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Abstract  Based on the reconstructed MODIS data and ECMWF reanalysis data from 2003 to 2021, 
spatial correlations between chlorophyll a (Chl a) and sea surface temperature (SST), photosynthetically 
available radiation (PAR), aerosol optical thickness (AOT), and wind speed (WS) in the Bohai Sea were 
analyzed from the perspective of time domain and frequency domain. Results indicate that the frequency-
domain analysis was more conducive to revealing the correlations between Chl a and environmental 
factors. The spatial pattern of time-domain correlations was similar to the isobaths of the Bohai Sea, 
which was positive in shallow waters and negative in deep waters for SST, PAR, and AOT, and was 
reversed for WS. Frequency-domain correlations were obtained by performing Fourier Transform and 
were higher than correlations in time domain. The spatial distributions indicated that the effects of SST 
and PAR on Chl a were greater than AOT and WS in the Bohai Sea. Additionally, cross-spectrum analysis 
was applied to explore the response relationships. A depth-dependent pattern was shown in correlations 
and time lags, indicating that the influential mechanism of environmental factors on Chl-a concentration 
is related to seawater depth.
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1 INTRODUCTION

Phytoplankton is the main producer of primary 
productivity in marine environments, which directly 
affects the richness and diversity of marine 
organisms (Boyce et al., 2010). As the main pigment 
of phytoplankton, chlorophyll a (Chl a) is one of the 
most important parameters used to measure the 
biomass and primary production of phytoplankton, 
and also considered as an indicator to reflect the 
state of water eutrophication (Jiang and Zhang, 
2018). Exploring the distribution patterns of Chl-a 
concentration can help estimate the phytoplankton 
biomass and is of great significance to understand 
the mechanism of marine ecosystems.

Previous studies have indicated that the 
phytoplankton growth is influenced by a variety of 
climatic and environmental factors, and the method 

of correlation analysis has been commonly used to 
address the correlations between Chl a and various 
factors. Researchers have found that SST has a 
direct impact on the spatial distribution of Chl-a 
concentration in different marine areas such as the 
East China Sea, the Black Sea, and the Arabian Sea 
(Chaturvedi, 2005; Kavak and Karadogan, 2012; Ji 
et al., 2018). For most oceans, correlation between 
Chl a and wind speed (WS) has been found to be 
negative in deep waters and positive in shallow 
waters (Kahru et al., 2010). But in the Yellow Sea 
and the East China Sea, the correlation is negative in 
shallow coastal areas and positive in deep open 
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areas (Zheng et al., 2012). Moreover, significant 
correlation existed between aerosol deposition and 
phytoplankton growth, and the correlation coefficients 
are variable in different sea areas (Nezlin et al., 
2010; Tan et al., 2013). However, correlation 
analysis techniques do not provide information 
about synchronization between time series. Therefore, 
the Cross Correlation Function (CCF) has been 
applied to study the lags in the correlation between 
Chl a and other factors. In the Persian Gulf, the 
correlation between Chl a and SST is positive 
without time lag in shallow regions, and is negative 
with time lags of 3–5 months in deep regions 
(Moradi and Moradi, 2020). In the waters off 
Somalia, evidences have suggested that there is a 
time lag of 8 days between aerosol optical thickness 
(AOT) and Chl a (Shafeeque et al., 2017). In the 
South Yellow Sea, the concentration of Chl a will 
increase in varying degrees 2–8 days after dust 
deposition, and the response time will shorten as the 
amount of deposition increases (Zhang et al., 2020).

The Bohai Sea is a shallow marginal sea of the 
northwestern Pacific Ocean, surrounded by regions 
with rapid economic development and connected to 
the Yellow Sea. Large quantities of fresh water, 
suspended solids and dissolved nutrients are discharged 
into the Bohai Sea from 16 rivers, among which the 
Huanghe (Yellow) River contribute more than half 
of the total discharges (Ning et al., 2010). The input 
of abundant nutrients has caused serious eutrophication 
in the Bohai Sea, and overfishing has apparently 
destroyed the biodiversity (Liu, 2015). Such a 
change in ecosystem leads to frequent occurrence of 
algal blooms in the Bohai Sea, which has aroused 
widespread attention of scholars on Chl-a 
concentration in this area. Zou et al. (2005) pointed 
out that Chl a in the Bohai Sea increases with the 
increase of SST in the inshore regions while decreases 
in the central regions. Guo (2014) reported that Chl a 
will keep increasing after strong winds, reaching the 
peak value in about 4 days, and the entire process 
will last for more than 15 days. In addition, increases 
in precipitation over the Bohai Sea should contribute 
to the rise of Chl-a concentration (Tian et al., 2019; 
Zhai et al., 2021). And human activity also plays an 
important role in phytoplankton growth (Zhao et al., 
2020).

