
Journal of

Marine Science 
and Engineering

Article

Volume and Nutrient Transports Disturbed by the
Typhoon Chebi (2013) in the Upwelling Zone East of
Hainan Island, China

Manli Zheng 1,2 , Lingling Xie 1,3,*, Quanan Zheng 4, Mingming Li 1,3 , Fajin Chen 1,3 and Junyi Li 1,3

����������
�������

Citation: Zheng, M.; Xie, L.; Zheng,

Q.; Li, M.; Chen, F.; Li, J. Volume and

Nutrient Transports Disturbed by the

Typhoon Chebi (2013) in the

Upwelling Zone East of Hainan

Island, China. J. Mar. Sci. Eng. 2021, 9,

324. https://doi.org/10.3390/jmse

9030324

Academic Editor: Alice Newton

Received: 4 February 2021

Accepted: 6 March 2021

Published: 15 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Coastal Ocean Variation and Disaster Prediction, College of Ocean and Meteorology,
Guangdong Ocean University, Zhanjiang 524088, China; zml07@scsio.ac.cn (M.Z.); limm@gdou.edu.cn (M.L.);
fjchen@gdou.edu.cn (F.C.); jyl@gdou.edu.cn (J.L.)

2 State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy
of Sciences, Guangzhou 510000, China

3 Key Laboratory of Climate, Resources, and Environment in Continental Shelf Sea and Deep Ocean,
Guangdong Ocean University, Zhanjiang 524088, China

4 Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD 20742, USA;
qzheng2@umd.edu

* Correspondence: xiell@gdou.edu.cn

Abstract: Using cruise observations before and after the typhoon Chebi in August 2013 and those
without the typhoon in July 2012, this study investigates variations in current structure, nutrient
distribution, and transports disturbed by a typhoon in a typical coastal upwelling zone east of Hainan
Island in the northwestern South China Sea. The results show that along-shore northeastward flow
dominates the coastal ocean with a volume transport of 0.64 × 106 m3/s in the case without the
typhoon. The flow reversed southwestward, with its volume transport halved before the typhoon
passage. After the typhoon passage, the flow returned back northeastward except the upper layer
in waters deeper than 50 m and the total volume transport decreased to 0.10 × 106 m3/s. For
the cross-shelf component, the flow kept shoreward, while transports crossing the 50 m isobath
decreased from 0.25, 0.12 to 0.06 × 106 m3/s in the case without the typhoon as well as before and
after typhoon passage, respectively. For the along-shore/cross-shelf nutrient transports, SiO3

2− has
the largest value of 866.13/632.74 µmol/s per unit area, NO3

− half of that, and PO4
3− and NO2

−

one order smaller in the offshore water without the typhoon. The values dramatically decreased to
about one-third for SiO3

2−, NO3
−, and PO4

3− after the typhoon, but changed little for NO2
−. The

disturbed wind field and associated Ekman flow and upwelling process may explain the variations
in the current and nutrient transports after the typhoon.

Keywords: transport; nutrient; typhoon; shelf sea; South China Sea

1. Introduction

The shelf sea, usually referring to the water region within the 200 m isobath, is an
important oceanic area where the interactions between the sea and the land, as well as
the exchange of substance and energy between near-shore waters and the deep ocean,
are active [1–4]. Although the shelf sea occupies only 8% of the ocean area, it contributes
15–30% of the global marine primary productivity [5,6]. Therefore, it is closely related to
human survival and development.

Cross-shelf transport is crucial for the geochemical processes in the shelf sea and the
interaction between near-shore waters and the deep ocean [7]. It directly affects the ecosys-
tems of offshore waters and the self-purification ability of the marine environment [7–10].
Thus, previous investigators have carried out research on cross-shelf transport using differ-
ent methods [11–14]. Based on numerical simulations, Dinniman and Klinck [15] calculated
the cross-shelf transports of the volume and nutrients at the shelf break of Ross Sea. They
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obtained the values of 0.3 × 106 m3/s and 7.1 kmol/s for volume and nutrient transports,
respectively, in the Ekman layer. By combining the observed nutrient data and the modeled
flow, Dong et al. [16] calculated the volume and nutrient transports across the 200 m
isobath in the northern South China Sea (SCS) in spring and obtained onshore fluxes of
0.44 × 106 m3/s and 6.65 kmol/s, respectively. Wang et al. [17] analyzed the circulation
and cross-shelf movements in the northern SCS based on the Princeton Ocean Model
(POM) and the climatology data from the Generalized Digital Environment Model (GDEM,
version 3.0). They found that the cross-shelf flow occupies 15–20% of the total flow, and
the annually averaged volume transport across the 200 m isobath reaches 9.4 × 106 m3/s.
Liu et al. [18] used satellite altimeter data for calculating the seasonal and interannual
cross-shelf volume fluxes in the northern SCS. The results have significant variations with
the extreme values of ±1 × 106 m3/s for the cross-shelf transport and ±2 × 106 m3/s for
along-shore transport.

The continental shelf east of Hainan Island is located in the northwestern SCS (Figure 1),
where the slope is almost parallel to the northeast–southwestern coastline. The area is
located within the East Asia monsoon zone. In winter, the northeasterly winds prevail, so
that the coastal current is southwestward. In summer, southwesterly winds prevail and the
coastal current is dominated by a northeastward flow. Meanwhile, the Ekman transport
drives the summer coastal upwelling, resulting in an important fishery and biodiversity
region in China [19–21]. Previous investigators have addressed the physical and chemical
characteristics of circulation and nutrients, as well as variation mechanisms in this area,
especially during the upwelling period in summer [13,22–25]. However, the research on
quantitative calculation or estimates of the volume and nutrient transports, especially cross-
shelf transports, still needs to be enhanced. Using the observations of current, temperature,
and salinity in the winter of 2012, Zheng et al. [26] calculated cross-shelf fluxes of volume,
heat, and salt, and the results are 0.56 m/s, 1.29 × 107 W/m2, and 3.78 × 103 kg/s/m2,
respectively. Here, we investigate the along-shore and cross-shelf transports in the summer
season.

