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Abstract

Based on a hydrodynamic-ecological model, the temperature, salinity, current, phytoplankton (Chl a),
zooplankton, and nutrient (dissolved inorganic nitrogen, DIN, and dissolved inorganic phosphorous, DIP)
distributions in the Beibu Gulf were simulated and the nutrient budget of 2015 was quantitatively analyzed. The
simulated results show that interface processes and monsoons significantly influence the ecological processes in
the gulf. The concentrations of DIN, DIP, phytoplankton and zooplankton are generally higher in the eastern and
northern gulf than that in the western and southern gulf. The key regions affected by ecological processes are the
Qiongzhou Strait in winter and autumn and the estuaries along the Guangxi coast and the Red River in summer.
In most of the studied domains, biochemical processes contribute more to the nutrient budget than do physical
processes, and the DIN and DIP increase over the year. Phytoplankton plays an important role in the nutrient
budget; phytoplankton photosynthetic uptake is the nutrient sink, phytoplankton dead cellular release is the
largest source of DIN, and phytoplankton respiration is the largest source of DIP. The nutrient flux in the
connected sections of the Beibu Gulf and open South China Sea (SCS) inflows from the east and outflows to the

south. There are 113 709 t of DIN and 5 277 t of DIP imported from the open SCS to the gulf year-around.
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1 Introduction

The Beibu Gulf (16°00’-21°30'N, 105°40'-111°00'E) is an im-
portant semienclosed gulf located in the northwestern South
China Sea (SCS) and is rich in natural resources (e.g., fish, oil,
and tourist destinations); thus, it has considerable ecological and
economical value (Han, 2013; Lin et al., 2008). The Beibu Gulf
connects to the open SCS by the Qiongzhou Strait in the north-
eastern part and the open sea in the southern part (Fig. 1). It has
a shallow depth of less than 100 m and has an area of approxim-
ately 12.8x10* km? (Chen et al., 2009a; Gao et al., 2013, 2017;
Huang et al., 2008). The Red River in Vietnam and the Fangcheng
River, Nanliu River, Qin River, Dafeng River, Beilun River, and
Changhua River in China provide the major river discharges into
the gulf, along with some smaller rivers along the coast (Chen et al.,
2009a; Tang et al., 2003). The hydrological features and the gen-
eral circulation in the gulf have strong seasonality, which are mainly
driven by prevailing northeasterly monsoons from September to
April and southwesterly monsoons during May to August; thus,
the dynamic and biological processes are active (Chen et al.,
2011; Gao et al., 2017; Huang et al., 2008; Tang et al., 2003).

Although the general environmental conditions in the Beibu
Gulf are good, the fast development along the Beibu Gulf Eco-
nomical Rim has placed the environment in the Beibu Gulf un-
der pressure. According to marine environmental reports (De-
partment of Ocean and Fisheries of Guangxi Zhuang Autonom-

ous Region of China, 2013, 2016, 2017), some local areas along
bays, such as the Qinzhou Bay, Dafeng River Estuary, and
Fangcheng Bay, have severe environmental conditions (under
level IV), and the most out-of-limit pollutants are dissolved inor-
ganic nitrogen (DIN), active phosphate and oil, which are caus-
ing increasing detriment to the Beibu Gulf environment. The
conditions of these items may affect the ecosystem in the gulf
through transportation and biochemical processes. Studying the
nutrient distributions, budget and flux is of great importance in
providing a scientific perspective on the Beibu Gulf.

One way to study the subjects above is field investigations.
Some field investigations concerning the water quality, biologic-
al processes, and distributions of ecological factors, such as nu-
trients, phytoplankton, zooplankton, benthic animals, and fish,
have involved special periods and stations, showing that these
factors have their own distribution characteristics and that the
water mass exchange across the gulf and human activity along
the estuaries may be critical (Cai et al., 2012; Chen et al., 2011; Fu
etal., 2012; Liu et al., 1998; Tang et al., 2003; Wang et al., 2015;
Zheng et al., 2014; Zhou et al., 2011). However, compared to
those in the open SCS, field investigation data in the Beibu Gulf
are relatively sparse (Bauer and Waniek, 2013). Moreover, out-
side the areas and periods of field investigations, many details
have remained unknown, which makes some analyses difficult,
especially quantitative analyses of the nutrient budget and flux.
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Fig. 1. The study domains of the model. The sections and boxes in the figure refer to the geographic locations of : the latitudinal
section (Section 1) from the Red River Estuary to the Qiongzhou Strait and the longitudinal section (Section 2) from the Guangxi coast
to the west of Hainan Island to show the vertical distribution patterns; boxes A, B, C, D and E to calculate the regional contributions of
biochemical and physical processes to the nutrient budgets; the Qiongzhou Strait section (QS), the latitudinal section of South China
Sea (SCS 1) and the longitudinal section of South China Sea (SCS 2) to calculate the nutrient flux across the gulf mouth.