Although there have been studies on correlations 
between Chl a and various factors in the Bohai Sea, 
most of them are conducted from time domain. A 
time series consists of three parts, which are frequency, 

amplitude, and phase. Correlations among the 
magnitude of variables are usually what we tend to 
explore. However, since analysis in time domain 
takes the three as a whole to analyze, the influence 
of phase difference cannot be eliminated and the 
correlation might be estimated incorrectly. Nevertheless, 
the frequency-domain analysis can present the frequency 
structure of the time series so that the frequency 
structures of Chl a and environmental factors could 
be compared and the synchronization between them 
could be analyzed. Meanwhile the information of 
amplitude and phase could be extracted separately so 
that relationships between variables can be expressed 
more explicitly. Therefore, based on methods of time-
domain analysis and frequency-domain analysis, 
this paper aims to study the correlations between 
Chl a and environmental factors (SST, PAR, AOT 
and WS) over the Bohai Sea and different regions, 
so as to reflect their essential characteristics.

2 DATA AND METHOD

2.1 Study area

As the largest inland sea of China, the Bohai Sea 
(Fig.1) is located at 37°70′N–40°59′N and 117°35′E–
122°16′E, which is a semi-enclosed north temperate 
sea area (Wei et al., 2004). It covers an area of about 
78 000 km2, with an average depth of 18 m and a 
maximum depth of 86 m. According to geographical 
location, it can be roughly divided into four parts: 
the Liaodong Bay, the Bohai Bay, the Laizhou Bay, 
and the Central Bohai Sea. The Bohai Sea is 
connected to the Yellow Sea through the narrow 
channel of the Bohai Strait (Li et al., 2019). This 

Fig.1 Sketch map of the study area
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special geographical condition leads to a long period 
and a weak capacity of the water exchange between 
the Bohai Sea and the external sea, which is 
responsible for the accumulation of nutrients and 
frequent red tide and green tide events, and its 
ecosystem is thus seriously threatened (Liu, 2015; 
Zhou et al., 2017).

2.2 Dataset

The 8-day averaged data of Chl-a concentration, 
SST, PAR, and AOT were derived from MODIS-
Aqua Level-3 remotely sensed datasets, downloading 
from NASA Ocean-Color website (http://oceancolor.
gsfc.nasa.gov/) with a spatial resolution of 4 km. 
The standard Level-3 Chl-a product, which was 
calculated following the (ocean color index) OCI 
algorithm and the (ocean Chl-a three-band algorithm 
for MODIS) OC3M algorithm, was used in the present 
study. For WS, ECMWF ERA5 reanalysis data was 
used in this study, obtaining from the Climate Data 
Store (https://cds.climate.copernicus.eu/) with a time 
resolution of an hour and a spatial resolution of 
0.25°×0.25°. To produce the same resolutions of 
MODIS data products, the initial wind speed data 
were converted into 8-day averaged data by 
calculation and interpolated into 4 km×4 km gridded 
data by the inverse distance weighted method. All 
the data were applied to the study area in the Bohai 
Sea at 117.25°E–122.50°E and 37°N–41°N, with a 
period from January 1, 2003 to January 1, 2021. 
Considering that MODIS data are missing in 
different degrees, the improved validation-point 
DINEOF (IV-DINEOF) algorithm was used to 
interpolate and reconstruct the data before further 
researches could be carried out (Yang et al., 2023).

