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Storm-induced circulation in the Pearl River Estuary of

China during super Typhoon Koryn
Ligun Tang, Jinyu Sheng and Yuhan Cai

ABSTRACT

This study presents a numerical investigation of storm-induced circulation and hydrographic
distributions over the Pearl River Estuary (PRE) in South China’s Guangdong Province during super
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Typhoon Koryn in June 1993. The nested-grid modelling system used in this study has three Beijing,

downscaling subcomponents: an outer-most sub-model with a coarse horizontal resolution of ~7 km
for simulating surface elevations and depth-mean currents forced by wind and tides over China Seas
from Bohai Sea to the northern South China Sea; and an inner-most sub-model with a fine resolution
of ~1.2 km for simulating the three-dimensional estuarine circulation and hydrographic distributions
in the PRE and adjacent waters. A parametric vortex is inserted into the coarse-resolution (0.5°)
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INTRODUCTION

Circulation and hydrography over many shelf seas and
coastal waters, such as the eastern Canadian continental
shelf, Atlantic and Gulf waters of the United States, and
coastal waters in South and Southeast Asia, are subject to
tropical storms and hurricanes (or typhoons). The coastal
ecosystems, which are highly sensitive to variations in circu-
lation and hydrographic distributions, are under multiple
stresses due to the combined effect of human development
over the coastal zones and climate change. Better knowl-
edge of the oceanographic response of the shelf and
coastal waters to storms and hurricanes is needed in order
to have effective management of natural resources over
the shelf and coastal waters.

The Pearl River Estuary (PRE) in the east of the Pearl
River Delta (PRD) of South China is a subtropical estuary
with a surface area of ~2.5 x 10°> km?. The estuary connects
the Pearl River with the South China Sea. The Pearl River is
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the largest river system in Southern China, with an annual
mean discharge of ~3.36x 10'' m>. The PRD occupies the
low-lying areas alongside the PRE with a population of ~50
million people. The delta is rich in agriculture and aquacul-
ture resources. The PRD has been in the forefront of the
economic expansion in the last 30 years. Rapid urbanization
and industrialization of this region with influxes of people
from other parts of China have brought serious deterioration
of the water quality in the PRE (Harrison et al. 2008). Pollu-
tants such as inorganic nitrogen, active phosphate and
petroleum hydrocarbons have resulted in a high number of
harmful algae blooms in the PRE. The harmful algal
blooms in the PRE during March-April 1998, for an
example, caused economic losses estimated to be over
US$45 million (Wang et al. 2008). Hydrodynamics play
a very important role in affecting water quality and ecosys-
tem dynamics in the PRE. Reliable information on the
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three-dimensional (3D) circulation and capability of predict-
ing circulation are required for better management of water
quality and coastal resources over this region.

The general circulation and hydrographic distributions
in the PRE are affected by many forcing mechanisms includ-
ing tides, wind, sea surface heat and freshwater fluxes, and
buoyancy forcing associated with freshwater runoff from
the Pearl River system. Significant efforts have been made
to examine the general hydrographic features and main
physical processes in the estuary (Wong ef al. 2003a, b;
Larson et al. 2005; Harrison ef al. 2008; Gan et al. 2009).
Tang et al. (2009) and Ji ef al. (20112, b) recently examined
the main physical processes affecting the general circulation
and associated synoptic and seasonal variability of the estu-
arine circulation in the PRE using a nested-grid coastal
ocean circulation model with large-scale atmospheric for-
cing fields and tides.

The PRE has also frequently been under threat from
natural hazards such as typhoons and storm surges
(Huang et al. 2004). Zhao et al. (2009) investigated phyto-
plankton blooms near the PRE induced by Category 2
Typhoon Nuri in August 2008 based on remotely sensing
and in situ observations. They demonstrated the important
role of increased river runoff, mixing and upwelling associ-
ated with the storm in generating the nearshore and
offshore phytoplankton blooms. Nevertheless, inadequate
understanding of main physical processes affecting the cir-
culation and hydrography in the PRE during storms limits
our ability to accurately predict the effect of the storm on
the physical and biological environments in the region.
The main objective of this study is to examine the storm-
induced circulation during super Typhoon Koryn in the
PRE and adjacent waters. Super Typhoon Koryn is selected
in this study since it was a powerful super Typhoon that
made a landfall near the PRE and affected significantly the
ecosystem dynamics in the PRE and adjacent waters.

