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ABSTRACT

Niu, L.; van Gelder, P.H.A.J.M., and Vrijling, J.K., 2017. Physical limitation of phytoplankton dynamics in coastal
waters. Journal of Coastal Research, 33(1), 88–95. Coconut Creek (Florida), ISSN 0749-0208.

Research on phytoplankton dynamics in coastal waters has frequently been proposed, motivated by environmental
factors. The present study aims to develop a vertical phytoplankton model to investigate the phytoplankton variability in
a case of the Jiangsu coastal waters, driven by physical limitation. The quality of the parameter estimation largely
determines the reliability of the model output. Skill assessment results reveal that the vertical phytoplankton model is
able to reproduce reliable predictions of phytoplankton biomass in this case. Significant correlations are established
between phytoplankton biomass and chlorophyll a. The phytoplankton biomass is significantly correlated with the
variables of temperature, light attenuation coefficient, and euphotic depth. A decrease of phytoplankton biomass
corresponds to deeper water, excluding the case of Yangkou station. Particular attention has been paid to the depth-
averaged phytoplankton biomass. In the presence of uncertainty, the bootstrap method is used to derive a 95% confidence
interval of the estimate, as well as mean value, standard deviation, and skewness. The findings of this study contribute
to understanding of the coastal ecosystem and coastal management.

ADDITIONAL INDEX WORDS: Phytoplankton variability, coastal ecosystem.

INTRODUCTION
There is increasing concern about the role of phytoplankton

and its effect on coastal ecosystems. The investigation of

phytoplankton dynamics (i.e. growth, loss, biomass, and bloom)

has provided insights into the coastal ecosystem (Cloern, 1996;

Cloern, Foster, and Kleckner, 2014; Edelvang et al., 2005; Fu et

al., 2009; Godrijan et al., 2013; Pedersen and Borum, 1996).

Phytoplankton has been explained as a consequence of

environmental variables. Temperature and light intensity are

closely related to the growth of phytoplankton (Eppley, 1972;

Geider, MacIntyre, and Kana, 1998; Ornolfsdottir, Lumsden,

and Pinckney, 2004). A change of salinity has an effect on the

phytoplankton community (Lionard et al., 2005; Schmidt,

1999). Wind stress and tidal currents affect the turbulent

mixing rate, determining the vertical distributions of phyto-

plankton biomass (Serra et al., 2007; Woernle, Dijkstra, and

van der Woerd, 2014; Wong, Lee, and Hodgkiss, 2007) and

affecting the species composition because of the effects on the

availability of light intensity and nutrients (Ferris and

Christian, 1991). Suspended sediment absorbs and scatters

light intensity, implying that phytoplankton is limited by light

availability in the high turbidity zone (Wild-Allen, Lane, and

Tett, 2002). Among all the environmental factors, phytoplank-

ton dynamics is mainly refined by the limitations of light and

nutrient availability (Boyer et al., 2009; Cloern, 1987; Eilers

and Peeters, 1988).

In the context of limited observations, mathematical models

are convenient and flexible for investigating phytoplankton

dynamics (Evans and Parslow, 1985; Franks, 1997, 2002;

Murray and Parslow, 1999; Riley, Stommel, and Bumpus,

1949). From the physical properties, studies of phytoplankton

dynamics have been proposed in several cases (Sharples, 2007;

Sharples et al., 2001; Williams and Rhines, 2010). The case

study area of the Jiangsu coastal zone is bounded by Shandong

Peninsula and connected to the Yellow Sea, shown in Figure 1.

In this study, a vertical phytoplankton model is developed to

investigate phytoplankton variability from the physical limi-

tation. With respect to uncertainty, the bootstrap method is

introduced to give insight into the predictions with a

characterization of uncertainty analysis.

METHODS
The samples used in this study are derived from two sources:

(1) National Aeronautics and Space Administration (NASA)

monitoring data (NASA, 2015) processed with SeaDAS 7.0,

including chlorophyll a (Chla, in milligrams per cubic meter),

phytoplankton biomass (P, in grams per cubic meter), light

attenuation coefficient (Kd, in reciprocal days), light intensity

(I, Einstein in reciprocal square meters per day), euphotic

depth (Ze, in meters), and ambient water temperature (T, in

degrees Celsius), and (2) field observations provided by the

Hydrological Bureau of the Yangtze Water Conservancy

Committee, including water depth, velocity, salinity, suspend-

ed sediment, and wind profiles.