Since the satellite remote sensing data can 
achieve large-scale and long-term observations of 
global oceans, it has been widely used in the 
researches of marine ecological environment. In the 
studies on the Bohai Sea, many researchers chose 
the MODIS-Aqua remotely sensed data for analysis 
(Fu et al., 2016; Jiang and Zhang, 2018; Zhao et al., 
2020; Zhai et al., 2021). The standard MODIS 
algorithm is developed for open ocean waters (Case-
Ⅰ waters), of which the sea surface color is mainly 
determined by chlorophyll (Nezlin, 2008). When 
this algorithm is used for Case-Ⅱ waters such as the 
Bohai Sea, it will overestimate the concentration of 
Chl a. However, since the focus of this study is the 
trend of the time series rather than the magnitude of 
the values, the overestimation of the entire series 

has little or no impact on the results. Therefore, the 
standard MODIS-Aqua Level-3 datasets could be 
applied for the following analysis.

2.3 Method

2.3.1 Correlation analysis

The Pearson Correlation Coefficient (PCC) was 
used to measure the linear correlation between two 
continuous variables. Assuming that X and Y are two 
random variables, their correlation coefficient is 
given as (Pearson, 1920):

r =
∑i = 1

n ( )xi - x̄ ( )yi - ȳ

∑i = 1

n ( )xi - x̄
2 ∑i = 1

n ( )yi - ȳ
2
, (1)

where xi and yi are the sample values of X and Y, n is 
the sample size, x̄ and ȳ are the mean values of the 
samples. If r is not equal to zero, a t-test can be 
applied to test the significance of the correlation 
between two variables.

In the current study, correlations between two 
time series were measured by calculating the PCC 
of them. It should be noticed that frequency-domain 
analysis used the amplitude series obtained from 
Fourier Transform to perform correlation calculations.

2.3.2 Fourier Transform

As a common frequency domain analysis method, 
Fourier Transform can make the transformation of a 
signal from time domain into frequency domain. Its 
essence is to decompose the original signal into the 
superposition of different harmonic components. If f 
is an integrable function, its Fourier Transform 
should be expressed as:

F (ω) = ∫
-¥

+¥

f (t )e-iωt dt. (2)

For the discrete time series {xn} with a length of 
N, the corresponding Discrete Fourier Transform 
(DFT) is given as:

X (k ) =∑
n = 0

N - 1

xne
-i

2π
N

kn

=∑
n = 0

N - 1

xn
é
ë
êêêê

ù
û
úúúúcos ( )2π

N
kn - i sin ( )2π

N
kn

= a (k ) - ib (k ), (3)

where X(k) is a complex function, a(k) represents 
the real part, b(k) represents the imaginary part, and 
k represents different frequency components. Then 
the amplitude A(k) and the phase φ(k) of the original 
time series are respectively given as:
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A(k ) = 2 a2( )k + b2( )k
N

, (4)

φ (k ) = arctan
é

ë

ê
êê
ê -

b ( )k
a ( )k

ù

û

ú
úú
ú. (5)

2.3.3 Cross-spectrum analysis

Cross-spectrum analysis is used to provide 
information about synchronization between two 
signals, such as advanced or lagged relationship. 
The cross-spectral density function can be obtained 
by applying Fourier transform to the bivariate cross-
covariance function, and then the amplitude 
response and phase relationship will be respectively 
derived (Yang et al., 2022). The cross-covariance 
function of two time series x(t) and y(t) is defined as:

rxy(k ) = cov [ x (t ) , y (t - k ) ], (6)

where k refers to the time lag between two series. 
Then the cross-spectral density function should be 
expressed as:

Cxy(ω) =∑
-¥

+¥

e-i2πωkrxy( )k =Pxy(ω) - iQxy(ω), (7)

where ω represents different frequency components.
The cross-spectral density function Cxy(ω) is a 

complex function, where Pxy(ω) reflects the 
correlation of in-phase frequency components of 
two time series, and the imaginary part Qxy(ω) reflects 
the correlation of out-phase frequency components. 
Based on it, the cross-amplitude spectrum Axy(ω) and 
the phase spectrum φxy(ω) can be derived, which are 
respectively given as:

Axy(ω) = P 2
xy( )ω +Q2

xy( )ω , (8)

φxy(ω) = arctan
é

ë

ê
êê
ê -

Qxy( )ω
Pxy( )ω

ù

û

ú
úú
ú. (9)

For two time series, their response relationship of 
the frequency components in amplitude can be 
obtained from Eq.8, and the leading or lagging 
relationship of them can be obtained from Eq.9.