Koryn was the first typhoon during the Pacific typhoon
season in 1993 and formed near the Caroline Islands on
June 15 as a low pressure system. Koryn moved northward
and then westward, and became a tropical storm on June
17 (Figure 1). By June 23, Koryn had strengthened to a
typhoon status, with a maximum sustained wind speed of
120 km h™!. The storm rapidly intensified in the next 24 h
and became the first super typhoon of the season with
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winds of 225 km h™! and a minimal pressure of 910 mbar.
After making a landfall on the east coast of northern
Luzon in the northern Philippines on June 26, with the maxi-
mum winds estimated at 210 kmh™!, Koryn entered the
South China Sea as a Category 2 typhoon around noon on
June 26. It then moved rapidly west-northwest across the
northern part of the South China Sea with winds of
165kmh!. Koryn then slowly wound down, bringing
heavy rain through China and northern Vietnam. After land-
fall to the southeast of the PRE, the storm dissipated on June
28. The main focus of this study is on the hydrodynamic
responses of the PRE and adjacent waters to Koryn.

The arrangement of this paper is as follows: the next sec-
tion provides the nested-grid coastal ocean model setup and
forcing, which is followed by a discussion of the storm-
induced circulation in the PRE and adjacent waters, and
finally a summary and conclusion.

CIRCULATION MODEL SETUP AND EXTERNAL
FORCING

The ocean circulation model used in this study is a nested-
grid coastal ocean modelling system developed for the
PRE (DalCoast-PRE) by Sheng et al. (2009a) and Tang
et al. (2009) based on the Princeton Ocean Model (POM;
Mellor 2004). DalCoast-PRE has three downscaling com-
ponents (Figure 2): (a) an outer model with the domain
covering the China Seas from Bohai Sea to the northern
South China Sea; (b) a middle model with the domain cover-
ing the inner shelf of the northern South China Sea; and (c)
an inner model with the domain covering the PRE and the
adjacent waters. The outer model has a horizontal resol-
ution of ~7 km. The middle model is nested inside the
outer model domain and has a horizontal resolution of
~3 km. The inner model is nested inside the middle model
domain and has a horizontal resolution of ~1.2 km. The
outer model simulates surface elevations and depth-mean
currents driven by wind forcing and tides. Both the middle
and inner models simulates the 3D circulation and hydro-
graphy. This nested-grid modelling system has an
advantage over other numerical models developed pre-
viously for the PRE since the outer model provides
dynamically reliable information of tidal and large-scale
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Figure 1 | The storm track (colored dots) of Typhoon Koryn from June 13 to 28, 1993 at a time interval of 3 h. The intensity of the storm is represented by the colors of the dots.
Abbreviations in the color bar for the storm intensity (in Saffir-Simpson Hurricane Scale) are used for Tropical Depression (TD), Tropical Storm (TS), and Categories 1-5 (C1-C5).
The inset shows the satellite cloud image of Koryn at 07:44 on June 24, 1993. Please refer to the online version of this paper to see this figure in colour: http://www.iwaponline.

com/wgrjc/toc.htm.

wind-driven oceanic circulations for open boundary con-
ditions of the middle and inner models in simulating the
3D coastal and estuarine circulations in the PRE and adja-
cent areas.

DalCoast-PRE is driven by time-dependent and spatially
varying forcing functions including tidal and atmospheric
forcing, and buoyancy forcing associated with river dis-
charges. The tidal forcing used in this study is tidal
elevations specified along the open boundaries of the
outer model based on 16 pre-calculated tidal constituents
(i.e, M, So, No, Ko, 2Ny, 12, vo, Lo, To, Ky, Oy, Py, My,
00,, and J;; see Matsumoto et al. 2001) using the tidal
boundary condition of Davies & Flather (1978). Through
the one-way nesting, the tides affect the circulation in the
middle and inner models. The atmospheric forcing for the
three components of the nested-grid system includes the
sea level atmospheric pressure (SLP) and surface wind
stress, taken from 3-hourly numerical weather forecast
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fields with a horizontal resolution of 0.5° (~50 km in the
PRE) produced by the National Marine Environmental
Forecast Center of China (NMEFC). Since the NMEFC
fields do not resolve well the horizontal structure of wind
and atmospheric pressure fields inside typhoons, a para-
metric vortex was inserted to the NMEFC fields based on
the idealized wind and pressure profiles in typhoons and
hurricanes suggested by Holland (1980):

ps(r) = pe + (Pn — Pc) eXp(—A/rB) (1)

