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iNtrOduc tiON
The Kuroshio and Mindanao western 
boundary currents are key features 
of Northwest Pacific Ocean circula-
tion. The westward flowing North 
Equatorial Current (NEC) runs into the 
Philippine coast and bifurcates into the 
northward-flowing Kuroshio and the 
southward-flowing Mindanao current 
(Figure 1a; Qiu and Lukas, 1996; Qu and 
Lukas, 2003). The Kuroshio begins as a 

relatively poorly defined current flowing 
from the bifurcation region along the 
east coast of the Philippines (Rudnick 
et al., 2011), growing stronger with 
increasing latitude. It flows past Luzon 
Strait and then northward close to the 
east coast of Taiwan following the East 
China Sea (ECS) continental shelf. The 
Kuroshio transports significant amounts 
of heat, salt, and mass from the tropi-
cal ocean to mid-latitudes and plays an 

important role in the global climate and 
heat balance (Qu and Lukas, 2003).

Many observational and modeling 
studies have described cold waters and 
doming of isotherms, referred as the cold 
dome, just northeast of Taiwan (Fan, 
1980; Chern and Wang, 1989; Chern 
et al., 1990; Sun, 1987; Lin et al., 1992; 
Liu et al., 1992a,b; Tseng and Shen, 
2003). The Kuroshio occasionally splits 
near the northeastern Taiwan shelf, with 
the zonal ECS shelf dividing the north-
ward-flowing Kuroshio into an eastward 
branch flowing along the ECS shelf 
isobaths and a weaker northwestward 
branch intruding onto the ECS shelf 
over the North Mien-Hua Canyon (Tang 
et al., 1999; Hsueh et al., 1992; Wu et al., 
2008). A weak counterclockwise circula-
tion, approximately 100 km in diameter, 
was observed along the edge of the shelf 
northeast of Taiwan, centered over the 
Mien-Hua Canyon (MHC), through 
which the Kuroshio on-shelf intruded 
subsurface water upwells to form a cold 
dome (Tang et al., 1999; Wu et al., 2008; 
Jan et al., 2011). Based on historical 
temperature and salinity observations 
at 50 m depth, the long-term mean cold 
dome has a diameter of approximately 
100 km, is centered approximately at 
25.625°N, 122.125°E, and has a lower 
temperature (< 21°C) and higher salin-
ity (> 34.5) than the surrounding shelf 
waters (Jan et al., 2011). The upwelling 
off the northeastern Taiwan shelf is a 
major source of nutrients for the ECS 
and makes the region highly biologically 
productive (Chen, 1996).

The Kuroshio intrusion onto the 
northern shelf of Taiwan and its season-
ality play a major role in the formation 
and evolution of the cold dome (Wu 

abStr ac t. Numerous observational and modeling studies of ocean circulation 
surrounding Taiwan have reported occurrences of cold water and doming of 
isotherms (called the cold dome) that result in the formation of coastal upwelling on 
the northeastern Taiwan shelf. We use a high-resolution (1/24°) ocean model based 
on the Massachusetts Institute of Technology general circulation model to study 
the evolution of this distinct shelf-slope circulation phenomenon. We performed a 
number of model simulations spanning a five-year period (2004–2008) using realistic 
atmospheric forcing and initial and open boundary conditions. The model solutions 
were compared with satellite measurements of sea surface height (SSH), sea surface 
temperature (SST), and historical temperature and salinity observations. The model 
showed a realistically shaped cold dome with a diameter of ~ 100 km and temperature 
of ~ 3°C below the ambient shelf waters at 50 m depth. The occurrences of simulated 
cold dome events appeared to be connected with the seasonal variability of the 
Kuroshio Current. The model simulations showed more upwelling events during 
spring and summer when the core of the Kuroshio tends to migrate away from the 
east coast of Taiwan, compared to fall and winter when the core of the Kuroshio is 
generally found closer to the east coast of Taiwan. The model also reproduced weak 
cyclonic circulation associated with the upwelling off northeastern Taiwan. We 
analyzed the spatio-temporal variability of the cold dome using the model solution 
as a proxy and designed a “cold dome index” based on the temperature at 50 m depth 
averaged over a 0.5° × 0.5° box centered at 25.5°N, 122°E. The cold dome index 
correlates with temperature at 50 m depth in a larger region, suggesting the spatial 
extent of the cold dome phenomenon. The index had correlation maxima of 0.78 and 
0.40 for simulated SSH and SST, respectively, in and around the cold dome box region, 
and we hypothesize that it is a useful indicator of upwelling off northeastern Taiwan. 
In addition, both correlation and composite analysis between the temperature at 50 m 
depth and the East Taiwan Channel transport showed no cold dome events during 
low-transport events (often in winter) and more frequent cold dome events during 
high-transport events (often in summer). The simulated cold dome events had time 
scales of about two weeks, and their centers aligned roughly along a northeastward 
line starting from the northeastern tip of Taiwan.
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et al., 2008; Cheng et al., 2009; Hsin 
et al., 2011; Shen et al., 2011). In spring 
and summer, the core of the Kuroshio 
generally moves seaward away from 
the east coast of Taiwan; during fall and 
winter, the Kuroshio moves shoreward 
toward the east coast of Taiwan (Sun, 
1987; Tang et al., 1999; Liang et al., 
2003). Using a wind-driven ocean model 
with idealized topography, Chao (1990) 
attributed the seasonal migration of the 
Kuroshio to surface Ekman drift asso-
ciated with the reversal of monsoonal 
winds from the northeasterly winter 
monsoon (October to April) to the 
southwesterly summer monsoon (May 
to September). During summer, the 