2.3.4 Mann-Kendall trend test

The Mann-Kendall trend test (MK test) is a non-
parametric test used to detect the monotonic trend of 
a time series (Mallick et al., 2021). In the present 
study, the MK test was performed to identify the 
historical trends of Chl a and environmental factors 
in the Bohai Sea. For a long-time series, x1, x2, x3, , 
xn represents n data points. The statistic (S) of the 
MK test is calculated as follows:

S =∑
i = 1

n - 1∑
j = i + 1

n

sgn ( )xj - xi , (10)

where

sgn ( xj - xi ) =
ì

í

î

ïïïï

ïïïï

1, xj - xi > 0

0, xj - xi = 0

-1, xj - xi < 0

, (11)

when n³10, the statistic S is considered to be 
approximately normal distribution. The mean of S is 
0 and the variance (σ2) of S is given by:

σ 2 =
1

18
é

ë
êêêên (n - 1) (2n + 5) -∑

i = 1

p

ti(ti - 1) ( )2ti + 5
ù

û
úúúú, (12)

where p is the number of groups with the same 
value in the data set and ti is the number of data 
points in the ith tied group. Then the standard 
normal distribution statistic (ZMK) can be obtained as:

ZMK =

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

S - 1

σ 2
, S > 0

0, S = 0

S + 1

σ 2
, S < 0

. (13)

The null hypothesis (H0) shows no trend in the 
series. At the level of significance α, reject the null 
hypothesis when | ZMK | > Z

1 -
α
2

, which means that the 

series has significant trend.

2.3.5 Multiple linear regression

Multiple linear regression (MLR) is a statistical 
technique that uses several explanatory variables to 
predict the outcome of a response variable. The 
formula of MLR is given as:

Y = β0 + β1 X1 + β2 X2 + + βn Xn + ε, (14)

where Y is dependent variable, X1, X2, , Xn are 
independent variables, β0 is the intercept, β1, β2, , 
βn are regression coefficients, and ε is the error 
term. The coefficient of determination (R2) of the 
model is used to measure how much of the 
variation in dependent variable can be explained 
by the variations in independent variables. In this 
paper, the MLR method was applied to study the 
effect of environmental factors on Chl-a 
concentration. The dependent variable was Chl a 
and the independent variables were SST, PAR, 
AOT, and WS.

In this research, all the methods mentioned above 
were applied by programming in Python.
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3 RESULT

3.1 Correlation and response relationship over 

the whole Bohai Sea

3.1.1 The variation characteristics of Chl a and 

environmental factors

As shown in Fig.2, variations of 8-day averaged 

Chl-a concentration and the 4 environmental factors 
were averaged over the entire Bohai Sea region 
from 2003 to 2021. The variation of Chl a was 
ranged from 2.63 to 7.21 mg/m3, and its overall 
trend was decreasing, which was ­0.012 mg/(m3·a) 
(Fig.2a). Both SST and PAR had an upward trend 
during the study period but were not significant, 
which was 0.089 ℃/a for SST and 0.074 μmol/(m2·s·a) 

Fig.2 Variations of 8-day averaged valued over the whole Bohai Sea (2003–2021)
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for PAR, respectively (Fig.2b & c). The variations 
of both AOT and WS showed a slow declined trend 
(Fig.2d & e) and the trend for WS was also 
insignificant. The rate of decline was ­3.83e­4/a for 
AOT and ­0.003 m/(s·a) for WS. To further examine 
the trend of each time series, the Mann-Kendall test 
was performed with the confidence level of 95% 
(Table 1). The results show that Chl a and AOT had 
a significant decreasing trend while the four factors 
all had no trend, and this is consistent with the 
above analysis.

Figure 2 demonstrates that the fluctuation of Chl-a 
concentration was obvious while the periodicity was 
not significant. SST and PAR shared the common 
periodic characteristics with a period of about 1 
year. The periodicity of AOT and WS were less 
significant, since the fluctuation was stronger than 
that of SST and PAR. According to their variation 
characteristics, the patterns of SST and PAR are 
relatively consistent, thus it can be preliminarily 
inferred that SST and PAR have a strong correlation.

