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Abstract It is well known that river discharges, winds, ocean currents, and tides are major dynamical fac-
tors that determine the distribution and extension of the Changjiang plume (CP) in the Yellow and East
China Seas (YECS). Using observations and numerical experiments, this study demonstrates that, in addition
to these factors, typhoons in the YECS also play a crucial role in the extension of the CP during the summer
season. The hydrographic data observed at the Ieodo Ocean Research Station (IORS) and by a research ves-
sel during the period of Typhoons Ewiniar (0603) and Dianmu (1004) showed that the typhoon-induced
strong vertical mixing modified spatial distribution of the CP significantly, resulting in the delay of the CP’s
extension by as much as up to 20 days. A series of numerical experiments for Typhoon Dianmu also showed
that the typhoon plays a blocking role for the extension of CP for up to 17 days through the vertical mixing
process and the change of background winds. In particular, it is found that the delay due to Dianmu in 2010
contributed to the avoidance of potential mass mortality of marine life by preventing the low-salinity water
from spreading to the aquaculture regions near Jeju Island.

1. Introduction

The Changjiang (also known as the Yangtze River) transports a large amount of fresh water into the Yellow
and East China Seas (YECS). It is a major nutrient source for the YECS, which is one of the most favorable
fishing grounds in the world [Chen et al., 2010]. By mixing with the ambient saline water, the discharge from
the Changjiang forms a water type of the Changjiang plume (CP), known as Changjiang diluted water [Lie
et al., 2003]. The distribution pattern of the CP shows a remarkable seasonal variation; in winter, it hugs the
coast of China southwestward, while it extends northeastward to the southern Yellow Sea and northern
East China Sea in summer, adopting a tongue-shaped pattern (Figure 1). Occasionally in the summer,
extremely low-salinity water below 25.0 psu extends up to the vicinity of Jeju Island and the southwestern
coastal area of Korea (Figure 2), causing an abrupt change in the local oceanographic conditions and serious
damage to fishery environments due to mass mortality [Seo et al., 1999]. To reduce the possible damage
due to a similar event in these regions, it is important to understand and predict the behavior of the CP’s
extension.

It is known that the distribution of the seasonal CP is influenced by monsoon winds, the discharge of the
Changjiang, tides, and ocean currents such as the Kuroshio Current and Taiwan-Tsushima Warm Current
[Bang and Lie, 1999; Beardsley et al., 1985; Chang and Isobe, 2003; Chen et al., 2008; Lie et al., 2003; Moon
et al., 2009; Oh and Park, 2004; Wu et al., 2014]. In particular, the summertime extension of the CP is mainly
controlled by the discharge and the surface winds [Lie et al., 2003]. The CP begins to extend eastward in
June (red contour in Figure 1), when moderate southerly winds begin (red arrow in Figure 1), with a rapid
increase in the discharge (bar chart in Figure 1). The offshore extension toward Jeju Island in a tongue-
shaped pattern is fully developed during July–August (blue and green, respectively) with strong southerly
winds prevailing and the discharge at a maximum. In September, when southerly winds vary with relatively
strong northeasterly winds, the plume retreats westward to the Changjiang mouth (black).

On the other hand, it is well known that strong winds during the passage of the typhoons produce the verti-
cal mixing and upwelling in the upper ocean and the resultant intense surface cooling [Chiang et al., 2011;
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Lin et al., 2008; Moon, 2005; Moon
and Kwon, 2011]. Since the CP
flows in the surface layer, the ver-
tical mixing can influence the dis-
tribution and extension of the CP.
Few studies have examined the
possible effects of typhoons on
the CP. You et al. [2011], for exam-
ple, investigated the impact of
typhoon-induced vertical mixing
on the behavior of the CP by
using a numerical model, but
they focused on qualitative inter-
pretation without quantitative
analysis.

This study aims to use quantita-
tive analysis to investigate the
CP’s response to typhoons and
to demonstrate that typhoons
in the YECS, which have been
neglected in most CP studies, are
also a crucial factor affecting sum-
mertime CP distribution. For this,
we first present observational evi-
dence, based on measurements
from an ocean research station
and vessel during the passage of

two typhoons, Ewiniar in 2006 and Dianmu in 2010, over the CP. In particular, we demonstrate from both
observed salinity data and theoretical estimates that the typhoons induced a significant delay in the extension of
the CP toward Jeju Island.