Typhoons pass over the upwelling zone east of Hainan Island in summer every year.
Affected by typhoons, the hydrological characteristics and current structure in the shelf sea
may have dramatic changes [27–32]. When the typhoon intrudes the south of the upwelling
region, the upwelling-favorable southwesterly could be suppressed by an anomalous
northeasterly, which destroys the traditional coastal upwelling pattern. However, the
upwelling system may recover within 1–2 days after the typhoon passage [33]. On the
other hand, the rainfall brought by the typhoons increases the runoff from the land. The
nutrient concentration of the sea water is increased by an order of magnitude, so that
the concentration of chlorophyll a (Chl a) enhances [34–37]. Therefore, this study aims to
answer the following questions: How does the typhoon affect the nutrient distribution of
the continental shelf east of Hainan Island? What is the change in cross-shelf transport
when a typhoon passes by?

These challenges motivate us to use cruise data of current velocities and nutrients,
observed in July 2012 without the typhoon and in August 2013 during the typhoon, to
calculate the cross-shelf and along-shore transports. This paper is organized as follows:
The next section describes the cruise observation program and the data processing methods.
Section 2 analyzes the difference between current and nutrient concentration before and
after the typhoon. Section 4 gives the results of cross-shelf and along-shore transports
of volume and nutrients. Sections 4 and 5 provide a discussion and the conclusions,
respectively.
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Figure 1. Map of the South China Sea (a), the study area with sections H and F (blue asterisks), and
the ground path of the typhoon Chebi (2013) (black line with purple rings) (b). Purple rings represent
the maximum wind speed of the typhoon. Cruise observation sections and stations are shown in
panel (c), with station codes in red. Blue asterisks * represent the stations of the acoustic Doppler
current profiler (ADCP). Pink pluses +, red triangles4, and green circles # represent the stations
with water sampling in the cases without the typhoon, before the typhoon, and after the typhoon in
section H, respectively. Gray lines represent isobaths of 50, 100, 120, and 150 m.

2. Materials and Methods
2.1. Study Area and Station Setting

As shown in Figure 1b, the cruise-surveyed region is located on the continental shelf
east of Hainan Island in the northwestern SCS. It is a typical summer coastal upwelling
region characterized by tropical cyclone passage. Joint physical and biogeochemical ob-
servations (Section 2.3) were conducted along two cross-shelf sections, H and F. There are
16 stations in section H and 17 in section F (Figure 1c), and the two sections are spaced apart
by about 25 km. The stations are spaced apart by about 5 km within the 150 m isobath, and
10 km beyond the 150 m isobath.

2.2. Typhoon Chebi (2013)

Tropical cyclone Chebi (2013) formed in the central SCS on 31 July 2013 and moved
along a north–northwestern path. During the movement, its intensity gradually increased.
As shown in Figure 1b, the cyclone entered the study area at 6:00 a.m. on August 2
(Coordinated Universal Time—UTC), passing over the northeastern side of section F, and
landed at northern Hainan Island around 12:00 at noon on August 2 (Figure 1b). It is worth
noting that the typhoon spent 3.5 h to pass the upwelling region with the maximum wind
speed of up to 30 m/s. Evidently, Chebi (2013) had a maximum sustained wind of 30 kt
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before landfall and reached a strength of strong tropical storm (STS) with the minimum
press of 980 hPa. After landfall, the maximum sustained wind gradually decreased [38,39].
In the following text, we refer to different categories of the tropical cyclones with the
same name, “typhoon”. The typhoon data were downloaded from the website of the Joint
Typhoon Warning Center (JTWC) (https://www.metoc.navy.mil/jtwc/jtwc.html, accessed
on 4 February 2021), including the typhoon intensity every 6 h, center position, center
minimum barometric pressure, and maximum sustained wind.

2.3. Cruise Observation

The cruise observations were carried out twice in two years in different cases. In 2012,
in situ observations in sections F and H were conducted on 13 and 15–18 July in calm
weather without the typhoon (the case without the typhoon). In 2013, observations in
section H were conducted on both 30 July–1 August before Chebi (2013) passage (the case
before the typhoon) and 8–9 August after the typhoon passage (the case after the typhoon),
while observations in section F were only conducted on 8–9 August in the case after the
typhoon.

The horizontal velocity was measured with a 300 kHz acoustic Doppler current
profiler (ADCP), manufactured by RD Instruments Inc. The resolution is 1 mm/s, and
the accuracy is 1 cm/s. During observations, the bin size of the ADCP was set to 4 m and
the time interval was 30 s. The ADCP was hung at about 2 m below the ocean surface on
the windward side of the Research Vessel when it stopped and thus allowed continuous
observations for 20 min.

The temperature, salinity, and depth were measured using the Seabird Electronic
(SBE) 19 plus conductivity–temperature–depth (CTD) profiler. Meanwhile, water samples
were taken from different layers from selected stations spaced, as shown in Figure 1c,
by hydrophore. The water samples were immediately filtered through a 0.45 µm acetate
membrane (the membrane was pre-soaked with 1:1 000 hydrochloric acid solution for
24 h, then washed with Milli-Q water to neutral), and the filtrate was placed in a 100 mL
polyethylene bottle, stored frozen at −20 ◦C, and brought back to the onshore laboratory
for nutrient determination. For Chl a, the water samples (500–1000 mL) were pre-filtered
through a 200 µm sieve and then filtered through a glass fiber membrane (pore size
0.65 µm). About 1 mL magnesium carbonate suspension with a concentration of 10 g/dm3

was 9added before filtration to prevent the removal of magnesium, stored at −80 ◦C, and
brought back to the onshore laboratory for the determination of Chl a [40].

