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Abstract. Recognizing and extracting estuarine turbidity maximum zone (TMZ)
efficiently is important for kinds of terrestrial hydrological process. Although many
relevant studies of TMZ have been carried out around the world, the method of

extracting and criteria of describing TMZ vary greatly from different regions and
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different times. In order to improve the applicability of the fixed threshold in previous
studies and develop a novel model extracting TMZ accurately in multi estuaries and
different seasons by remote sensing imagery, this study estimated the total suspended
solids (TSS) concentrations and chlorophyll a (Chla) concentrations in Pearl River
Estuary (PRE), Hanjiang River Estuary (HRE) and Moyangjiang River Estuary (MRE)
of Guangdong province, China. The spatial distribution characteristics of both TSS
concentrations and Chla concentrations were analyzed subsequently. It was found that
there was an almost opposite relationship between TSS concentration and Chla
concentration in the three estuaries, especially in PRE. The regions of high (low) TSS
concentrations are exactly corresponding to the relative low (high) Chla concentrations.
Based on the special feature, an index named turbidity maximum zone index (TMZI),
defining as the ratio of the difference and sum of logarithmic transformation of TSS
concentrations and Chla concentrations, was firstly proposed. By calculating the values
of TMZI in PRE on 20 November 2004 (low-flow season), it was found that the
criterion (TMZI > 0.2) could be used to distinguish TMZs of PRE effectively.
Compared with the true (false) color imagery and the rudimentary visual interpretation
results, the TMZs extraction results by TMZI were mostly consistent with the actual
distribution. Moreover, the same criterion was further applied in PRE on 18 October
2015. The high accuracy and good consistency across seasons were also found. The
west shoal of PRE was the main distribution areas of TMZs. In addition, the good

performance in extracting TMZs by this newly proposed index were also found in
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different estuaries and different times (HRE, 13 August 2008, high-flow season; MRE,
on 6 December 2013, low-flow season). Compared to the previous fixed threshold (TSS
or turbidity) methods, extracting TMZ by TMZI has a higher accuracy and better
applicability. Evidently, this unified TMZI is a potentially optimized method to monitor
and extract TMZs of other estuaries in the world by different satellite remote sensing
imageries, which can be used to improve the understanding of the spatial and temporal
variation of TMZs and estuarial processes on regional and global scales, and the
management and sustainable development of regional society and nature environment.
Keywords: turbidity maximum zone; turbidity maximum zone index; total suspended

solid; chlorophyll a; remote sensing; estuary

1 Introduction

Turbidity maximum zone (TMZ) is the dynamic turbid water areas within limits
in estuary, where the suspended solids (sediment, matter) concentrations are steadily
and significantly higher than landward and seaward (Shen, 1995; Gebhardt et al., 2005;
Yuetal, 2014; Lietal., 2019; Wang et al., 2020a). It is a special phenomenon of the
progress of suspended sediment movement and migration in estuary throughout the
world (Schubel, 1968; Shi et al., 1993; Mitchell et al., 2012; Wang et al., 2020b). The
spatial distributions and dynamic change of TMZs not only have a deep and wide
impact on the formation and development of estuary morphology, channel, shoal and

sandbar (Asp et al., 2018; Azhikodan and Yokoyama, 2019; Li et al., 2019), but also
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affect the physics, geochemical and biogeochemical processes of estuarine nature
environment as well as social production activities significantly(Gebhardt et al., 2005;
Jalon-Rojas et al., 2016; Kitheka et al., 2016; Toublanc et al., 2016; Yan et al., 2020).
It could be found that TMZ has long been a hot topic for scientific inquiries and
engineering innovations among a broad spectrum of scholars, government agencies,
engineering corporations, and communities (Shen et al., 2001; Shi et al., 2017; Jiang et
al., 2019; Wang et al. 2020a).