Phytoplankton Model
In the general form, the characteristics of phytoplankton

dynamics are coupled with a physical model (advection–

diffusion equation), written as
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where C denotes the concentration of the state variable,

expressed in grams per cubic meter; ux, uy, and uz denote the

velocities in the x, y, and z directions, expressed in meters per

second; Eh and Ez denote the horizontal and vertical turbulent

diffusivity, expressed in square meters per second; and us

denotes the sinking velocity, expressed in meters per second.

Phytoplankton dynamics is described in the form of

dP

dt
¼ l 3 P� g 3 Z� l 3 P

dZ

dt
¼ cg 3 Z� l03 Z ð2Þ

where Z denotes zooplankton biomass, expressed in grams per

cubic meter; l denotes specific growth rate, expressed in

reciprocal days; l denotes loss rate by mortality, respiration,

and metabolism, expressed in reciprocal days; g denotes

grazing rate by zooplankton, expressed in reciprocal days; l0

denotes loss rate of zooplankton, expressed in reciprocal days;

and c denotes zooplankton assimilation.

Stressing the significance of the phytoplankton, the vertical

phytoplankton model (z�) follows the following mathematical

form:

]P

]t
� ]

]z
Ez

]P

]z

� �
þ ]

]z
ðuz þ usÞP ¼ ðl� lÞP ð3Þ

The vertical model study is available to grasp the features of

the phytoplankton (Evans and Parslow, 1985; Franks, 1997,

2002; Riley, Stommel, and Bumpus, 1949; Schnoor and Di Toro,

1980; Taylor and Ferrari, 2011; Wong, Lee, and Hodgkiss,

2007). An asymptotic solution P(z, t)¼ f(z)ekt of Equation (3) is

provided by Di Toro (1974). The form of f(z) is written as

f ðzÞ ¼ Keazða sin
ffiffiffi
k
p

zþ
ffiffiffi
k
p

cos
ffiffiffi
k
p

zÞ ð4Þ

a ¼ uz þ us

2Ez
ð5Þ

k ¼ l� ðkþ lÞ½ �=Ez � ðuz þ usÞ2=4E2
z ð6Þ

where K is a constant defined by the initial condition and k

indicates the net phytoplankton growth rate with respect to

time interval, estimated as a function of k¼ ln[P(z, t2)/P(z, t1)]/

(t2� t1) (Behrenfeld, 2010; Schnoor and Di Toro, 1980). Here, k

is a comprehensive coefficient caused by phytoplankton

growth, mortality, respiration, sinking and predation. When

the condition of k¼0 is satisfied, there is no net growth or loss.

Equation (3) is confined within the euphotic zone (z � Ze), with

sufficient light intensity penetrating the water column. The

water column is divided into three layers: an air–water surface

layer (z¼ 0), a euphotic layer (0 , z � Ze), and a noneuphotic

layer (Ze , z � H, where H is the total water depth). The

noneuphotic layer contains available nutrients but few living

species. Thus, the euphotic layer distinguishes the dominated

activity of growth or death (Aarup, 2002; Lee et al., 2007;

Margalef, 1978).

To explore the solution of the phytoplankton model, the

transfer functions should be explored: k, l, l, uz, us, and Ez. The

functions l and us are referred to as constants, with l ¼ 0.05

after Wei et al. (2004); the order of us is 10�6 after Blauw et al.

(2009) and Skogen et al. (1995). Estimates of the vertical

turbulent diffusivity and the phytoplankton growth rate are

equally significant in the model.

The vertical mixing process is performed with the Delft3D-

flow model, which has been validated in this area (He et al.,

2015). The graphical comparisons of water level between model

results and observations are shown in Figure 2 (Dafeng station

and Yangkou station), from 6 September 2006 to 14 September

2006.

The commonly used estimate of the specific phytoplankton

growth rate is as a function of temperature, light intensity,

salinity, and nutrients, separately or comprehensively (Eppley,

1972; Geider, MacIntyre, and Kana, 1998; Ornolfsdottir,

Lumsden, and Pinckney, 2004; Smith, 1980; Sofia and Angel,

2011). In this case, the estimate of the growth rate is intended

to integrate the temperature function into the light curve.