2.4. Wind Data

The reanalyzed sea surface wind data downloaded from the website of the European
Centre for Medium-Range Weather Forecasts (ECMWF) (https://apps.ecmwf.int/datasets/
data/interim-full-daily/levtype=sfc/, accessed on 4 February 2021) are used for wind
analysis. The spatial resolution is 0.25◦ × 0.25◦. The time interval is 3 h. The mean wind
on each day is the average of eight samples on that day.

The Ekman layer depth, Ekman transport, and Ekman pumping are calculated with
the ECMWF daily mean wind data using the following equations.

For the Ekman layer depth DE,

DE = 0.4×
√

T/ρa/ f (1)

For the Ekman transport MEx and MEy,{
MEx = Tyz(0)/ f
MEy = −Txz(0)/ f

(2)

https://www.metoc.navy.mil/jtwc/jtwc.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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For the Ekman pumping wE(0),

wE(0) = −
1
ρ

(
∂MEx

∂x
+

∂MEy

∂y

)
(3)

where T is the wind stress (Tyz(0) and Txz(0) are the components of surface wind stress),
ρa is the air density, ρ is the sea water density, and f is the Coriolis parameter.

2.5. Velocity Data Process
2.5.1. Tidal Currents

To eliminate the tidal currents from the observed velocities, we use the OSU TOPEX/
Poseidon Global Inverse Solution (TPXO), which is a model of barotropic ocean tides
created by Oregon State University [41]. The tidal constituents M2, S2, N2, K2, K1, and
O1 at the observed stations are calculated from the model and then extracted from the
observations.

2.5.2. Along-Shore and Cross-Shelf Currents

The current velocities are decomposed into the cross-shelf and the along-shore compo-
nents vc and va as {

vc = u× cos θ − v× sin θ
va = v× cos θ + u× sin θ

(4)

where u and v are the zonal and the meridional components of the velocity, respectively,
and θ is the angle of the coastal line from the east, which is about 60◦ in our study area.
Since the isobaths offshore are almost parallel to the coastal line, we take the same θ as 60◦

at all stations for the decomposition as shown in Figure 1c.

2.6. Determination of Nutrients and Chlorophyll

The nutrient concentrations were measured using the San++ automated wet chemistry
analyzer (Skalar, the Netherlands). The water sample analysis followed the methods of sea wa-
ter analysis [42]. Nitrate, phosphate, and silicate were determined by the cadmium–copper
column reduction method, phosphorus molybdenum blue method, and silicon molybde-
num blue method, respectively. The detection limits were 0.1, 0.03, and 0.1 µmol/dm3 for
NO3

−/NO2
−, PO4

3−, and SiO3
2−, respectively. Millipore ultrapure water was used for

on-site measurement and reagent preparation.
The determination of a concentration of chlorophyll was carried out by the fluo-

rescence method in Specifications for oceanographic survey [43]. The filter was placed in a
stoppered test tube, and 10 mL of 90% acetone (analytical grade) was added. The mixture
was extracted in a low-temperature (−20 ◦C) refrigerator for 24 h and the extract was taken
to detect the fluorescence value on the Turner Designs Model 10-AU Fluorometer. The
chlorophyll a concentration is calculated by the following formula:

Chl a = Fd × [r/(r− 1)]× (Rb − Ra)× (V1/V2) (5)

where the concentration of Chl a in seawater is in µg/L, Fd is the conversion factor of range
d in µg/L, Rb is the fluorescence value before acidification, Ra is the fluorescence value
after acidification, r is the pure chlorophyll (purchased sample) acidification ratio, V1 is the
volume of the extract in mL, and V2 is the water sample filtration volume in mL [40].

2.7. Volume and Nutrient Fluxes

The volume and nutrient fluxes are calculated using the velocity through a section,
i.e.,

Qv =
∫ l

0

∫ 0

−H
Vdzdl, (6)
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F =
∫ l

0

∫ 0

−H
c·Vdzdl, (7)

where Qv and F are the volume flux and the nutrient flux, respectively, V is the velocity
vc or va, and c is the concentration of nutrient. The integral limit l is the section length
and H is the depth. For calculation, the velocity and nutrient profiles were extrapolated
to the surface and the bottom using the nearest observed data. Specifically, the velocities
near the surface are filled with the topmost observations, while the velocities below the
last observed bins are assumed to decrease linearly to zero at the ocean bottom (no-slip
boundary condition). The nutrient profiles are extended to the surface and the bottom with
constant values as those in the observed first and last values.

3. Results
3.1. Wind Analysis

Figure 2a–e shows the distribution of mean sea surface winds in the study area in
the cases without the typhoon on 13 and 15–17 July 2012, before the typhoon on 31 July
2013, during the typhoon on 2 August 2013, and after the typhoon on 5 and 8 August 2013,
respectively. One can see that the wind in the case without the typhoon was southwesterly
in July 2012 as the climatological summer wind in this area (Figure 2a) [44], while the
wind direction turned west–northwestward in the case before the typhoon on 31 July 2013
(Figure 2b). When the typhoon was coming on 2 August 2013 (Figure 2c), the cyclonic
circulation appeared in the offshore area northwestward over the observation sections. In
the case after the typhoon, the wind returned southeastward on 5 August (Figure 2d) and
then increased to become a strong southeasterly wind over the whole area on 8 August
(Figure 2e). The typhoon disturbed the wind field significantly in the study area east of
Hainan Island.

Figure 2. Sea surface wind vectors (blue arrows) in the case without the typhoon on 13 and 15–17
July 2012 (a), before the typhoon on 31 July 2013 (b), during the typhoon on 2 August 2013 (c), and
after the typhoon on 5 (d) and 8 August 2013 (e). Red starts represent observation stations in the two
sections H and F. Gray lines represent isobaths of 50, 100, 150, and 200 m.