Previous works have studied TMZ from various aspects based on different data
resources and methods, such as the characteristics and dynamics of total suspended
solids (TSS) concentrations in TMZs (Yang et al., 2014; Wan and Wang, 2017; Grasso
et al., 2018), the mechanisms and formation of TMZ (Brenon and Hir, 1999; Wai et al.,
2004; Yu et al., 2014; Toublanc et al., 2016), the location, distribution and change of
TMZs across the time (Jiang et al., 2013;Jalon-Rojas et al., 2016; Li et al., 2019; Yan
et al., 2020), the interaction with other factors and its long-term trend (Gebhardt et al.,
2005; Chenetal., 2016; Li et al., 2019). It should be noted that where a TMZ is located
in an estuary is a fundamental question and an important task for studying TMZ. It was
found that there were two major ways to obtain the locations and distributions of TMZs
in current studies (Wang et al., 2020a). One was relatively rough description, such as
the locations of TMZ correspond to the front of salinity wedge and moving range of
stagnation points, or a distance from coastlines (Feng et al., 2002; Mitchell, 2013;

Kitheka et al., 2016; Liu et al., 2016; Toublanc et al., 2016; Gong et al., 2017; Zhang et
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al., 2019; Yan et al., 2020). Another was relatively quantitative result, extraction of
TMZs was conducted by some types of thresholds of TSS concentrations or turbidity
criterion (Jiang et al., 2013; Yang and Liu, 2015; Chen et al., 2016; Jal6n-Rojas et al.,
2016; Shietal., 2017; Li et al., 2019). However, the above mentioned fixed threshold
method has its latent deficiencies. It is a challenging job to generate precisely TMZs
extraction results in different time by a fixed threshold of TSS concentration because
TSS concentrations showed remarkable variations in different seasons. Moreover, the
threshold values are difficult to be transplanted from local regions to other regions and
researches due to lacking of scientific basis. The threshold method and criteria varied
greatly in different estuaries, in different regions of a same estuary, in same estuary at
different time and by different studies, which showed considerable subjectivity. The
results are not comparable (\Wang et al., 2020a).

TSS concentrations in TMZs and adjacent waters have a significant variation
(Uncles et al., 2000; Park et al., 2008; Mitchell, 2013; Wang et al., 2018). And many
studies have proved that suspended solids could affect the growth of chlorophyll a (Chla)
through absorbing and scattering of the sunlight in water areas (Pozdnyakov et al., 2005;
Chen et al., 2015; Montanher et al., 2014; Wang et al., 2017a; Wang et al., 2020b).
Therefore, we conclude that there is a relationship between TSS concentrations and
Chla concentrations and different characteristics in TMZs and normal water bodies in
estuary, which might be used to overcome the drawbacks of previous methods of

extracting TMZ, and distinguish and recognize TMZ effectively.



https://doi.org/10.5194/gmd-2020-378
Preprint. Discussion started: 26 May 2021
(© Author(s) 2021. CC BY 4.0 License.

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Based on the above analysis, the objectives of this study are to propose a new
model with better adaptability and robustness for distinguishing and extracting TMZ in
different estuaries and different seasons. To achieve this goal, the TSS concentrations
and Chla concentrations in three estuaries (Pearl River Estuary, PRE; Hanjiang River
Estuary, HRE; Moyangjiang River Estuary, MRE) were estimated firstly. And the
different spatial characteristic of them were further analyzed and compared.
Subsequently, the corresponding relationship and special feature between TSS
concentration and Chla concentration were fully used to develop a turbidity maximum
zone index (TMZI). Finally, this study extracted TMZs in these estuaries at different
time by the model (TMZI), and validated and assessed its accuracy.

The paper is arranged as follows. The study areas, in situ data, satellite imagery,
TSS concentration data were described along with Chla retrieval model and its
calibration and validation in Section 2. The spatial analysis of TSS concentration, Chla
concentration and the corresponding relationship between them were presented in
Section 3.1. The establishment of TMZI and its application and assessment in different
estuaries and different times were showed in Sections 3.2-3.5. Finally, the summary and

conclusions were given in Section 4.
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2 Dataset and methods

