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A B S T R A C T   

Water clarity is a key parameter for assessing changes of aquatic environment. Coastal waters are complex and 
variable, remote sensing of water clarity for it is often limited by low spatial resolution. The Sentinel-2 Multi- 
Spectral Instrument (MSI) imagery with a resolution of up to 10 m are employed to solve the problem from 2017 
to 2021. Distribution and characteristics of Secchi disk depth (SDD) in Jiaozhou Bay (JZB) are analyzed. Subtle 
changes in localized small areas are discovered, and main factors affecting the changes are explored. Among 
natural factors, precipitation and wind play dominant roles in variation in SDD. Human activities have a sig-
nificant influence on transparency, among which fishery farming has the greatest impact. This is clearly evi-
denced by the significant improvement of SDD in JZB due to the sharp decrease in human activities caused by 
coronavirus disease 2019 (COVID-19).   

1. Introduction 

Secchi disk depth (SDD) is one of the basic parameters to describe the 
optical properties of water body, which characterizes the transmission, 
transmittance, reflection, and attenuation of light in water body. It can 
reflect the water quality, and evaluate the turbidity and eutrophication, 
hence serving as an important parameter in water quality monitoring 
(Lee et al., 2015; Pitarch, 2020; Zhang et al., 2021a). The variation in 
SDD directly reflects the change of water ecological environment, which 
plays a guiding role in the development of maritime defense shipping, 
coastal ports and other related social economy (Rohan et al., 2021; 
Shang et al., 2016). Transparency measurements are usually obtained by 
the Secchi disk method, which has a history of nearly 160 years (Song 
et al., 2022; Tyler, 1968; Wernand, 2010). However, although the Secchi 
disk method is simple to measure transparency and can obtain accurate 
and effective transparency data, its measurement process is greatly 
affected by natural weather and human factors. Besides, due to small 
amount of data obtained and poor spatial-temporal continuity of data, it 
is unable to realize real-time synchronous monitoring of large areas of 
water (Liu et al., 2020; Yin et al., 2021a). Compared with the Secchi disk 
method, remote sensing technology has the advantages of low 

measurement cost, large amount of data, wide monitoring range, high 
collection efficiency, and periodic dynamic coating cover (An et al., 
2022). It can realize the monitoring of the areas difficult for the exper-
imental personnel to reach, making up for the defects of the Secchi disk 
method (Yin et al., 2021b; Zhou et al., 2021). Therefore, remote sensing 
technology is gradually becoming one of the effective and important 
means of water transparency monitoring. In recent years, more and 
more scholars in China and abroad have applied it to the study of water 
transparency (Li et al., 2018; Liu et al., 2021; Luo et al., 2020; Majozi 
et al., 2014; Yu et al., 2021). Kabiri (2022) had used Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite data to invert the 
water transparency in the Persian Gulf, Strait Hormuz and the northern 
Oman Bay, and analyzed the seasonal changes of water transparency in 
the sea area. He et al. (2017) proposed a semi-analytical algorithm based 
on the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) satellite data 
to analyze global ocean transparency monthly from 1997 to 2010 and 
determine the climate distribution and variation range of global ocean 
transparency. Zolfaghari and Duguay (2016) applied the linear mixed 
effect model to the atmospheric correction of the Medium Resolution 
Imaging Spectrometer (MERIS) reflectance and inverted the temporal 
and spatial distribution of transparency in Lake Erie from 2004 to 2012. 
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Mao et al. (2018) analyzed the diurnal and monthly changes of SDD in 
the Bohai Sea and the Yellow Sea by the Geostationary Ocean Color 
Imager (GOCI) satellite imagery, finding that the diurnal variation of 
transparency first increased and then decreased, and that the seasonal 
variation was high in summer and low in winter. Doron et al. (2011) 
proposed a semi-analytical algorithm for transparency remote sensing 
inversion based on MERIS, MODIS and SeaWiFS sensor data. 

As the transitional water connecting the ocean and land, nearshore 
Case II waters often contain diverse natural landscapes such as estuary, 
wetland, mudflat and beach, forming an important part of the earth’ s 
ecological environment (Wang et al., 2021). The changes of various 
natural landscapes in the waters directly reflect the changes of the 
ecological environment in the region (Sent et al., 2021). Therefore, 
monitoring the change of nearshore water transparency is of great sig-
nificance for guiding coastal aquaculture, nearshore engineering con-
struction and ecological environment protection. Compared with Case I 
waters in the ocean, nearshore Case II waters have many subtle changes, 
with ecological environment more significantly affected by natural and 
human factors. They have the characteristics of complex biological op-
tical properties and fast changes (Zhou et al., 2022). The construction of 
ship navigation, oil spill and bridge facilities will cause short-term linear 
and surface mutations in SDD (Dong et al., 2022). However, the satel-
lites with low spatial resolutions such as MODIS, MERIS, SeaWiFS and 
GOCI cannot monitor the subtle variation in SDD, and cannot achieve 
the high spatial resolution requirements for the transparency monitoring 
of Case II waters. The spatial resolution of Sentinel-2 Multi-Spectral 
Instrument (MSI) imagery is as high as 10 m. There are many studies on 
the transparency of lakes and reservoirs using Sentinel-2 satellite data. 
Maciel et al. (2021) used the Sentinel-2 MSI images to analyze the 
changes in the transparency distribution of lakes and reservoirs in Brazil 
by machine learning. Qing et al. (2021) proposed an improved semi- 
analytical model based on the quasi-analytical algorithm (QAA) algo-
rithm and applied it to Sentinel-2 satellite data to improve the remote 
sensing inversion of transparency of complex inland waters. Sivakumar 
et al. (2022) inversed transparency changes in the Vembanad lake from 
Sentinel-2 satellite data and analyzed sources of pollution in the lake. 