Since the analyses from the in situ measurements have limits in space and time, we conduct additional
numerical experiments. First, we simulate the CP’s responses to Typhoon Dianmu (1004) using realistic
atmospheric/oceanic conditions and compare the results with observations. Then, the quantitative effects
of the typhoon-induced vertical mixing and the changed atmospheric circulations on salinity distribution
are investigated using freshwater thickness and volume from a series of numerical experiments with/with-

out typhoon forcing.

Details of the numerical experi-
ments and the data set used are
described in the following sec-
tions. The observed responses of
the CP to typhoons are presented
in section 3. The numerical results
are described in section 4. Finally,
conclusions and summaries are
given in section 5.

2. Descriptions of Data
and Numerical
Simulations

During the period of Typhoons
Ewiniar (0603) and Dianmu (1004),
a unique data set was obtained

Figure 1. Monthly distributions of 30 psu isopleths from June to September in the YECS,
adopted from climatological surface salinity maps of Lie et al. [2003]. Arrows in left-bottom
corner represent monthly averaged wind vectors within the CP areas (29–348N, 121–
1278E). The bar chart in the bottom-right corner represents monthly mean discharges of
the Changjiang for 1993–2013. Light gray lines represent tracks of typhoons passing over
the CP. A red cross symbol represents the location of IORS. Thick black lines with filled and
open circles represent the tracks of Ewiniar (0603) and Dianmu (1004), respectively.

Figure 2. Sea surface salinity observed in the middle of August 1996. Lower than 24 psu
salinity reached the west coast of Jeju Island.
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from the Ieodo Ocean Research Station
(IORS), which is located in the middle of
the northern East China Sea and in the
CP’s extension region in summer (Figure
1). The observed variables at the IORS are
water temperature and salinity at five
layers (8, 16, 24, 32, and 40 m depths),
maximum wave height, and air pressure,
humidity, wind direction, and wind
speed (10 min averaged) at a 44 m alti-
tude [Moon et al., 2010]. Hydrographic
measurements were also made by a
research vessel near Jeju Island using a
conductivity-temperature-depth (CTD)
sensor before and after the passage of
Typhoon Dianmu.

The information on the typhoons’
tracks was obtained from the best
track archives of the Regional Special-
ized Meteorological Center (RSMC),
Tokyo Typhoon Center. The data sets
consist of the typhoons’ names, longi-
tude and latitude positions, minimum
surface central pressures, and maxi-
mum sustained wind speeds with 6 h
intervals for the period 1951–2015 (65

years). The monthly mean wind vectors (1979–2015) in the YECS are calculated using the National Centers
for Environmental Prediction-National Center for Atmospheric Research (NCEP–NCAR) analysis data [Kalnay
et al., 1996], which have a horizontal resolution of 2.58 3 2.58 latitude-longitude. The monthly mean dis-
charge (1992–2013) of the Changjiang is obtained from the Datong station.

Simulations for oceanic responses to Typhoon Dianmu (1004) are performed using the Regional Ocean
Modeling System (ROMS) over the YECS, which was specially designed for predicting the behavior of
Changjiang diluted water [Lee, 2014; Lee et al., 2011] and named as YECS model in this study. The YECS
model is a three-dimensional ocean model that is applied with free surface primitive equations using
orthogonal curvilinear and stretched terrain-following coordinates. The domain of the YECS model uses the
rotated rectangle (blue box in Figure 3). The horizontal and vertical resolution is about 8 km and 20 layers,
respectively. The bottom topography was extracted from a combination of two topographic data sets,
ETOPO5 from the National Geophysical Data Center (NGDC) and digital 30 s gridded bathymetric data over
the Korean marginal seas [Seo, 2008]. Bottom stress is parameterized using a quadratic bottom friction law,
in which the drag coefficient is 0.0025 [Lee and Beardsley, 1999]. The coefficients for horizontal diffusion and
viscosity are 20 and 50 m2 s21, respectively. The boundary conditions of the YECS model are provided by
the North Western Pacific (NWP) model, which has a resolution of 25 km for the horizontal and 20 layers for
the vertical [Lee, 2014]. The initial and boundary conditions for the temperature and salinity in the NWP
model were obtained from the World Ocean Atlas 2001 (WOA2001). The NWP model was stabilized for 10
years with monthly mean Cooperative Ocean and Atmosphere Dataset (COADS) surface forcing data.