3.2. Changes in Current Field
3.2.1. Tidal Currents

The total tidal velocities composed of the main tidal components (M2, S2, N2, K2, K1,
and O1) at the observation time derived from the model TPXO are shown in Figure 3. One
can see that in the case without the typhoon (Figure 3a), the tidal flow orientation was
mostly along-shore within the 100 m isobath with the maximum speed of 0.04 m/s, and
in east–west direction in the region beyond 100 m isobaths with a velocity larger than
0.02 m/s. In the case before the typhoon (Figure 3b), the tidal velocity of section H was
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from 0.01 to 0.03 m/s. In the case after the typhoon (Figure 3c), the tidal flow speed was
within a range of 0.02–0.04 m/s because of the spring tide. In all the cases, the observed
total current velocities (obtained from the ADCP) are one order of magnitude larger than
that of the tidal flow. Thus, the tidal effects on the volume and nutrient transports are
insignificant.

Figure 3. Distributions of tidal flow vectors without the typhoon (a), before the typhoon (b), and
after the typhoon (c). Gray dashed lines represent isobaths.

3.2.2. De-Tided Velocity Fields

The current fields after de-tided processing (i.e., the observed total current velocities
minus tidal velocities) are shown in Figure 4. Compared with the total velocity from
the ADCP measurements, the patterns and values of current fields have little change, so
the total velocity is not shown here. In the 15 m layer (Figure 4a), the case without the
typhoon (black arrows) shows the northeastward flow with top velocity reaching 0.4 m/s
and reducing to 0.2 m/s at the 100 m isobath. In the case before the typhoon (blue arrows),
the offshore flow vectors were southwestward with amplitudes smaller than 0.2 m/s. The
flow between the 50 m and 100 m isobaths was northeastward with the velocity within a
range of 0.2–0.3 m/s. The flow turned northwestward with the velocity of about 0.2 m/s in
the area deeper than 100 m. In the case after the typhoon (red arrows), the flow direction
was almost opposite to that in the case before the typhoon, and the velocities increased to
0.5 m/s.

Figure 4. Distributions of current velocities after de-tided processing at a depth layer of 15 m (a),
30 m (b), 50 m (c), and 100 m (d). Gray dashed lines represent isobaths of 50, 100, and 150 m.
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At a depth of 30 m (Figure 4b), the case without the typhoon shows the flow to be
northeastward, but shoreward in the region beyond the 120 m isobath. In the case before
the typhoon, the velocity significantly reduced compared with that in the case without the
typhoon, and the flow direction reversed southwestward or westward. In the case after the
typhoon, the near-shore flow orientation was almost opposite to that before the typhoon.
The flow patterns of section H beyond the 120 m isobath were similar to the case before the
typhoon, while F section is dominated by a northwestward flow with a speed greater than
0.5 m/s, while the speed in section H is less than in section F.

At a depth of 50 m (Figure 4c), in the case without the typhoon, the directions are
more shoreward as its upper layers while the velocities are decreased to 0.1 m/s. In the
case before the typhoon, on the one hand, one can see that the direction becomes more
shoreward than upper layers and, on the other hand, the velocities become larger with
the distance from the coastline increasing. In the case after the typhoon, section F was
dominated by northeastward 0.4 m/s flow, while the velocities in section H were about
0.2 m/s.

At a depth of 100 m (Figure 4d), the velocity was 0.05 m/s offshoreward in the case
without the typhoon, and raised to 0.2 m/s southwestward in the case before the typhoon.
This situation is the same as the case after the typhoon. In the area deeper than 120 m, the
speeds became greater, and the speeds in section F were greater than those in section H,
with the maximum value of 0.3 m/s.

3.2.3. Along-Shore and Cross-Shelf Currents
The Along-Shore Component va

The along-shore velocities of section F and section H in the three cases are shown in
Figure 5. The positive values represent the northeastward velocity. To simply description,
we divide the whole section into five portions by red dotted lines. Horizontally, the first
red dotted line is 23 km from the coast, within the 50 m isobath, and the second is 67 km
from the coast, within the 120 m isobath. Vertically, the dotted line represents the depth
of 50 m. The five portions represent the offshore water (OSW), the upper and subsurface
layer of the shallow shelf water (SSW), as well as the upper and subsurface layer of the
deep shelf water (DSW), respectively. One can see that in the case without the typhoon, the
along-shore velocities in section H and section F (Figure 5a,d) are mainly northeastward in
all the five portions except some regions below 50 m. There were weak southwestward
flows < −0.1 m/s in the subsurface layer of the SSW and DSW. The mean speed reached
the maximum in the OSW, and decreased downward and offshore. At the same time, in the
case before the typhoon (Figure 5b), the flows turned to the opposite direction in section H,
except for the upper 20 m in the SSW and the subsurface layer in the DSW. In the case after
the typhoon (Figure 5c,e), the surface currents in the OSW and the upper SSW turned to the
inverse directions again in section H. Moreover, the velocities in the DSW were enhanced
for one order of magnitude greater than those in the case before the typhoon. In the upper
50 m, the maximum southwestward flow was beyond −0.5 m/s. On the contrary, in the
lower layer the northeastward countercurrent also reached 0.4 m/s, implying a strong
vertical shear flow. Section F was short of data in the case before the typhoon. In the case
after the typhoon, the current directions were similar in sections F and H, and the vertical
shear in section F was stronger than that in section H.

Cross-Shelf Component vc

The two-dimensional (2D, x–z) distributions of the cross-shelf component in the three
cases are shown in Figure 6. The positive values represent the offshore, southeastward
flows. In the case without the typhoon (Figure 6a,b), one can see that the study area was
basically dominated by negative, onshore flows from −0.1 to −0.3 m/s. In section F, there
was a weak, offshore flow < 0.1 m/s between 50 m and 120 m isobaths. In the case before
the typhoon (Figure 6b), the flow turned to be positive, offshoreward 0.1 m/s in the OSW
in section H. The flows in other portions reach a maximum value of −0.4 m/s. In the case
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after the typhoon, in section H (Figure 6c), the onshore flows were dominant, except for
the offshore flows at the upper 30 m of the SSW and in the subsurface layer of the DSW. In
section F (Figure 6e), there was a strong velocity shear at 50 m.