Skill Assessment
The vertical phytoplankton model is applied to obtain the

properties of phytoplankton biomass. Before the application of

the model, the reliability of the model must be tested. Skill

assessment measures the difference between model results and

observations. The root-mean-square error (RMSE) provides a

reliable comparison.

In principle, the form of RMSE is defined as follows:

RMSE ¼ 1

N

XN
i¼1

D2

 !1
2

ð7Þ

Figure 1. Case location and bathymetry of the Jiangsu coastal zone (from

north to south, stars indicate Lianyungang station, Dafeng station, Yangkou

station, and the north branch of the Yangtze River estuary).
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The use of D is defined as

D ¼ Pm � Pd ð8Þ

where Pm denotes the modeled phytoplankton biomass and Pd

denotes the monitored data.

The bias provides a measure of the mean values, defined as

follows:

Bias ¼ P̄m � P̄d ð9Þ

If Bias , 0, Pm is underestimating Pd; if Bias . 0, Pm is

overestimating Pd. The unbiased root-mean-square error

(RMSE0) is defined as

RMSE0
2 ¼ RMSE2 � Bias2 ð10Þ

with normalized bias (Bias*) by standard deviation (rd) of the

monitored data

Bias* ¼ Bias

rd
ð11Þ

and the normalized unbiased root-mean-square error

(RMSE0*) defined as follows:

RMSE0* ¼ RMSE0

Pd max � Pd min
ð12Þ

In Equations (9)–(12), P̄m and P̄d indicate the mean value of

the model output and the monitored data, respectively, and

Pdmax and Pdmin denote the maximum and minimum value of

the monitored data, respectively. If the values of Bias* and

RMSE0* are out of the range [�1, 1], the results of the model are

less reliable.

RESULTS
This research intends to investigate the characteristics of

phytoplankton dynamics in the coastal waters of Jiangsu.

Concern is focused on the descriptions of the vertical mixing

rate and the growth rate among all transfer functions. The

vertical model study is able to give insight into phytoplankton

dynamics.

Statistical Analysis of the Monitored Variables
The statistical analysis of the monitor samples is displayed in

Table 1. The annual variations of two seasonal variables, light

intensity and water temperature, show a small difference at

four stations. In another words, these two variables can be set

as domain parameters. An extreme value of chlorophyll a

(25.71 mg m�3) appeared on 4 August at the north branch of the

Yangtze River estuary, while the maximum phytoplankton

biomass (2.63 g m�3) appeared on 30 April at Lianyungang

station. The researchers have accepted that chlorophyll a is an

important measure of phytoplankton biomass (Boyer et al.,

2009; Niu et al., 2015a, b, c; Ramirez et al., 2005; Scharler and

Baird, 2003). Significant correlations (R2 ¼ 0.55 � 0.81) are

established between phytoplankton biomass and chlorophyll a

in this case, described as P ¼ AeB3Chla (P ¼ 0.1166e0.42913Chla

and R2¼0.5458 at Lianyungang station, P¼0.2238e0.11933Chla

and R2¼0.6047 at Dafeng station, P¼0.2527e0.07683Chla and R2

¼ 0.8139 at Yangkou station, and P¼0.3268e0.02413Chla and R2

¼ 0.7154 at the north branch of the Yangtze River estuary.

Accordingly, the coefficients of A and B follow a nonlinear

function (B¼ 2.2547e�13.613A and R2¼ 0.9933).

Figure 2. Graphical comparisons of water level between model results

(smooth line) and observations (markers) at (A) Dafeng station and (B)

Yangkou station in the Jiangsu coastal zone. Most of the model results are

consistent with observations.

Table 1. Statistical analysis of the monitored samples in 2006 at four

stations along the Jiangsu coast.