counterclockwise circulation migrated 
shoreward or seaward depending on the 
location of the Kuroshio, and it acted as 
a barrier between the Taiwan Strait out-
flow and the Kuroshio. During winter, in 
the absence of counterclockwise circula-
tion, the Taiwan Strait outflow merged 
with shelf-intruded Kuroshio waters 
(Tang et al., 1999).

A recent modeling study by Wu 
et al. (2008) reported that the coastal 
upwelling manifested by a cold dome or 
cyclonic eddy persisted year-round at 
depths below 150 m, and its occurrence 
depended mostly on the seasonal migra-
tion of the Kuroshio axis rather than 
local wind forcing. A modeling study 

by Shen et al. (2011) suggested that the 
geostrophic component of the Kuroshio 
transport and topographically controlled 
upwelling were mostly responsible for 
the formation of the cold dome rather 
than upwelling from the surface Ekman 
transport or weak cyclonic eddies. 
Other possible mechanisms affecting 
cold dome dynamics include local wind 
stress (Chang et al., 2009), topographi-
cally constrained shelf-slope circulation 
(Shen et al., 2011), seasonal reversal of 
the northeast and southwest monsoons 
(Hsin et al., 2011), extreme events such 
as typhoons and associated precipita-
tion and river runoff on shorter time 
scales (Chen et al., 2003; Chang et al., 
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Figure 1. (a) Schematic diagram of currents in the western North pacific 
Ocean off taiwan and the philippines. The westward-flowing North 
equatorial current runs into the philippine coast and bifurcates into the 
northward-flowing kuroshio and the southward-flowing Mindanao current. 
(b) details of the seafloor topography around taiwan (after Jan et al., 2011).
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2008; Tsai et al., 2008; Morimoto et al., 
2009; Gawarkiewicz et al., 2011; Jan 
et al., 2011), and interaction of Taiwan 
Strait outflow, the China Coastal Current 
(CCC), and East Taiwan Channel (ETC) 
transport (Hsin et al., 2011).

A recent joint Taiwan-US program 
called “Quantifying, Predicting, and 
Exploiting Uncertainty” (QPE), spon-
sored by the National Council of Taiwan 
and the Office of Naval Research in 
the United States, was conducted to 
examine uncertainty and predictability 
in the ocean circulation northeast of 
Taiwan (Gawarkiewicz et al., 2011). This 
study involved extensive observational 
and real-time modeling efforts with a 
research focus on identifying dominant 
ocean acoustic variations and coupled 
physical and acoustical uncertainty 
forecasts. The quantification and pre-
diction of uncertainties was produced 
in real time (Lermusiaux et al., 2010) 
to enable adaptive hydrographic sam-
pling strategies. Measurements and 
forecasts revealed the evolution of cold 
dome waters and its interaction with 
the Kuroshio, tides, and the passage of 
Typhoon Morakot, which hit Taiwan 
during August 7−8, 2009, with extreme 
precipitation and river runoff that 
strongly affected the shelf stratification 
(Gawarkiewicz et al., 2011).