However, there are few studies on long-time remote sensing inversion 
monitoring of offshore water transparency. The subtle changes of SDD of 
nearshore Case II waters are unknown in localized small areas, the 
factors that affect their changes are unknown, and the impact of coro-
navirus disease 2019 (COVID-19) on SDD is unknown. 

The purpose of our study was three-fold: (1) To discover and reveal 
subtle changes of SDD of nearshore Case II waters in localized small 
areas; (2) to analyze the factors that affect these subtle changes of SDD; 
(3) to study and discuss the impact of COVID-19 on the SDD of nearshore 
Case II waters. 

Therefore, Jiaozhou Bay (JZB) off the southern coast of Jiaodong 
Peninsula in northern China is taken as the research area in this paper, 
with the Sentinel-2 dual-satellite operational observation from 2017 to 
2021 as the research period. The following studies are carried out: (1) 
Analyzing the performance of the proposed transparency inversion al-
gorithm model of Sentinel-2 MSI images in JZB; (2) Applying the pro-
posed algorithm to Sentinel-2 MSI images; (3) Analyzing the temporal 
and spatial distribution characteristics of SDD in JZB and the subtle 
changes in localized small areas; (4) Analyzing the natural factors and 
human factors that affect the change of transparency distribution. 

2. Materials and methods 

2.1. Study area 

JZB is located at 35◦38′-36◦18′N, 120◦04′-120◦23′E and lies on the 
southern coast of Jiaodong Peninsula. As is shown in Fig. 1, its total area 
is about 390 km2 (Wang et al., 2021; Yuan et al., 2021). Generally，JZB 
is a fan-shaped semi-closed bay. With a width of about 3 km, the bay 
mouth is bounded eastward by the southern end of Tuandao and the 
northern end of Xuejiadao. It relates to the Yellow Sea with the coastline 
in the bay of about 163 km long, among which the proportion of arti-
ficial coastline is up to 85 % (Cai et al., 2022). The water depth in JZB is 
generally shallow in the north and deep in the south. The average water 
depth is 6–7 m, and most waters are no >5 m. The rivers into the Bay 
area are rain-source rivers, mainly including Dagu River, Baisha River, 

Fig. 1. The location of JZB with all sampling stations and meteorologic station.  
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Yang River, Licun River and so on (Yu et al., 2022). Affected by the 
warm temperate monsoon climate, there is no severe cold and summer 
in the area. The southeasterly wind prevails in summer and the north-
westerly wind prevails in winter. The rainfall is mainly concentrated in 
July, August and September. The tide in the Bay area is a typical half-day 
tide, with an average tidal difference of 2.71 m and a maximum tidal 
difference of 6.87 m (Shan and Li, 2020). Here is located Qingdao Port, 
the fourth largest port in the world in cargo throughput, together with 
many small fishing boat ports. 

In recent years, with the development of social economy near the Bay 
area, JZB is more and more seriously affected by marine aquaculture, 
port development, ship navigation, coastal sewage discharge, engi-
neering construction and other human activities. The intensification of 
human activities continues to increase the pressure on the ecological 
environment in the Bay area (Yu et al., 2022). As an important indicator 
of water quality monitoring, transparency reflects the change of water 
ecological environment; in addition, its distribution characteristics can 
provide important guiding significance for the distribution of water 
mass in the sea area, port construction, ship navigation, fishery breeding 
and ecological environment protection as well as development planning. 

2.2. Data 

2.2.1. In situ data 
The in situ data of transparency in JZB used in this paper are mainly 

obtained by ship-borne field scientific experiments and fixed observa-
tion stations. The ship-borne field scientific experiments mainly include 
two voyages on November 2, 2016 and May 6, 2017, both with sunny 
and cloudless weather on the day of the sampling experiments. The on- 
site transparency measurement method is the Secchi disk method. The 
number of observation locations in the two ship-borne experiments is 16 
and 18, respectively, as is shown in Fig. 1. The measured transparency 
data of Jiaozhou Bay Observatory are obtained through the National 
Field Scientific Observation and Research Station of Jiaozhou Bay Ma-
rine Ecosystem in Shandong Province (http://jzb.cern.ac.cn/). In total, 
there are 13 fixed observation stations and 44 measured transparency 
data is obtained. The measured transparency time of the observatory is 
mainly distributed in March, June, September and December 2018. The 
temporal distribution of transparency field measured data is shown in 
Table 1. 