Initial conditions of the YECS model are obtained from sea surface height, temperature, salinity, and velocity
fields for January, produced by 10 year integration of the NWP model and interpolated into the resolution
of the YECS model. The open boundary conditions for the free surface and depth-averaged momentum are
given by the Chapman [1985] and Flather [1976] formulations. Three-dimensional fields of velocity are
treated with an Orlanski-type radiation condition [Marchesiello et al., 2001]. Surface boundary conditions are
given by 6 hourly NCEP FNL (FiNal anaLysis) data, which include wind, air temperature, air pressure, humid-
ity, and precipitation data with a horizontal resolution of 0.28. Air-sea heat and momentum fluxes are calcu-
lated by the bulk formulae [Fairall et al., 1996].

Figure 3. Model domain (blue box) and bottom topography (gray line). Three
black boxes (A, B, and C) represent the southern Yellow Sea, the South Sea of
Korea, and the East China Sea regions, respectively. Line S, in red, represents the
pathway of the CP inflow toward Jeju Island.
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Warner et al. [2005b] incorporated a number of turbulence closure schemes into ROMS. In the present study,
the vertical mixing is parameterized using the Generic Length Scale (GLS) mixing scheme of K-Kl, in which the
background diffusivity was chosen as 1025 m2 s21. This scheme has been successfully applied to coastal and
estuarine areas [Banas et al., 2009; MacCready et al., 2008; Warner et al., 2005a]. Barotropic and baroclinic time
steps were set at 300 and 20 s, respectively. Real-time tides were also considered and were calculated after
nodal correction using 10 tidal components (M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm) provided by the TPXO
(TOPEX/POSEIDON) 7-Atlas. As a freshwater source, the YECS model considers the daily freshwater discharge
from the Changjiang River for realistic salinity simulations using discharge data at the Datong station.

3. Observed CP Responses to Typhoons in the YECS

For the analysis of upper ocean responses to typhoons, we used the IORS data for air pressure, wind speed,
maximum wave height, and water temperature/salinity at an 8 m depth as well as CTD measurement data

Figure 4. Time series of atmospheric (10 m wind speed and surface pressure) and oceanic variables (maximum wave height and 10 m
water temperature and salinity) observed at the IORS during the passages of (a, b) Ewiniar and (c, d) Dianmu.
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near Jeju Island. Here, air pres-
sure and wind speed data at
IORS were converted into values
at the surface and 10 m prior
to the analysis. The observed
atmospheric and oceanic varia-
bles were then paired and plot-
ted during the period of Ewiniar
and Dianmu (Figure 4).

When Typhoon Ewiniar passed
by 60 km to the east of the
IORS (Figure 1), the observed
surface pressure, 10 m wind
speed, and maximum wave
height recorded up to 971 hPa,
29.1 m s21, and 9 m, respec-
tively (Figure 4a and Table 1).
The track of Typhoon Dianmu
was very similar to that of Ewi-
niar, but the surface pressure
(989 hPa), wind speed (17 m
s21), and wave height (8 m)
were not as strong as those of

Ewiniar, though the center of Dianmu passed directly over the IOR (Figure 4c and Table 1). At that time, the
temperature and salinity sensor installed at the 8 m depth of the IORS within the mixed layer (ML) recorded
a significant temperature drop (�108C and 48C) and salinity surge (� 9.3 and 3.6 psu) for Ewiniar and Dia-
nmu, respectively (Figure 4b). While such a large upper ocean temperature decrease due to typhoons has

Figure 5. Spatial distributions of surface salinity and vertical sections of salinity measured by a research vessel (a, c) before (3–7 August
2010) and (b, d) after (12–13 August 2010) the passage of Dianmu near Jeju Island. Solid lines with open circles represent the track of Dia-
nmu. The vertical sections of salinity are plotted along Line A (red line).