Lianyungang Dafeng Yangkou

Yangtze River

Estuary,

North Branch

Chla (g m�3)

Mean 3.10 3.91 3.68 5.50

SD 1.03 0.46 1.20 5.29

Min 0.63 3.30 2.45 3.24

Max 5.64 5.20 7.79 25.71

P (g m�3)

Mean 0.54 0.37 0.34 0.38

SD 0.45 0.02 0.04 0.06

Min 0.11 0.33 0.28 0.33

Max 2.63 0.41 0.45 0.58

Kd (day�1)

Mean 0.23 0.27 0.26 0.41

SD 0.06 0.03 0.08 0.48

Min 0.09 0.24 0.19 0.23

Max 0.38 0.35 0.53 2.25

I (Einstein m�2 day�1)

Mean 30.85 30.06 30.41 30.94

SD 10.99 11.31 11.84 12.12

Min 10.72 10.78 6.85 7.11

Max 50.08 49.88 54.39 55.40

Ze (m)

Mean 17.34 7.44 7.49 6.11

SD 7.96 2.89 2.73 2.23

Min 5.61 3.17 3.46 3.00

Max 39.51 15.61 14.10 11.69

T (8C)

Mean 15.1 16.5 17.0 17.3

SD 8.1 8.0 7.8 7.8

Min 4.0 5.3 6.3 6.3

Max 26.2 28.4 28.3 28.6

SD ¼ standard deviation.
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Another important variable of euphotic depth Ze ranges from

5.61 to 39.51 m at Lianyungang station, is higher than that at

other three stations. Within the layer of Ze, sufficient light

intensity exists to support phytoplankton growth. Light is one

of the limiting factors for phytoplankton, especially in winter.

Light attenuation coefficient Kd has a close link with Ze, which

can be explained by a function of Iz ¼ I0e�Kdz (Iz indicates the

incident light intensity at water depth z, expressed in Einstein

reciprocal square meters per day, and I0 indicates available

light intensity at the surface layer, expressed in Einstein

reciprocal square meters per day) (Devlin et al., 2008; Huis-

man, van Oostveen, and Weissing, 1999; Sverdrup, 1953). This

function has been validated by observations in the Jiangsu

coastal zone (y ¼ 900.96e1.333x and R2 ¼ 0.9307, in which y

indicates incident light intensity, expressed in micromole

photons in square meters per second, and x indicates water

depth, expressed in meters), and the data sources are after Liu

et al. (2012). By a regression analysis, phytoplankton biomass

is significantly correlated with the variables of T, Kd, and Ze (jrj
. 0.6, p , 0.01).

Parameter Estimation
In Figure 3, the specific growth rate shows a seasonal

variation, fluctuating with light intensity and temperature.

The patterns of the specific growth rate at four stations are

similar. The values continually increase in winter, peak on

summer days, and then gradually decrease until winter. At

Lianyungang station, an abnormal situation happens: the

specific growth rate decreases sharply after the maximum

value (Figure 3A). The abnormal process is probably caused by

the variation of light intensity, reducing quickly from 34 to 20

Einstein m�2 day�1 during that period.

In this case, the maximum specific growth rate of 3.17 day�1

appeared on 4 August at the north branch of the Yangtze River

estuary (Figure 3D). The relative temperature and light

intensity are all very high—28.68C and 52.89 Einstein m�2

day�1, respectively. The following maximum value of 2.67 day�1

appeared at Yangkou station (Figure 3C), with a high

temperature of 28.38C and a light intensity of 54.39 Einstein

m�2 day�1.

Compared with the variation of the specific growth rate, the

net growth rate presents a different pattern in both spatial and

temporal dimensions. The positive values state that the

phytoplankton production is higher than the loss. Further-

more, bloom events may be triggered when a rapid increase of

the net growth rate happens, like on 4 August both at Yangkou

station and the north branch of the Yangtze River estuary

(Figures 3C and D).

Although the phytoplankton has large growth potential (l¼
0.37–2.08, 0.55–2.34, 0.67–2.67, and 0.63–3.17 day�1 at

Lianyungang station, Dafeng station, Yangkou station, and

the north branch of the Yangtze River estuary. respectively),

the net growth rate varied within 60.1, 60.015, 60.03, and

60.06 day�1 over the 8-day interval at the four stations. When

the values of k fluctuate around zero, there is no obvious net

increase or loss of production.

The estimate of the vertical turbulent diffusivity (10

September) is displayed in Figure 4. The vertical mixing

process affects the distributions of phytoplankton biomass,

driven by the effects of tidal currents and wind stress. The

order of Ez is from 10�4 to 10�3 in the Jiangsu coastal waters.