2.2.2. Sentinel-2 MSI data 
Sentinel-2 is a high-resolution multispectral imaging satellite, car-

rying a Multi-Spectral Instrument (MSI) with a height of 786 km and a 
swath width of 290 km. The ground pixel resolutions are 10 m, 20 m and 
60 m, respectively. Sentinel-2 is divided into 2A and 2B satellites for 
land monitoring, providing images of vegetation, soil and water cover, 
inland waterways and coastal areas (Main-Knorn et al., 2015). Sentinel- 
2A was launched on June 23, 2015 and Sentinel-2B on March 7, 2017. 
The revisit cycle of each satellite is 10 days. The two satellites are 
complementary, and the revisit cycle is 5 days (Su et al., 2018). 

All satellite images over JZB since Sentinel-2 operational observation 
in 2017 were selected as remote sensing data in this paper. A total of 97 
images of original L1C level data were downloaded. Sentinel-2 L1C level 
data are geometric corrected orthophoto data without radiometric 
calibration and atmospheric correction. In this study, Sen2cor, the at-
mospheric correction method of Sentinel-2 MSI image provided by ESA, 
is used for radiometric calibration and atmospheric correction of L1C 
level data to obtain L2A level data (Su et al., 2018). The L2A-level data 
after atmospheric correction were preliminarily screened, and the im-
ages occluded by clouds were removed to obtain 89 L2A images. The 
Sentinel-2 MSI imagery cannot be directly processed because of different 
spatial resolution of each band. Therefore, Sen2Res was used for super- 
resolution resampling of images, and the band data with spatial reso-
lutions of 20 m and 60 m were resampled to 10 m. ENVI was used to 
synthesize and analyze the data of each band, and the synthetic data of 
each image were screened. Finally, 70 images were applied to the 
transparency model inversion. The process of Sentinel-2 MSI imagery 
processing is shown in Fig. 2. 

The seasonal distribution of the original images, preliminary selected 
and final images downloaded from 2017 to 2021 are shown in Fig. 3. 

2.2.3. Meteorological and hydrological data 
The meteorological and hydrological data used in this paper are 

monthly precipitation, monthly average wind velocity of 10 min, 
monthly temperature and daily hourly wind velocity, temperature and 
precipitation downloaded from the National Field Science Observation 
and Research Station of Jiaozhou Bay Marine Ecosystem (http://jzb.ce 
rn.ac.cn/) and National Marine Science Data Center (http://mds. 
nmdis.org.cn/pages/home.html). The time range is from 2017 to 2021. 

2.3. Algorithm 

Band ratio method is commonly used for water quality parameter 
inversion, which can correct the influence of environmental background 
such as light and atmosphere on the measurement results by comparing 
the reflectivity of two bands (Chusnah and Chu, 2022; Shang et al., 
2011). Based on Sentinel-2 remote sensing reflectance and 16 sets of in 
situ transparency data in JZB on November 2, 2016, the correlation 
between band ratios of different bands and transparency data was 
studied in Remote sensing retrieval of secchi disk depth in Jiaozhou Bay 
using Sentinel-2 MSI image (Yang et al., 2021). Considering the perfor-
mance of different band ratio algorithm models and the contribution of 
different band data of Sentinel-2 in nearshore Case II waters, The band 
ratio empirical algorithm model constructed by the Sentinel-2 MSI im-
agery of coastal aerosol band (B1, 433–453 mm), blue light band (B2, 
458–523 mm), green light band (B3, 543–578 mm) and red light band 
(B4, 650–680 mm) is used to invert the water clarity in JZB. The algo-
rithm model is as follows 

fSDD(x) = − 5.838× x+ 1.101 (1)  

where, fSDD(x) is the water clarity of JZB, and x is the product of band 
combination logarithm of Sentinel-2 which can be expressed as 

x = log
(

B4
B1

)

× log
(

B4
B2

)

× log(B3×B4) (2)  

2.4. Statistical indicators 

In order to evaluate the precision of the transparency retrieval al-
gorithm model and the consistency between the measured transparency 
data and the inversion data, five indicators, namely, determination co-
efficient (R2), root mean square error (RMSE), deviation error (BIAS), 
unbiased root mean square error (URMSE), absolute error (APD) and 
relative error (RPD), are used for evaluation. Root mean square error, 
deviation error and absolute error are used to evaluate the precision of 
the matching between the inversion data and the measured data. 

Table 1 
Information of transparency measured.  

Measurement method Measurement 
time 

Number of transparency measured 
stations 

Ship-borne sample  
2016.11.02  16  
2017.05.06  18 

Observation station 
sample  

2018.03.09  6  
2018.03.12  5  
2018.06.13  7  
2018.06.20  4  
2018.09.12  8  
2018.09.13  3  
2018.12.12  6  
2018.12.13  2  
2018.12.14  3  
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Fig. 2. The processing flow of Sentinel-2 MSI image.  
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Relative error is system error index. 