1/2

Vs(r) = [AB(pn — pe) exp (= A/1°) [pr® + 72 /4] " —f /2

2

where ps(r) and Vi(r) are the atmospheric pressure at the sea
level and the (gradient) wind speeds at radius r, respectively,
with respect to the storm center at (x., y.), pn is the ambient
pressure, p. is the atmospheric pressure at the storm center,
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Figure 2 | Major bathymetric features of the nested-grid coastal ocean circulation modelling system for the Pearl River Estuary based on the Princeton Ocean Model (POM). (a) The outer
model is a coarse-resolution (~7 km) storm surge model; (b) the middle model is an intermediate-resolution (~3 km) shelf circulation baroclinic model for the inner shelf of the
northern South China Sea; (c) the inner model is a fine-resolution (~1.2 km) coastal circulation model for the Pearl River Estuary (PRE) and adjacent waters.

f is the Coriolis parameter, and p, is the air density (assumed
constant at 1.15 kg m ). In the above equations, A and B
are two scaling parameters determined by

st o () )

where Vi, is the maximum wind speed at the radius of
r = Rp. In this study, time series of the storm center position
(xc, ¥c), the maximum wind speed (Vy,), center (p.) and
ambient (p,) atmospheric pressures for Typhoon Koryn
were taken from the best track dataset for tropical cyclones
in the western North Pacific constructed by the Shanghai
Typhoon Institute (www.typhoon.gov.ca). Since the best
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track dataset does not contain Ry, its values for super
Typhoon Koryn were estimated from the atmospheric
pressure at the storm center (p.) and the maximum wind
speed (V) using the empirical formula suggested by Song
(2003). In the model integration, the above parametric
wind and atmospheric pressure profiles were calculated at
each model time step and then inserted onto the inter-
polated NMEFC fields.

Figure 3 presents snapshots of wind stress and atmos-
pheric pressure fields from 18:00 June 25 to 06:00 June 27
(Coordinated Universal Time, UTC) based on the combi-
nation of the large-scale atmospheric fields produced by
the National Marine Environmental Forecast Center and
Holland’s parametric vortex. The parametric atmospheric
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Figure 3 | Snapshots of wind stress (vectors) and atmospheric pressures during Typhoon Koryn at (a) 18:00 June 25, (b) 06:00 June 26, (c) 18:00 June 26, and (d) 06:00 June 27, 1993.

pressure and wind fields for Typhoon Koryn are nearly sym- Typhoon Koryn in the deep waters before making landfall

metric with respect to the center of the storm, which (Figures 3(b),(c)). The storm became asymmetric once it

resemble reasonably well the general features of super  reached the coastal waters and started to make landfall
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(Figure 1). The parametric vortex shown in Figure 3(d), how-
ever, does not to represent well the asymmetric feature of
the storm, indicating that a more realistic hurricane model
is needed during the landfall of the storm.

The middle and inner models of the nested-grid mod-
elling system are also forced by the buoyancy forcing
associated with the surface heat flux (calculated using
the bulk formulae discussed in Gill (1982)) and freshwater
discharges from eight major inlets of the Pearl River
system. Each inlet is approximated by a narrow (~7 km
in the middle model and ~6 km in the inner model) and
shallow (~2.5m) channel in the model. The discharge
from each inlet is specified in the term of the monthly-
mean volume transport of river discharge at the head of
the inlet. More information on the specification of river
discharge in the model can be found in Tang ef al.
(2009) and Ji et al. (2011a).

The conventional one-way nesting technique (i.e.,
dynamic downscaling) is used in the nested-grid modelling
system. Along the open boundary of the middle model, the
surface elevations and depth-mean currents produced by
the two-dimensional (2D) outer model are specified based
on the open boundary condition of Davies & Flather
(1978). For temperature and salinity variables at the open
boundary of the middle model, the Orlanski (1976) radiation
condition is first used to determine whether the open bound-
ary is passive or active. If the open boundary is active, the
model temperature and salinity at the open boundary are
advected outward. If the open boundary is passive, the temp-
erature and salinity at the open boundary are restored to the
monthly mean climatology with a restoring time scale of 30
days. The same Orlanski (1976) radiation condition is also
used at the open boundary of the inner model to determine
whether the open boundary is passive or active. The model
3D currents and temperature/salinity at the open boundary
of the inner model are advected outward if the open bound-
ary is active. If the open boundary of the inner model is
passive, the 3D currents and temperature/salinity produced
by the middle model are used in specifying open boundary
conditions of the inner model with a restoring time scale
of 12 h. Finally, an additional barotropic adjustment is
made to the depth-mean currents along the open boundary
of the inner models based on the open boundary condition
of Davies & Flather (1978) in order to have proper