2.1 Study areas

The study areas include Pearl River Estuary, Hanjiang River Estuary and
Moyangjiang River Estuary of Guangdong province, South China (Fig. 1, Fig. 4 and
Figs. 7-10). The PRE is located between longitudes 113.45114.2%€ and latitudes
22.25922.85N mainly in the core zone of Guangdong-Hong Kong-Marco Greater Bay
Area, Southern Guangdong province; HRE is located between longitudes 116.6<117E
and latitudes 23.2223.6N mainly in Shantou city, Eastern Guangdong province; while
MRE is located between longitudes 111.9112.3€ and latitudes 21.66<21.8R mainly
in Yangjiang city, Western Guangdong province. Among them, Pearl River has the
second large annual runoff and is the third largest river in China. Hanjiang River and
Moyangjiang River are the second and third large and famous rivers in Guangdong
province (Chen et al., 2011; Wang et al., 2017a; Wang et al., 2018; Wang et al., 2020b).
Previous studies reported that the sediment load of them are 7.53107, 6.93+10° and
3.27+10%ton per year on average (\Wang et al., 2017a, b; Wang et al., 2020). It could be
found that TMZs often develops in these estuaries and many associated research work

has been carried out in the regions for a long time, especially in PRE.
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Fig. 1. Study areas (PRE, HRE, MRE) and the locations of in situ data (black dots and blue triangles).

2.2 In-situ and satellite data

The 89 in-situ samples including the reflectance of water surface and Chla
concentrations were all collected from PRE, shown in Fig. 1 (black dots and blue
triangles). Among them, 60 samples (Fig. 1, black dots; Table 1) were same as our
previous work (Chen et al., 2011). This study added newly other 29 samples (Fig. 1,
blue triangles; Table 1). The above-mentioned samples were used to recalibrate and
validate a Landsat-based Chla concentration retrieval model in this study.

Besides, four scenes of Landsat imageries with good quality were used in the study.

Two scenes of image from TM and OLI (path/row = 122/44) was captured on 20

8
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November 2004 and 18 October 2015, respectively, covering PRE (Fig. 7aand Fig. 8c).

The other one of them from OLI (path/row = 120/44) was captured on 13 August 2008,

covering HRE (Fig. 9¢). The last one from OLI (path/row = 123/45) as well, was

captured on 6 December 2013, covering MRE (Fig. 10c).

Table 1

Information about the 89 in-situ data.

Date Samples Measurements
Dec 9, 2006 16 Reflectance, Chla
Dec 21, 2006 12 Reflectance, Chla Same as
Dec 27, 2007 15 Reflectance, Chla Chen et al. (2011)
Dec 31, 2007 17 Reflectance, Chla
Nov 2, 2012 18 Reflectance, Chla
Newly added
Sep 10, 2013 11 Reflectance, Chla

Reflectance (rs!)

Wavelength (nm)

Fig. 2. Remote sensing reflectance of surface water of the 89 in situ data.

9
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2.3 Total suspended solids data and chlorophyll a data

This study intends to establish and develop a new model (TMZI) based on TSS
concentrations and Chla concentrations, and further extract TMZs in three estuaries of
Guangdong province. Therefore, the results of TSS concentrations and Chla
concentrations in the study areas should be calculated firstly. For the TSS
concentrations data, the results were obtained from our previous works directly (\Wang
etal., 2017a, b; Wang et al., 2018; Wang et al., 2020). However, the corresponding Chla
data needs to be retrieved by Landsat imagery. Consequently, a Landsat-based Chla
concentration retrieval model applicable to estuaries of Guangdong province is
expected. It can be found that many models have been developed for estimating Chla
concentration from different remote sensing data (Gregg and Casey, 2004; Chen et al.,
2011; Kim et al., 2016a, b; Attila et al., 2018). Following the feature and form of some
typical chlorophyll a retrieval models (Le et al., 2009; Chenetal., 2011; Le et al., 2013;
Song et al., 2013), this study recalibrated and validated a three band Landsat-based
chlorophyll a model using the 89 in-situ samples (Fig. 3; Equation 1). The model based
on Landsat TM and OLI sensors explained about 80% of the Chla concentration
variation (Chla: 1.92-92.6 mg/m° N=60, P-value<0.01) and had an acceptable

validation accuracy (Chla: 2.33-36.8 mg/m®, RMSE<(3.76 mg/m°, N=29).

10
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Fig. 3. The calibration (a) and validation (b) results of Chla retrieval models based on 89 in situ data

for Landsat sensors.
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1
P2
Chla=a*e fR R

D
Where, Ri1, Rz and Rs represent blue, green, and red band of TM and OLI sensors.