R2 =

∑N

i=i
(Satei − δonsite)

∑N

i=i
(Onsitei − δonsite)

(3)  

RBIAS =
1
N

∑N

i=1
(Satei − Onsitei) (4)  

RRPD(%) =
1
N

∑N

i=1

Satei − Onsitei

Onsitei
× 100 (5)  

RAPD(%) =
1
N

∑N

i=1

|Satei − Onsitei|

Onsitei
× 100 (6)  

RRMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1
(Satei − Onsitei)

2

N

√
√
√
√
√

(7)  

RURMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
[(Satei − δsate) − (Onsitei − δonsite) ]

2

√
√
√
√ (8)  

where, Sate is the inversion transparency value of satellite data, Onsite is 
the measured transparency value, and N is the total number of sampling 
points, δsate = 1

N
∑N

i=1Satei, δonsite = 1
N
∑N

i=1Onsitei. 
In order to analyze the correlation between SDD and its influencing 

factors, coefficient and significance test are used for evaluation. 

rx1x2 =

∑
(x1 − x1)(x2 − x2)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(x1 − x1)
2 ∑

(x2 − x2)
2

√ (9)  

t =
(x1 − x2) − (μ1 − μ2)̅̅̅̅̅̅̅̅̅̅̅̅̅

S2
1

n1
+

S2
2

n2

√ ∼ t(df ) (10)  

df =

(
S1

2

n1
+ S2

2

n2

)2

(
S1 2
n1

)2

n1 − 1 +

(
S2 2
n2

)2

n2 − 1

(11)  

where, x1 and x2 represent two variables, x1 and x2 are their sample 
mean, μ1 and μ2 are their population mean, S1 and S2 are their sample 
standard deviation. n1 − 1 and n2 − 1 are their degrees of freedom in the 
t-test. 

3. Results 

3.1. Calibration and validation of SDD algorithm 

Due to meteorological conditions and the 5-day revisiting period of 
sentinel-2 satellite observations, the imaging time of valid satellite im-
ages does not match well with the sampling time of in situ data. How-
ever, He et al. (2022) and Zhang et al. (2021b) proposed that in situ data 
sampling within 7 days of effective satellite imaging time can ensure the 
effectiveness of the algorithm model. Kloiber et al. (2002) also proposed 
that the time window between in situ data collection and satellite im-
aging can obtain reasonable results within 7 days. Olmanson et al. 
(2008) found that when the time difference between in situ data and 
satellite imaging increases, the algorithm model does not change 
significantly. Data with a long-time interval with satellite imaging do 
not reduce the accuracy of the algorithm model, but only have a small 
impact on its correlation. Therefore, in order to ensure the effectiveness 
and accuracy of the algorithm model, a dataset with a time interval of 7 
days between in situ data and valid satellite images was selected to 
evaluate the performance of the algorithm model. Considering the 
acquisition time of in situ data in Table 1 and the acquisition time of 
effective Sentinel-2 satellite images, the in situ data of 22 observation 
stations on March 9, March 12, September 12, and September 13, 2018 
met the requirements. However, one observation station on March 9 was 
not located in our study area, so was March 12, and two observation 
stations on September 13 were not in our study area. Therefore, we 
selected a total of 18 groups of data to analyze the performance of the 
algorithm. The results are shown in Fig. 4. The scatterplot of the 
transparency inversion value and the measured value is evenly 

Fig. 3. The seasonal distribution of original images, selected images and final images from 2017 to 2021.  
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distributed on both sides of the 1:1 line. The determination coefficient of 
the algorithm model obtained from 18 groups of validation data is 
0.8078, and the unbiased root mean square error is 0.1956 m, indicating 
that the model has high accuracy and can be used for inversion of water 
clarity in this area. 

3.2. Temporal variation in SDD 

As the sea water depth on the north and west sides of JZB is relatively 
shallow, it is greatly influenced by Dagu River, Yanghe River, Baisha 
River and other rivers. Besides, tide has a great influence on the water 

Fig. 4. Comparison of SDD estimated value and measured value  

Fig. 5. The daily average SDD in JZB from 2017 to 2021 (a – e).  
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depth in this area. There is basically no sea water coverage in this area at 
low tide, so accurate and effective transparency inversion results cannot 
be obtained. Therefore, in this paper, the water clarity of inversion in 
this area is eliminated. The transparency inversion model of JZB con-
structed is used to carry out remote sensing inversion analysis of all valid 
Sentinel-2 MSI images of JZB from 2017 to 2021, and the water clarity 
distribution map of this area with 70 images is obtained. The mean 
distribution of transparency of the 70 images is shown in Fig. 5. 

On this basis, all image results are ensemble averaged according by 
month, season and year, and the monthly and seasonal mean changes of 
water clarity in JZB are shown in Fig. 6, while the annual mean changes 
are shown in Fig. 7. 

