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Abstract: Knowledge of the chlorophyll-a dynamics and their long-term changes is important for
assessing marine ecosystems, especially for coastal waters. In this study, the spatial and temporal
variability of sea surface chlorophyll-a concentration (Chl-a) in the Bohai Sea were investigated using
13-year (2000–2012) satellite-derived products from MODIS and SeaWiFS observations. Based on
linear regression analysis, the results showed that the entire Bohai Sea experienced an increase in Chl-a
on a long-term scale, with the largest increase in the central Bohai Sea and the smallest increase
in the Bohai strait. Distinct seasonal patterns of Chl-a existed in different sub-regions of the Bohai
Sea. A long-lasting Chl-a peak was observed from May to September in coastal waters (Liaodong bay,
Qinhuangdao coast, and Bohai bay) and the central Bohai Sea, whereas Laizhou bay had relatively
low Chl-a in early summer. In the Bohai strait, two pronounced Chl-a peaks occurred in March and
September, but the lowest Chl-a was in summer. This pattern was quite different from those in other
regions of the Bohai Sea. The water column condition (stratified or mixed) was likely an important
physical factor that affects the seasonal pattern of Chl-a in the Bohai Sea. Meanwhile, increased
human activity (e.g., river discharge) played a significant role in changing the Chl-a distribution
in both coastal waters and the central Bohai Sea, especially in summer. The increasing trend of
Chl-a in the Bohai Sea might be attributed to the increase in nutrient contents from riverine inputs.
The Chl-a dynamics documented in this study provide basic knowledge for the future exploration of
marine biogeochemical processes and ecosystem evolution in the Bohai Sea.

Keywords: satellite data; long-term changes; sub-regions; Bohai Sea

1. Introduction

Marine phytoplankton is a fundamental component of marine biogeochemical cycles and
ecosystems, accounting for approximately 50% of global organic matter production [1,2]. It also
influences the diversity of marine organisms and global climate processes [3,4]. Chlorophyll-a is widely
used to indicate phytoplankton biomass [5], as it can generally reflect the situation of phytoplankton
growth. Due to the limitation of field methods, chlorophyll-a concentrations (Chl-a) collected by field
methods are usually insufficient for investigating the Chl-a dynamics.

Satellite ocean color observations can provide large spatial and temporal coverage, which is ideal
for examining the spatial and temporal variability of Chl-a [6]. Empirical and semi-analytical Chl-a
algorithms have been developed to infer information about Chl-a from space on both global and regional
scales [7–10]. For instance, the Tassan-like algorithm [8] and OC4 algorithm [10] have been widely
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applied to satellite data. In addition, the OC4 algorithm was performed on SeaWiFS and MODIS data to
derive the NASA standard products of Chl-a, which are provided at http://oceancolour.gsfc.nasa.gov/.

Recent efforts have been made to evaluate Chl-a in the global oceans using satellite-derived
products. These studies clearly revealed that increased Chl-a occurred in many coastal waters
(e.g., the eastern China seas), and the reason was generally attributed to the interaction between
human activity and climate change [11–13]. For instance, Gong et al. [14] found that the rate of
primary production in the subtropical East China Sea was regulated by seawater temperature during
winter and early spring and nutrients during summer and autumn. Shi and Wang [15] studied
the seasonal distribution of satellite-derived Chl-a, sea surface temperature (SST), and normalized
water leaving radiance (nLw) spectra in the eastern China seas. These results showed that ocean
color property variations were driven by the ocean stratification, sea surface thermodynamics, and
river discharge, among other factors. Yamaguchi et al. [16] presented the seasonal and summer
temporal variability of satellite-derived Chl-a in the Yellow and East China Seas from 1997 to 2007,
and revealed that the inter-annual variation of Chl-a in summer was significantly influenced by
Yangtze River discharge. He et al. [17] investigated the seasonal and inter-annual variability of
phytoplankton blooms in the eastern China seas using satellite-derived Chl-a from 1998 to 2011.
They reported that the doubling of the bloom intensity in the eastern China seas was mainly caused
by an increase in nitrate and phosphate concentrations. Based on the 15-year (1997–2011) satellite
Chl-a data derived using the OC4 algorithm, Liu et al. [18] analyzed the effects of bathymetry on
seasonal and inter-annual patterns of Chl-a in a larger region including the Bohai and Yellow Seas,
but did not examine the detailed Chl-a dynamics in sub-regions of the Bohai Sea. They also found that
the correlation between Chl-a and SST was positive in coastal waters and negative in offshore waters.