Parameters a and b corresponding to TM and OLI sensors are 0.008907, 2.308593 and

0.00765, 2.353329, respectively. The unit of chlorophyll a concentration is in mg/m?.
3 Results and discussion

3.1 The spatial characteristic of TSS concentrations and Chla

concentrations in estuaries

This study estimated the results of Chla concentrations in each estuary through the
developed Chla concentrations retrieval model (Fig. 3). The different spatial
distribution characteristics of TSS concentrations and Chla concentrations were
analyzed, respectively. Take PRE as an example, it was found that TSS concentrations
in low-flow season of PRE (20 November 2004) with a large variation ranging from

1.37 mg/L to more than 200 mg/L (Fig. 4a). Due to the strong interaction between runoff
1
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and tide, the main region of high TSS concentrations concentrates on west shoal of PRE
(Wang et al., 2018), where the TSS concentrations more than 100 mg/L were frequently
found. Besides, TSS concentrations in part of east shoal and Neilingding island adjacent
waters were also with relative higher value. The other areas of PRE has low TSS
concentrations, where the maximum value is general not more than 40 mg/L, especially
in Hongkong coastal water bodies (Fig. 4a).

Different from TSS concentrations results, the Chla concentrations in PRE are
with much lower value (less than 20 mg/m?in almost whole PRE) (Fig. 4b). The results
was consistent with the findings of Liu et al. (2017) and Huang et al. (2005), which
showed Chla concentrations ranged from 0.24 mg/m?® to 21.5 mg/m? in PRE at different
time. In addition, it was found that Chla concentrations in PRE showed an almost
opposite spatial characteristics compared to TSS concentrations. Except for eastern
Lidao district coastal water bodies, the regions of relative high (low) Chla
concentrations are exactly the regions of relative low (high) TSS concentrations. These
corresponding features are obvious in the four water ways (Humen, Jiaomen,

Honggimen, Hengmen), shoals and channels of PRE (Fig. 4).

12
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Fig. 4. Estimated TSS concentrations (a) and Chla concentrations (b) in HRE on 20 November 2004.

For further analyzing and assessing the corresponding relationship between TSS
concentrations and Chla concentrations in estuary, this study extracted three rows (Fig.
7a; pink lines; rows 1200, 1600, and 1900, columns from 800 to 1300) of TSS
concentrations and Chla concentrations values in PRE. The results of row 1600 was
shown in Fig. 5(a). The correlation analysis showed remarkable negative correlation of
TSS concentrations and Chla concentrations. For the original TSS concentrations and
Chla concentrations, the correlation coefficient is -0.6531. While the correlation

coefficient reaches about -0.9 for its trend lines (Fig. 5a).

3.2 Establishment and application of TMZI

Based on the above analysis and the corresponding features between TSS
concentrations and Chla concentrations, we consider that a transform results deriving

from the two water color elements may help distinguishing and extracting TMZ better.
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Then, this study defined a TMZI as the ratio of the difference and sum of logarithmic

transformation of TSS concentrations and Chla concentrations (equation 2) referring to

the other remote sensing indexes, such as Normalized Difference Vegetation Index.

(a) 200

180 F

TMZI = [Log(TSS)-Log(Chla)] / [Log(TSS)+ Log(Chla)] (2)
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Fig. 5. The spatial corresponding relationship between the TSS concentrations (black dots, red trend

line) and

Chla concentrations (green triangles, orange trend line) of row 1600 (a), the true color

imagery (b) and the corresponding values of TMZI (c).