Table 1. Comparison of the Best Estimates of Variables and Parameters From Typhoons
Ewiniar and Dianmua

Variable or Parameter Ewiniar (0603) Dianmu (1004)

Observed max. 10 m wind speed 29.1 m s21 17 m s21

Observed min. surface pressure 971 hPa 989 hPa
TC approach time and date 01:50 UTC

10 Jul 2006
15:20 UTC

10 Aug 2010
Distance from storm center 60 km 5 km
Translation speed, UH 10 m s21 7 m s21

Burger number, B5
g0h1

4f 2 R2
max

0.013 0.007
Mach number, C5 UH

c 5 3.5
Nondimensional storm speed, S5 pUH

4fRmax
1.9 1.0

Rossby number for ML current, Q5 s
qo h1 UH f 0.3 0.1

Max. temperature cooling 108C 48C
Max. salinity increase 9.3 psu 3.6 psu
Background wind speed, U10_background 7.0 m s21 6.5 m s21

Storm’s radius, R30kt 148 km 185 km
Observed salinity RT �20 days �17 days
Theoretically estimated salinity RT 18.3 days 24.6 days

aHere, we define h1 5 10 m, f 5 7.7 3 1025 s21, and c 5 2 m s21. For Ewiniar and Dia-
nmu, we define Rmax 5 55 km and 70 km, s 5 22.5 Pa and 5.3 Pa, and g05 0.09 and
0.08 m s22, respectively, based on the best track data and Price et al. [1994]. U10_background

is obtained by averaging the SSE (direction toward IORS) component of 10 m wind
speed observed at the IORS during the RT after the storm’s passage. R30k is estimated
using the shortest radius of 30 kt winds since the CP is located along the left of track
where wind speeds are low.
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been reported by earlier studies [Lin et al., 2003; Moon and Kwon, 2011], the sudden typhoon-induced salin-
ity increase has not been explored so far.

This unique observation demonstrates that the typhoon-induced strong vertical mixing and upwelling not
only can change the upper ocean thermal structure but also modify its salinity distribution. Figure 4b also

Figure 6. Comparisons of horizontal surface distributions (a, b) and vertical sections (c, d) for the simulated salinity between (a, c) before
(8 August, 2010) and (b, d) after (14 August, 2010) the passage of Dianmu near Jeju Island. The vertical sections of salinity are plotted along
Line A in (a). White solid lines with filled circles in (b) represent the track of Dianmu.

Figure 7. Comparisons of area mean (124.5–126.58E, 31.5–32.5100588N) wind stress vectors between (a) Typ. EXP and (b) Clm. EXP. The
gray shading represents the period of storm passage.
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shows that it took about 20 days for
the surface water to recover its original
salinity value, suggesting that a
typhoon can lead to significant delay
of the CP’s extension in this region.
Similar oceanic responses to Typhoon
Dianmu, i.e., a sudden temperature
drop (�48C) and salinity surge (� 3.5
psu), were also observed at the IORS
(Figure 4d and Table 1), although the
temperature and salinity changes were
not as large as in Ewiniar’s case. For
Dianmu, the recovery time (RT) of
salinity at the IORS was about 17 days.

Analysis of nondimensional parameters
(Table 1) during the two typhoon events
reveals that the case of Ewiniar was dis-
tinguished by a large Rossby number
for ML current (the ratio of horizontal
advection of momentum to the Coriolis
force), which leads to enhanced nonlo-
cal effects by horizontal advection dur-
ing the forced stage response [Price
et al., 1994]. In the case of Dianmu, a
small Mach number (the ratio of storm
translation speed to the gravest mode
internal wave phase speed) and small
nondimensional storm speed (the ratio
of the local inertial period to the
typhoon residence time) provided rela-
tively favorable conditions for upwelling

and inertial motions during the relaxation stages, mainly due to the slower storm translation speed than for
Ewiniar [Dickey et al., 1998]. This implies that the large temperature cooling and salinity increase for Ewiniar
were mainly induced by the strong forced stage response caused by the relatively high maximum wind speed.

For Ewiniar and Dianmu, the CP’s RTs were estimated theoretically using the storm’s radius (R30kt) and the
surface current speeds (us) induced by after-storm background winds (U10_background). Here, we assume that
the salinity recovery is made only by a direct advection from the outer regions of the storm’s radius through
the shortest way and that there are no background currents. The surface current speeds [Pond and Pickard,
1983] can be estimated as

us5
0:0127 U10 backgroundffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðsin /Þ
p (1)

where / is latitude (328N). Using U10_background 5 7.0 m s21 (Ewiniar) and 6.5 m s21 (Dianmu) and
R30kt 5 148 km (Ewiniar) and 185 km (Dianmu), the estimated RT (5 R30kt/us) was 18.3 days and 24.6 days,
respectively (see Table 1). These values were generally similar to those observed (about 20 and 17 days for
Ewiniar and Dianmu, respectively). The difference between the theoretical estimations and the observations
might be from the effects of tidal mixing and background current, which were not considered in the equa-
tion (1), as well as the uncertainty of storm’s radius.