Previous researches have commonly investigated the Chl-a dynamics in a large region including
the Bohai Sea, such as the studies of He et al. [17] and Liu et al. [18]. However, studies specifically
focusing on the Chl-a dynamics on large temporal scales in sub-regions of the Bohai Sea are limited.
In addition, the possible factors of Chl-a variation in the Bohai Sea are not yet clear. Because of
the highly variable environmental conditions (e.g., river discharge, circulations, and water masses),
the Bohai Sea ecosystem is complex [19–21]. The phytoplankton growth needs nutrients and light [22].
The available light for photosynthesis depends on photosynthetically available radiation (PAR),
extinction coefficient, and water clarity. Additionally, SST may influence the vertical structure of
the water column, which would further change the nutrient supply and light conditions. Fortunately,
both the SST and PAR parameters can be detected by satellite remote sensing technology, thus providing
a large quantity of materials to explore the influences of these two factors on the Chl-a dynamics.

Because atmospheric correction models can be inaccurate due to the uncertainty of the aerosol
and bio-optical algorithms in high suspended sediment areas (e.g., the Bohai Sea), it is difficult
to obtain reliable Chl-a data from satellite ocean color data [23]. For instance, the OC4 standard
algorithm performs well for Case-1 waters, but is not always valid for Case-2 waters [24].
Siswanto et al. [24] proposed an empirical local algorithm based on an extensive bio-optical dataset
collected in the Yellow and East China Seas. In brief, they regionally tuned and combined the Tassan
Chl-a and OC4v4 algorithms under low and high nLw555 (2 mW·cm−2·µm−1·sr−1) conditions,
respectively. This combined Chl-a algorithm can improve the retrieval accuracy of Chl-a, especially
for high suspended sediment area [25,26]. In addition, it was used as the standard algorithm
in the Geostationary Ocean Color Imager Data Processing System (GDPS) [27–29].

We hypothesize that the distinct Chl-a patterns existed in different sub-regions of the Bohai Sea
and may be influenced by separate mechanisms. Hence, in this study, we first assessed the performance
of the Chl-a algorithm of Siswanto et al. [24] in the Bohai Sea by comparing satellite-derived Chl-a with
in situ measurements. The main objectives of this study were: (1) to investigate the spatiotemporal
variability and trend of Chl-a in the Bohai Sea during a 13-year period (2000–2012); (2) to analyze
area differences in seasonal variations and long-term changes in Chl-a; and (3) to discuss the possible
factors that affect the Chl-a dynamics and its trend.

http://oceancolour.gsfc.nasa.gov/
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2. Materials and Methods

2.1. Study Area

The Bohai Sea, located in northern China, is a shallow shelf sea with an average water depth of
18 m (with maximum depth of 80 m) and a total area of 77,000 km2 [30] (Figure 1). It is connected to
the Yellow Sea through the Bohai Strait. Numerous inland rivers flow into the Bohai Sea from Mainland
China with a total annual runoff of 8.88 × 1010 m3, nearly half of which comes from the Huanghe
(Yellow River) [31]. The Bohai Sea is important as the main fishing ground and base of the marine
fishery resources in northern China. Over the past several decades, the Bohai Sea has been influenced
by human activity (e.g., agriculture, and industrial and domestic sewage) [32]. The Bohai Sea ecosystem
has been gradually deteriorating due to red-tide events and eutrophication [33,34].

Remote Sens. 2017, 9, 582  3 of 16 

 

2.1. Study Area 

The Bohai Sea, located in northern China, is a shallow shelf sea with an average water depth of 

18 m (with maximum depth of 80 m) and a total area of 77,000 km2 [30] (Figure 1). It is connected to 

the Yellow Sea through the Bohai Strait. Numerous inland rivers flow into the Bohai Sea from 

Mainland China with a total annual runoff of 8.88 × 1010 m3, nearly half of which comes from the 

Huanghe (Yellow River) [31]. The Bohai Sea is important as the main fishing ground and base of the 

marine fishery resources in northern China. Over the past several decades, the Bohai Sea has been 

influenced by human activity (e.g., agriculture, and industrial and domestic sewage) [32]. The Bohai 

Sea ecosystem has been gradually deteriorating due to red-tide events and eutrophication [33,34]. 