A model is one of the effective ways to deepen analysis on the
basis of field investigations. In addition, a coupled 3D hydro-
dynamic-ecological model is efficient for studying the hydro-
dynamic and ecological processes of an entire area throughout a
time series (Fennel et al., 2006; Gan et al., 2010; Ianson and Allen,
2002; Wang et al., 2013a). Several ecological models have been
applied in the SCS (Chai et al., 2009; Gan et al., 2010; Li et al.,
2015; Liu and Chai, 2009; Liu et al., 2002). Bauer and Waniek
(2013) used a 1-dimensional physical-ecological model to study
the interactions between the associated physical water column
structure, atmospheric forcing, and primary production within
the entire seasonal cycle in the central part of the Beibu Gulf
from 2000 to 2010. Additionally, the models applied in Beibu Gulf
are mainly physical models used to study hydrodynamic circula-
tion (Ding et al., 2013; Gao et al., 2014, 2013; Guo et al., 2015;
Minh et al., 2014; Wang et al., 2018) and Ecosim models used to
investigate ecological trophic structures (Chen et al., 2008,
2009b). It is essential to apply multidimensional biophysical
models to more accurately study the spatial and temporal ecolo-
gical distributions and channel effects in the Beibu Gulf.

The Marine Environment Commitee nutrient-phytoplankton-
zooplankton-detritus (MEC-NPZD) hydrodynamic-ecological
model can be a good choice. The 3D multilayer physical model of
the MEC ocean model, which was developed by the Marine En-

vironment Committee of Japan (2003), combines the global hy-
drostatic model with full-3D models for simulating currents on
different spatial scales (Kano et al., 2010; Sato et al., 2006; Yu and
Kyozuka, 2003). Its byproduct, the ecological nutrient-phyto-
plankton-zooplankton-detritus (NPZD) model, consists of eight
major compartments: DIN, active phosphate (P-PO,, which also
refers to dissolved inorganic phosphorous, DIP, in this situation),
phytoplankton, zooplankton and dissolved organic matter
(DOM) and particulate organic matter (POM). This NPZD model
uses the output of the current, temperature and salinity fields of
the hydrodynamic model as input physical fields and can calcu-
late key biological processes of a low-trophic level ecosystem,
and it has solved some environmental and ecosystem problems
in gulf or coastal areas (Nakata and Doi, 2006; Mizumukai et al.,
2008; Hakuta and Tabeta, 2013; Wang et al., 2013b; Wang and Ta-
beta, 2017).

Therefore, to understand ecological characteristics such as
the key regions, key periods and nutrient refreshment in the
Beibu Gulf, the MEC-NPZD model was applied to simulate the
spatial and temporal distributions of ecological variables
throughout the entire gulf, quantitatively analyzed the contribu-
tions of individual processes to the nutrient budget in different
regions, and calculated the nutrient flux between the Beibu Gulf
and open SCS.
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2 Method

2.1 Hydrodynamic model

The MEC model was applied to simulate the hydrodynamic
conditions of the Beibu Gulf. In this model, the Mellor-Yamada
2.5 level turbulence closure model (Mellor and Yamada, 1982)
was used to simulate the vertical eddy viscosity and diffusivity.
The horizontal diffusion coefficients were calculated using the
Smagorinsky turbulence closure model (Smagorinsky, 1963). The
model can solve the hydrodynamic primitive equations using the
hydrostatic assumption in the vertical direction with the
Boussinesq simplification for convective flows.

The studied domain (Fig. 1) was divided into a 330 by 315 grid
with a horizontal resolution of 2 km by 2 km and 10 levels (2.5 m,
7.5m, 12.5m, 17.5m, 25.0 m, 35.0 m, 45.0 m, 55.0 m, 70.0 m, and
110.0 m depths) in the vertical direction according to Cartesian
coordinates. The depth field in the domain was extracted from
the ETOPOL1 with a resolution of 1° by 1°. The detailed equations
of the model have been described in Kano et al., 2010; Mizu-
mukai et al., 2008; Sato et al., 2006, and the concrete model set-
tings and validation have been described in Wang et al., 2018.

2.2 Ecological model

Based on the output physical fields of the hydrodynamic
model, we used the NPZD model based on Nakata (1993) to sim-
ulate the distributions of the ecological variables (Fig. 2).

In the NPZD model, physical, biological, and chemical pro-
cesses influence the ocean ecological distribution and processes,
and the general equation is shown below:
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where B represents the ecological variables; thus, N is the par-

tial derivative of the ecological variables relative to time. u, v and
w are the flow velocities in the x, y and z directions, A, and K rep-
resent the diffusion coefficients in the horizontal and vertical dir-
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ections, and ( B is the biochemical source/sink term, repres-

enting the effect of the biochemical processes on the ecological
variables relative to time, including the processes of phytoplank-
ton (PHY), zooplankton (ZOO), DIN, DIP, cellular nitrogen (Qy),
cellular phosphorus (Qp), POM, DOM and dissolved oxygen
(DO).

The detailed functions of the NPZD model are described in
the Supplemental Information. The parameters and their mean-
ings as applied in the NPZD model are shown in Table S1.

In the model, biochemical processes include phytoplankton
photosynthetic uptake, phytoplankton respiration, phytoplank-
ton dead cellular release, zooplankton respiration, mineraliza-
tion of organic matter and sediment dissolution, and the physic-
al processes affecting the nutrient budget include the river input
and the convective transport of the water. Performing integral
operations on Egs (3) and (4) in the Supplemental Information
can yield the annual contributions of these processes to the DIN
and DIP budgets and the annual flux of DIN and DIP in specified
sections.