According to the definition and equation, this study calculated the above

mentioned corresponding rows TMZI values (Fig. 5¢, Fig. 6b and Fig. 6d). Take the

results of row 1600 as an example (Fig. 5b and Fig. 5¢), the row pixels could be mainly

14
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divided into one TMZ (columns from 800 to 975), normal water bodies (columns from
975 to 1110) and another TMZ (columns from 1110 to 1300) from left to right. The null
data located at columns 1180-1200 and 1220-1235 are Neilingding Island (Fig. 5, Fig.
7a). Through the comparison to the results of TMZI, it was found that all the values of
TMZI corresponding to TMZ pixels are bigger than 0.2 while the values corresponding
to normal water bodies pixels are all smaller than 0.2, except for very few blurry pixels
(Fig. 5band Fig. 5c¢). For the results of rows 1200 and 1900, the similar corresponding
characteristics between TMZ and TMZI, and the same criterion were also found (Fig.
6). Hence we can read that TMZI showed a significant feature and had potential to
develop into a better model for recognizing and extracting estuarine TMZ more

effectively.

15



https://doi.org/10.5194/gmd-2020-378
Preprint. Discussion started: 26 May 2021
(© Author(s) 2021. CC BY 4.0 License.

245
246

247
248
249
250
251
252
253
254

255

(a)

(b) 06
£
2 Normal water bodies
5|
g
Z e .
Ll
- oz [*e - .
| . e ol &
= 02 ] = o .
) L1 ot  eo . ® Som
.
0.1 P o s -:'o’, =
g Definite TMZ B el AU e Rl ot LR, i R .d
oo é oe® . - 0 ece « N
2| 5 «a° WRiE eieRed at? ao%®
201 a L Ed . [ .
L. LY . oo oo . -
.
-02 L n n " L® h n L
800 850 900 950 1000 1050 1100 1150 1200 1250 1300
@ 06
05 e Normal water bodies
s
04 Akt cuie
%517 Ty e T ]
oo @, s om cems w0
03 . 4 ) . ® % oo .
I 1 oo
v fo®
S 02
g
0.1 F
0 I Definite TMZ Definite TM7,
-0.1 |
02 s . . . . L L . s
800 850 900 950 1000 1050 1100 1150 1200 1250 1300

Fig. 6. The true color imagery and the corresponding values of TMZI of rows 1200 (a, b) and 1900
(c, d).

After that, TMZI of the whole Landsat TM imagery was calculated and TMZs in
PRE were extracted. Fig. 7(b) showed the spatial distribution results of TMZ in PRE
on 20 November 2004 (regions with mango colors). It was found that TMZ is widely
distributed throughout PRE, accounting for more than half of water areas in the imagery.
Among them, a main TMZ was located within an average distance of 11 km from Panyu,
Nansha, Zhongshang and Zhuhai coasts, which is roughly corresponding to the west
shoal in PRE. In western Dongguan and Shenzhen coastal water bodies, an

approximately rectangular TMZ was developed (within a distance of about 5 km from
16
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coastline), where the East Shoal frequently appears in PRE (\Wang et al., 2018). Besides,
a third main TMZ in PRE located from surrounding Neilingding Island to western Hong
Kong water bodies was been found, although TSS concentrations in the TMZ were
lower than that of the former TMZs (Fig.4 a and Fig.7 b). Compared to the preliminary
diagrams in our previous works (Fig.7 a) (Wang et al., 2020a, b), it was found that the
extracted TMZ results by TMZI in this study got a better accuracy and more natural,

which indicates a more effective way to recognize TMZs in estuaries (Figs. 6-7).

113°360"E 113°480"E 114°00"E 113°360"E 113°480"E 114°00"'E

Fig. 7. False color imagery (USGS 1982; NASA 2001), rough spatial distributions (yellow dashed
frames) of TMZ (Wang et al., 2020a, b) (a), and the extracted TMZ results (regions with mango

colors) by TMZI (b) in PRE on 20 November 2004 (low-flow season)..

3.3 Validation of the accuracy of TMZI in different seasons

Due to the complexity of hydrodynamic environments, estuarine factors and water

color elements showed great variations in different seasons, even in the same estuary at

17

Discussions

$5900y uadQ

EGU



https://doi.org/10.5194/gmd-2020-378
Preprint. Discussion started: 26 May 2021
(© Author(s) 2021. CC BY 4.0 License.

270

271

272

273

274

275

276

277

278

Geoscientific
Model Development

Discussions

the different time of the day. Therefore, this study further validated the accuracy of

TMZI of extracting TMZ in PRE in the high-flow season (18 October 2015).
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Fig. 8. The estimated TSS concentrations (a), Chla concentrations (b), false color imagery (USGS
1982; NASA 2001), rough spatial distributions (yellow dashed frames) of TMZ (\Wang et al., 2020b)
(c), and extracting TMZ results (regions with mango colors) by TMZI (d) in PRE on 18 October
2015 (high-flow season).