 

Figure 1. Location of the Bohai Sea (a) and the sampling locations of sub-regions, which are marked 

by squares (b), namely, Liaodong bay, Qinhuangdao coast, Bohai bay, Laizhou bay, central Bohai Sea, 

Bohai strait, and northern Yellow Sea. Locations of the match-up stations in the Bohai and northern 

Yellow Seas (c). 

In this study, the Bohai Sea was subdivided into six sub-regions, following geographical regions 

(Figure 1b), including Liaodong bay (156 pixels), Qinhuangdao coast (144 pixels), Bohai bay (169 

pixels), Laizhou bay (128 pixels), central Bohai Sea (256 pixels), and Bohai strait (165 pixels). The areas 

along the coastline of the Bohai Sea were excluded because of high levels of suspended sediment, 

which may increase the uncertainties of satellite-derived Chl-a [35,36]. Meanwhile, the northern 

Yellow Sea (400 pixels) was distinguished separately as a specific region. All clusters of pixels were 

isolated as regions of interest, and the data were averaged within each sub-region. 

2.2. In Situ Chl-a Data 

The in situ Chl-a data used in this study were collected during three cruises in June 2005, July 

2011, and September 2012 in the Bohai Sea. Additionally, the Chl-a data collected during August 

2015, June 2016, and December 2016 in the Bohai and northern Yellow Seas were also used in the 

algorithm validation, although the collecting time of these data was beyond that of our study period, 

because using the more data may give more reliable validation result. In total, the in situ dataset 

included 367 Chl-a samples. 

For Chl-a analysis, seawater samples at the near surface (0–3 m) were collected using 12-liter 

Niskin bottles mounted on a CTD system. Water samples were filtered through 25-mm Whatman 

GF/F glass fiber filters under low vacuum pressure (<0.01 Mpa). After filtration, these samples were 

Figure 1. Location of the Bohai Sea (a) and the sampling locations of sub-regions, which are marked
by squares (b), namely, Liaodong bay, Qinhuangdao coast, Bohai bay, Laizhou bay, central Bohai Sea,
Bohai strait, and northern Yellow Sea. Locations of the match-up stations in the Bohai and northern
Yellow Seas (c).

In this study, the Bohai Sea was subdivided into six sub-regions, following geographical regions
(Figure 1b), including Liaodong bay (156 pixels), Qinhuangdao coast (144 pixels), Bohai bay (169 pixels),
Laizhou bay (128 pixels), central Bohai Sea (256 pixels), and Bohai strait (165 pixels). The areas along
the coastline of the Bohai Sea were excluded because of high levels of suspended sediment, which
may increase the uncertainties of satellite-derived Chl-a [35,36]. Meanwhile, the northern Yellow Sea
(400 pixels) was distinguished separately as a specific region. All clusters of pixels were isolated as
regions of interest, and the data were averaged within each sub-region.

2.2. In Situ Chl-a Data

The in situ Chl-a data used in this study were collected during three cruises in June 2005, July 2011,
and September 2012 in the Bohai Sea. Additionally, the Chl-a data collected during August 2015,
June 2016, and December 2016 in the Bohai and northern Yellow Seas were also used in the algorithm
validation, although the collecting time of these data was beyond that of our study period, because
using the more data may give more reliable validation result. In total, the in situ dataset included
367 Chl-a samples.

For Chl-a analysis, seawater samples at the near surface (0–3 m) were collected using 12-liter
Niskin bottles mounted on a CTD system. Water samples were filtered through 25-mm Whatman
GF/F glass fiber filters under low vacuum pressure (<0.01 Mpa). After filtration, these samples
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were stored in liquid nitrogen until analysis in the laboratory. Prior to analysis, chlorophyllous
pigments were extracted with N,N-dimethylformamide (DMF) for 24 h at 0 ◦C in the dark. Then,
the florescence values of each sample, in fluorescent standard units (FSU), were measured three times
using a Turner Design Fluorometer Model, and averaged these three measurements. Finally, the Chl-a
was calculated from the corresponding florescence values based on the calibration curves.