The seasonal migration of the 
Kuroshio plays a major role in cold 
dome dynamics, as seen in Kuroshio 
transport variability through the ETC 
between the east coast of Taiwan and 
the southern Ryukyu Island of Iriomote 
(Johns et al., 2001). The mean Kuroshio 
transport estimated at the entrance 
to the ECS through the ETC from the 
World Ocean Circulation Experiment 
(WOCE) PCM-1 section observations 
was 21.5 Sv (1 Sv = 106 m3 s–1) with a 

dominant period of three to four months 
(Johns et al., 2001). Using Empirical 
Orthogonal Function (EOF) analysis 
of WOCE PCM-1 data, Zhang et al. 
(2001) reported two principal modes for 
the Kuroshio: transport and meander-
ing. The meandering mode had vari-
ance peaks at periods of 100, 40, and 
18 days, while the transport variance 
centered at 100 days, attributed to the 
impingement of westward-propagating 
anticyclonic eddies from the Subtropical 
Countercurrent (STCC) near 22°N 
(Zhang et al., 2001). During summer, 
the NEC bifurcation region moves 
northward (Qiu and Lukas, 1996; Kim 
et al., 2004), and the seasonal maximum 
of the Kuroshio transport (integrated 
between 120°E and 135°E along 20°N) 
occurs when the NEC bifurcation is at its 
northernmost position (Qiu and Lukas, 
1996). During low-transport events, the 
Kuroshio partly meanders offshore to 
flow along the eastern side of the Ryukyu 
Islands (Zhang et al., 2001; Hsin et al., 
2008). The ETC transport for the PCM-1 
section had its maximum in summer and 
its minimum in fall (Lee et al., 2001), 
and the observed Kuroshio transport was 
larger during its summer offshore phase 
than during its winter onshore phase 
(Tang et al., 2000; Liang et al., 2003).

Another interesting circulation 
feature in the region is the Kuroshio 
intrusions onto the ECS shelf in the 
vicinity of the MHC (Lee and Chao, 

2003; Liang et al., 2003). Large-scale 
observations from Surface Velocity 
Program (SVP) drifters (Niiler, 2001) 
reveal downstream Kuroshio meander-
ing triggered by coalescing cyclonic 
eddies offshore of Taiwan near the 
ETC, resulting in Kuroshio intrusion 
onto the ECS shelf northeast of Taiwan 
(Gawarkiewicz et al., 2011; Rudnick 
et al., 2011). The drifter observations of 
the Kuroshio intrusion onto the shelf 
during periods of low transport through 
the ETC were reproduced using model 
simulations where a composite of low-
transport events favored shelf intrusions 
while a composite of high-transport 
events favored seaward migration of 
the Kuroshio with little shelf intrusion 
(Gawarkiewicz et al., 2011).

For the present study, we use a 
fine-resolution 1/24° regional ocean 
model for the Taiwan Sea based on the 
Massachusetts Institute of Technology 
general circulation model (MITgcm). 
We analyze model solutions for a period 
of five years (2004–2008) using realistic 
atmospheric forcing, initial conditions, 
and open boundary conditions to under-
stand the evolution of the cold dome and 
its dependence on the various mecha-
nisms discussed above. We describe 
model configuration, including model 
forcings and initial and open boundary 
conditions, and then compare the simu-
lations with observations and discuss 
the study’s results. 
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MOdeliNG backGrOuNd
Mitgcm Model
The MITgcm (Marshall et al., 1997) 
was designed to study both oceanic 
and atmospheric processes. The model 
solves primitive (Navier-Stokes) equa-
tions on a sphere under the Boussinesq 
approximation. In the configuration 
used here, the equations are written in 
z-coordinates and discretized using the 
centered second order finite difference 
approximation in a staggered “Arakawa 
C-grid.” The MITgcm has been applied 
in several regional-scale process studies 
(e.g., Edwards et al., 2004a,b; Legg et al., 
2006) and demonstrated its suitability 
and adaptability in modeling regional 
coastal ocean circulation. The reader is 
referred to the MITgcm webpage http://
mitgcm.org for online documentation 
and access to the model code.