3.1.2 The frequency characteristic of Chl a and 
environmental factors

Figure 3a displays the frequency spectrum of 
Chl-a concentration during the study period, and 
shows five high peaks. The peak near the zero-
frequency indicated a certain trend of its variation, 
and for other peaks, their corresponding frequencies 
were 0.022, 0.043, 0.065, and 0.087, respectively. 
Based on the correspondence between frequency 
and period, the frequency of 1.0 represented a 
period of 8 days in the current study, so the four 
frequencies corresponded to the peaks, respectively, 
indicated that variation of Chl a had the period of 
one year, half year, 4 months, and 3 months. 
Figure 3b–e shows the frequency spectrums of the 4 
environmental factors, respectively. The significant 
peaks at the frequency of 0.022 meant that the 
fluctuation of environmental factors had a one-year 
period, which is consistent with the characteristics 

reflected in time domain. In addition, WS had a 
higher peak at the frequency of 0.043, meaning that 
its half-year period was more significant, which was 
caused by the climate characteristics of the Bohai 
Sea. In contrast, the corresponding peaks of SST, 
PAR and AOT at the same frequency were much 
lower, indicating that their characteristics of half-
year period were not significant.

3.1.3 Correlation between Chl a and environmental 
factors

The Pearson correlation coefficients between Chl-a 
concentration and environmental factors were 
calculated from the perspective of time domain and 
frequency domain, respectively (Fig.4). The time-
domain correlations were obtained by performing 
correlation calculations on the time series (Fig.4a), 
while the frequency-domain correlations were 
calculated using the Fourier-transformed frequency-
amplitude series (Fig.4b).

Fig.3 Frequency spectrums of 8-day averaged values over 
the whole Bohai Sea (2003–2021)
a. Chl a; b. SST; c. PAR; d. AOT; e. WS. Periods corresponding to 

the peaks are marked in the graphs.

Table 1 Mann-Kendall test of Chl a and environmental 
factors from 2003 to 2021 (α=0.05)

Time 
serie

Chl a

SST

PAR

AOT

WS

Trend

Decreasing

No trend

No trend

Decreasing

No trend

P value

0.000 3

0.073 7

0.386 3

0.028 1

0.779 9

ZMK

-3.609

1.789

0.866

-2.196

-0.279

Z(1–α/2)

1.960

1.960

1.960

1.960

1.960

Confidence 
level

95%

95%

95%

95%

95%
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As shown in Fig.4a, in time domain, correlations 
between Chl a and PAR and AOT were not 
statistically significant, while other factors were all 
weakly correlated with Chl-a concentration in the 
Bohai Sea, which has also been reported in other 
studies (Tian et al., 2019). In addition, there should be 
a strong correlation between SST and PAR according 
to the analysis above, but the value of it was only 
0.55. This should be attributed to the influence of 
phase difference which could not be eliminated in 
time domain and resulted in incomplete reflected 
correlations between variables. Therefore, it is 
necessary to conduct correlation analysis from the 
perspective of frequency domain (Fig.4b). Obviously, 
correlation coefficients among the amplitude series 
of the variables were improved significantly. The 
coefficient between SST and PAR reached 0.99, 
indicating that their responses at various frequencies 
were almost identical. The correlations between 
Chl a and environmental factors were all 
statistically significant although they were still not 
strong. The weak correlations should be due to the 
averaging of the whole area, which led to the spatial 
analysis in following discussions (Section 3.2).

3.1.4 Response relationship between Chl a and 
environmental factors

Aiming to obtain the time lags between Chl-a 
concentration and environmental factors in the 
Bohai Sea, the cross-spectrum analysis was applied 
to explore their response relationships from 
frequency domain (Fig.5).