2.3. Satellite Data

The daily remote sensing reflectance Rrs products of MODIS and SeaWiFS were acquired from
the NASA ocean color website (http://oceancolour.gsfc.nasa.gov/). This dataset spanned 2000
to 2012 for a rectangular region (36–42◦N and 117–124◦E) that encompassed our study region.
Additionally, the Level 3 monthly SST and PAR data with global coverage during our study period
were obtained from the NASA ocean color website. These products were all cropped to the Bohai Sea.
In addition, the bathymetric data were obtained from the ETOPO5 data (Earth Topography-5 Minute)
at https://www.ngdc.noaa.gov/mgg/global/etopo5.html.

2.4. Chl-a Algorithm

In this study, we used the Chl-a algorithm of Siswanto et al. [24] to obtain satellite-derived Chl-a
data. In regions with nLw555 > 2 mW·cm−2·µm−1·sr−1, the regionally tuned Tassan-like algorithm
was used:

log(Chl− a) = −0.166− 2.518log2
10(R) + 9.345log2

10(R) (1)

R = [(Rrs443/Rrs555)(Rrs412/Rrs490)]
−0.463 (2)

Under the low range of nLw555 (<2 mW·cm−2·µm−1·sr−1), the regionally tuned OC4v4 algorithm
was used:

log(Chl− a) = 0.248− 2.703R + 1.695R2 − 1.764R3 + 1.092R4 (3)

R = log[max(Rrs443/Rrs555, Rrs490/Rrs555)] (4)

where R is a function of spectra value and Rrs(λ) is the remote sensing reflectance value at a given
wavelength. Note that the invalid Rrs pixels were masked out based on the level 2 flagged pixels of
the standard Rrs product. The daily Chl-a data were composed into monthly averages to match the
SST and PAR datasets.

To assess the performance of the Chl-a retrieval algorithm, the coefficient of determination (R2),
root mean square error (RMSE), and mean absolute percentage error (MAPE) were calculated between
satellite-derived Chl-a and these measured values as below:

RMSE =
1
n

√
n

∑
i=1

[(xi,derived − xi,field)/xi,field]
2 (5)

MAPE =
1
n

n

∑
i=1
|(xi,derived − xi,field)/xi,field| × 100% (6)

where n is the number of samples, and xi,derived and xi,field denote satellite-derived and in situ Chl-a
data for the i-th sample, respectively.

2.5. Calculation of Trend and Information Flow

The linear trend model is commonly used in environmental and climate change research.
The trend was obtained by: (1) subtracting the monthly climatological mean values from
each corresponding month to remove the seasonal signal (producing monthly anomaly) [37];
and (2) calculating the linear trend using linear regression analysis. The line trend was the slope
of the linear regression line for the time series of monthly anomaly, and its statistical significance
was assessed with a statistical F-test. It is worth emphasizing that the linear trend in this study

http://oceancolour.gsfc.nasa.gov/
https://www.ngdc.noaa.gov/mgg/global/etopo5.html
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was assessed under a high percentage (>70%) of valid pixels to the total number of the monthly
anomaly. If the percentage of valid pixels is too small (e.g., <30%), the trend statistical analysis may
have large uncertainty due to insufficient valid data.

The correlation between different parameters is often detected using Pearson correlation analysis,
but it is not designed to explore statistical dependencies between parameters [38]. In this study,
we used a mathematical method based on the information flow (IF), which can quantitatively evaluate
the cause and effect relation between time series [39]. The method was expressed as:

T2→1 = (C11 × C12 × C2,d1 − C2
12 × C1,d1)/(C2

11 × C22 − C11 × C2
12) (7)

d1 = (X1,n+1 − X1,n)/∆t (8)

where T2→1 is the rate of information flowing from X2 to X1, Cij is the sample covariance between Xi
and Xj, and Ci,dj is the covariance between Xi and dj. If the |T2→1| value is nonzero, there is causality
between X2 and X1; if not, there is no causality between them. In this study, the Chl-a anomaly and SST
(PAR) anomaly were symbolized by the subscripts “1”and “2” in Equation (7), respectively. The method
could analyze the cause-effect relation and compare degrees of influence between different factors.
It has been successfully applied to explain scientific problems in the real world. For instance, Liang [39]
investigated the causal relation between the El Niño and Indian Ocean Dipole. Stips et al. [40] used this
method to explore causality between different forcing components (e.g., anthropogenic, CO2, aerosol,
cloud, and solar) and annual global mean surface temperature anomalies since 1850.