Considering that the range of the CP’s eastward extension in summer is very sensitive to monsoon winds’
variation over time, the delay of the extension due to the typhoon, on a time scale of about 2–4 weeks, may
result in producing a different CP pattern from that expected without the typhoon’s effect. This also sug-
gests that the typhoon’s effect can even contribute to preventing serious damage to coastal environments
from low-salinity water. Typhoon Dianmu (1004), which passed by Jeju Island, is a good example to

Figure 8. Horizontal distribution of (a) surface salinity simulated from Clm. EXP
and the difference between the two experiments (Clm. EXP–Typ. EXP; Figures 7a
and 6b) on 14 August 2010. In (b), blue colors represent the increase in surface
salinity (i.e., weakening of the CP) due to the inclusion of Typhoon Dianmu. Sym-
bol § indicates the track of Dianmu.
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demonstrate this effect. As shown in Figure 5a, the CP, with very low salinity (up to 23 psu), approached
Jeju Island on 10 August 2010, just before the arrival of Dianmu, which was a serious threat to people culti-
vating near Jeju Island. Fortunately, however, the plume was mixed and diminished by the passage of
Typhoon Dianmu (Figure 5b). The vertical salinity section (Figures 5c and 5d) along Line A (Figure 5b) shows
that the typhoon-induced mixing was limited to the upper layer but effectively mixed the low-salinity water
floating in the upper 15 m with deeper high-saline water. Indeed, it turned out that the typhoon-induced
delay of the CP’s extension toward Jeju Island played a critical role in preventing the low-salinity water from
spreading to the large cultivating area of the coastal region of Jeju Island. In the following section, we will
perform a quantitative analysis to investigate the effect of Typhoon Dianmu on the CP’s extension near Jeju
Island using the YECS model.

4. Simulated Impacts of Typhoons on the CP’s Extension

To examine the effect of typhoon on the CP’s extension, first we simulated oceanic variations during the
passage of Typhoon Dianmu in 2010, using realistic typhoon wind forcing. The model simulations reveal
that, before the arrival of Dianmu (8 August), the CP extended to the west of Jeju Island, in which the 25
psu contour line had a tongue shape and reached 100 km from west coast of Jeju Island, heading toward

Figure 9. Spatial distributions for freshwater thickness (a) before the passage of Typhoon Dianmu (8 August 2010), (b) after the passage
(14 August 2010), and (c) their differences, estimated from Typ. EXP. Item (d) shows the same as for Figure 9b, but from Clm. EXP, using cli-
matological wind instead of typhoon forcing (14 August 2010). Item (e) shows the differences between Figures 9d and 9b. Symbol § indi-
cates the track of Dianmu.
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Jeju Island (Figure 6a), which was con-
sistent with observations (Figure 5a).
However, after Dianmu passed by
the west of Jeju Island at 15 UTC 10
August, the shape and magnitude of
the CP changed significantly: the
tongue-like CP turned to the north,
and the low-salinity water below
26 psu disappeared (Figure 6b). In
particular, the vertical structure of
salinity at the upper layers changed
dramatically (Figures 6c and 6d). A
lens-like CP structure at the upper
layers disappeared, and the isoha-
lines of 30 and 33 psu at 125.88E
shallowed (from a 5 m depth to the
surface) and deepened (from 12 to
16 m), indicating vertical mixing at
the upper layers. These patterns are
commonly found in the vertical struc-

ture of temperatures during the passage of typhoons [Lin et al., 2003; Moon and Kwon, 2011] and match well
with those from measurements (Figures 5c and 5d).