Downloaded from http://iwa.silverchair.com/wqrj/article-pdf/47/3-4/314/163539/314.pdf

bv auest

propagations of tidally and meteorologically forced surface
elevations and depth-mean flows from the middle model
to the inner model.

The model performance of the nested-grid modelling
system was assessed by Tang et al. (2009) and Ji et al
(2otra) by comparing model results with in-situ and
remote sensing observations including tidal gauge obser-
vations and surface and near-bottom salinity (NBS). In this
study, the main focus is on the storm-induced circulation
during Koryn over the PRE and adjacent waters. The
nested-grid modelling system is integrated from the begin-
ning of 1992 to the end of 1993. Model results from the
two numerical experiments are presented in this paper. In
the first numerical experiment (Run-Vortex), the nested-
grid modelling system is forced with the suite of external for-
cing discussed above, including Holland’s parameteric
vortex presented in Equations (1)-(3). In the second experi-
ment (Run-noVortex), the nested-grid model is forced by all
the forcing functions except for the parameteric vortex. As
mentioned earlier, the NMEFC atmospheric forcing has
horizontal resolution of 0.5 °C which is too coarse to resolve
the general structure of Koryn. Furthermore, the 3-hourly
NMEEC fields are linearly interpolated to each model time
step, and the interpolated NMEFC atmospheric forcing in
the model does not represent well the rapid translation of
the storm (Mecking et al. 2009). In comparison, Holland’s
parametric wind and pressure profiles are calculated at
each model time step based on Equations (1)-(3) using the
interpolated storm best track data. As a result, the differences
of model results between the two experiments can be used to
quantify the storm-induced circulation during Koryn.

MODEL RESULTS

Figure 4 represents a snapshot of simulated surface
elevations and circulation produced by the nested-grid mod-
elling system and wind stress at 00:00 June 26, 1993 (model
day 542.0) in Run-Vortex. At this time, the vortex is centered
at Luzon Island of the northern Philippines and the storm
affects significantly circulation over coastal waters around
the island. Outside the area influenced by the storm, the sur-
face elevations and circulation produced by the outer model
are driven mainly by the tides and large-scale atmospheric
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Figure 4 | Circulation at model day 542.0 (00:00 June 26, 1993) produced by the DalCoast-PRE in Run-Vortex. (a) Surface elevations (blue contours, in the unit of m) and depth-mean
currents (solid black arrows) over China Seas produced by the outer model; (b) surface temperature (image) and surface currents (solid arrows) over the inner shelf of the
northern South China Sea produced by the middle model; and (c) surface temperature (image) and surface currents (solid arrows) produced over the PRE produced by the inner
model of the nested-grid system. Red open arrows represent wind stress vectors. Velocity vectors are plotted at every 10th grid point in (a) and every 6th grid point in (b) and (c).
Please refer to the online version of this paper to see this figure in colour: http://www.iwaponline.com/wgrjc/toc.htm.

forcing (Figure 4(a)). The latter only plays a secondary role
at this time. The sea surface temperature (SST) produced
by the middle model (Figure 4(b)) in Run-Vortex features
relatively uniform and about 29 °C in the deep waters over
the inner shelf of the northern South China Sea, with cool
strips over the inshore waters. The SST is about 30 °C
inside the PRE, which is slightly warmer than the SST
over the inner shelf (Figure 4(c)). The surface circulation
at day 542.0 is relatively weak and mainly northward over
the inner shelf and southward in the PRE.
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Figure 5 presents evolutions of surface elevations and
depth-mean currents produced by the outer model in
Run-Vortex during a 3-day period from day 542.25 (06:00
June 26) to 545.25 (06:00 June 29) with a time interval of
24 h. During this period, the surface elevations and the
depth-mean circulation in Run-Vortex are affected signifi-
cantly by the vortex and tides over the northern South
China Sea. Outside the area of influence of the storm,
the surface elevations and depth-mean currents are driven
primarily by tides during this period. At day 542.25, the
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Figure 5 | Total sea surface elevations (image) and depth-mean currents (vectors) produced by the outer model in Run-Vortex at model day (a) 542.25 (06:00 June 26), (b) 543.25 (06:00
June 27), (c) 544.25 (06:00 June 28) and (d) 545.25 (06:00 June 29). The solid line represents the best storm track of Koryn. Velocity vectors are plotted at every 10th grid point.