3. Results

3.1. Validation of Satellite-Derived Chl-a in the Bohai Sea

We applied the Chl-a algorithm of Siswanto et al. [24] to satellite data to investigate the Chl-a
dynamics in the Bohai Sea. Before the application, the performance of the Chl-a algorithm was assessed
based on 69 pairs of in situ Chl-a and satellite Rrs(λ) data (Figure 1c). This match-up dataset
only consisted of satellite Rrs(λ) with an overpass time window within 5 h before and after field
data. To avoid the effects of outliers, the median Rrs(λ) values for a 3 × 3 pixels window centered
on the locations of the sampling stations were defined as satellite Rrs(λ). As shown in Figure 2,
satellite-derived Chl-a generally agreed well with in situ Chl-a, with R2, RMSE and MAPE values
of 0.53, 0.21 mg·m−3 and 38.38%, respectively. These results suggested that satellite-derived Chl-a
in the Bohai Sea had high accuracy, which was considered generally acceptable in remote sensing
research [24]. Therefore, we can further study the spatiotemporal variability of Chl-a in the Bohai Sea
based on satellite-derived Chl-a.
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3.2. Chl-a Spatial Distribution and Variability in the Bohai Sea

Using the monthly Chl-a data, the spatial and variability patterns of Chl-a were obtained by
the temporal mean and standard deviation (SD) values during 2000–2012, respectively (Figure 3).
In general, the Chl-a in the Bohai Sea showed much higher values than those in the northern Yellow
Sea, and decreased gradually from coastal waters to offshore waters (Figure 3a). The highest Chl-a
(>4.5 mg·m−3) were in the Qinhuangdao coast, southern Laizhou bay, and northern Liaodong bay.
In addition, the relatively high Chl-a values (2.7–4.5 mg·m−3) were observed in coastal waters shallower
than 20 m, whereas the relatively low values (<2.7 mg·m−3) were in the central Bohai Sea and Bohai
strait. As shown in Figure 3b, the highest variability (SD > 2.5 mg·m−3) occurred in coastal area with
<10 m isobaths. The higher variability (SD = 1.0–2.5 mg·m−3) were distributed in coastal waters and
the central Bohai Sea, whereas lower variability (SD < 1 mg·m−3) appeared in the Bohai strait.
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3.3. Chl-a Seasonal Patterns in the Bohai Sea

The seasonal patterns of Chl-a in each month from 2000 to 2012, represented by climatological
monthly images, are shown in Figure 4. The seasonal dynamics of Chl-a in the Bohai Sea resulted in a
growth process from May to September and depletion from October to April. The Chl-a values
during winter and early spring (December–April) (with most of the values below 2.5 mg·m−3)
were significantly lower than those from late spring to early autumn (May–September) (with most of
the values above 3.5 mg·m−3). Figure 4e–j shows that the Chl-a was relatively higher (>6 mg·m−3)
in coastal regions. The central Bohai Sea also had high Chl-a (>3 mg·m−3) from June to September
(Figure 4f–i).

3.4. Area Difference in Seasonal Variations of Chl-a

To gain more insight into seasonal variations of Chl-a over different locations, the Bohai Sea
was divided into six sub-regions, as described in Section 2.1. The sampling area-averaged 13-year
average of monthly Chl-a in the Bohai and northern Yellow Seas are shown in Figure 5. In the
Liaodong bay, Qinhuangdao coast and Bohai bay, the seasonal patterns of Chl-a were characterized by
a long-lasting Chl-a peak (>2.5 mg·m−3) from May to September (Figure 5a–c). However, in these three
areas, seasonal maxima of Chl-a appeared in June (4.7 ± 1.0 mg·m−3), August (4.4 ± 1.7 mg·m−3), and
June (4.7 ± 1.7 mg·m−3), respectively. In the central Bohai Sea (Figure 5d), the high Chl-a (>3 mg·m−3)
was observed from May, decreased from September, and then remained relatively low during winter.
The maximum Chl-a dominated in July or August (3.5 ± 2.0 mg·m−3). Two Chl-a maxima occurred
in March (3.7 ± 1.4 mg·m−3) and September (4.1 ± 1.2 mg·m−3) in the Laizhou bay. However,
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the relatively low Chl-a was identified from April to June (Figure 5e), which was different from those
in other coastal regions. Compared with other sub-regions, the Bohai strait had a distinct seasonal
pattern of Chl-a with two Chl-a peaks in March (2.8 ± 0.7 mg·m−3) and September (2.2 ± 0.7 mg·m−3)
and the lowest Chl-a in summer (Figure 5f). A similar seasonal pattern with the maximum in April
(2.5 ± 0.6 mg·m−3) was identified in the northern Yellow Sea, but no maximum occurred in August
or September.Remote Sens. 2017, 9, 582  7 of 16 
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in seven sub-regions.