2.3 Initial and boundary conditions

The initial and boundary conditions included the tidal har-
monics, daily averaged elevation, temperature, salinity, heat flux,
wind data, sea surface temperature (SST), and monthly river dis-
charge. The sources of these conditions are shown in Table 1.

The model was spun up with zero elevation and velocity, and
the time step was set to 12 s for the hydrodynamic model and 60 s
for the ecological model. The current, temperature and salinity
fields of the ecological model were provided by the physical
model. The model ran for 2 years, and the data from the latest
year (2015) were exacted for analysis.
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Fig. 2. NPZD model schematic.
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Table 1. The sources of initial and boundary conditions

Data Source Resolution
Eight tidal (K}, O,, P}, Q;, M,, S,, N, K,) Oregon State University tidal model l1h
Harmonics
Daily average wind data NOAA National Climatic Data Center (NCDC) Blended Sea Winds 0.25°x0.25°
Daily average heat flux EU National Energy and Climate Plans (NECP) 1°x1°
Daily average SST The Remote Sensing Systems (REMSS) 9km/d
Elevation, temperature, salinity Hybrid Coordinate Ocean Model (HYCOM)+Navy Coupled Ocean Data  (1/12)°x(1/12)°
(NCODA)
Monthly river discharge Gao et al., 2013; Han, 2013; Pruszak et al., 2005; van Maren and Hoekstra, 2004 -
Chla MODIS Aqua Monthly Average 4km
NH,, NO,, NO,, PO, World Ocean Atlas (WOA) 2014 1°x1°

The initial vertical distribution of Chl a in the water column
was fitted by a Gaussian curve (Morel and Berthon, 1989). The
initial phytoplankton biomass (mg/m3, according to carbon) was
set to 50 times the Chl a concentration (mg/m3, according to car-
bon), and the initial zooplankton biomass was set to 5 times the
Chl a concentration, respectively (Liu and Chai, 2009; Thomas
and Dodson, 1972).

2.4 Model validation

The model with the field investigation and remote sensing
data was validated. The field investigation data were from the
Chinese Offshore Investigation and Assessment (COIA) hosted
by the State Oceanic Administration of China in 2007, which was
the largest field investigation of Chinese territorial waters in the
Beibu Gulf in recent years. The sampling sites contained varying
depths and seasons; thus, they are merged to the nearest model
depths and representative months. The temperature, salinity, Chl a,
DIN and DIP of the model result run for the year of 2007 were
compared with the processed COIA data to validate the model
system. The model simulated SST and phytoplankton (Chl a) dis-
tribution run for the year of 2015 were validated against remote
sensing data (MODIS Aqua 4 km resolution) of the same year.
The remote sensing data were transformed to 2 km resolution,

which corresponds to the resolution of the model output.

3 Results

The physical and ecological variable distribution patterns in
the Beibu Gulf were simulated and the nutrient budgets for dif-
ferent seasons and zones were analyzed. The data from January,
April, July and October were used to represent winter, spring,
summer and autumn in the studied region. As the average eu-
photic layer depth in the Beibu Gulf is nearly 12.5 m, the hori-
zontal distribution data at 2.5 m and 12.5 m depth layers are
shown to represent the sea surface and average euphotic layer of
the gulf, respectively. Additionally, the vertical data from 10 lay-
ers across the latitudinal section (Section 1) from the Red River
Estuary to the Qiongzhou Strait (20.2°N) and the longitudinal
section (Section 2) from the Guangxi coast to the west of Hainan
Island (108.6°E) (Fig. 1) and were interpolated for the study of the
vertical distribution patterns.

3.1 Model validation

3.1.1 Comparison with field investigation data
Figure 3a is the map of the COIA stations in the Beibu Gulf.
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The sampling sites contained varying depths, and the sampling
times were divided into four seasons. Figure 3b is the Taylor dia-
gram (Taylor, 2001) for the comparison of the model results and
observations (here, field investigation data), in which the correla-
tion coefficients are above 0.6 for most model results, and the
normalized standard deviations (STDs) are within 1.0 for all vari-
ables except the salinity (SAL) in all seasons, and DIN in autumn.
However, the root mean square error (RMSE) shows that the
model results for the four seasons are within a reasonable dis-
tance from the field investigation data (Pefia et al., 2016; Jiang
and Wang, 2018). The comparison validates the accuracy of the
model system for various variables and depths.

3.1.2 Comparison with remote sensing data

Figure 4 is the Taylor diagram for the comparison of the data
and observations (which here is the remote sensing data). The
correlation coefficients of the SST and Chl a are above 0.8 in
January, April and July and above 0.7 in October, meaning that
the model results and remote sensing data have a high correla-
tion. Considering the RMSE, the model results for January, April
and July are closer to the remote sensing data compared to those
for October. The normalized STDs of the model data are within
1.0, meaning that the model results had a smaller STD than that
of the observations. However, the overall variation between the
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model results and remote sensing data for the SST and Chl a is
within the acceptable error range (Tian et al., 2015). This com-
parison validates the accuracy of the model simulated results of
2015 at the sea surface of the studied domain.

Therefore, the model validation against both field investiga-
tion data and remote sensing data prove the accuracy of the
model.

3.2 Distributions of physical variables: temperature, current and
salinity

The horizontal distributions of the results of the physical vari-
ables are shown in Figs 5a, 5b, 6a and 6b.