Fig. 8(a) and Fig. 8(b) showed the retrieved TSS concentrations and Chla

concentrations results in high-flow season of PRE. It is clearly that the results in
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different sesaon had big difference (Fig. 4 and Fig. 8). On 18 October 2015, TSS
concentrations in PRE had wider variables, ranging from 2.23 to 286.6 mg/L. However,
the water bodies with high TSS concentrations (more than 80 mg/L) were mainly in the
outlets of four waterways (Humen, Jiaomen, Honggimen and Hengmen). The other
areas of PRE had much lower TSS concentrations, where the TSS concentrations were
less than 20 mg/L generally (Fig. 8a). Similar to the corresponding features between
TSS concentrations and Chla concentrations in low-flow season, the almost opposite
spatial characteristics still existed in high-flow season. For regions with relative high
(low) Chla concentrations where showed relative low (high) TSS concentrations (Fig.
8a and b). But it shoud be noted that eastern Lidao district coastal water bodies were an
exception, which same to the results in low-flow season (Fig. 4). Both TSS
concentrations and Chla concentrations in the zone were relative low (Fig. 4 and Fig.
8).

Based on the resluts of TSS concentrations and Chla concentrations of PRE on 18
October 2015, the study calculated TMZI and extracted TMZs of PRE in high-flow
season (Fig. 8d; regions with mango colors). In comparison with the rough diagram
results by the original imagery directly (Fig.8 ¢) (Wang et al., 2020b), the newly
extracted TMZs in this study showed a higher accuracy and agreed better with the
reality. It was found that there remained only one main TMZ along the west coast of
PRE (Fig. 8d), which similar to one of the main TMZs in low-flow season 2004 (Fig.

7b). However, there still exisited obvious difference at different seasons, such as TMZs
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in Honggimen and Hengmen waterways and eastern Zhuhai coasts (Fig. 7b and Fig.
8d). The other TMZs in high-flow season 2015 were mainly located in the sourronding
Dachanwan Wharf of Shenzhen and Neilingding Island. The distributions were obvious
less than them in low-flow season 2004 (Fig. 7b). Besides, two relative small isolated
TMZs could be found at western two artificial islands of the Hong Kong-Zhuhai-Macao
Bridge (Fig. 8d), respectively, which may imply the associated influence of human
activities.

According to the analysis of results in PRE on 18 October 2015, it indicated that
the TMZI and the criterion (TMZI > 0.2) also worked well in extracting esturaine TMZ

in different seasons by Landsat OLI imagery.

3.4 Assessment of the applicability of TMZI in different estuaries

In order to further assess the applicability of TMZI in different estuaries, the
corresponding TMZs results in HRE and MRE were also calculated and validated,

similar to PRE.
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Fig. 9. The estimated TSS concentrations (a), Chla concentrations (b), true color imagery (USGS
1982; NASA 2001) (c), and extracted TMZ results (regions with mango colors) (d) in HRE on
13 August 2008 (high-flow season).

Fig. 9(a) and Fig. 9(b) showed the results of TSS concentrations and Chla
concentrations in HRE on 13 August 2008. It is clear that the TSS concentrations in
downstream and estuary of HRE are much higher than outer shelf area, especially in
the downstream of Dongxi River and Xinjinhe River waterways of Hanjiang River, with

a mean value of even more than 300 mg/L (Fig. 9 a). TSS concentrations in the offshore
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area (South China Sea) were less than 20 mg/L frequently. Hence, a significant
decreasing trend of TSS concentration could be found from the northwest to southeast
in HRE (Fig. 9 a). Besides, the Chla concentrations in HRE showed an opposite spatial
distributions characteristics, which similar to the findings in PRE (Fig. 4 and Fig. 8). In
general, relative low Chla concentrations were mainly found in downstream and estuary
while outer shelf area with high values (Fig. 9 b). Chla concentrations in HRE ranged
from 4.1 to 37.3 mg/m? (Fig. 9 b), which were a little higher than that of PRE (Fig. 4
and Fig. 8).