storm center is located over the coastal waters to northwes-  influenced directed by the storm (Figure 5(a)). It should
tern Luzon Island, and the outer model generates positive =~ be noted that the surface elevations shown in Figure 5
sea surface elevations (positive surge) over the areas are total sea surface elevations which include components

Downloaded from http://iwa.silverchair.com/wqrj/article-pdf/47/3-4/314/163539/314.pdf
bv auest



322 L.Tangetal. | Storm-induced circulation in Pearl River Estuary

Water Quality Research Journal of Canada | 47.3-4 | 2012 ‘

driven by tides and wind forcing and the inverted baro-
meter effect. The last component is important over the
area of influence of the storm due to large changes of
atmospheric pressures inside the storm (a sea level rise of
10cm for a drop of atmospheric pressure of 1kPa).
About 24 h later at day 543.25, the center of the vortex is
located at about 20 km south of the PRE, and a positive
surge is generated over the inner shelf waters outside the
PRE due to the combination of strong onshore wind for-
cing and a drop of the atmospheric pressure associated
with the vortex (Figure 5(b)). This positive surge propagates
southwestward along the coast and then gradually dissipates
(Figures 5(c),(d)). In comparison, the model-calculated sea
surface elevations and depth-mean currents in Run-noVortex
(Figure 6) do not have large surface elevations and strong
depth-mean currents over the areas affected directly by
Koryn, indicating again that the NMEFC atmospheric for-
cing alone is not enough to produce storm-induced surges
and strong coastal currents over the inner shelf of the north-
ern South China Sea during Koryn.

To quantify the changes of hydrodynamics associated
with super Typhoon Koryn over the inner shelf of the north-
ern South China Sea, the differences between the model
results in Run-Vortex and Run-noVortex are used to
represent the storm-induced changes in oceanographic con-
ditions in the study region. Figure 7 presents changes of sea
surface elevations (An) associated with the parametric
vortex produced by the outer model over the northern
South China Sea from day 542.25 to 544.75. The parametric
vortex is responsible for generating positive sea surface
elevations that propagate northwestward with the storm
before the storm reaches the coastal waters near the PRE
(Figures 7(a),(b)). During this period (days 542.25-544.75),
the positive surface elevations under the storm are associated
mainly with the inverted barometer effect. At day 543.25
(Figure 7(c)), a large positive surge occurs over the coastal
area between the storm center and the PRE, due to the com-
bination of sea level setup introduced by the onshore wind
and positive surface elevations associated with the inverted
barometer effect. At day 543.75 (Figure 7(d)), a large positive
surge occurs near the coastal waters off the PRE and negative
surges occur over coastal waters to the north of the PRE and
further west of the PRE. The storm surge dissipates after day
544.25 (Figures 7(e),(f)).
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Figure 8 presents the changes of SST associated with the
vortex produced by the middle model. The storm-induced
SST changes are relatively small over the middle model
domain before day 543.00. At day 543.25 as the vortex
center is located at about 200 km to south of the PRE, the
storm-induced SST cooling of about 3°C occurs in the
radius of approximately 150 km around the storm center
(Figure 8(c)). Outside this area of influence and over the
areas close to the shore, the storm-induced SST changes
are small. As demonstrated by Price (1981), Zhai et al.
(2004) and Sheng ef al. (2006), the intense SST cooling
along the track of the storm is generated by strong vertical
mixing associated with the intense wind forcing of the
storm, and the vertical advection term only plays a second-
ary role. At day 543.50 the vortex center is located at about
50 km from the coast to southwest of the PRE (Figure 8(d)).
The vortex has made landfall by day 543.75. The strength of
the SST cooling reaches strongest at day 543.75 (Figure 8(e))
and then dissipates gradually with time (Figure 8(f)).