3.5. Chl-a Trend in the Bohai Sea

The long-term trend of Chl-a in the Bohai Sea from 2000 to 2012 is shown in Figure 6. In general,
the Chl-a trend values in the Bohai Sea were higher compared with those in the northern Yellow
Sea. The upward trends (>0.0018 mg·m−3·month−1) were detected in the entire Bohai Sea, and its
pattern was heterogeneous. The larger increase in Chl-a (>0.0035 mg·m−3·month−1) prevailed over
coastal waters, especially in northern Liaodong bay and Qinhuangdao coast. The central Bohai Sea
also had large positive trends (0.0025–0.0038 mg·m−3·month−1). It is noted that some coastal regions
in the image, such as the Laizhou bay and Bohai bay, showed invalid pixels (white color) because of
small percentage (<70%) of valid pixels.
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In this study, spring, summer, autumn, and winter were defined as March to May, June to August,
September to November, and December to February of the next year, respectively. The patterns of
the Chl-a trend across four seasons are shown in Figure 7. Clear spatial and temporal variations of
the Chl-a trend were observed in the Bohai Sea. In general, the Chl-a in the Bohai Sea displayed an
increasing trend throughout the year. The Chl-a trend during summer and autumn showed higher
values than those during winter and spring. At the temporal scale, the Chl-a trend was high in spring
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in the Bohai bay and Laizhou bay. In summer, the Chl-a trend was highest in most regions of the Bohai
Sea, especially in the Bohai bay, Qinhuangdao coast, and central Bohai Sea. During autumn and winter,
the Qinhuangdao coastal waters had high Chl-a trend.
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The inter-annual variations of Chl-a during 2000–2012 displayed different patterns for the six
sub-regions of the Bohai Sea (Figure 8). All the sub-regions had an increasing trend: Bohai strait
(0.0018), central Bohai Sea (0.0032), Laizhou bay (0.003), Bohai bay (0.0027), Qinhuangdao coast (0.003),
and Liaodong bay (0.0024). The largest increase in Chl-a was observed in the central Bohai Sea, whereas
the smallest increase in Chl-a was in the Bohai strait.Remote Sens. 2017, 9, 582  10 of 16 
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3.6. The Causality between Chl-a Anomaly, SST Anomaly, and PAR Anomaly

To assess the causality between Chl-a and SST and PAR in the Bohai Sea, we calculated
the information flow from the SST anomaly to the Chl-a anomaly (hereafter referred to as IFSST→Chl-a)
and those from the PAR anomaly to the Chl-a anomaly (hereafter referred to as IFPAR→Chl-a) in four
seasons using Equation (7) (Figure 9). Clearly, both the IFSST→Chl-a and IFPAR→Chl-a values were
nonzero in the areas marked by red (Figure 9a,b), in the sense that phytoplankton growth could
be affected by PAR and SST in spring. As shown in Figure 9c,d, the IFPAR-Chl-a values were higher than
IFSST→Chl-a. The IFPAR→Chl-a values in the Bohai Sea were above zero in summer, which indicated that
PAR may be one of the factors affecting the growth of phytoplankton. During autumn, SST mainly
showed significant IF in offshore waters (Figure 9e,f). IFSST→Chl-a was close to zero in the Bohai
Sea in winter (Figure 9g), thus essentially no causality could be identified here. The causality
between PAR and Chl-a occurred in most regions of the Bohai Sea in winter (Figure 9h). These
results, as shown in Figure 9, implied that the influences of environmental drivers (PAR and SST) on
the Chl-a pattern were complex, which has been confirmed by previous studies [22,41,42]. At this stage,
it should be stated that we investigated the causality between Chl-a and SST by mainly considering
the indirect influences of SST on Chl-a. This is because the changes in SST may induce stratification or
mixing of the water column, which further alter the light and nutrient conditions and thereby impact
the phytoplankton growth.
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4. Discussion

4.1. The Chl-a Seasonal Patterns in the Bohai Sea

Our results on the seasonal patterns of Chl-a in the Bohai Sea, as shown in Figures 4 and 5,
revealed that the Chl-a varied on both spatial and temporal scales. To better understand these results,
we focus on the discussion of the related physical and chemical effects and human activity on seasonal
scale, combined with the causality between Chl-a and environmental factors (SST and PAR), as below.