Mitgcm-taiwan Seas Model
The MITgcm Taiwan Seas (MITgcm-
TaS) model domain extends from 22°N 
to 27°N and from 116°E to 128.5°E, 
covering the Taiwan Sea, the East Taiwan 
Channel, and Taiwan Strait. The model 
is integrated on a 1/24° × 1/24° spheri-
cal polar grid, with 50 vertical z-levels. 
The model bathymetry is extracted from 
the one-minute high-accuracy depth 
archive in the region of 105°−135°E 
and 2°−35°N provided by the National 
Center for Ocean Research (NCOR) of 
Taiwan (courtesy of Sen Jan and Pierre 
Lermusiaux). The vertical z-level spac-
ing is 5 m at the surface, and it gradu-
ally increases to 10 m at 75 m, 15 m at 
100 m, 20 m at 125 m, 30 m at 185 m, 
45 m at 250 m, 100 m at 600 m, 200 m 
at 1,350 m, 250 m at 2,000 m, 275 m at 
3,000 m, and 300 m at the maximum 
bottom depth of 6,500 m. In this con-
figuration, the model is operated in 

hydrostatic mode with an implicit free 
surface. No-slip conditions are imposed 
at the lateral boundaries, and a quadratic 
bottom friction with a drag coefficient 
of 0.002 is employed. The subgrid-scale 
physics is approximated by a diffusive 
operator of second order in the verti-
cal. Vertical diffusivity and viscosity are 
parameterized by Laplacian mixing with 
background values of 1 × 10–6 m2 s–1 
and 1 × 10–4 m2 s–1, respectively, and by 
the K-profile parameterization (KPP) 
in the surface mixed layer (Large et al., 
1994). In the horizontal, diffusive 
operators are of second order and fourth 
order with coefficients 10 m2 s–1 and 
1 × 109 m4 s–1, respectively, and viscous 
operators are of second order and fourth 
order with coefficients 20 m2 s–1 and 
2 × 109 m4 s–1, respectively.

The MITgcm-TaS model open bound-
aries (OB) are set at 22°N, 27°N, 116°E, 
and 128.5°E. The model OB conditions 
are extracted from the data assimila-
tive Hybrid Coordinate Ocean Model 
(HYCOM) global 1/12° analysis (http://
hycom.org/dataserver/glb-analysis) using 
Navy Coupled Ocean Data Assimilation 
(NCODA; Chassignet et al., 2007). 
HYCOM estimates of temperature, salin-
ity, and horizontal velocities (u = zonal 
component and v = meridional compo-
nent) sampled at 15-day intervals were 
linearly interpolated in space and time 
onto the model grid and specified along 
the OB. The HYCOM horizontal veloci-
ties are prescribed at the grid points just 
outside the OB, and the model state is 
relaxed to these values within a buffer 
zone of 1.25° over time scales linearly 
varying from 12 hours at the OB to 
five days at the inner edge of the buffer 
zone. The interpolated HYCOM normal 
velocity fields across the MITgcm-TaS 
OB have been adjusted to have zero 

net volume flux into the domain. The 
MITgcm-TaS model simulations did 
not include tidal or atmospheric pres-
sure forcing. The MITgcm-TaS model 
uses bulk formulation (Large and Pond, 
1981) for computation of surface fluxes, 
and the atmospheric forcing is computed 
from air temperature, specific humid-
ity, zonal and meridional wind speed, 
precipitation, and short- and long-wave 
radiative fluxes.

The MITgcm-TaS model was inte-
grated over a five-year period from 2004 
to 2008 and was initialized using the 
data assimilated HYCOM 1/12° global 
analysis estimates for temperature, salin-
ity, and horizontal velocities (u and v), 
linearly interpolated onto the model grid. 
To examine sensitivity to forcing, simu-
lations were conducted with different 
forcing products, including the National 
Centers for Environmental Prediction/
National Center for Atmospheric 
Research Reanalysis-1 (NCEP/NCAR-R1; 
Kalnay et al., 1996) winds and atmo-
spheric fluxes (daily means with spatial 
resolution of 2° × 2° global grid) and a 
combination of QuikSCAT SeaWinds 
(daily means with spatial resolution 
of 0.5° × 0.5° global grid) and NCEP/
NCAR-R1 atmospheric fluxes. Monthly 
climatological runoff fluxes (freshwater) 
from the Estimating the Circulation and 
Climate of the Ocean (ECCO) global 
model (Stammer et al., 2002) were also 
prescribed in this model. To reduce any 
long-term effects of errors in precipita-
tion and runoff fluxes, sea-surface salin-
ity (SSS) was relaxed toward monthly 
climatology (Levitus et al., 1998) with 
a 30-day time scale. The solutions dis-
cussed below come from the simulation 
using NCEP/NCAR-R1 atmospheric state 
and fluxes, except for winds, which came 
from QuikSCAT SeaWinds.