If Typhoon Dianmu had not passed this region, how much further would the CP have extended to the east
and toward Jeju Island? To address this question, we carried out an additional experiment (Clm. EXP), in
which the model setup was the same as the original experiment (Typ. EXP) but replacing the wind data
from 2010 that contained the typhoon vortex for the period of the typhoon’s passage (7–14 August) with
climatological winds. The time series of the wind vector during the passage of the typhoon shows strong
winds and drastic changes for Typ. EXP but relatively weak winds and smooth variations for Clm. EXP (Fig-
ure 7). The results from Clm. EXP reveal that the CP extended further to the east, branching off: one branch
headed to the southern coast of Korea, and the other approached the western coast of Jeju Island (compare
Figure 8a with Figure 6b). The difference in surface salinity between the two experiments (Clm. EXP – Typ.
EXP) clearly reveals that Dianmu prevented the extension of the CP, resulting in an extensive increase (up
to �9 psu) in surface salinity along the original CP as well as in the western coastal regions of Jeju Island
(see Figure 8b).

To estimate the impact of the typhoon on the CP extension quantitatively, we calculated freshwater thick-
ness (df ), which is the equivalent depth of freshwater relative to the reference salinity (s0). Freshwater thick-
ness makes it possible to visualize the horizontal pattern of plume dispersal more readily and is defined as
the vertical integral of the salinity anomaly [Choi and Wilkin, 2007],

df 5

ðg

2h

s02s
s0

dz (2)

where s is the salinity of the water column, g is sea water level, h is bottom depth, and s0 is determined
using the maximum value of simulated salinity to ensure that freshwater thickness (df ) is always positive.

The estimated spatial distribution of the freshwater thickness (Figure 9a) matches well with that of surface
salinity (Figure 6a), and it is clear that the freshwater thickness became shallower after the storm’s passage
(Figure 9b). The difference (Figure 9c) between before and after the storm passage also reveals that the df

mostly shallowed along the storm track and the original CP regions (blue shades) due to the direct effect of
typhoon-induced mixing, while the df thickened near the mouth of the Changjiang (red shades around
1238E) and the Kyushu regions (around 1288E), which seems to have been caused by the advection of low-
salinity water due to cyclonic winds from Dianmu. A comparison of the differences (Figure 9e) in the df dis-
tribution between Typ. EXP (Figure 9b) and Clm. EXP (Figure 9d) on 14 August further supports the belief
that Typhoon Dianmu contributed to a significant reduction in freshwater thickness along the CP, i.e., block-
ing the CP’s extension.

Figure 10. Comparison of freshwater volumes at Line S between Clm. EXP and Typ.
EXP for August 2010. Symbol solid inverted triangle represents the arrival time of
Dianmu near Jeju Island. A dashed arrow represents the period when the freshwater
volume from Typ. EXP returned to the value of Clm. EXP.
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To quantify the blocking and delay of
the CP’s extension near Jeju Island,
freshwater volume was estimated at
Line S (see Figure 3), which is a path-
way of the CP’s inflow toward Jeju
Island, as well as at three regions (A, B,
and C in Figure 3), representing the
southern Yellow Sea, the South Sea of
Korea, and the East China Sea regions,
respectively. Freshwater volume (Vf ) is
a useful index for monitoring the tem-
poral changes (gain or loss) of freshwa-
ter in a certain region, defined by

Vf 5

ððð
s02s

s0
dV (3)

where s is the salinity of the water col-
umn and s0 is the maximum value of
salinity. We first compared the time
series of the Vf between Typ. EXP and
Clm. EXP along Line S for August 2010
(Figure 10). In the Clm. EXP (black line),
the Vf increased dramatically during
7–8 August before the arrival (10
August) of Dianmu, which implies that
a strong CP could extend to Jeju Island
if there were no typhoon events and
wind conditions were similar to the cli-
matological pattern. This pattern is
very different from that of Typ. EXP;
that is, the Vf slowly increased during
7–10 August and suddenly decreased
when Dianmu arrived around Jeju
Island on 10 August. The large differ-
ence in Vf (�1.3 3 109 m3) between
the two experiments for the period of
8–9 August (a few days before an
arrival of Dianmu) suggests that the
change of atmospheric circulation due
to the approach of the typhoon indi-
rectly influenced the constraint of the
CP’s extension toward Jeju Island. In
fact, the prevailing wind direction over
the regions from the Changjiang

mouth to Jeju Island changed from southerly for Clm. EXP to northeasterly for Typ. EXP during 7–9 August
(Figure 7), which contributed to blocking the CP’s extension. On 24 August, the Vf of the two experiments
became identical, suggesting that the effect of the typhoon lasted for 17 days, which is, interestingly, very
similar to the observed RT (�17 days) for Dianmu in Table 1.