In spring, the information flow shown in Figure 8a,b indicated that SST and PAR can affect
phytoplankton growth [43]. Increased SST and solar radiation gradually reduce the vertical mixing
of the water column. In addition, weak wind stress can retain vertical mixing, which enhances
the transportation of the nutrient-rich bottom water to the euphotic layer [44]. This allows
phytoplankton to live longer in the upper euphotic layer and acquire sufficient nutrients and more
PAR for phytoplankton growth. Thus, the spring bloom occurred in our study regions, especially
in the Qinhuangdao coast, Laizhou bay, Liaodong bay, and Bohai strait (Figure 5).
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During summer, the causality between Chl-a and PAR was observed in the Bohai Sea (Figure 9d).
Surface warming and low wind stress would increase the stratification of the water column.
Theoretically, the stronger stratification and less mixing not only provide a higher percentage of
PAR that is available for photosynthesis, but also lead to high water clarity and thereby deepen
the euphotic layer depths. These conditions can favor phytoplankton growth. However, light may not
be a limiting factor for controlling phytoplankton growth during summer. In contrast, the nutrient
supply is expected to be an important factor in different regions [42].

Therefore, the nutrient conditions in different sub-regions of the Bohai Sea are discussed below to
help understand the area differences in seasonal variations of Chl-a during summer. In the Bohai strait,
the surface layer of the water column is stratified, preventing nutrient-rich waters from the deeper layer
entering the photic zone. Meanwhile, all nutrients are depleted. Thus, the growth of phytoplankton
is restricted, and the Chl-a reaches a minimum in summer (Figure 5). In contrast to the pattern
in the Bohai strait, a pronounced Chl-a peak from May to September was observed in coastal water
bodies (Liaodong bay, Qinhuangdao coast, and Bohai bay) and the central Bohai Sea. It may be related
to the nutrients added by river discharge. Because of freshwater discharge from inland rivers
carrying abundant nutrients, the trophic level in coastal waters increases significantly, especially
in summer [45,46]. This has also been confirmed by Tang et al. [47] who reported that most harmful
algal blooms may be initiated by nutrients from river discharge. Thus, the increased nutrients may
support higher Chl-a levels in coastal waters. A question is why the central Bohai Sea also had
higher Chl-a in summer. This may be attributed to water exchange between coastal waters and
offshore waters related to the Bohai Sea circulation (including the warm current extension, Liaodong
coastal current, and southern Bohai coastal current) and wind-tide-thermohaline circulation [19,48,49].
The water-exchange can enhance coastal nutrient transporting to the central Bohai Sea, thereby
promoting the phytoplankton growth. Therefore, during summer, the nutrient supply from river
discharge might be a major controlling factor in the high Chl-a in coastal waters and the central Bohai
Sea. In contrast, the seasonal pattern of Chl-a in the Laizhou bay showed the relatively low Chl-a
in early summer (Figure 5). Liu et al. [18] also reported this phenomenon in the sea region near the
Yellow River mouth. This could be related to the water storage of dams and reservoirs on the Yellow
River. The decreased riverine inputs due to dams and reservoirs can reduce the nutrient load, and
thus result in the limitation for phytoplankton growth. Gong et al. [50] and Jiao et al. [51] reported that
the decreased nutrient load and primary productivity during summer were associated with freshwater
discharge reduction caused by water storages. In the Laizhou bay, human activity (e.g., dams and
reservoirs) might be the reason for the change in Chl-a in early summer.

In autumn, the causality between SST and Chl-a (Figure 9e) indicated that the change in SST may
influence the phytoplankton growth. With a decreasing SST and stronger wind stress, the stratification
is broken down, and the vertical mixing of the water column increases, which could provide the
nutrient supply and a suitable environment for phytoplankton growth. In the Bohai Sea, seasonal
water stratification appears in April and breaks down at the end of September [47]. Thus, the relatively
high Chl-a was observed in the Bohai Sea, such as the Bohai strait, Laizhou bay, central Bohai Sea, and
Qinhuangdao coast (Figure 5).