We next examine the storm-induced changes of sea sur-
face salinity (SSS) in the PRE and adjacent waters produced
by the inner model (Figure 9). The storm-induced SSS
changes are small before day 542.75, but large from day
543.0 to 544.0 over the outer PRE where a sharp salinity
front occurs in the summer wet months due to large fresh-
water runoff from the Pearl River (Tang et al. 2009; Ji
et al. 2oma, b). The intense landward (northwestward)
storm-induced currents in the surface layer of the outer
PRE (Figures 9(b),(d)) push the salinity front landward,
which explains why large SSS changes of greater than
8 psu occur during the period from day 543.0 to 543.75
(Figures 9(b)-(e)). After the landfall of the storm, the SSS
changes are relatively small (Figure 9(f)) due to the fact
that the storm-induced surface currents over the outer
PRE are seaward (southeastward) associated with the relax-
ation of pressure gradients that were generated earlier by the
storm which bring the surface salinity front to its normal
condition.

Large storm-induced changes also occur in the NBS
over the outer PRE and adjacent waters (Figure 10). Similar
to the large SSS changes, the large and positive NBS
changes of about 8 psu are due mainly to the landward
movements of the salinity front driven by the onshore cur-
rents associated with the storm (Figures 10(b),(c)). At day
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Figure 6 | Total sea surface elevations (image) and depth-mean currents (vectors) produced by the outer model in Run-NoVortex at model day (a) 542.25 (06:00 June 26), (b) 543.25 (06:00
June 27), (c) 544.25 (06:00 June 28) and (d) 545.25 (06:00 June 29). The solid line represents the best storm track of Koryn. Velocity vectors are plotted at every 10th grid point.

543.75, the storm wind has diminished and the near-surface seaward currents bring the NBS front seaward and reduce
currents are seaward over the outer PRE. The strong the storm-induced NBS changes (Figures 10(e),(f)).
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Figure 7 | Changes of total sea surface elevations (image) and depth-mean currents (vectors) associated with Typhoon Koryn produced by the outer model at day (a) 542.25 (06:00 June
26), (b) 542.75 (18:00 June 26), (c) 543.25 (06:00 June 27), (d) 543.75 (18:00 June 27), (e) 544.25 (06:00 June 28), and (f) 544.75 (18:00 June 28). Velocity vectors are plotted at every

10th grid point.

One of important issues for water quality management is
how to accurately predict the movements and dispersion of
pollutants in the water under different environmental con-
ditions. In this study, we examine the horizontal movements
of near-surface particles during Koryn in order to gain a
better understanding of the effect of storm-induced currents
on the particle movements. The 3D movements of particles
carried passively by ocean currents are calculated using the
fourth-order Runge-Kutta method (Press et al. 1990):

1At

F(to + Af) = F(to) + j i f)dt + § @)

to

where X(tp + Af) and X(fo) are 3D position vectors of a passive
particle at time # + At and initial time #y, respectively, # (¥, )
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is the 3D velocity vector of model currents, and & is additional
random horizontal displacements used to represent the influ-
ence of physical processes (Sheng et al. 2009b) that are not
modelled explicitly in this study and is expressed as

8 = (EvV2KAt, cV/2KAl) (5)

where & and ¢ are random deviations from a Gaussian distri-
bution of zero mean and unit variance, respectively, Af (2 h) is
the time step used in the numerical integration, which is much
greater than the time steps used in the numerical simulation of
the nested-grid modelling system, and « is a horizontal eddy
diffusivity for the random displacements which is set to

4m?s .
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Figure 8 | Changes of seas surface temperature (image) and surface currents (vectors) associated with typhoon Koryn produced by the middle model at day (a) 542.75 (18:00 June 26), (b)
543.0 (00:00 June 27), (c) 543.25 (06:00 June 27), (d) 543.50 (12:00 June 27), (e) 543.75 (18:00 June 27), and (f) 544.0 (00:00 June 28). Velocity vectors are plotted at every 6th grid

point.

The horizontal trajectories of particles in the surface layer
of less 4 m over the inner shelf waters off the PRE (i.e., the
middle model domain) during 24 h in Run-noVortex and
Run-Vortex are shown in Figures 11 and 12, respectively.
The 24-h trajectories are calculated using the 2-hourly cur-
rents produced by the middle model in each experiment.
Comparison of the 24-h trajectories in the two experiments
demonstrates the important role of the storm-induced cur-
rents in the movements and dispersion of near-surface
particles over the region. At day 542.79, the horizontal move-
ments of near-surface particles over the shallow coastal areas
with water depths less than 60 m of the middle model domain
are affected mainly by the tidal currents and the large-scale
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southwestward shelf circulation. The movements of near-
surface particles at this time are characterized by relatively
small and southwestward horizontal displacements over
coastal waters off the PRE and relatively large and southward
displacements over the coastal waters to the northeast of
Hainan Island (Figures 11(a) and 12(a)). In the deep water
region with water depths greater than 60 m to the southwest
of the PRE, there are large differences in the 24-h trajectories
of the near-surface particles between these two experiments.
In Run-noVortex, the near-surface particles over the deep
water region move first northward and then change to west-
ward in the 24-h period (Figure 11(a)), due to the
combination of tidal currents and shelf circulation forced by
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113°E 114°E