According to the analysis of the monthly mean and seasonal mean 
changes of transparency from 2017 to 2021, the mean SDD in JZB varies 
from 1.19 m to 2.07 m, with the monthly maximum value of 2.07 m in 
October and the minimum value of 1.19 m in June. With the change of 
seasons in spring, summer, autumn and winter, the mean SDD in JZB 
shows a trend of decrease, increase and decrease. The mean SDD is the 
smallest in summer (June, July and August) and the largest in autumn 
(September, October and November). The average value of transparency 
in spring (March, April and May) is slightly lower than that in autumn, 
and the value in winter (December, January and February) is slightly 
higher than that in summer. 

According to the analysis results of SDD, during the five years from 
2017 to 2021, the water clarity of JZB decreases from 2017 to 2018, and 
increases in the rest of the years. The overall water clarity of JZB shows 
an upward trend, among which, the smallest mean value of water clarity 
in 2018 is 1.61 m, while the largest mean value of water clarity in 2021 
was 1.87 m, and the mean value of water clarity changed the most be-
tween 2019 and 2020, increasing by 0.15 m. 

3.3. Spatial variation in SDD 

Judging from the spatial distribution of the quarterly mean (Fig. 8) 
and annual mean of SDD (Fig. 9) in JZB during the five-year period from 
2017 to 2021, the overall SDD in JZB shows characteristics of high in the 
south while low in the north, and high in the center while low in the 
surrounding areas. Most of the areas with SDD of >2 m are located in the 
southern waters of Jiaozhou Bay Bridge, and the areas with SDD of <2 m 
in the northern waters of JZB. The SDD shows more obvious texture 
features influenced by tides in the shallow water depth of the northwest 
region, whereas, the SDD presents local reduction occurring in the sea 
area near the mouth of JZB. 

It can be seen from the spatial distribution of the seasonal mean of 

SDD in Fig. 8 that the overall SDD of <2 m in JZB is the lowest in 
summer, whereas, the overall SDD in the central sea area of JZB in 
winter is higher than that in summer. However, the SDD in most sea 
areas have remained low. Compared with summer and winter, the SDD 
in JZB has been significantly improved in spring and autumn. Besides, 
the overall SDD in the southern sea area of Jiaozhou Bay Bridge is higher 
than 2 m. Although the overall SDD in the northern part of Jiaozhou Bay 
Bridge is lower than 2 m, it has also increased compared with summer 
and winter. 

As is seen from Fig. 9, the annual mean of the spatial distribution of 
SDD in JZB in 2018 is lower than that in 2017. During the five-year 
observation period, the annual mean of SDD in 2018 is the smallest as 
a whole, with the overall mean of the spatial distribution of SDD in JZB 
being <2 m. However, the annual mean SDD of >2 m merely happens in 
a small scope of JZB. The annual mean of the spatial distribution of SDD 
in the area in 2019 has slightly improved compared with that in 2018, 
and the annual mean of SDD in the central sea area of JZB has reached 2 
m. In 2020 and 2021, the annual mean of the spatial distribution of SDD 
has greatly improved with the annual mean of SDD in the central sea 
area of JZB and the southern area of Jiaozhou Bay Bridge exceeding 2 m. 

In addition to the mean distribution of SDD in the Bay area, there are 
many local real-time variations in SDD in JZB. As is shown in Fig.10(b, 
d & h), some strip-shaped SDD changes surge abruptly in the north-
western and northern waters of the Bay area. As is shown in Fig. 10(b, f, 
g & i), the SDD near the Bay mouth increases in a planar and linear 
manner. As is shown in Fig. 10(e), in the area with high overall SDD 
value in the northern part of the Bay mouth, the SDD abnormally de-
creases in the form of a curved line. As is shown in Fig. 10(a), the overall 
SDD in the Bay area changes indistinctively, and only a strip-shaped area 
in the northwest sea area presents a significant decrease. 

4. Discussion 

Similar to other nearshore semi-enclosed bays, the ecological envi-
ronment in JZB is mainly affected by both natural and human factors 
which exert obvious influence on variation in SDD. The natural factors 
affecting variation in SDD in JZB mainly include the components of the 
water body (mainly including chlorophyll, suspended solids and colored 
soluble organic matter), rainfall, river runoff, wind velocity, tempera-
ture, water depth, tide, current, water mass and geographical location. 
Human factors mainly include coastline changes, aquaculture, bridge 
facility construction, sewage discharge, port construction, and ship 
navigation. The main factors influencing the change of SDD in JZB are 
shown in Fig. 11. 

Fig. 6. Monthly (a) and quarterly (b) mean SDD in JZB from 2017 to 2021.  
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4.1. Natural factors 

Natural factors such as rainfall, wind velocity, and temperature all 
exert direct or indirect effects on SDD. In this paper, relevant analyses 
were made by adopting the measured rainfall, wind speed and 

temperature data ranging from 2017 to 2021, derived from the National 
Field Scientific Observation and Research Station of Jiaozhou Bay Ma-
rine Ecosystem in Shandong Province. The runoff of rivers will bring a 
large amount of suspended sediment into the sea area, which proves 
another important factor affecting SDD of the area. The inflow rivers in 

Fig. 7. Annual mean SDD in JZB from 2017 to 2021.  