Figure 5. Two-dimensional (2D, x–z) distribution of the along-shore velocity component va (m/s)
in section H (a) and F (d) without the typhoon, section H (b) before the typhoon, and sections H (c)
and F (e) after the typhoon. Red dotted lines represent the positions of the 50 m isobath, the 120 m
isobath, and a depth of 50 m. Numbers represent the average velocities in the portions of waters.

Figure 6. 2D (x–z) distributions of cross-shelf velocity components vc (m/s) in section H (a) and F (d)
without the typhoon, section H (b) before the typhoon, and sections H (c) and F (e) after the typhoon.
Red dotted lines represent the positions of the 50 m isobath, the 120 m isobath, and a depth of 50 m.
Numbers represent the average velocities in the portions of waters.
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3.3. Changes in Nutrient and Chl a
3.3.1. Distribution of Concentrations

Figure 7 shows the distributions of Chl a and nutrient concentrations, which are
linearly interpolated to 1 m intervals in depth. There were nutrient observations at depths
ranging from 5 to 30 m at stations H3 to H5 in the OSW, H9 to H11 in the SSW, and H14
to H15 in the DSW in the case without the typhoon (Figure 7a,d,g,j). One can see that the
concentration of NO3

− (Figure 7a) decreased with the depth, and that it was higher in
the DSW than that in the OSW, in which the maximal concentration reaches 5 µmol/L.
The concentration of NO2

− (Figure 7d) in the upper 20–30 m layer in the OSW and SSW
reached the maximum of 0.35 µmol/L. In the OSW, the concentration increased with
increasing depth. The concentration of PO4

3− increased with depth and decreased with the
distance from the coast. The peak value was beyond 0.4 µmol/L. The distribution patterns
of SiO3

2− (Figure 7j) were similar to those of PO4
3−. The maximal concentration in the

subsurface layer in the OSW reached 8 µmol/L, while the concentration of about 3 µmol/L
was relatively homogeneously distributed in the 5–15 m layer.

In the case before the typhoon, the nutrient data were available only at stations H1–H4
in the OSW as shown in Figure 7b,e,h,k,m. One can see that the distribution patterns of
NO3

−, NO2
−, and PO4

3− were almost the same, i.e., the concentrations increased with
depth and decreased with the distance from the coast in the OSW. The concentration ranges
of NO3

−, NO2
−, and PO4

3− are 0.5–2.5, 0.3–0.7, and 0.15–0.4 µmol/L, respectively. In
the surface layer, SiO3

2− (Figure 7k) and Chl a (Figure 7m) reached the peak values of
7 µmol/L and 2.5 µg/L, respectively. Meanwhile, they all decreased offshoreward and
downward, but the concentration of SiO3

2− increased near the bottom.
In the case after the typhoon, observation data are available at stations H1 and H4

in the OSW, H8, H10, H12, and H13 in the SSW, and H15 and H16 in the DSW, as shown
in Figure 8c,f,i,l,m. One can see that the distribution patterns of NO3

− (Figure 7c), PO4
3−

(Figure 7i), and SiO3
2− (Figure 7l) are similar, i.e., the deeper the water, the higher the

concentration. It should be noted that the concentration of SiO3
2− started to increase at

70–80 m, while those of the other two at 50 m. In the bottom layer, the high concentration
nutrient waters climb along the shelf break. The concentration of NO2

− (Figure 7f) was
uniform over 30 m and under 80 m and reached a peak value near a depth of 50 m 23 km
from the coast. The concentration of Chl a (Figure 7n) decreased from OSW to SSW. Higher
concentrations appear in the OSW and the bottom of the SSW. According to the previous
investigations, typhoon rainfall strengthens the runoff with rich terrestrial nutrients. This
results in an increase in the Chl a concentration in the OSW [30,45]. At the bottom 40 km
from the coast, the chlorophyll a concentration reaches a maximum of 0.8 µmol/L.
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Figure 7. 2D (x–z) distributions of nutrient and Chl a concentrations. (a,d,g,j) Without the typhoon
(Stations H3–H5, H9–H11, and H14–H15). (b,e,h,k,m) Before the typhoon (Stations H1–H4). (c,f,i,l,n)
After the typhoon (Stations H1, H4, H8, H10, H12–H13, and H15–H16). Dotted red lines represent
the positions of 50 m and 150 m isobaths and a depth of 50 m. Black stars represent stations and
depths of the observations. Numbers represent the average concentrations.
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Figure 8. 2D (x–z) distributions of variations of nutrient and Chl a concentrations. (a,d,g,j) are for
before the typhoon–without the typhoon, (b,e,h,k) for after the typhoon–without the typhoon, and
(c,f,i,l,m) for after the typhoon–before the typhoon. Dotted red lines represent positions of 50 m and
120 m isobaths.

3.3.2. Variations of Concentrations

Figure 8 shows the difference between nutrient distributions derived from available
data in the three cases: (1) before the typhoon–without the typhoon, (2) after the typhoon–
without the typhoon, and (3) after the typhoon–before the typhoon. In the case (1), one can
see that the concentrations of NO3

− (Figure 8a) in the OSW decreased at the upper 15 m
and increased to 1 µmol/L at the bottom, while the concentration of NO2

− increased to
about 0.1 to 0.4 µmol/L from surface to bottom, respectively. However, PO4

3− (Figure 8g)
went in a reversed direction from that of NO3

−, in that its concentration increased to
0.1 µmol/L at the upper 15 m, while it decreased a little below 15 m. The concentration of
SiO3

2− (Figure 8j) decreased to 0.5 µmol/L at the upper layer and to 2 µmol/L below 15 m.
In case (2), the concentration of NO3

− (Figure 8b) in the surface layer decreased in the
case after the typhoon, and the difference became larger with distance from the coast, with
the maximum value reaching−4 µmol/L. Below 20 m, the concentration of NO3