The annual average estimate of the vertical turbulent

diffusivity is 8.09 6 3.74 cm2 s�1 (8.07 6 3.64 cm2 s�1 at

Lianyungang station, 7.21 6 2.70 cm2 s�1 at Dafeng station,

7.26 6 3.96 cm2 s�1 at Yangkou station, and 10.3 6 4.13 cm2 s�1

at the north branch of the Yangtze River estuary).

Figure 3. Time series variations of the specific growth rate (smooth line) and

the net growth rate (dash line) at four stations along the Jiangsu coastal

zone—(A) Lianyungang, (B) Dafeng, (C) Yangkou, and (D) the north branch

of the Yangtze River estuary—expressed in reciprocal days. The specific

growth rate is estimated from the combined effects of temperature and light

intensity, while the net growth rate is derived from the increase of

phytoplankton biomass with respect to time interval (8 d or biweekly). The

specific growth rate varies with a similar trend of light intensity and

temperature, showing higher values on summer days and lower ones in

winter.

Figure 4. Estimate of the vertical turbulent diffusivity with the Delft3D

model, expressed in square meters per second.
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Validation of the Vertical Phytoplankton Model
The skill assessment results of the vertical phytoplankton

model are shown in Table 2. Figure 5 plots the graphical

comparisons between the monitored phytoplankton biomass

and the model output. At Lianyungang station, the monitored

phytoplankton biomass varied around 0.5460.45 g m�3, while

the modeled phytoplankton biomass varied around 0.4860.55 g

m�3. At Dafeng station, the monitored data varied around

0.3760.02 g m�3, while the modeled data varied around

0.3760.10 g m�3. At Yangkou station, the monitored phyto-

plankton biomass varied around 0.3460.03 g m�3, while the

modeled phytoplankton biomass varied around 0.3160.07 g

m�3. At the north branch of the Yangtze River estuary, the

monitored phytoplankton biomass varied around 0.3860.07 g

m�3, while the modeled phytoplankton biomass varied around

0.3460.11 g m�3. The index of RMSE denotes the difference

between the model output and the monitored data. The

modeled phytoplankton biomass underestimates the monitored

data (Bias , 0) at Lianyungang, Yangkou, and the north

branch of the Yangtze River estuary, while the modeled values

overestimate the monitored data at Dafeng station (Bias . 0).

The Bias* and the RMSE0 are used to characterize the skill

assessment, with 90% inside the range of [�1, 1]. It is concluded

that the vertical phytoplankton model is able to reproduce

reliable predictions of phytoplankton biomass in this study.

Model Output
In this section, the model output of phytoplankton biomass is

discussed in the case study of the Jiangsu coastal waters. For

the vertical dimension, the water column is subdivided into

several water layers: 2, 5, 10, and 20 m. The statistics of

phytoplankton biomass are displayed in Table 3. In spring, the

phytoplankton biomass is higher at Lianyungang station than

that at the other three stations. A decrease of phytoplankton

biomass corresponds to deeper water, excluding the case of

Yangkou station.

For the water depth of 2 m at Lianyungang station, the

minimum value 0.01 g m�3 appeared on 30 April, and the

maximum value 3.07 g m�3 appeared on 14 April. Higher

values appeared in spring and autumn. The average value was

0.36 g m�3, and the standard deviation was 0.51 g m�3. At

Dafeng station, the annual fluctuation was relatively steady,

with a mean value of 0.28 g m�3 and a standard deviation of

0.15 g m�3. The minimum value 0.03 g m�3 appeared on 10

February, and the value maximum 0.57 g m�3 appeared on 26

July. At Yangkou station, the phytoplankton biomass varied

within a range of 0.01 to 0.28 g m�3. The minimum value

appeared on 19 August, and the maximum value appeared on 4

August. At the north branch of the Yangtze River estuary, the

phytoplankton biomass varied around 0.2160.16 g m�3.