The results of extracted TMZs in HRE were showed in Fig. 9(d) (regions with
mango colors). We found that the TMZs distributed in all downstream and estuary of
Hangjiang River. They could be devided into four main TMZs based on different
waterways (Beixi, Dongxi, Waishahe, Xinjinhe and Meixi waterways) of Hanjing River.
The maximum TMZ was located within an average distance of 3 km from Beixi estuary,
western Haishan coasts and the coastlines between Beixi and Dongxi esturay. From
Meixi estuary to Xinjinhe estuary, the second large TMZ of HRE was distributed. The
region of the main TMZ of Xinjinhe estuary looks knife-shaped, which was mainly
caused by the runoff of Xinjinhe waterway and the flow guiding line connected to
Longhu District, Shantou City (Fig. 9 d). The other two relative smaller TMZs were
distributed in Dongxi estuary and Waishahe estuary, respectively. The results indicated

that the TMZs distribution in HRE mainly connected to tide, runoff, estuarine
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topography and human activity. We found that TMZI has a high applicability in a
different eatuary beside PRE.

While in HRE, the region of high TSS concentrations were mainly distributed in
an average distance of 1.2 km from Yangjiang coastlines, especially in eastern
Hailingdati dike water bodies, with a mean value of more than 150 mg/L (Fig. 10a).
The outer shelf area has much lower TSS concentrations, where the TSS concentrations
were less than 35 mg/L generally. It was also found that Chla concentrations in most
region of MRE were more than 4 mg/m?, except for southwestern Dongping town
coastal water bodies where Chla concentrations main ranged from 2 to 4 mg/mé. Chla
concentrations in Moyangjiang River downstream, Fuchang town coast and outside of
Shouchanghe River estuary have relative high values where Chla concentrations more
than 8 mg/m® were often found (Fig. 10b). Compared to PRE and HRE, the
corresponding relationship between TSS concentrations and Chla concentrations in
MRE was a little weak. However, there still existed a trend that high (low) TSS
concentrations water bodies with relative low (high) Chla concentrations (Fig. 10a and

Fig. 10b).
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360  Fig. 10. The estimated TSS concentrations (a), Chla concentrations (b), true color imagery (USGS
361  1982; NASA 2001) (c), and extracted TMZ results (regions with mango colors) (d) in MRE on
362 6 December 2013 (Low-flow season).

363 Fig. 10(c) and Fig. 10(d) showed the ture color imagery of MRE and the extracted
364  TMZs results (regions with mango colors). It was found that there were two main TMZs
365  in MRE on 6 December 2013. The first TMZ mainly distributed from inside and outside
366  of Moyangjiang River estuary to Shouchanghe River estuary, with a distance of about
367 1.8 km from coastlines (Fig. 10 d). The TMZ distribution in this region mainly attribute
368 to interaction of tide and runoff. Another mian TMZ was in the regions with a distance
369  of 4 km from Hailingdati dike, which mainly caused by the obstruction agains ocean
370  currents of Hailingdati dike (Fig. 10 d). In addition, it was clear that several small long
371  narrow TMZs were also accuracy extreacted through TMZI and the same criterion as

372  thatin PRE and HRE. All the results in the three estuaries showed that extracting TMZ
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based on TMZI and the criterion (TMZI > 0.2) has a better applicability in multi

eatuaries.

3.5 TMZI compared to fixed threshold criterion of previous studies

As the above mentioned, previous studies extracts TMZ mainly based on threshold
of TSS concentrations or turbidity. For example, Jalon-Rojas et al. (2016) used
thresholds of 500 mg/L (300 NTU) and 1000 mg/L (600 NTU) to define moderately-
concentrated TMZ and highly-concentrated TMZ in France Loire Estuary; Jiang et al.
(2013) and Li et al. (2019) defined TMZ as the areas with TSS values larger than 700
mg/L in Yangtze Estuary and Hangzhou Bay. While for the TMZ in PRE, it was found
that TSS values in studies of Shi et al. (2017) and Wai et al. (2004) were more than 89.4
mg/L and about 150 mg/L, respectively. Based on the two criteria (TMZ: TSS > 89.4
mg/L or TSS > 150 mg/L), this study calculated and extracted TMZs in PRE. The
results were showed in Fig. 11(c-f), regions with cyan or yellow colors.