− increased
after the typhoon, with the maximal increment of 2 µmol/L. Opposite to the variation of
NO3

−, the concentrations of PO4
3− (Figure 8h) and SiO3

2− (Figure 8k) increased at a depth
of 5–10 m in the OSW but decreased below a depth of 10 m. Nonetheless, the concentration
of NO2

− (Figure 8e) increased below a depth of 30 m.
In case (3), the concentrations of NO3

− (Figure 8c), NO2
− (Figure 8f), PO4

3− (Figure 8j)
and and Chl a (Figure 8m) in OSW mostly decrease in the 5 m layer within 10 km offshore
and increase in deeper stations in the OSW, except that SiO3

2− (Figure 8l) mostly increases.
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3.4. Volume and Nutrient Transports
3.4.1. Volume Transport

The calculated results of volume transports in the layers above and below 50 m are
shown in Figure 9. One can see three-dimensional (3D) distribution patterns of volume
transport fluxes in the three cases: without the typhoon, before the typhoon, and after the
typhoon.

Figure 9. Diagram of volume transports.

In the case without the typhoon, the total along-shore fluxes (black arrows) of sections
H and F at the upper 50 m were 0.52× 106 m3/s (0.17× 106 m3/s in OSW + 0.28× 106 m3/s
in SSW + 0.07 × 106 m3/s in DSW) and 0.46 × 106 m3/s (0.14 × 106 m3/s in OSW +
0.24 × 106 m3/s in SSW + 0.08 × 106 m3/s in DSW), respectively. The transports in SSW
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from 50 m to 120 m isobaths had the largest values of 0.28 × 106 m3/s and 0.24 × 106 m3/s
of sections H and F, respectively. Below a depth of 50 m, the total volume transport was
0.18 × 106 m3/s (0.13 × 106 m3/s in SSW + 0.05 × 106 m3/s in DSW) crossing section H
and 0.12× 106 m3/s (0.10× 106 m3/s in SSW + 0.02× 106 m3/s in DSW) crossing section F,
respectively. Furthermore, the onshore transport at the upper 50 m was −0.21 × 106 m3/s
(shoreward) crossing the 120 m isobath, and it increased to−0.25× 106 m3/s when crossing
the 50 m isobath. Below 50 m, the onshore transport was −0.07 × 106 m3/s.

Compared with the case without typhoon, at the upper 50 m, the along-shelf flux
direction was reversed in the whole section in the case before the typhoon, and the fluxes
in the OSW and SSW were 41% and 14% of the absolute values in the case without the
typhoon. The flux in the DSW was equivalent to the absolute value in the case without
the typhoon. Below 50 m, the total along-shore transport was −0.16 × 106 m3/s, with the
direction opposite to that in the case without the typhoon. In the cross-shelf direction, the
DSW inputs −0.17 × 106 m3/s shoreward at the 120 m isobath, 81% of that in the case
without the typhoon, while the transport in OSW is −0.12 × 106 m3/s, 48% of that in the
case without the typhoon. Below 50 m, the onshore transport is −0.10 × 106 m3/s at the
120 m isobath.

In the case after typhoon (blue arrows), the along-shore flux direction was the same as
that in the case without the typhoon in the OSW, but opposite to that before the typhoon.
The transport value was even a little larger than that in the case without the typhoon. In the
SSW and DSW, the along-shore fluxes were opposite to that in the case without the typhoon
and the mean values were −0.15 × 106 m3/s and −0.19 × 106 m3/s, respectively. Below
50 m, the along-shelf flux direction was the same as that in the case without the typhoon.
The total flux of section F was 0.38× 106 m3/s (0.27× 106 m3/s in SSW and 0.11× 106 m3/s
in DSW), which was 0.10 × 106 m3/s greater than that of section H (0.28 × 106 m3/s total,
0.04 × 106 m3/s in SSW, and 0.24 × 106 m3/s in DSW). For the cross-shelf transport, it
was −0.06 × 106 m3/s onshore at the 50 m isobath and −0.39 × 106 m3/s at the 120 m
isobath. Combined with the increased along-shore transport in section F, one can see that
there is a convergence zone within the two isobaths, indicating downwelling there. In the
layer below 50 m, the flux across the 120 m isobath reversed seaward with a transport of
0.09 × 106 m3/s.

3.4.2. Nutrient Transports
Along-Shore Fluxes

Figure 10 shows along-shore nutrient fluxes derived from available nutrient data
measured at the upper 50 m of section H. One can see one-dimensional (1D) distribution
patterns of nutrient transport fluxes in the three cases: without the typhoon, before the
typhoon, and after the typhoon.

In the case without typhoon, the along-shore nutrient fluxes (no data for Chl a) were
northeastward, and the maximum values appear in the SSW as the volume transport. The
total fluxes across the section were 10.2× 108, 9.52× 107, 9.32× 107, and 17.2× 108 µmol/s
for NO3

−, NO2
−, PO3

4−, and SiO3
2−, respectively. In the case before the typhoon, all the

fluxes in OSW (only available) were reversed and smaller than those in the case without
the typhoon, except booming Chl a. In the case after typhoon, the flux of NO3

− in the
OSW had the same direction as, but 36% of the magnitude of, that in the case without
the typhoon, while in the SSW and DSW, the fluxes are reversed with 19% and 45% of
magnitudes of that in the case without typhoon. The fluxes of NO2

−, PO3
4−, and SiO3

2−

showed similar behavior to that of NO3
−, but enhanced magnitudes as high as 5.5, 1.9 and

1.3 times in the DSW, respectively. However, the flux of Chl a in the OSW decreased to 37%
of that in the case before the typhoon.
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Figure 10. Diagram of nutrient fluxes in the upper 50 m.

The averaged along-shore nutrient fluxes per unit area in OSW across the section in the
upper 50 m are listed in Table 1. The positive direction is northeastward. One can see that,
in general, the fluxes turn to the opposite direction and decrease the magnitudes by more
than half except NO2

− in the case before the typhoon compared to that in the case without
the typhoon. In the case after the typhoon, the averaged along-shore nutrient fluxes recover
to positive directions as those in the case the without typhoon, but the magnitudes are
three times smaller than those in the case without the typhoon expect NO2

−.