In January, the current circulation at the 12.5 m layer is al-
most the same as that at the sea surface (2.5 m depth layer), ex-
cept in the area of the southern gulf (17°-18°N, 108°E), in which
the flow is westward on the surface and eastward at the 12.5 m
depth layer. The temperature along the coast of the northern gulf
is lower than that of the southern gulf. However, the temperature
in the gulfis almost below 26°C. The temperatures and salinities
of the two layers are almost identical.

In April, the southwest monsoon begins to take over the
northeast monsoon, and the wind speed is slower than that in
winter. However, the circulation is still cyclonic. The boundary
flow of the open SCS intrudes into the gulf near 18.5°N and then
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Chl a data comparison, with the STDs normalized to the observations (MODIS Aqua data) and the RMSE between the model output
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flows southward along the Vietnam coast, carrying the high-tem-  eastward or eastward. The current direction within the gulf is
perature open SCS water to the southern gulf. The temperaturein  complex, with several gyres. There is a strong southward current
the gulf increases significantly in spring, and the temperature dif- along the Vietnam coast. The westward current in the Qiong-
ference in the gulf at this point is smaller than that in January. zhou Strait becomes weaker in summer. The current speeds
The average temperature at the 12.5 m depth layer is lower than  along the Qiongzhou Strait, the Vietnam coast and the southern
that at the sea surface. gulf mouth are faster compared to those in the central gulf, and

In July, the gulf is under the control of the southwest mon-  the current speed at the 12.5 m depth layer is slower than that on
soon, and the current direction to the south of the gulf is north-  the sea surface. The temperature in the gulf is the highest in sum-
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Fig. 5. Seasonal horizontal distribution of the variables at 2.5 m depth: temperature and currents (a); salinity (b); DIN (c); DIP (d);
phytoplankton (e); zooplankton (f); N/P ratio (g).

mer, with some areas exceeding 30°C at the 2.5 m depth layer. ~ westward current in the Qiongzhou Strait is very strong at both
The temperature at the 12.5 m depth layer is much lower than  the 2.5 m and 12.5 m depth layers. The temperature distribution
that on the surface. At the 12.5 m depth layer, the low-temperat-  difference throughout the entire gulf is less than 3°C. However,
ure areas are larger than those at the 2.5 m depth layer. the temperature in autumn is higher than that in April in general,

In October, the monsoon returns to the northeast monsoon, and the temperature and salinity differences between the two
and thus, the current circulation becomes cyclonic again. The layers decrease than those in summer.
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Fig. 6. Seasonal horizontal distribution of the variables at 12.5 m depth: temperature and currents (a); salinity (b); DIN (c); DIP (d);

phytoplankton (e); zooplankton (f); N/P ratio (g).

In general, the salinity decreases from east to the west and
from south to north, reflecting the current flow pattern in the
gulf. The low salinity along the western and northern coasts of
the gulfis due to the effect of river discharge, while the higher sa-
linity near the southern gulf is the result of open SCS intrusion.

The vertical distribution results for the two sections are
shown in Figs 7a, 7b, 8a and 8b. In these two sections, the tem-
perature is lower at the bottom of the central gulf. The temperat-
ure and salinity stratifications are more obvious in spring and
summer. At the bottom of the central gulf, there are obvious low-
temperature water areas in April and July.

The high-salinity areas of Section 1 in winter are in the west of
the Qiongzhou Strait to the central gulf, and the stratification ef-
fect is small. The high-salinity areas of Section 2 exist in the cent-
ral gulf, north of Hainan Island.

The average vertical distributions of the temperature differ-
ences in the four representative months are similar to the hori-
zontal distribution. The temperature is lower at the sea bottom of
the central gulf due to bathymetric conditions. However, the

temperature stratification is more obvious in summer when the
temperature is higher than in other seasons.

3.3 Distribution of nutrients: DIN and DIP

The horizontal distributions of the DIN and DIP are also
shown in Figs 5¢, 5d, 6¢ and 6d. The distribution characteristics
of the DIN and DIP decrease from the east to west, onshore to off-
shore, and north to south in general. The distributions of the DIN
and DIP are strongly influenced by interface processes.

In January, when the prevailing northeast monsoon makes
the westward transport of water in the Qiongzhou Strait strong,
the DIN concentration to the west of the Qiongzhou Strait can
reach as high as 50 mg/m3, and the DIP concentration is higher
than 2 mg/m3. In April and July, areas with high DIN and DIP
concentrations appear in estuaries. In October, the northeast
monsoon returns, the nutrient supplementation from the Qiong-
zhou Strait reaches the northern gulf, and the nutrient concen-
tration to the west of the Leizhou Peninsula can reach as high as
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50 mg/m?3 for the DIN and 3 mg/m3 for the DIP.

The distribution characteristics of the DIN and DIP at the 12.5m
depth layer are similar to those at the 2.5 m depth layer.

In the vertical distribution view (Figs 7c, 7d, 8c and 8d), the
DIN and DIP concentrations at the bottom of the central gulf are
higher than those in spring and summer.