Fig. 8. Spatial distributions of seasonal mean SDD in JZB from 2017 to 2021 (a-d).  
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JZB (including Dagu River, Baisha River, Yanghe river and Licun River, 
etc.) are rain-source rivers, therefore, the variation of rainfall directly 
reflects the runoff of the inflow rivers into JZB. 

The SDD in JZB from 2017 to 2021 were averaged by month, so were 
the obtained data of rainfall, wind velocity and air temperature, and a 
comparative analysis of these data was conducted over 12 months. As is 
seen from Fig. 12, the SDD in JZB is basically negatively correlated with 
rainfall and temperature. The average rainfall and temperature in 

summer (June, July and August) reach upon the highest stage. The 
abundant rainfall will increase the runoff of all rain-source rivers 
(including Dagu River, Baisha River, Yanghe River, Licun River, etc.) 
inflowing into the sea area, which will increase the sediment content in 
the area, finally resulting in the surge of suspended matter content in the 
waters and deduction of SDD. Meanwhile, the increase of temperature in 
June, July and August makes more fertile grounds for phytoplankton 
growth in the water, which will greatly increase the content of 

Fig. 9. Spatial distributions of annual mean SDD in JZB from 2017 to 2021 (a-e).  
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chlorophyll in the water, reducing SDD significantly. Except for June, 
July and August in summer, the less monthly average rainfall (<50 mm) 
and lower temperature (below 20 ◦C) in JZB have little influence on 
SDD. Among all the natural factors, wind velocity plays a more impor-
tant role in SDD, particularly in the northwest, north and northeast 

waters where the sea depth is shallow. As is shown in Fig. 12, the 
stronger wind velocity will bring more suspended sediment in the water 
(especially for shallow water) to lower SDD, and thus, variation in SDD 
in other months except June, July and August shows a significant 
negative correlation with wind velocity. 

Fig. 10. Spatial distributions of daily mean SDD in JZB from 2017 to 2021 (a-i).  

Fig. 11. Natural and human factors affecting water clarity  
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The correlation coefficient and significance test results of SDD with 
precipitation, temperature and wind speed are shown in Table 2. 
Considering that precipitation and temperature in June, July and August 
play a dominant role in SDD, wind speed has little impact. Therefore, the 
results of June, July and August are removed when calculating the 
correlation and significance of SDD and wind speed. Table 2 shows that 
SDD is negatively correlated with precipitation, temperature and wind 
speed, which is consistent with the results obtained in the previous 
analysis. The p values of the significance test results are all <0.01, 
indicating that the negative correlation results are extremely significant. 

The annual average comparison and analysis were conducted for 
SDD on JZB from 2017 to 2021, as well as the obtained data of rainfall, 
wind velocity, and temperature, as is shown in Fig. 13. It can be seen that 
because of unobvious variation in the annual mean value of wind ve-
locity and temperature, wind velocity and temperature cannot dominate 
the annual variation in SDD. The annual rainfall is the smallest in 2019, 
and there is little difference in rainfall in other years, with the difference 
in annual rainfall of <150 mm. Meanwhile, without correlation between 
changes in the annual mean of SDD and annual rainfall, annual rainfall 
cannot play a dominant role in variation in the annual mean of SDD. 

In addition to the above natural factors such as rainfall, wind speed 
and temperature, there are also some short-term natural factors that can 
affect SDD in JZB. For example, Enteromorpha prolifera often breaks out 
in the Yellow Sea in July and August every year. JZB is connected with 
the Yellow Sea, and it is also affected by enteromorpha prolifera. As 
shown in Fig. 10(e), in the sea area around the mouth of JZB, there are 
some long and narrow changes showing linear and areal abnormal 
decrease in SDD. Compared with the satellite image synthesized in the 
red, green and blue bands in Fig. 14, it can be seen that this abnormal 

decrease in SDD is caused by the outbreak of enteromorpha prolifera. 

4.2. Human factors 

In addition to natural factors, variation in SDD mainly stems in part 
from human factors. Recent years have witnessed the spurt of progress in 
society and economy and the implementation of relevant ecological 
protection policies in JZB, affecting variation in SDD of the area. Among 
all the human factors, human activities have a major influence on the 
nearshore water body and the water body in the bay, chiefly triggering 
variation in SDD. 

4.2.1. Coastline changes 
The change of coastline types in JZB is an important indicator 

reflecting human activities along the coast of JZB. The change data of 
coastline types in JZB in this paper were derived from the length data of 
various types of coastlines in China's coastline from 2017 to 2021 ac-
cording to the statistics of the Ministry of Ecology and Environment. The 
overall analysis and comparison of the coastline types in the whole JZB 
were carried out, with the results shown in Fig. 15. 