Comparing the temporal variations for the total Vf from the two experiments at three regions (A, B, and C)
further supports the view that Dianmu influenced the change in freshwater volume at wide regions for a
long period. In fact, the difference in the Vf between the two experiments at regions A and B (Figures 11a
and 11b) lasted until the end of August (never recovering to climatological conditions), which means that a
typhoon event could influence the CP’s migration not only for the typhoon-passage period (9–11 August)
but also for entire summer period over the southern Yellow Sea (region A) and the South Sea of Korea,

Figure 11. Comparison of time series for total freshwater volumes at three
regions (A, B, and C) between Clm. EXP and Typ. EXP for August 2010. Symbol
solid inverted triangle represents the arrival time of Dianmu near Jeju Island.
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including Jeju Island (region B). This also emphasizes that the winds during 7–9 August played a critical role
in the migration of the CP to regions A and B. In region C (the East China Sea region), in contrast to the
other two regions, recovery from the initial shock (i.e., the decrease of the Vf ) due to Dianmu occurred in
about 17 days (Figure 11c).

5. Conclusions and Summary

The Changjiang is known to play a crucial role in forming productive biological environments as a major
nutrient source in the YECS. Occasionally, however, extremely low-salinity water, originating in the Chang-
jiang, extends in the summer up to the vicinity of Jeju Island and the southwestern coastal area of Korea,
causing serious damage to the fishery and cultivating industry. Consequently, understanding and predicting
the dispersal behavior of the CP in the summer is a very important research subject in these regions.

It is known that the summertime distribution of the CP is controlled by winds, discharge from the Chang-
jiang, tides, and ocean currents. In addition to these factors, this study suggests that typhoons also play an
important role in the extension and distribution of the CP in summer. A unique data set observed at the
IORS, which is located in the CP’s extension areas, as well as hydrographic measurements by a vessel during
two typhoons’ passages, allowed us to investigate the CP’s response to typhoons.

The most interesting findings obtained from the observations were that the typhoon-induced strong verti-
cal mixing and upwelling not only changed the upper ocean thermal structure [Moon and Kwon, 2011] but
also modified its salinity distribution significantly, which lasted for up to 2–3 weeks. During the passage of
two typhoons, Ewiniar (0603) and Dianmu (1004), the sudden surges of upper ocean salinity up to 9.3 and
3.6 psu, respectively, were observed at the IORS, and it took about 20 and 17 days, respectively, to restore
the salinity to the pretyphoon conditions. This suggests that the typhoon can lead to a significant delay in
the CP’s extension. A simple estimate of the CP’s RT, which is based on the storm’s size and the surface cur-
rent speed due to after-storm background winds, was also generally consistent with observation. In particu-
lar, in the case of Dianmu, the typhoon-induced delay in the CP contributed to preventing low-salinity
water from spreading to the coastal region of Jeju Island and thereby avoiding potential mass mortality.

To investigate the responses of the CP to typhoons quantitatively, additional numerical experiments with/
without Typhoon Dianmu were performed and the results were analyzed in terms of freshwater thickness
and volume. The results revealed that Dianmu contributed to a significant reduction in freshwater thickness
along the CP, as found in the surface salinity distribution. On the basis of the freshwater volume at a path-
way of the CP’s inflow toward Jeju Island, the estimated salinity RT (17 days) for Dianmu was consistent
with observations, and it was found that the change in atmospheric circulation due to the approach of Dia-
nmu indirectly influenced the blocking of the CP’s extension toward Jeju Island before the arrival of Dianmu
(7–9 August).

An analysis of the 65 year tropical cyclone (TC) best track data reveals that, on average, 1.3 typhoons
per year (total 86 typhoons) passed over the CP (Figure 1). Some of them have kept strong winds above
26 m s21 during passage through the historical CP regions. In this study, evidence from both measurements
and model simulations demonstrates that in addition to river discharges, winds, ocean currents, and tides,
typhoons in the YECS can be a crucial factor affecting the CP’s summertime distribution and extension
through a direct mixing process over the CP and indirect effects caused by changes in wind direction. How-
ever, it should be noted that the CP’s response to typhoons depends on various factors, such as a typhoon’s
size, intensity, track, and translation speed, as well as the subsurface water structure. Further research is
needed to investigate the detailed processes involved in the CP’s responses to these factors.
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