3.4 Distribution of biological variables: phytoplankton and zo-
oplankton
The horizontal distribution results indicate that the general
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concentrations of phytoplankton (Figs 5e and 6e) and zooplank-
ton (Figs 5f and 6f) decrease from east to west, onshore to off-
shore, and north to south, following the distribution of inorganic
nutrients. This is the same trend shown in field studies (Van
Thuoc et al., 2012; Liu et al., 1998; Wang et al., 2015) and remote
sensing data (Tang et al., 2003).

In January and October, areas with high phytoplankton
(>2 mg/m?3) and zooplankton (>10 mg/m3, according to carbon)
concentrations exist near the western coast of the Leizhou Penin-
sula. In April and July, the areas with high phytoplankton and zo-

Distance/km
0 100

Distance/km

200 300 0 100 200 300

Depth/m

20 22 24 26 28 30 20 22 24 26 28 30
Temperature/°C Temperature/°C
Distance/km Distance/km

00 100 200 300 0 100 200 300

g20
§40
260

28 29 30 31 32 33 34 35 28 29 30 31 32 33 34 35

Salinity Salinity
Distance/km Distance/km
0 100 200 300 0 100 200

300

Depth/m
[ )

=1

30 60 90 120
DIN concentration/(mg-m )

150 0 30 60 9 120

DIN concentration/(mg-m )

150

Distance/km Distance/km
0 100 200 300 0 100
g 20
g 40
2 60

‘___

=1

2 4 6
DIP concentration/(mg-m )

o

DIP concentranon/(mg m- )

Distance/km Distance/km
0 100 200 300 0 100 200 300
0 g 20
0 £ 40
L
0 2 60

| SE——
0 1 2 3 4 5
Phytoplankton concentration/(mg-m>)

=1

1 2 3 4

w

Fig. 7.



Distance/km
100 200

300

0 5 10 15 20 25 30
Zooplankton concentration
/(mg-m™3, according to carbon)

Distance/km

Pan Huanglei et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 8, P. 14-31

Distance/km
0 100 200 300
0
§20
«940
2 60
80
0 5 10 15 20 25 30

Zooplankton concentration
/(mg-m™3, according to carbon)

Distance/km

Distance/km
0 100 200 300
0
g 20
«é 40
2 60

°ﬂ

5 10 15 20 25 30
Zooplankton concentration
/(mg-m™3, according to carbon)

Distance/km

Distance/km
100 200

(=)

300

Depth/m
[ N~ )

0 5 10 15 20 25 30
Zooplankton concentration
/(mg-m™3, according to carbon)

Distance/km

100 200 300

agQ
o
o
—_
(=3
S

200 300

(=}

100 200 300

(=]

100 200 300

Depth/m

Depth/m
® o £ N
S o o o

0

4 8 12

N/P

16 20 24 0 4 8 12

N/P

16 20 24

0

4 8 12

N/P

16 20 24

=1

4 8 12

N/P

16 20 24

Fig. 7. Seasonal vertical distributions of the variables in Section 1:

temperature (a); salinity (b); DIN (c); DIP (d); phytoplankton (e);
zooplankton (f); N/P (g).

oplankton concentrations shrink towards the shore of the
Leizhou Peninsula. At the same time, the concentrations of
phytoplankton and zooplankton increase in the estuaries.

The phytoplankton and zooplankton distribution character-
istics at the 12.5 m depth layer are similar to those at the 2.5 m
depth layer but with somewhat lower values.

The vertical distribution of phytoplankton is shown in Figs 7e
and 8e. Similar to the surface distribution, the areas with high
concentrations of phytoplankton in January and October are loc-
ated in the Qiongzhou Strait and to the west of the Leizhou Pen-
insula. In addition, a higher phytoplankton concentration area
exists 10-20 m below the sea surface. The vertical zooplankton
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zooplankton (f); N/P (g).

distribution (Figs 7f and 8f) is similar to that of phytoplankton,
but the areas with high concentrations of zooplankton can be
deeper than those of phytoplankton.

3.5 Contributions of processes to the DIN and DIP

The annual budgets of processes for the DIN and DIP are
shown in Fig. 9, and the annual budget changes of biochemical
and physical processes for the DIN and DIP are shown in Fig. 10.

Phytoplankton uptakes 1 761 700 t of DIN and 221 730 t of DIP
annually. Phytoplankton respiration and phytoplankton dead
cellular release supply 400 068 t of DIN and 66 679 t of DIP, mak-
ing them the largest nutrient sources. Mineralization is also an
important source of nutrients, which contributes 33 745 t of DIN
and 56 291 t of DIP.

In the DIN budget, the contributions of most processes ex-
ceptriver input and convective transport decrease from Febru-
ary to June and increase from July to December. However, sedi-
ment dissolution is more significant in summer and autumn, ex-

ceeding the process of zooplankton respiration. Phytoplankton
photosynthetic uptake is a sink of DIN for the water, and phyto-
plankton dead cellular release, phytoplankton respiration and
mineralization are three main contributors to the DIN source,
contributing 31.10%, 22.34% and 18.90% of the DIN source, re-
spectively.

Similar to the DIN budget, most processes contributing to
DIP decrease from February to June and increase from July to
December, but the rates of decrease exceed the rates of increase.
Sediment dissolution is more active in summer and autumn
compared to zooplankton respiration and phytoplankton dead
cellular release. Phytoplankton photosynthetic uptake is also a
sink of DIP. The main contributors to the DIP source are phyto-
plankton respiration (29.92%) and mineralization (25.25%).