It can be seen that the proportion of natural coastlines and artificial 
coastlines in JZB has changed little in the past five years with the slight 
decrease in the proportion of natural coastlines and the subtle increase 
in that of artificial coastlines. However, natural coastlines have little 
impact on the environment. Artificial coastlines, reflecting the changes 
of various human activities in the region, exert a major impact on the 
water body. The changes in the proportion of various coastlines in 
artificial coastlines are shown in Fig. 16. 

Artificial coastlines mainly include aquaculture coastlines, 
embankment construction, wharf coastlines and traffic embankments. 
The four types of artificial coastlines have diverse impacts on the water 
body, among which the aquaculture coastlines have the greatest impact 
while the traffic embankments have the least impact. By comparing the 
charts of annual average variation in SDD (Fig. 7), it can be seen that the 
SDD in JZB decreases from 2017 to 2018, and increases from 2018 to 
2021, which is also consistent with the changes in the proportion of 
aquaculture coastlines. Moreover, compared with the impact of 

Fig. 12. The relationship between the monthly mean SDD and the monthly mean rainfall, wind speed and temperature in JZB from 2017 to 2021.  

Table 2 
Correlation coefficient and significance test results of SDD and its influencing 
factors.   

Precipitation Temperature Wind speed 

SDD 
r − 0.53 − 0.34 − 0.22 
p 2.67 × 10− 3 2.47 × 10-4 1.31 × 10-5  
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aquaculture coastlines on the transparency of water body, the other 
three artificial coastlines, i.e. embankment construction, wharf coast-
lines and traffic embankments, influence SDD less obviously. 

4.2.2. Port and navigation 
The change of coastlines mainly affects the nearshore SDD in the sea 

area. Because ship navigation will leave suspended solids such as sedi-
ment in the water body lifted, and cause pollution discharge and oil spill 
(Dong et al., 2022), variation in SDD in the central waters of the Bay area 
is thus affected. With the large Qingdao Port located in JZB, the 
throughput of the port can directly reflect the navigation frequency of 
ships in the area. According to the annual report of Qingdao Port in 
recent five years, the cargo and container throughput of the port from 
2017 to 2021 is shown in Fig. 17. 

It can be seen that from 2017 to 2021, the cargo and container 
throughput of the entire Qingdao Port has been edging upwards year by 
year, and the annual throughput basically shows a linear increase, of 
which the increase slightly slowed down from 2019 to 2020. However, 
the annual mean variation in SDD only decreases from 2017 to 2018, 
and the rest of the years saw an increase in SDD. This trend is not entirely 
consistent with the reduction of SDD caused by ship navigation, mainly 
because this kind of reduction happens in just a short period of time. As 
is shown in Fig. 10 (c, f, g), the SDD caused by the ship navigation is 
reduced in the shape of slim and short lines near the mouth of the bay 
and the waters near the northern part of the bay. As is shown in Fig. 10 
(c, d) in the sea area near Jiaozhou Bay Bridge, the SDD caused by the oil 
leakage of fishing boats shows a local planar decrease. It is observed on 
the spot that the oil spill pollution in JZB mostly occurs on the northeast 
and northwest side of the sea area near Jiaozhou Bay Bridge. As is shown 
in Fig. 18, this is caused by rows of small fishing boats navigating and 
berthing off. The above situations will give rise to short-term decrease in 
SDD, but with unobvious influence on the annual average SDD. Mean-
while, reduction in SDD caused by ship navigation only occurs in the 
channel area, with little effect on the entire JZB. 

4.2.3. Jiaozhou Bay Bridge 
Founded on December 26, 2006, Jiaozhou Bay Bridge started con-

struction in May 2007 and completed in June 2011. During the obser-
vation period of remote sensing images from 2017 to 2021 in this paper, 
the bridge has been completed and operated for many years, with only 
the Jiaozhou connecting line section of Jiaozhou Bay Bridge under 
construction. Started on March 7, 2017, the Jiaozhou connecting line 
section of Jiaozhou Bay Bridge was completed on December 28, 2019. 

According to the seasonal, annual and diurnal spatial distribution 
variation of SDD in JZB in Figs. 8, 9 and 10, the influence of the con-
struction of the bridge on SDD in the Bay area cannot be observed. This 
is mainly due to the fact that JZB is a highly enclosed bay (the sea area 
covers an area of nearly 400 km2, and the inlet to the bay is only 
approximately 3 km wide); meanwhile, because the rivers emptying into 
the bay are mostly rain-source rivers, the overall runoff stays at a low 
level, leaving the hydrodynamic force in the bay not as violent as that in 
Hangzhou Bay and the Guangdong-Hong Kong-Macao Greater Bay Area. 
Therefore, although Jiaozhou Bay Bridge has some unobvious impact on 
the hydrodynamics in the Bay area, the SDD variation caused by the 
bridge is not significant. 