Similar to the water depth of 2 m, the phytoplankton biomass

for the water depth of 5 m varied, with a big difference at

Lianyungang station, ranging from 0.02 to 3.34 g m�3. At

Dafeng station, the phytoplankton biomass varied within a

range of 0.03 to 0.57 g m�3, with a mean value of 0.27 g m�3 and

a standard deviation of 0.14 g m�3. At Yangkou station and the

north branch of the Yangtze River estuary, the values of

phytoplankton biomass were relatively smaller, varying within

the ranges of 0.02 to 0.35 and 0.002 to 0.51 g m�3, respectively.

For the water depth of 10 m at Lianyungang station, the

phytoplankton biomass varied within a range of 0.005 to 2.95 g

Table 2. Skill assessment results of the vertical phytoplankton model over 2006.

Results by Location (g m�3) P̄d P̄m rd Bias Bias* RMSE RMSE0 RMSE 0*

Lianyungang 0.54 0.48 0.45 �0.06 �0.14 0.59 0.59 0.23

Dafeng 0.37 0.37 0.02 0.00 0.17 0.09 0.09 1.06

Yangkou 0.34 0.31 0.03 �0.03 �0.88 0.07 0.06 0.38

Yangtze River estuary 0.38 0.34 0.07 �0.03 �0.51 0.09 0.08 0.32

Figure 5. Graphical comparisons of the monitored phytoplankton biomass

(scatters) and the model output (smooth line) over 2006 in the Jiangsu

coastal zone, expressed in grams per cubic meter.

Table 3. Statistics of phytoplankton biomass for the

different water layers in the Jiangsu coastal waters.

Statistics by

Location (g m�3) 2 m 5 m 10 m 20 m

Lianyungang

Min 0.014 0.024 0.006 0.001

Max 3.373 4.138 4.350 3.638

Mean 0.366 0.357 0.448 0.396

SD 0.558 0.662 0.736 0.608

Dafeng

Min 0.029 0.030 0.027 0.007

Max 0.576 0.572 0.559 0.571

Mean 0.283 0.276 0.261 0.263

SD 0.148 0.143 0.127 0.154

Yangkou

Min 0.016 0.023 0.001 0.012

Max 0.282 0.346 0.343 0.502

Mean 0.165 0.191 0.150 0.226

SD 0.085 0.100 0.110 0.146

Yangtze estuary

Min 0.013 0.003 0.052 0.002

Max 0.551 0.513 0.722 0.470

Mean 0.207 0.232 0.219 0.278

SD 0.163 0.145 0.179 0.132

SD ¼ standard deviation.
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m�3, with a mean value of 0.41 g m�3 and a standard deviation

of 0.53 g m�3. The minimum appeared on 6 May, and the

maximum appeared on the same day as other water depths.

Higher values appeared in the months of April, May, and July.

The phytoplankton biomass fluctuated with 0.2660.13,

0.1560.11, and 0.2260.18 g m�3 at Dafeng station, Yangkou

station, and the north branch of the Yangtze River estuary,

respectively.

For the water depth of 20 m at Lianyungang station, the

minimum value appeared on 1 July. The values became smaller

with deeper water. At Dafeng station, the phytoplankton

biomass varied within a range of 0.007 to 0.57 g m�3, with a

mean value of 0.26 g m�3 and a standard deviation of 0.15 g

m�3. At Yangkou station, the values became higher with deeper

water. The phytoplankton biomass varied from 0.01 to 0.50 g

m�3, with a mean value of 0.22 g m�3 and a standard deviation

of 0.14 g m�3. At the north branch of the Yangtze River estuary,

the phytoplankton biomass ranged from 0.002 to 0.47 g m�3,

with a mean value of 0.27 g m�3 and a standard deviation of

0.13 g m�3.

Particular attention is paid to the depth-averaged phyto-

plankton biomass in the Jiangsu coastal waters, shown in

Table 4. At Lianyungang station, the depth-averaged phyto-

plankton biomass varied within a range of 0.05 to 2.76 g m�3,

with a mean value of 0.49 g m�3 and a standard deviation of

0.71 g m�3. At Dafeng station, the depth-averaged phytoplank-

ton biomass varied around 0.2860.08 g m�3, with results of

0.2060.06 and 0.2860.09 g m�3 at Yangkou station and the

north branch of the Yangtze River estuary, respectively.

DISCUSSION
To get a practical solution for the vertical phytoplankton

model, the present study simplifies the real problems. A

simplification of the model is accompanied with uncertainty.