3.6 Nutrient budget in different zones
Figure 11 shows the biochemical and physical contributions
to the budgets of the DIN and DIP in different zones, in which the
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data have been normalized to the zone areas. The results indic-
ate that only phytoplankton photosynthetic uptake is a nutrient
sink for the water in all zones, and the other processes are nutri-
ent sources. Box B has the highest nutrient refreshment effi-
ciency in general.

In Box A, the phytoplankton dead cellular release can con-
tribute 41.89% of the DIN source, while mineralization provides
the biggest supplement of DIP, which can contribute 23.22% of
the DIP source. Box B has the largest photosynthetic uptake of
both DIN and DIP. Phytoplankton dead cellular release is also
the main source of DIN in Box B, which contributes 44.43% of the
DIN source. For the DIP, the allocation proportion is similar to
that in Box A, with mineralization taking first place. In Box C, the
main source of DIN is phytoplankton respiration, followed by
phytoplankton dead cellular release, which contribute 28.18%
and 24.61% of the total DIN source in this zone, respectively. The
main source of DIP in Box C is phytoplankton respiration, fol-
lowed by mineralization. The allocation proportions of Box D are
similar to those in Box C. In Box E, the largest DIN source is
phytoplankton respiration, which contributes 28.30% of the DIN
source, followed by mineralization (21.31%). Phytoplankton res-
piration also contributes the highest portion (30.54%) to the DIP
source.

Compared to biochemical processes, physical processes con-
tribute less to the nutrient budget. River input only contributes
2.19%, 0.38% and 1.68% of the DIN source and 2.20%, 0.19%, and
1.71% of the DIP source in Boxes A, C and E. Convective trans-
port only contributes significantly in Box A and Box B. In other
boxes, the contributions to nutrient sources by convective trans-
port are negligible.
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3.7 Nutrient flux

The nutrient flux in the water-exchange sections was calcu-
lated. The three sections in 110°E of the Qiongzhou Strait, in 17°N
and 110°E of the southern gulf mouth (Fig. 1) were set. The annu-
al transports of these sections are shown in Fig. 12.

The nutrient flux in the Qiongzhou Strait is westward into the
gulf year-round. The amount is higher in winter and autumn and
lower in spring and summer. The maximum DIN and DIP fluxes
happen in December, with values of 24 606 t for DIN and 1 010 t
for DIP. Moreover, the DIP consumed by phytoplankton is a lar-
ger portion than that of the DIN in autumn, so DIP transport can-
not reach as sharp of a peak compared to that of DIN.

The DIN and DIP fluxes in the latitudinal section of the south-
ern gulf mouth (17°N, SCS1) are southward into the open SCS
year-round, and in winter and autumn, the southward nutrient
fluxes increase. In spring, the southward nutrient fluxes decrease
under the influence of the southwest monsoon. The maximum
transports of both the DIN and DIP occur in December.

The fluxes of the DIN and DIN in the longitudinal section
(110°E, SCS2) year-round are westward into the gulf.

4 Discussion

4.1 Variable distribution

Controlled by the northeast monsoon in winter and autumn,
the current circulations during October and April are cyclonic in
general, which corresponds to the results of another study (Wu et
al., 2008). Although there are controversies concerning the cur-
rent circulation in summer, recent studies revealed that the cir-
culation structures remain cyclonic in most areas (Chen et al.,
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Fig. 11. Contributions of different processes to the DIN and DIP in different boxes.
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2015; Gao et al., 2013; Wang et al., 2018; Wu et al., 2008), which is
also consistent with the model results. The results of the model
and other studies show that the current direction in the Qiong-
zhou Strait is westward throughout the year; however, influ-
enced by the direction of the monsoon, the westward velocity is
greater in winter and smaller in summer (Chen et al., 2009a;
Wang et al., 2018), so the westward water transport in the Qiong-
zhou Strait plays a critical role in the circulation of the Beibu Gulf
(Wu et al., 2008). There is an upwelling current along western
Hainan Island, coinciding with the occurrence of the strong cur-

rent intrusion by the open SCS and the along-coast current from
the north. Additionally, there are strong tide-mixing effects, and
the mixing effects give this area the shortest retention time of
modeled water particles (Hu et al., 2003; Kuo et al., 2000; Wang et
al.,, 2018). Due to the intensity of the vertical water mixing, the
temperature and salinity stratifications of the sea water in spring
and summer are more apparent than that in winter and autumn,
especially at the bottom of the central gulf, similar to the descrip-
tions in other literatures (Chen et al., 2015; Ding et al., 2013; Gao
etal., 2013). The hydrodynamic conditions form the background
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for ecological modeling.

The ecological model simulated the distribution characterist-
ics of nutrients, followed by Chl a and zooplankton, which de-
crease from east to west, onshore to offshore, and north to south
in general, reflecting the seasonal patterns of the monsoon, river
inputs and water exchanges in the gulf.