Table 1. Averaged along-shore nutrient fluxes per unit area in the offshore water (OSW).

NO3−

(µmol/s)
NO2−

(µmol/s)
PO43−

(µmol/s)
SiO32−

(µmol/s)
Chl a
(µg/s)

Without the typhoon 367.31 41.10 51.73 866.13 N/A
Before the typhoon −104.52 −39.83 −24.11 −292.93 −61.03
After the typhoon 134.07 34.21 17.96 267.01 11.30

Cross-Shelf Fluxes

The averaged cross-shelf nutrient fluxes per unit area in OSW along the section in
the upper 50 m are listed in Table 2. The negative signs represent the onshore direction.
One can see that the fluxes of all the nutrients are shoreward, but have different behaviors
disturbed by the typhoon passage. Compared with values in the case without the typhoon,
the averaged fluxes of PO4

3− in the cases before and after the typhoon were reduced to
1/2 and of SiO3

2− were reduced to 1/3, while those of NO3
− decreased to 1/5 and 1/2,

respectively. The fluxes of NO2
− in the cases before and after the typhoon changed little.
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The flux of Chl a decreased by 81% in the case after the typhoon in comparison to that in
the case before the typhoon.

Table 2. Cross-shelf nutrient fluxes per unit area in OSW.

NO3−

(µmol/s)
NO2−

(µmol/s)
PO43−

(µmol/s)
SiO32−

(µmol/s)
Chl a
(µg/s)

Without the typhoon −341.18 −27.92 −39.70 −632.74 N/A
Before the typhoon −73.16 −36.77 −21.28 −228.25 −20.54
After the typhoon −153.33 −22.58 −11.33 −239.61 −3.89

4. Discussion
4.1. Impacts of Tidal Current on Calculated Results

In our research region, the observed current velocity data contain the tidal current
components. To remove the influence of the tidal currents, we use the TPXO mode to
calculate barotropic tides at the observation station and remove them from the observed
current data, as shown in Figure 4. Tables 3 and 4, respectively, compare the averaged
cross-shelf and along-shore volume flux per unit area before and after de-tided processing.
It is evident that the observed total current velocities (obtained from the ADCP) are one
order of magnitude larger than that of the tidal flow, and the influence of the barotropic
tides on the volume flux is negligible, expect in the case after the typhoon for section F. On
the one hand, the results of pioneers [46,47] indicate that the tidal current velocity in this
area is usually 0.1 m/s, while the observed maximum current velocity exceeds 0.5 m/s,
implying that the contribution of the baroclinic tidal current to the total velocity is small.
On the other hand, the time spent on the observation of a section is one day (the tidal
constituent of this area is M2), so the tidal current flux can be ignored in the total flux
calculation. Of course, more observations and studies about the effects of baroclinic tides
are worth pursuing.

Table 3. The along-shore water flux per unit area (before de-tided processing/after de-tided
processing).

Section H (m/s) Section F (m/s)

Without the typhoon 0.09/0.09 0.07/0.07
Before the typhoon −0.05/−0.05 N/A
After the typhoon 0.01/0.01 0.02/0.01

Table 4. The cross-shelf water flux per unit area (before de-tided processing/after de-tided
processing).

Section H (m/s) Section F (m/s)

Without the typhoon −0.11/−0.11 −0.07/−0.07
Before the typhoon −0.06/−0.06 N/A
After the typhoon −0.05/−0.05 −0.05/−0.07

4.2. Volume Balance

As shown in Figure 9, in the case without the typhoon, the volume entering OSW
is much larger than output. As known in Section 4, the velocities near the surface are
close to the topmost observations. According to the situation, the speculation is that the
surface velocities are not close to the topmost observation and, thus, cause large errors and
unbalance in volume.

In the case after the typhoon, the onshore cross-shelf transport across the 120 m
isobath is −0.39 × 106 m3/s, directly leading to the water convergence in SSW in upper
the 50 m, with the value being about 0.41 × 106 m3/s (the positive value represents
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convergence), while below 50 m, the northeastern along-shore transport across section
F, about 0.27 × 106 m3/s, induces water divergence, which is −0.32 × 106 m3/s. The
hypothesis of Liu et al. [18] is that the unbalance in revenue and expenditure among two
sections goes out in the horizontal direction, vertical to the section. Therefore, according to
this hypothesis, our speculation is that the water in the upper 50 m sinks and then outputs
along the shelf and reaches balance.

Vertical fluxes may also be important for the volume budget. Xie et al. [29] derived the
3D vertical velocities in the study area in the case without the typhoon using the Omega
equation and 3D observations. Zheng [48] compared the diagnosed vertical velocity from
one cross-shelf section to that from 3D observations and found that the two results are
similar. This indicates that the vertical fluxes could be derived from the two sections.
Further analysis of the nutrient budget with the vertical fluxes will give insight into the
biological consumption process if the budget is not closed with the transport terms.

4.3. Physical Mechanism

In the case after the typhoon, one can see that not only the speed becomes large, but
also the horizontal and vertical shear become large compared with the cases without and
before the typhoon (Figures 5 and 6). It implies that enhanced mixing and instability might
occur after the typhoon. From Figures 2 and 11, one can see that with an increase in the
wind speed in the case during the typhoon (Figure 2c), the Ekman layer thickness DE
significantly increased, to over 80 m (Figure 11c), larger than the bottom depth in the OSW
and SSW, indicating the strong and deep influence of the typhoon. In contrast, before the
typhoon (Figure 11b) and just after the typhoon passage (Figure 11d), DE was generally
less than 40 m when the winds were weak (Figure 2b,d). After the typhoon passed far away
and a strong southeasterly wind developed, DE increased to more than 100 m (Figure 11e).
Therefore, the current appeared to be in a sharp state in the case after the typhoon. For
the cross-shelf current, with the effect of the onshore wind, the current appeared in the
onshore flow at the upper layer and reversed at the subsurface [34]. For the along-shore
current, on the one hand, the anticlockwise effect of the typhoon on the right side of the
study region (Figure 2c) makes the upper layer component cause a southwest flow. On the
other hand, due to a strong convergence, the flow in the subsurface layer is towards the
storm track [28].