The bootstrap method is used to give insight into the 95%

confidence interval of the estimate with a characterization of

uncertainty analysis, shown in Table 4. At Lianyungang

station, the mean value varied from 0.23 to 0.91 g m�3 within

the 95% confidence interval, with a bias of �0.007 g m�3. At

Dafeng station, the mean value varied from 0.23 to 0.33 g m�3

within the 95% confidence interval, with a bias of�0.001 g m�3.

At Yangkou station, the mean value varied from 0.17 to 0.23 g

m�3 within the 95% confidence interval, with a bias of 0.001 g

m�3 and a standard error of 0.015 g m�3. At the north branch of

the Yangtze River estuary, the mean value varied from 0.23 to

0.33 g m�3 within the 95% confidence interval.

From the index of skewness, the distributions of the depth-

averaged phytoplankton biomass have a long right tail at

Lianyungang station (3.091) and at the north branch of the

Yangtze River estuary (1.866), deviating largely from the

center. The potential extreme values of phytoplankton biomass

may appear at these two stations resulting from the boxplot

analysis displayed in Figure 6. The open dots indicate the

higher values of phytoplankton biomass (nonextreme), and the

black star indicates the extreme value. The probability

distribution model of Weibull is explored to perform the good-

of-fit test at Lianyungang station and at the north branch of the

Yangtze River estuary, presented as Figures 7A and D,

respectively. The values of skewness are relatively smaller at

Dafeng station (0.054) and Yangkou station (0.639), revealing

that the symmetric distribution can fit with the data. Figures

7B and C display the good-of-fit test of normal distribution at

these two stations, respectively.

CONCLUSIONS
The role of the vertical mixing rate on the phytoplankton is

significant, controlling the vertical distributions of phytoplank-

ton biomass and affecting light and nutrient availability. The

vertical process is performed with the Delft3D model in this

study. To what extent can the vertical phytoplankton model be

trusted in this case? This question is processed with the

validation of the model: skill assessment (Table 2) and

graphical comparisons (Figure 5). The phytoplankton biomass

is significantly correlated with the variables of temperature,

light attenuation coefficient, and euphotic depth. Higher

Table 4. Statistical analysis of the depth-averaged phytoplankton biomass

in the Jiangsu coastal waters.

Results by

Location (g m�3) Statistics

Bootstrap*

Bias Std. Error

95% Confidence

Interval

Lower Upper

Lianyungang

Mean 0.496 �0.007 0.194 0.232 0.911

SD 0.712 �0.132 0.330 0.110 1.102

Skewness 3.091 �1.114 1.031 �0.090 3.470

Dafeng

Mean 0.279 �0.001 0.025 0.230 0.331

SD 0.082 �0.005 0.014 0.060 0.118

Skewness 0.054 �0.088 0.466 �0.992 0.998

Yangkou

Mean 0.198 0.001 0.015 0.169 0.229

SD 0.058 �0.004 0.010 0.035 0.075

Skewness 0.639 �0.190 0.563 �0.747 1.643

Yangtze River estuary

Mean 0.280 0.001 0.027 0.236 0.336

SD 0.097 �0.009 0.029 0.037 0.140

Skewness 1.866 �0.479 0.690 0.071 2.776

* Unless otherwise noted, bootstrap results are based on 500 bootstrap

samples. The objects of the bootstrap method are the estimates of mean

value, standard deviation (SD), and skewness.

Std. error ¼ standard error.

Figure 6. Boxplot of the depth-averaged phytoplankton biomass in the

Jiangsu coastal waters, in which the middle black line indicates the median,

the shaded region stating the middle 50%. The lines extending out of the

shaded region are the top and bottom 25% of the data, and the horizontal

lines at the top and bottom of the boxplot are the minimum and maximum

values (nonextreme), respectively. One case is classified as the extreme value

at Lianyungang station (2.76 g m�3).
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phytoplankton biomass appears in spring but is lower in winter

because of the strong turbulence and light limitation.

The findings of this study contribute to the understanding of

ecosystem processes and dynamics. Information on nutrients,

grazing, and loss rate will help in increasing the sensitivity of

this modeling approach. Future work will further research

these issues.
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