Figure 9 | Changes of seas surface salinity (image) and surface currents (vectors) associated with Typhoon Koryn produced by the inner model at day (a) 542.75 (18:00 June 26), (b) 543.0
(00:00 June 27), (c) 543.25 (06:00 June 27), (d) 543.50 (12:00 June 27), (€) 543.75 (18:00 June 27), and (f) 544.0 (00:00 June 28). Velocity vectors are plotted at every 6th grid point.
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113°E 114°E

Figure 10 | Changes of bottom salinity (image) and surface currents (vectors) associated with Typhoon Koryn produced by the inner model at day (a) 542.75 (18:00 June 26), (b) 543.0
(00:00 June 27), (c) 543.25 (06:00 June 27), (d) 543.50 (12:00 June 27), (e) 543.75 (18:00 June 27), and (f) 544.0 (00:00 June 28). Velocity vectors are plotted at every 6th grid point.
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Figure 11 | 24-h trajectories of surface particles carried by currents produced the middle
model in Run-noVortex at day (a) 542.79, (b) 543.54, and (c) 544.12. The green
dot represents the current position and the red line represents trajectories in
the past 24 h. The green symbol marks time interval of 2 h. Please refer to the
online version of this paper to see this figure in colour: http://www.iwaponline.
com/wgrjc/toc.htm.

the large-scale atmospheric forcing. By comparison, in Run-
Vortex, the 24-h trajectories of near-surface particles in the
deep water region at day 542.79 have small northward displa-
cements first and then large southwestward displacements
(Figure 12(a)), demonstrating the effect of the storm-induced
currents on the movements of near-surface particles.
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Figure 12 | 24-h trajectories of surface particles carried by currents produced the middle
model in Run-Vortex at day (a) 542.79, (b) 543.54, and (c) 544.12. The green dot
represents the current position and the red line represents trajectories in the
past 24 h. The green symbol marks time interval of 2 h. Please refer to the
online version of this paper to see this figure in colour: http://www.iwaponline.
com/wagrjc/toc.htm.

At day 543.54, the 24-h trajectories of near-surface
particles in Run-noVortex also feature equator ward displa-
cements in the shallow water areas and relatively large
and clockwise displacements in the deep water region
over the middle model domain (Figure 11(b)). By compari-
son, the 24-h trajectories of near-surface particles in
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Run-Vortex at this time (Figure 12(b)) have large southeast-
ward displacements (about 40-80km in 24 h) over the
shallow water areas near the coast and clockwise (anti-
cyclonic) displacements in the deep water region to the
south of the PRE due to the intense storm-induced currents.

The near-surface particles in Run-noVortex at day 544.12
(Figure 11(c)) have horizontal movements very similar to
those at day 543.54, particularly in the deep water region of
the middle model domain. By comparison, in Run-Vortex,
the movements of the near-surface particles at this time
(Figure 12(c)) have large equator ward movements in the shal-
low waters and moderate clockwise displacements in the
deep water region affected by the storm. Figure 12(c) also
shows that trajectories of near-surface particles at day
544.12 have large spatial variability associated with the
storm.