It was easy to find that the extracted TMZs results in PRE based on the criterion of
Shi et al. (2017) were better that of Wai et al. (2004), no matter on 20 November 2004
(Fig. 11cvs. Fig. 11e, low-flow season) or 18 October 2015 (Fig. 11d vs. Fig. 11f, high-
flow season). The main reason might be that the time of data source in Shi et al. (2017)
was more close to our study than that in the study of Wai et al. (2004), which causes
that the criterion of Shi et al. (2017) was more suitable to this study than that of Wai et

al. (2004).
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397  the criterion by \Wai et al. (2004) (e, f, regions with yellow color), respectively.
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Besides, it was also found that a relative good result was obtained in the west shoal
of PRE on 20 November 2004 by the criterion of Shi et al. (2017) (Fig. 11c). The
extracted TMZs were almost consistent with the reality compared to the true color
imagery and our rudimentary visual interpretion results (Wang et al., 2020a, b).
However, the accuracy in the east shoal and surrounding Neilingding Island of PRE
was not as high as that in the west shoal, where much obvious distributions of TMZs
were not recognized effectively (Fig. 11¢). What is worse, it was found that the same
criterion did not work well in the west shoal of PRE at a different time (Fig. 11c vs. Fig.
11d). Almost a third of the distributions of TMZs in the west shoal of PRE on high-
flow season was not distinguished and extracted (Fig. 11d). The results based on the
criteria of previous studies indicated that fixed thresholds have a distinct disadvantage
when extracting TMZ in different times or estuaries.

Based on the evaluation and analysis of all the above results (Figs. 7-11), we can
find that the TMZI could be widely and effectively applied to the accurate extraction
of estuarine TMZ, regardless of the significant variations of hydrodynamic
environments, TSS concentrations, Chla concentrations in different estuaries and
seasons. Compared to the previous studies and the results from fixed thresholds, we
conclude that TMZI has the great potential to develop into a unified model for
distinguishing and extracting TMZ effectively and accurately in many other estuaries

of the world (Figs. 7-11).
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4 Summary and Conclusions

This study established and developed a novel model (turbidity maximum zone
index) based on TSS concentration and Chla concentration for distinguishing estuarine
turbidity maximum zone from Landsat imageries. It was found that both TSS
concentration and Chla concentration showed significant variations and different
characteristics in PRE, HRE and MRE in different times (Fig. 4 and Figs. 8-10).
However, we found that there still exists a corresponding relationship between TSS
concentration and Chla concentration in the three estuaries of Guangdong province.
Chla concentrations and TSS concentrations in this study showed an almost opposite
spatial distributions characteristics, where relative high (low) Chla concentrations are
exactly corresponding to the relative low (high) TSS concentrations (Figs. 4-5 and Figs.
8-10). Therefore, the turbidity maximum zone index (TMZI) was defined and designed
as the ratio of the difference and sum of logarithmic transformation of TSS
concentrations and Chla concentrations in this study.

Compared with the true (false) color imagery or visual interpretation results, it was
found that the extracted TMZs results by TMZI were consistent with the reality (Figs.
7-10). Besides, it should be noted that the criterion used for extracting TMZs in different
estuaries and seasons was exactly the same (TMZI > 0.2) and got a reasonable accuracy
and better performance compared to the previous fixed TSS concentration or turbidity

threshold (Fig. 11), which showed that TMZI has a higher adaptability and robustness.
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The results indicated that there is great potential for optimizing the TMZI to
distinguish and extract TMZs from multi-source satellite remote sensing, such as
Sentinel, Aqua & Terra-MODIS and SeaWiFS, which also provides great help in
establishing and developing a unified criterion for extracting TMZs effectively in

different estuaries and different times throughout the world.

Code and data availability

All the Landsat remote sensing imageries are fully available at

https://glovis.usgs.gov/ (USGS 1982; NASA 2001).
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