Figure 11. The Ekman layer thickness (m) in the case without the typhoon on 13 and 15–17 July 2012
(a), before the typhoon on 31 July 2013 (b), during the typhoon on 2 August 2013 (c), and after the
typhoon on 5 (d) and 8 August 2013 (e). Red starts represent observation stations in the two sections
H and F. Gray lines represent iso-baths of 50, 100, 150, and 200 m.

The along-shore and cross-shelf transports are also affected by the wind. Figure 12
shows the Ekman transports in the three cases: without, before, and after the typhoon.
One can see that in the case without the typhoon, the transport was almost eastward
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(Figure 12a) and the budget of measurement was balanced basically (Figure 9). In the
case before the typhoon, the transport was northwestward (Figure 12b) with downwelling
(Figure 13b). The state corresponds to the measurement transport. In the case after the
typhoon, one can see that the transport was northwest (Figure 12c) with downwelling
(Figure 13b). According to Figure 12c, the onshore transport by the typhoon is so large
that the effect may last until the case after the typhoon. That’s why the onshore volume is
so large in Figure 9, while the cross-shelf component of the Ekman transport is weak and
directed offshore. The upper 50 m transport was southwestward and the layer under 50 m
was opposite. This situation also supports our supposition well.

Figure 12. The Ekman transport in the case without the typhoon on 13 and 15–17 July 2012 (a), before
the typhoon on 31 July 2013 (b), during the typhoon on 2 August 2013 (c), and after the typhoon on 5
(d) and 8 August 2013 (e). Red starts represent observation stations in the two sections H and F. Gray
lines represent iso-baths of 50, 100, 150, and 200 m.

Figure 13. The Ekman pumping (m/s) in the case without the typhoon on 13 and 15–17 July 2012
(a), before the typhoon on 31 July 2013 (b), during the typhoon on 2 August 2013 (c), and after the
typhoon on 5 (d) and 8 August 2013 (e). Red starts represent observation stations in the two sections
H and F. Gray lines represent iso-baths of 50, 100, 150, and 200 m.

5. Conclusions

This study aims at understanding variations in the current structure and nutrient
distributions under disturbance by typhoon passage over the coastal upwelling zone east
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of Hainan Island, China. To conveniently describe the results, the study area is horizontally
divided into three portions: the offshore water (OSW), within the 50 m isobath; the shallow
shelf water (SSW), within the 50 m to 120 m isobaths; and the deep shelf water (DSW),
beyond the 120 m isobath, from 67 to 96 km from the coastline, respectively. The along-shore
and cross-shelf transports of volume and nutrients are calculated from cruise observations
before and after the passage of the typhoon Chebi in August 2013 and without the typhoon
in July 2012. The main findings are summarized as follows.

1. In the case without the typhoon, the study area is controlled by the southwest mon-
soon. The current is mainly northeastward along the shore in the OSW and rotates
counterclockwise to cross the shelf in the DSW and the deep layer below 50 m. The
wind direction before the typhoon turns northeasterly. Meanwhile, the current direc-
tion changes into southwestward, starting from OSW to others, and velocity increases.
In the case after the typhoon, the southerly winds prevail, and the current direction
turns to be the same as that in the case without the typhoon. The vertical shear of
horizontal velocity is greater than that in the case without the typhoon. There is water
convergence near the 100 m isobath.

2. In the case without the typhoon, the total along-shoreward volume transport mean
is 0.64 × 106 m3/s and the total cross-shelf transport mean is −0.28 × 106 m3/s. In
the case before the typhoon, however, the total along-shore transport is reversed
southwestward and the average magnitude reduced to −0.34 × 106 m3/s. The total
cross-shelf transport mean is −0.27 × 106 m3/s onshoreward, close to the value in
the case without the typhoon. In the case after the typhoon, the total along-shore
transport mean recovers to−0.09× 106 m3/s, while the total cross-shelf onshoreward
transport mean increases by about 10% to −0.30 × 106 m3/s.

3. Compared with the along-shore nutrient fluxes in the case without the typhoon, in
the case before the typhoon, all the fluxes in the OSW are reversed and smaller than
those in the case without the typhoon, but Chl a is booming. In the case after the
typhoon, the flux of NO3

− in OSW has the same direction as, but decreases 64% in
magnitude, while in the SSW and DSW, the fluxes are reversed and decrease 81%
and 55% in magnitude, respectively. The fluxes of NO2

−, PO3
4−, and SiO3

2− show
similar behavior to that of NO3

−, but have enhanced magnitudes, as high as 5.5, 1.9,
and 1.3 times in DSW, respectively. However, the flux of Chl a in the OSW decreases
to 37% of that in the case before the typhoon.

4. Compared with the case without the typhoon, the typhoon passage, i.e., in the cases
before and after the typhoon, greatly disturbs the distribution of nutrients. The
averaged onshoreward transport fluxes in the OSW of NO3

− decrease to 1/5 and 1/2,
those of PO4

3− in the two cases decrease to 1/2, and those of SiO3
2− decrease to 1/3.

On the contrary, the fluxes of NO2
− in the two case changed little. Meanwhile, the

onshoreward transport flux of Chl a decreases by 81% in the case after the typhoon in
comparison to that in the case before the typhoon.

In conclusion, the results of this study indicate that typhoon passage may greatly
disturb the circulation and the ecologic environment in the coastal upwelling zone east of
Hainan Island, China. However, the effects on the behavior of nutrient elements differ. The
mechanisms are worth pursuing in future efforts.
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