Located in the northwest of JZB, the sea area of the Jiaozhou con-
necting line section of Jiaozhou Bay Bridge is shallow, with basically no 
sea water coverage especially at low tidal levels. When analyzing the 
spatial distribution of SDD in this area, it is necessary to select remote 
sensing images that are imaged at high tidal levels. In Fig. 10 (a), due to 
the imaging time during the period of high tidal levels, the SDD in the 
Bay area shows well-proportioned spatial distribution as a whole, but 
abnormally reduces only in the sea area of Jiaozhou connecting line 
section of Jiaozhou Bay Bridge. However, on November 28, 2017, this 
section of Jiaozhou Bay Bridge was under construction, obviously 
causing the spatial variation in the reduction of SDD in the construction 
area. 

4.2.4. COVID-19 
In December 2019, the COVID-19 pandemic broke out in Wuhan City 

Fig. 13. The relationship between the annual mean SDD and the annual mean rainfall, wind speed and temperature in JZB from 2017 to 2021.  
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of China. On January 17, 2020, the first case was confirmed in Qingdao 
City. Thanks to the adoption of pandemic control policies by Qingdao 
City, many companies were closed or operated from home. Therefore, 
human activities along the coast of JZB and in the bay were also 
plummeted, which had a direct impact on the ecological environment of 
JZB, such as directly reducing the amount of industrial wastewater 
discharged into the Bay area and affecting fishing and aquaculture as 
well as engineering construction along the coast to a certain extent. The 
reduction and weakening of these human activities will improve the 
ecological environment in the sea area greatly. It can be seen from Fig. 7, 
the SDD of JZB has increased from 2018 to 2021, particularly from 2019 
to 2020 at the highest rate, which also reflects the impact of reduced 
human activities on variation in SDD in JZB. 

5. Conclusions 

In this paper, Sentinel-2 MSI imagery and the established SDD 
inversion model of JZB were used to obtain SDD inversion data of JZB 
from 2017 to 2021. Subsequently, the temporal and spatial distribution 
of SDD in JZB in the past five years was analyzed, together with the main 
characteristics of SDD variation and the main factors. The conclusions 
are as follows:  

(1) Temporal variation distribution law of SDD in JZB: From 2017 to 
2021, the annual average SDD variation in JZB, on a downward 
trajectory initially, has risen subsequently. In 2018, the average 
annual SDD is 1.61 m, reaching the lowest level. In 2021, the 
annual average SDD is 1.87 m, reaching the highest stage. From 

Fig. 14. Satellite image of JZB synthesized by the red, green and blue bands on July 21, 2019 (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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2019 to 2021, the annual average SDD changes the most, 
increasing by 0.15 m. With the rhythm of the seasons, the sea-
sonal average SDD of JZB goes through a trend of decreasing, 
increasing and then decreasing, in which the average SDD in 
summer is the lowest, followed by winter, and the highest in 
spring and autumn.  

(2) Spatial variation distribution law of SDD in JZB: The spatial 
distribution of the average SDD has the features of low in the 
north, high in the south, high in the center, and low in the sur-
rounding areas. The distribution of SDD in the shallower waters 
in the west and north forms the texture characteristics influenced 
by tides. In the bay mouth and the waters to the north of the bay 

mouth, SDD shows the short-term decrease in a linear variation 
form caused by ship navigation. The SDD distribution in the 
northern and eastern sea areas has decreased in variation forms of 
strip and plane caused by oil leakage. In July and August, there 
will be the distribution variation of SDD decreasing caused by 
enteromorpha prolifera.  

(3) Natural factors such as rainfall, wind velocity, and temperature 
will affect the variation in SDD of JZB. Among them, the 
increasing rainfall will increase the runoff of the rivers flowing 
into the Bay area, which in turn will bring more content of sus-
pended solids such as sediment into the area, resulting in a 
decrease in SDD. Therefore, rainfall is considered as the main 

Fig. 15. Changes in the proportion of natural coastlines and artificial coastlines in JZB from 2017 to 2021.  

Fig. 16. Changes in the proportion of various artificial coastlines in JZB from 2017 to 2021.  
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factor affecting variation in SDD of JZB. Besides, for the shallow 
water area, the stronger wind velocity will cause sediment sus-
pension in the bottom of the water, leading to reduction of SDD. 
Thus, wind velocity proves to be the dominant factor affecting 
variation in SDD on the premise of less rainfall. Finally, temper-
ature will affect the growth and reproduction of chlorophyll in 
JZB, further influencing variation in SDD. Natural factors play a 
dominant role in the monthly and quarterly distribution variation 
of SDD, but not in the annual distribution variation.  

(4) Human activities such as aquaculture, coastline type changes, 
port construction and development, ship navigation, and bridge 
construction are taken as the primary human-induced factors that 
cause variation in SDD in JZB. As the main human-induced factor 
among these human activities, aquaculture has the greatest 
impact on variation in SDD. Ship navigation and the construction 
of Jiaozhou Bay Bridge will cause the distribution variation of 
short-term decrease in SDD in a small area. At the beginning of 
2020, human activities slip considerably due to the outbreak of 

COVID-19 pandemic, triggering the maximum increase of SDD 
from 2019 to 2020, which reflects the great impact of human 
activities on variation in SDD of JZB. Human factors play a 
leading role in the annual distribution variation in SDD rather 
than in the monthly and seasonal distribution variation. 
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