The left panel of Fig.5 gives the cross-amplitude 
spectrums between Chl a and each environmental 
factor respectively, and the cross-amplitude spectrums 
between SST and PAR, and their corresponding 
phase spectrums were shown in the right panel. It 
can be seen that the frequency corresponding to the 
maximum amplitude was 0.022 for SST and PAR 
(Fig.5a & c), and 0.043 for AOT and WS (Fig.5e & g). 
This indicates that Chl a had the most significant 
response to SST and PAR under one-year period, 
and to AOT and WS under half-year period. The 
phase corresponding to the frequency refers to the 
phase difference between Chl a and each factor, 
which was 1.997 rad, 2.895 rad, 0.086 rad, and 
3.001 rad (Fig.5b, d, f, & h, respectively). The 
results suggest that SST and PAR were respectively 
ahead of the variation of Chl a by 117.0 days and 
169.6 days under the one-year period, while AOT 
and WS were respectively 2.5 days and 87.9 days 
ahead of Chl a under the half-year period. According 
to the correlation coefficients (Fig.4) and the response 
relationships, AOT was positively correlated with 
Chl-a concentration and their variations were almost 
synchronous, illustrating that AOT may directly 
promote the growth and reproduction of 
phytoplankton. In addition, the response between 
SST and PAR was strongest under the one-year 
period, and SST lagged behind PAR by 56.7 days 
(Fig.5i & j). This is consistent with the common 
sense and can be verified from their temporal 
variations (Fig.3b & c), indicating the rationality of 
the cross-spectrum analysis.

Fig.4 Correlation coefficients of time domain (a) and frequency domain (b) between Chl a and environmental factors over 
the whole Bohai Sea (2003–2021)
The superscript ** means P<0.01 while * means 0.01<P<0.05.
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3.2 Correlation and response relationship in 
different regions of the Bohai Sea

3.2.1 Spatial characteristic of correlations

Having conducted an analysis of the averaged data 
over the whole Bohai Sea, correlations and response 
relationships in different regions were further studied. 
Spatial correlations between Chl a and environmental 
factors were calculated from time domain and 
frequency domain as demonstrate in Figs.6 & 7, 
respectively. In addition, the bathymetric chart of the 
Bohai Sea is shown in Fig.8 for the convenience of 
analysis on the spatial characteristics.

From the spatial distributions of time-domain 
correlations (Fig.6), it can be found that correlation 
coefficients between Chl a and the four factors are 
similar in pattern to the isobaths of the Bohai Sea 
(Fig.8). This pattern had two distinct regions, 
positive shallower waters and negative deeper waters 
for SST, PAR, and AOT, and the pattern was reversed 
for WS. By comparison, the time-domain correlation 
between Chl a and SST was relatively stronger, and 
its absolute value reached around 0.5. And the 
correlation between Chl a and WS was relatively 
weaker, and varied in the range of -0.2–0.2. The 

Fig.5 Cross-amplitude spectrums (left panel) and phase spectrums (right panel) between Chl a and SST (a and b), Chl a 
and PAR (c and d), Chl a and AOT (e and f), Chl a and WS (g and h), and SST and PAR (i and j) over the whole 
Bohai Sea (2003–2021)
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result of spatial analysis is quite different from that 
shown in Fig.4a, indicating that averaging the whole 
area may lose the characteristics of local areas.

In frequency domain, the correlation coefficients 
between Chl a and environmental factors all 
increased and could reach around 0.8 (Fig.7). It is 
noteworthy that the distribution patterns of SST and 
PAR appeared largely the same. The correlation 
coefficients between Chl a and these two factors 
were higher in eastern deep regions and lower in 
western shallow regions. As for the correlation 
between Chl a and AOT and WS, their spatial 
distributions were relatively uniform. Although they 
were also stronger in eastern Bohai Sea, the overall 
difference was unobvious. Besides, sudden changes 
may occur at some points along the coast (Fig.7c), 
which may be related to the deficiency of data itself, 
thus it was not considered in this discussion. 
Overall, the frequency-domain correlations between 
Chl a and AOT and WS were relatively weaker 
compared with SST and PAR, indicating that the 
effects of SST and PAR on the concentration of 
Chl a were greater than the other two factors.

3.2.2 Spatial characteristic of response relationships

The spatial distributions of response relationships 
were obtained by cross spectrum analysis as 
presented in Figs.9 & 10.

