TSI of
lakes in Hanoi.

Indeed, within the Hanoi urban areas in particular and
in urban tropical regions in general, lakes have been
exposed to the acceleration of eutrophication due to
anthropogenic pollution and high temperature derived
from urbanization. Therefore, the TSI of lakes often
ranges from eutrophic level (TSI = 50-60) to hypertrophic
level (TSI > 80), even with algae blooms (TSI > 90). The
empirical model proposed in this study based on the in
situ TSI range of 55 to 100 (corresponding to SD < 2 m)
is suitable for monitoring the trophic state of urban lakes
where lakes often range from 2 to 4 m depth. The input
data set for building the proposed model was collected in
many lakes scattered over the region and multiple dates
over three years (2016 to 2019), ensuring the diversity of
trophic levels and the seasonal variations of in situ TSI.

In this study, the effect of suspended non-algae
particles (NAP) in the water on the retrieved LS8

reflectance has not been accounted for because algae
particles were predominant in the studied lake waters,
which was evidenced through a strong correlation of Chla
and SD (R = —0.77). If the effect of NAP is too large,
leading to the correlation of Chla and SD becoming
smaller than the correlation of NAP and SD, then the
proposed empirical model may not be proper for
estimating the TSI. Furthermore, in situ data should be
collected in water at oligotrophic and mesotrophic levels
to provide a lower bound for the model for a broader
application to lakes and ponds in Vietnam and the tropical
region. Presently, there are no reports on the oligotrophic
waters in Vietnam (with SD > 8 m), and mesotrophic
waters such as Lake Ba Be (Ha et al., 2017b) and Thac
Ba Reservoir (Vinh et al., 2019) should be investigated
for the application to lakes over the whole country.

The annual dynamic of TSI of West Lake (Fig. 10)
demonstrated the fluctuations of TSI and the effect of air
temperature on the trophic lake state. It is suggested that
the monitoring program for the trophic lake state should
be carried at monthly or seasonal scales in cooperation
with a cross-analyses of main influencing factors, such as
temperature, sunshine hours, precipitation, and total
nutrient load by watershed (Chen et al., 2020). Urban
shallow lakes with their vital role in support of
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biodiversity in the Hanoi urban areas, as well as over the
world, are becoming vulnerable to eutrophication due to
current warming and urbanization, which require an
effective strategy and protective measures.

L8-LaSRC data are easily accessible and usable;
however, it is still limited in spatial resolution for urban
lake monitoring. While Lillesand et al. (1983) recom-
mended not to use Landsat MSS with a spatial resolution
of 60 m for bodies of water smaller than 12 ha, presently,
lakes of 12 ha size can provide data in more than a
hundred pixels of L8 for TSI assessment. However,
optical remote sensing data such as L8 are often limited
by cloud cover when acquired over tropical regions like
Hanoi (Vietnam). In addition, a revisit time of 16 days of
L8 is inadequate for monthly monitoring. More investiga-
tions and exploitations on other open data sources such as
Sentinel 2A and 2B should be carried out for better water
management.

with L8-LaSRC data can be applied to monitoring the
TSI of lakes in tropical regions with lakes similar to those
in Hanoi’s urban areas.

The results demonstrated the sufficient radiometric
performance of L8-LaSRC to be of potential use for
monitoring freshwater lakes untroubled by atmospheric
correction issues. With a significant advantage in
accessing and processing the data, L8-LaSRC opens up
an excellent opportunity for water quality monitoring of
freshwater lakes at regional and local levels, particularly
in monitoring the trophic state of urban lakes intensely
threatened by eutrophication and algae blooms.
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5 Conclusions

This study established an empirical model for directly
estimating the TSI of lakes from L8-LaSRC data using in
situ data of 138 points measured in 13 lakes in Hanoi on
seven L8 dates in the period of 2016-2019. With the
value ranging from 55 to 100, corresponding to eutrophic
to hypertrophic levels, TSI of lakes in Hanoi was strongly
correlated (R? = 0.65) with the spectral ratio of LS8-
LaSRC-derived B5/B3 (ratio of the NIR band versus the
green band) and can be reasonable estimated from this
ratio by a logarithmic function (Eq. (5)). The validation
results using in situ data published by CECR (2015; N =
28) demonstrated the appropriateness of the proposed
model (RMSE = 6.6) for estimating TSI of lakes in
Hanoi’s urban area, which are commonly classified into
highly eutrophic to hypertrophic states. The approach was
applied in six selected L8/OLI scenes acquired in six
different summers (2015, 2016, 2017, 2018, 2019, and
2020) to observe the changes in TSI of 25 lakes in the
Hanoi urban areas for five years (2015 and 2020) and of
TSI of West Lake (in Hanoi, Vietnam) every summer.
This was done in order to discuss the suitable time
interval for TSI monitoring and forces driving the
increasing trend in TSI. More in situ data should be
collected in oligotrophic and mesotrophic lakes to
complete the model for a wider application.

In this study, we also evaluated the performance of
L8PAR data for small and shallow inland lakes using 15-
point in situ reflectance data measured in West Lake. The
results show that L8PAR was inappropriate for
monitoring water quality in small shallow inland lakes for
visual interpretation and data extraction. L8-LaSRC
provides better data under the no-cloud cover condition,
and such data are better for establishing empirical models
than for developing semi-analytical algorithms. Eq. (5)
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