To further examine the movements of near-surface par-
ticles inside the PRE and adjacent waters, the 2-hourly
currents produced by the inner model of the nested-grid
modelling system are used in tracking trajectories of the par-
ticles. The inner model has a fine spatial resolution of
~1.2 km and resolves better the 3D circulation in the PRE
than the middle model (~3 km). The 10-h trajectories of
near-surface particles in the PRE and adjacent waters in
Run-noVortex and Run-Vortex are presented in Figures 13
and 14, respectively. The 10-h trajectories of the near-surface
particles inside the PRE at day 542.75 in Run-noVortex have
gradual seaward displacements superposed by rectilinear
displacements. The gradual seaward displacements of
near-surface particles in the PRE are associated with the
density-driven estuarine circulation in the PRE. Under the
normal calm condition in summer wet months (Ji ef al
2oma), the density-driven estuarine circulation in the
PRE is characterized by a strong seaward flow of about

10cms*

in the top 5m and relatively weaker and land-
ward currents at depths greater than 5 m (Ji et al. 2011a, b).
In addition, there is a northeastward coastal current along
the coast of the inner shelf waters off the PRE in the
normal summer months (Ji ef al. 20113, b). Due to the influ-
ence of the large-scale atmospheric forcing during Koryn,
however, the coastal current reverses its normal direction
to flow southwestward (Figures 8(a)-(c)). The 10-h trajectories
of near-surface particles in Run-Vortex are very similar to

Run-noVortex at day 542.75, except for the near-surface
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(a)

22°N

Figure 13 | 10-h trajectories of surface particles carried by currents produced the inner
model in Run-noVortex at day (a) 542.75, and (b) 543.25. The green dot rep-
resents the current position and the red line represents trajectories in the
past 10 h. The green symbol marks the time interval of 2 h. Please refer to
the online version of this paper to see this figure in colour: http://www.
iwaponline.com/wgrjc/toc.htm.

particles over the offshore area to the south of the outer
PRE. Over this offshore area, the near-surface particles in
Run-Vortex have large southwestward displacements due
to the strong southwestward currents induced by the storm.

Figure 13 demonstrates that the 10-h trajectories of the
near-surface particles at day 543.25 are very similar to
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Figure 14 | 10-h trajectories of surface particles carried by currents produced the inner
model in Run-Vortex at day (a) 542.75, and (b) 543.25. The green dot rep-
resents the current position and the red line represents trajectories in the past
10 h. The green symbol marks time interval of 2 h. Please refer to the online
version of this paper to see this figure in colour: http:/www.iwaponline.com/
wagrjc/toc.htm.

these at day 542.75 in Run-noVortex, with near-surface par-
ticle movements affected by oscillatory tidal currents and
the seaward estuarine near-surface circulation inside the
PRE and nearly westward movements in the offshore area
off the outer PRE due to the equator ward coastal current.
By comparison, the near-surface particles in Run-Vortex
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have significant large displacements at this time, with large
southwestward displacements in the offshore area off the
PRE and westward displacements inside the PRE.

CONCLUSIONS AND DISCUSSION

Circulation and hydrography over many coastal and shelf
waters are affected significantly by hurricanes and tropical
and winter storms. For example, Atlantic Canada was
struck by Hurricane Juan, which made landfall on the
south coast of Nova Scotia near Halifax on September 29,
2003 as a category-2 hurricane. Previous studies demon-
strated that tropical storms and hurricane frequencies vary
considerably from year to year, with substantial increases in
storm intensity and duration since the 1970s (IPCC 2007).
Better knowledge of storm-induced changes in hydrodyn-
amics will help for more accurate predictions of circulation
and movements of particles in the water. In this study, the
storm-induced changes in circulation and hydrography in
the PRE and adjacent waters of the South China Sea during
super Typhoon Koryn in June 1993 were investigated based
on numerical results produced by a nested-grid ocean circula-
tion modelling system. The model forcing used in this study
includes tides, freshwater runoff from the Pearl River, sea sur-
face heat and freshwater fluxes, wind stress and atmospheric
pressure fields at the sea level. To better represent the atmos-
pheric pressure and wind profiles inside Koryn, a parametric
vortex suggested by Holland (1980) was inserted into the
coarse-resolution (0.5°) numerical weather forecast products
provided by the National Environmental Forecast Center of
China (NMEFC). Analysis of model results demonstrates
that large positive storm surges (due mainly to the inverse
barometer effect) were generated over the area of influence
of the storm when the storm is in the deep water far from
the PRE. As the storm reached the coast, the wind-induced
setup also contributed to the total storm surge. Due to the
constraint of the coastline and the effect of the Earth’s
rotation, the storm surge near the coast excited the coastal
trapped waves that propagated equatorward along the coast
(on the north hemisphere). The storm also introduced
large cooling of the SST due mainly to the intense vertical
mixing induced by the storm. The storm also introduced
large changes in the salinity fields over the outer PRE and
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significant movements and dispersion of near-surface par-
ticles in the PRE and adjacent inner shelf waters.
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