Figure 9 gives the spatial distributions of the 
periods corresponding to the strongest response 
between Chl a and the factors. It can be seen that 
only WS followed a biannual period in western 
regions and an annual period in most eastern 
regions, while the other factors all presented an 
annual period over the Bohai Sea. Under the period 
of one year, time lags between Chl a and 
environmental factors had significant spatial 
characteristics (Fig.10). In coastal regions of the 
Bohai Sea, SST almost varied synchronously with 
Chl a while PAR and AOT were ahead of Chl a. In 
central and eastern deeper regions, the three factors 
all lagged behind the variation of Chl a, which 
seemed to be unreasonable. Actually, under the 
period of one year, the lag of less than half a year 
can be regarded as the lead of more than half a year. 
And the cross-spectrum analysis always presents the 
shorter one as the result. From this point of view, 

Fig.6 Spatial distributions of time-domain correlations between Chl a and SST (a), PAR (b), AOT (c), and WS (d) in the 
Bohai Sea (2003–2021)
The color shades represent the value of correlation coefficient, which is in the range of -0.8–0.8. Statistical correlations were calculated under 

confidence level 95%.
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SST, PAR, and AOT were ahead of Chl a for a 
longer time in deeper waters. In addition, the 
response period between Chl a and WS varied from 
half a year to one year as the depth increased, 
illustrating that the response relationship is related 
to the sea depth.

4 DISCUSSION

Previous researches have reported that 

concentration of Chl a is positively correlated with 
SST in shallow regions, while there is a negative 
correlation in deep regions (Shen et al., 2008; Jutla 
et al., 2011; Moradi and Moradi, 2020). Results of 
this study verified the previous conclusions. In 
shallow waters, nutrients and temperature are the 
main controlling factors of phytoplankton growth 
(Moradi and Moradi, 2020). Since terrestrial inputs 
bring abundant nutrients into coastal waters, a 
relatively high correlation of frequency domain 
with a near-zero time lag between Chl a and SST 
was observed in this area. In deep waters, the rise 
in SST should result in a seasonal thermocline, 
blocking the nutrients supplement from the bottom 
to the surface. The thermocline will gradually 
disappear as SST decreases, and surficial nutrients 
will be enriched, promoting the growth of 
phytoplankton. Consequently, the frequency 
response of Chl a was highly correlated with that 
of SST in deep regions in magnitude. And the time 
lag of about half a year shows the seasonal 
characteristics of SST. In time domain, this close 
relationship was presented by a significant negative 
correlation between them.

Fig.7 Spatial distributions of frequency-domain correlations between Chl a and SST (a), PAR (b), AOT (c), and WS (d) in 
the Bohai Sea (2003–2021)
The color shades represent the value of correlation coefficient, which is in the range of -0.8–0.8. Statistical correlations were calculated under 

confidence level 95%.

Fig.8 Bathymetric chart of the Bohai Sea with the depth 
of 10, 20, 30, and 50 m
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Fig.10 Spatial distributions of time lags between Chl a and SST (a), PAR (b), AOT (c), and WS (d) under the 
corresponding period in the Bohai Sea (2003–2021)

Fig.9 Spatial distributions of the periods corresponding to the strongest response between Chl a and SST (a), PAR (b), 
AOT (c), and WS (d) in the Bohai Sea (2003–2021)
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Photosynthesis of phytoplankton directly 
depends on light and nutrients, so Chl a and PAR 
are likely to show a significant causal relationship. 
Here, the pattern of time-domain correlation 
between Chl a and PAR is similar to that between 
Chl a and SST, and their frequency-domain 
correlations almost coincide. It can be inferred that 
solar radiation has a direct impact on the 
temperature of sea surface, which was also shown in 
the high similarity between SST and PAR in 
frequency structure. Since SST always lags behind 
the variation of PAR, the time lag between Chl a 
and PAR is longer than that between Chl a and SST. 
And the time lag of more than half a year in deeper 
regions will result in a lower correlation in time 
domain.

In the study on the Persian Gulf, Moradi and 
Moradi (2020) found that Chl a was positively 
correlated with AOT with a time lag of 1–3 months. 
In this paper, the same result could be observed in 
shallowest waters of the Bohai Sea. The aerosol 
deposition is considered as the fertilizer for 
phytoplankton growth, since it contains the essential 
nutrients (Kotta and Kitsiou, 2019). However, a 
weak negative correlation was found in deeper 
regions, which should be related to the longer time 
lag between Chl a and AOT. Due to the lower wind 
speed, AOT reaches its maximum value in summer, 
during which the thermocline forms in deep waters 
with the increase of SST. Therefore, in deeper 
regions, the increasing AOT cannot lead to an 
immediate increase in Chl a but with a time lag of 
more than half a year.