Cheng et al. (2017) found that the sediment concentration is
higher in the Qiongzhou Strait, west of Hainan Island and along
the coast of Vietnam and the Leizhou Peninsula using the ROMS
model, and this characteristic may also contribute to the distri-
bution of nutrients. In winter and autumn, nutrients from west-
ern Guangdong (Zhujiang River Estuary) are carried by the
northeast monsoon through the Qiongzhou Strait into the Beibu
Gulf (Bao et al., 2005), leading to a phytoplankton bloom near the
west of the Leizhou Peninsula. The sediment-dissolving activit-
ies are strong in winter and autumn, so the DIN and DIP concen-
trations at the bottom of the central gulf are higher than those in
spring and summer. Summer is the wet season in the studied re-
gion, in which the river inputs reach their maximum, carrying
large amounts of nutrients into the gulf (Deetae and Wisespong-
pand, 2001; Lai et al., 2014; Zheng et al., 2012). In addition, due to
the changes in the monsoon, the water with high-nutrient con-
centrations in the northern gulf cannot be diffused toward the
south, making the high-nutrient areas limited among nearshore
areas in the summer. During this period, high-concentration
phytoplankton areas also exist in estuaries. Additionally, the
growth rate of phytoplankton is higher than the grazing rate of
micro zooplankton along the Guangxi coast in summer; there-
fore, phytoplankton can accumulate in this area. In contrast, to
the south of Weizhou Island, the primary production is low, and
the grazing effect becomes the key factor controlling the growth
of phytoplankton (Ma et al., 2014). To the northwest of Hainan Is-
land, there is a high-concentration phytoplankton area but no
obvious high-concentration zooplankton area, which is not par-
allel to the high concentration of nutrients or phytoplankton
here. This area is an upwelling region, so the nutrient concentra-
tion is high there. However, it is also a tidal mixing region, and
the tabulated water mixing region might not be a favorable zone
for zooplankton assembly.

The vertical distribution also indicates that the phytoplank-
ton has strong correlations with the temperature, illumination in-
tensity and nutrients beneath the sea surface. From summer to
autumn, in addition to the stratification effect, the SST may ex-
ceed the optimum growth temperature for most phytoplankton;
therefore, the higher phytoplankton concentration areas in the
central gulf exist 10-30 m below the sea surface. The nutrient ef-
fect also plays an important role in the vertical distribution of
phytoplankton, but it has less influence than do the temperature
and illumination, especially beneath the sea surface. In autumn,
the water flux in the Qiongzhou Strait is at its maximum
throughout the year due to the substitution of the northeast mon-
soon. Additionally, the temperature near the west of the Leizhou
Peninsula is fit for phytoplankton growth (<28°C), and the high-
concentration phytoplankton area appears again to the west of
the Leizhou Peninsula. Moreover, as the northeast monsoon be-
comes stronger, the high-concentration phytoplankton area in
the Red River Estuary moves southward. The vertical distribution
pattern of zooplankton follows the distribution pattern of phyto-
plankton, which is higher along coast and in the northwestern
gulf and lower in the central and southern gulf. However, zones
with high concentrations of zooplankton can be deeper than
those of phytoplankton due to the sinking activities of zooplank-
ton.

When the N/P ratio is calculated, most areas of the gulf are P-
limited (Figs 5g and 6g); however, in the southern gulf, where wa-
ter from the open SCS intrudes, the N/P ratio is under 16 or near
16, and this phenomenon is even more evident in summer be-
cause the current from the open SCS becomes stronger at this
time. Field investigations have also revealed that the Beibu Gulf
is a high-N/P region, and most areas of the gulf are P-limited
(Wang et al., 2015; Yang et al., 2015). According to the study of
Wang et al. (2015), the high-N/P area in the northern gulf can be
attributed to the growth of diatoms because diatoms are the
dominant phytoplankton in this region. The other reasons may
be the large amount of nitrogen discharge from rivers in Guangxi
(Lai et al., 2014). However, the N/P ratio along the Vietnam coast
is under 16 in summer, especially in the Red River Estuary, indic-
ating that the nutrient discharges from the Red River may in-
clude an increased amount of phosphate (Le et al., 2010), and
then the southward alongshore current carries the nutrients
down to the Vietnam coast. Additionally, the high-N/P area in
the northern gulf retrenches from spring to summer, and this
may be due to the effect of the water mass transport from the
central gulf driven by the monsoon.

4.2 Nutrient budget

The biochemical processes of each box are stronger in au-
tumn and winter; thus, autumn and winter are key seasons for
phytoplankton growth, as well as mineralization. Concerning the
biological activities of phytoplankton, Box B has the strongest
activity, and its photosynthetic uptake of nutrients overwhelms
the other four regions. Box A, which is located along the estuary
of the Guangxi coast, has a significant increase of phytoplankton
activity in summer, reflecting the distribution characteristics of
phytoplankton, zooplankton and nutrients. In addition, the pro-
portions of nutrient uptake and release vary in different boxes.
For the DIN, except for the process of phytoplankton dead cellu-
lar release, the uptake and release of each box is more similar,
and for the DIP, the process of sediment dissolution is more obvi-
ous in Box A.

Among the contributions of biochemical and physical pro-
cesses to the nutrient budget, phytoplankton plays an important
role in nutrient refreshment, as photosynthetic uptake is the
biggest nutrient sink, while phytoplankton dead cellular release
is the biggest nutrient source.