http://mitgcm.org
http://mitgcm.org
http://hycom.org/dataserver/glb
http://hycom.org/dataserver/glb
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MOdel-data cOMpariSON
The MITgcm-TaS simulations for the 
period 2004–2008 were compared with 
satellite-derived SSH and SST data as 
well as historical temperature and salin-
ity observations. The seasonal cycle was 
not removed from the model solutions 
before comparison with the observations. 
Figure 2 shows statistical comparisons of 
the model SSH with gridded SSH from 
Archiving, Validation and Interpretation 
of Satellite Oceanographic data (AVISO) 
(http://www.aviso.oceanobs.com/duacs), 
and of the model SST with the optimally 
interpolated SST product derived from 
the Tropical Rainfall Measuring Mission’s 
(TRMM) Microwave Imager (TMI) 
and the Advanced Microwave Scanning 
Radiometer for the Earth Observing 
System (AMSR-E) instruments produced 
by Remote Sensing Systems Inc. (http://
www.remss.com). The AVISO SSH and 
the TMI-AMSRE SST statistics were 
computed over the five-year simulation 
period. The model mean SSH is compa-
rable to AVISO SSH with respect to the 
Kuroshio frontal location, but the model 
SSH shows a positive (negative) bias of 
~ 15 cm east (west) of Taiwan, implying 
greater Kuroshio transport in the model. 
The SSH variability in the model and 
AVISO are similar in the interior ocean 
southeast of Taiwan and on the ECS 
shelf, but the model shows larger vari-
ability southwest of Taiwan compared 
to AVISO. The larger SSH variability in 
the model and AVISO near the eastern 
boundary are possibly due to westward-
propagating mesoscale eddies. Both the 
model and AVISO show enhanced SSH 
variability at the edge of the northeastern 
Taiwan shelf in the cold dome region 
with the model showing larger cold dome 
SSH variability compared to AVISO. The 
model mean SST compares well with the 

TMI-AMSRE data, with warmer tem-
peratures in the interior ocean southeast 
of Taiwan and colder temperatures on 
the northwest ECS shelf. The variabil-
ity of the model SST is similar to the 
TMI-AMSRE data, especially the strong 

variability of the SST in the Taiwan Strait 
and along the ECS shelf.

We compared the model solutions 
for temperature and salinity (without 
removing seasonality) with historical 
temperature and salinity measurements 
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Figure 2. Statistical comparison of model sea surface height (SSh) with aViSO (archiving, 
Validation and interpretation of Satellite Oceanographic data) sea surface height (SSh; panels 
a–d) and model sea surface temperature (SSt) with tMi-aMSre (tropical rainfall Measuring 
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from the hydrographic database main-
tained by the Taiwan Ocean Research 
Institute. Long-term in situ measure-
ments of temperature and salinity pro-
files from the conductivity-temperature-
depth (CTD) casts were quality 
controlled following standard proce-
dures and were optimally interpolated 

onto a 0.25° × 0.25° horizontal grid 
using a search radius of 40 km with at 
least one CTD observation inside each 
grid cell. Figure 3 shows the mapped 
temperature and salinity observations 
averaged within the depth range of 40 to 
55 m compared with the model tem-
perature and salinity solutions averaged 