Wind also has a great influence on the 
distribution of phytoplankton on the ocean surface. 
As an effective factor controlling upwelling and 
vertical mixing, wind directly affects the depth of 
the mixed layers. Kahru et al. (2010) pointed out 
that the high-positive correlation between Chl-a 
concentration and WS occurred in the area with 
relatively shallow mixed layers, where it was easier 
for winds to deepen the mixed layers and bring 
nutrients into the upper layers. In this paper, the 
mixed layers are relatively shallow on the whole 
since the average depth of the Bohai Sea is only 
18 m. However, a positive correlation between WS 
and Chl a only appeared in most deeper regions, 
where the growth of phytoplankton was mainly 
limited by surficial nutrients. In coastal waters, the 
surficial nutrients are abundant due to terrestrial 
inputs, and the mixed layers are too shallow. The 
strong winds will shorten the survival of 

phytoplankton in euphotic layer, resulting in a weak 
negative correlation in coastal regions.

To sum up, light conditions, temperature, and 
vertical stability of seawater in many temperate sea 
areas have obvious seasonal cycles, as shown in this 
paper. Their combined effects lead to significant 
periodic characteristics of Chl a in the Bohai Sea, 
mainly in the form of double peaks in spring and 
autumn (Fei et al., 1988). In addition, the effect of 
atmospheric pollution sources represented by 
aerosols should also be considered. Compared to 
time domain, analysis in frequency domain could 
provide more explanation for the relationships 
between Chl a and these factors. Frequency-domain 
correlations indicated that the impact of SST and 
PAR on Chl a appeared to be more significant 
compared with AOT and WS. Cross-spectrum 
analysis illustrated that the negative correlations 
could be attributed to the time lags between them, as 
mentioned before.

Moreover, spatial analysis showed a depth-
dependent pattern over the Bohai Sea, meaning that 
the correlations and response relationships should be 
related to depth. However, Zoljoodi et al. (2022) 
pointed that the phenological metrics were not 
simply related to bathymetry. Therefore, the 
multiple linear regression was performed in each 
zone of 4 km×4 km, with Chl a as dependent 
variable and environmental factors as independent 
variables. The spatial distribution of R2 is presented 
in Fig.11. It could be found that R2 is greater in deep 
regions, indicating that variations in environmental 
factors could give more explanation for the variation 
in Chl a in deep waters. This is reasonable since 
Chl a in shallow regions could be affected by more 
factors, such as terrestrial inputs and human 

Fig.11 Spatial distribution of the coefficient of 
determination (R2) of the multiple linear regression 
model

1154



No. 4 XU et al.: Spatial correlations in time and frequency domain

activities. The impact of depth on correlations 
between Chl a and environmental factors should be 
reflected by more parameters, which needs to be 
explored in further researches.

5 CONCLUSION

Spatial correlations between Chl-a concentration 
and environmental factors (SST, PAR, AOT, and 
WS) in the Bohai Sea from 2003 to 2021 were 
analyzed from the perspective of time domain and 
frequency domain respectively, based on the 
reconstructed MODIS Level-3 data and ECMWF 
reanalysis data. The methods of Fourier Transform 
and cross-spectrum analysis were applied and some 
conclusions have been derived.

In time domain, the spatial pattern of correlations 
between Chl a and the factors was coincident with 
bathymetric contour of the Bohai Sea. It was 
positive in shallow waters and negative in deep 
waters for SST, PAR, and AOT, while it was 
reversed for WS.

Frequency-domain correlations were higher than 
time-domain and also presented a depth-dependent 
pattern. Since the frequency structure reflects the 
essential characteristics of time series, the 
frequency-domain correlations should be more 
credible. Their distributions showed that the effects 
of SST and PAR on Chl a appeared to be greater 
than AOT and WS in the Bohai Sea. Cross-spectrum 
analysis was performed to obtain the time lags that 
are increased as the sea water deepened and could 
be an explanation for negative correlations.

Obvious differences in the correlations and time 
lags are shown between deep waters and shallow 
waters, indicating that the influential mechanism of 
environmental factors is related to water depth. 
Furthermore, the result of MLR shows that 
variations of the four environmental factors could give 
more explanation for the variation of Chl a in deep 
waters. More parameters need to be considered in follow-
up studies to explain this depth-dependent pattern.
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