Compared with biochemical processes, physical processes
contribute less to the nutrient budgets, but they play nonnegli-
gible roles. For convective transport, the Qiongzhou Strait is an
important channel for water exchange between the Beibu Gulf
and open sea, and it contributes more to Box A and Box B. Box D
is also connected to the open SCS, so it has a significant convect-
ive diffusion effect. In addition, for the river input process, Box A
containing the estuary along the Guangxi coast and Box E con-
taining the estuary along the Vietnam coast have significant river
inputs. Box C, which includes the Changhua River input from the
west of Hainan Island, exports fewer nutrients. This may be due
to the lower water volume of runoff from the Changhua River.

When the annual nutrient budgets were calculated, the DIN
and DIP of the four boxes in the eastern gulf increased, while the
DIN increased and the DIP decreased in Box E (Fig. 13).

According to the results of the model, the nutrient flux direc-
tion of the Qiongzhou Strait is from east to west, and the channel
between the Beibu Gulf and the open SCS is from east to west
and north to south (Fig. 12). The higher nutrient flux in winter
and autumn and lower nutrient flux in spring and summer in the
Qiongzhou Strait are consistent with the water flux in this area
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(Gao et al., 2013; Shi et al., 2002; Wang et al., 2018). This could
also explain the area of high phytoplankton concentrations to the
west of the Leizhou Peninsula in autumn and winter. In summer,
as the southwest monsoon prevails, the westward water flux in
the Qiongzhou Strait becomes weaker, as does the nutrient flux.
Additionally, the nutrient flux in the model also reveals that the
Qiongzhou Strait is a P-limited area, rather than a N-limited area,
which is consistent with the N/P results here (Figs 5g, 6g and 7g).

The net nutrient input from the Qiongzhou Strait to the Beibu
Gulfis 124 123 t for DIN and 4 568 t for DIP; the net nutrient out-
put from the southern gulf to the open SCS in the latitudinal sec-
tion (SCS1) is 210 828 t for DIN and 27 324 t for DIP; and the net
nutrient input from the southern gulf to the open SCS in the lon-
gitudinal section (SCS2) is 201 413 t for DIN and 28 063 t for DIP
(Fig. 13). Therefore, 9 415 t of DIN was exported to the open SCS
from the southern gulf and 739 t of DIP was imported from the
open SCS to the southern gulfin 2015. In summary, 113 709 t of
DIN and 5 277 t of DIP are imported from the open SCS to the
Beibu Gulf.

5 Conclusion

The distributions of ecological variables in the Beibu Gulf
were simulated using the MEC-NPZD model, and the comparis-
on of the results with field investigation and remote sensing data
indicates that the model is able to simulate the ecological charac-
teristics and analyze the nutrient budget in the Beibu Gulf for the
year 2015.

Interface processes (monsoon, water flux, and river input)
significantly influence the ecosystem in the Beibu Gulf. The con-
centrations of nutrients, phytoplankton and zooplankton are
generally higher in the eastern and northern gulf and nearshore
areas than in the western and southern gulf and offshore areas,
and the difference between the sea surface layer (2.5 m depth)
and the average eutrophic depth layer of the gulf (12.5 m depth)
is slight.

In autumn and winter, a great amount of nutrient-rich water
from the western Guangdong coastal area passes through the
Qiongzhou Strait and flows into the Beibu Gulf, leading to intens-
ified phytoplankton and zooplankton activities to the west of the
Leizhou Peninsula. In summer, more nutrients come from rivers,
and thus, high nutrient and Chl a concentrations appear in estu-

aries.

For the same reason, the nutrient flux between the Beibu Gulf
and the open SCS is highly correlated with the monsoon and wa-
ter flux. For the Qiongzhou Strait, the nutrient flux is from east to
the west year-round but decreases from late spring to summer
due to the changing direction of the monsoon, and the annual
nutrient flux from the Qionzhou Strait to the Beibu Gulfis 123 124 t
for DIN and 4 568 t for DIP. For the latitudinal section of the
southern gulf mouth, the annual nutrient flux is from the gulf to
the open SCS, while for the longitudinal section, the nutrients
flow from the open SCS to the Beibu Gulf. Due to the varied flux
of the DIN and DIP, the annual flux of DIN is 9 415 t from the
southern gulf to the open SCS, while that of DIP is 739 t from the
open SCS to the southern gulf. In general, the nutrient flux from
the open SCS to the Beibu Gulf is larger in autumn and winter
and smaller in spring and summer.

The nutrient budget and flux reveals that phytoplankton plays
an important role, as follows: (1) photosynthetic uptake is the
largest nutrient sink; (2) dead phytoplankton cellular release is
the largest DIN source, contributing 31.10% of the DIN source,
while phytoplankton respiration is the largest DIP source, con-
tributing 29.92% of the DIP source; and (3) mineralization also
provides a considerable supplement of inorganic nutrients, and it
contributes 18.90% of the DIN source and 25.25% of the DIP
source. Overall, biochemical processes have a greater influence
on the nutrient budget in the Beibu Gulf compared to physical
processes. When considering the nutrient budget in different
boxes, the DIN and DIP in the four boxes of the eastern gulf show
an annual increase.

According to themodel results, for the central and northern
gulf, the key region is the Qiongzhou Strait, and the key periods
are autumn and winter. For nearshore areas, the key regions are
estuaries along the Guangxi coast in China and the Red River in
Vietnam, and the key period is summer. The results may provide
insight for use in environmental and regionalization manage-
ment in the gulf.
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