When winter comes, stratification disappears and vertical mixing of the water column becomes
strong due to sea surface cooling and strong winds. A strong northerly monsoon wind from late
November to March influences the Bohai Sea [52], which can increase the mixing in the water column.
Nutrients are carried to the surface layer from underlying nutrient-rich waters, which could provide
for the spring bloom in the next year [53]. However, the low temperature and instability of the water
column make it difficult to support an optimal growth condition for phytoplankton. In addition,
mixing of the water column may decrease water transparency and increase the extinction coefficient
of the upper water, which could reduce the amount of light available to phytoplankton. These offer
an explanation to help us understand the relatively low Chl-a in winter (Figure 5). Due to the lack of
field nutrient data, currently, we can only give a general discussion on the influence of nutrients on
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Chl-a. Further investigations focusing on this topic are still required in the future, when nutrient data
become available.

4.2. The Increasing Trend of Chl-a in the Bohai Sea

The entire Bohai Sea exhibited an increasing trend of Chl-a from 2000 to 2012 (Figures 5 and 8).
In particular, there were clear long-term increases in Chl-a since 2003 in the Laizhou bay, Bohai bay,
Liaodong bay, Qinhuangdao coast, and central Bohai Sea (Figure 7b–f). There was a corresponding
significant increase in the annual total runoff data of the three major rivers (Yellow River, Haihe River,
and Liaohe River) since 2003, as shown in Figure 10a (date from Zhang et al. [54]). To further examine
the relationship between the long-term changes in Chl-a and river runoff, we generated scatter plots to
compare the annual Chl-a and annual total runoff for the six sub-regions of the Bohai Sea (Figure 10b).
Although it is difficult to assess the effects of river discharge on the Chl-a trend in different sub-regions
based only on 11-year time series data, we believe it is still useful to discuss their relationships.
For these six sub-regions, the correlations between the annual Chl-a and annual total runoff were all
positive, with high correlation coefficients (R ≥ 0.53), indicating that the increasing trend of Chl-a
in the Bohai Sea might be influenced by river discharge. The freshwater discharge from riverine inputs
supplies large amounts of nutrients to the Bohai Sea, favoring the phytoplankton growth. Furthermore,
the nutrients added by inland rivers has increased significantly over the past several decades, mainly
due to the use of chemical fertilizers and industrial/domestic sewage discharge [55]. Similarly,
Li et al. [56] reported that eutrophication in the Qinhuangdao coast was mainly affected by nutrients
from river discharge. Additionally, the higher and the lowest correlation coefficients were in the central
Bohai Sea and Bohai strait, respectively. This might offer an explanation for the different increases in
Chl-a in the central Bohai Sea and Bohai strait (Figure 7). The coastal nutrient can be transposed to
offshore waters by currents and wind-tide-thermohaline circulation [47,57]. Meanwhile, because of
the limitation of the Bohai strait, the central Bohai Sea has a longer water exchange with the Yellow
Sea, and thus, the long retention time can increase nutrient concentrations, which further promotes
an increase in Chl-a [58]. In contrast, the high water-exchange ability in the Bohai strait leads to
nutrients in a shorter retention time and limits the increase trend of Chl-a. However, it is noted that we
only showed the relationship between the Chl-a and riverine inputs over a relatively short timescale
(11 years). Longer time series data with high temporal resolution (e.g., monthly) are needed to reveal
the influence of river discharge on the Chl-a trends in the future when more data become available.
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(a). The scatter plots between the annual Chl-a of six sub-regions and the annual total runoff from 2002
to 2012 (b).

5. Conclusions

This study investigated the Chl-a dynamics in the Bohai Sea using satellite-derived products.
The seasonal patterns of Chl-a displayed a long-lasting summer peak (May–September) in the Liaodong
bay, Qinhuangdao coast, Bohai bay, and the central Bohai Sea. The relatively low Chl-a in early summer
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occurred in the Laizhou bay. In the Bohai strait, the two seasonal peaks appeared in March and
September, and the minimum Chl-a was observed in summer. These variations of Chl-a could be mainly
explained by the vertical structure of the water column, climate conditions (e.g., SST), and human
activity. Meanwhile, the inter-annual patterns of Chl-a from 2000 to 2012 showed an increasing trend in
the entire Bohai Sea, particularly in the central Bohai Sea, which might be related to river discharge.
To better understand the long-term changes in Chl-a and its mechanisms, further efforts should be
dedicated to making more detailed materials available (e.g., nutrient, water quality, and wind).
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