at 50 m depth for summer (August to 
September) and the comparison sta-
tistics. The model mean temperature 
at 50 m depth shows an oblong cold 
dome with a long axis of about 100 km 
and a temperature of 22°C, centered at 
25.625°N and 122.125°E. The model 
temperature compares well with the 
mapped mean temperature observa-
tions, including the location, size, shape, 
and temperature of the cold dome. The 
simulation reproduces the relatively 
warmer Kuroshio waters and Taiwan 
Strait outflow and colder northwest ECS 
shelf waters seen in the observations. 
The model mean salinity shows shelf-
intruded saltier Kuroshio water similar 
to observations, but the model has a pos-
itive salinity bias of 0.3 on the northwest 
ECS shelf compared to observations, 
which might be due to errors in the pre-
cipitation forcing as well as the absence 
of measured river runoff flux inputs. 
The absence of tidal flows in this model 
affects model stratification in Taiwan 
Strait because tidal mixing reduces 
stratification, as seen in the observations. 
Although the variability of the model 
temperature and salinity are comparable 
to observations in the interior ocean, the 
model shows higher temperature and 
salinity variability on the northwest ECS 
shelf than the observations.

Figure 4 shows the model mean 
temperature, salinity, and zonal 
(u = east-west) and meridional 
(v = north-south) velocity during sum-
mer (June to August) and winter 
(December to February) across the cen-
ter of the cold dome (x–z vertical section 
at 25.5°N, Figure 3a) computed from the 
five-year simulation. During summer, 
the model showed doming of isotherms 
(< 23°C) and shelf-intruded isohalines 
(> 34.5) caused by the high-salinity 
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Figure 3. Statistical comparison of model temperature and salinity at 50 m depth with climatol-
ogy from historical temperature (panels a–d) and salinity (panels e–h) measurements for sum-
mer (august to September). The gray line across 25.5°N on panel (a) shows the location of the x–z 
vertical section shown in Figure 4. The model temperature and salinity fields were compared with 
the data without removing seasonal variability. The temperature is in °c and salinity is in psu.
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tongue of the Kuroshio waters near 
122.125°E and at 50 m depth. These fea-
tures were absent during winter, which 
also shows more weakly vertically strati-
fied temperature and salinity. The aver-
age shelf-slope temperature above 50 m 
depth ranges from 30°C during summer 
to 24°C during winter. The salinity west 
of 122°E above 50 m depth is lower 
(< 34.2) in summer (Figure 4b) than 
in winter (Figure 4f), and the salinity 
maximum (> 34.8) of the North Pacific 
Tropical Water (NPTW) between 100 
and 200 m depth is seen during both 
summer and winter seasons, consistent 
with the climatological mean fields (see 
Figure 4 of Rudnick et al., 2011). The 
zonal and meridional velocity sections 
show stronger currents during sum-
mer when the core of the Kuroshio is 
located near 123°E (Figure 4d). The 
summer also shows a ~ 0.25 m s–1 north-
westward flow located near 122°E and 
at 50−150 m depth over the shallow 
shelf break. This flow is associated with 
persistent upwelling that is stronger in 
summer (not shown). During winter, 
the core of the Kuroshio moved shore-
ward by ~ 0.5° (Figure 4h), and the weak 
northwestward flow on the shelf was 
absent. The meridional velocity sections 
(Figure 4d,h) also show a weak coastal 
countercurrent below 150 m during both 
summer and winter seasons, as shown in 
Rudnick et al. (2011).

Seaward (eastward) deflection of the 
stronger Kuroshio when it encounters 
the steep topography of the zonally run-
ning ECS shelf is the primary driver of 
the modeled upwelling or cold dome. 
Observational evidence of topographi-
cally induced intrusions and associated 
upwelling were previously reported 
for Gulf Stream flows (Atkinson, 1977; 
Blanton et al., 1981). One possible 

dynamical scenario for the cold dome 
is the following. During summer, the 
Kuroshio tends to move away from the 
east coast of Taiwan, bending eastward 
north of the island at ~ 25.5°N and 
then flowing along the 200 m isobath 
of the ECS shelf. A northwestward flow 
(~ 0.25 m s–1) seen at the shelf break 
near 122°E and at 50−150 m depth 
(Figure 4c,d) hits the slope and uplifts 

subsurface Kuroshio waters to fill in 
behind the eastward-deflected Kuroshio. 
The modeled mean vertical velocity (not 
shown) under the cold dome is much 
higher for summer than for winter, and 
the largest values are found along the 
shelf break near 122°E, suggesting larger 
topographically induced upwelling dur-
ing summer than during winter. Potential 
vorticity (PV) was computed for the 
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five-year simulation as a dynamical tracer 
to complement salinity. The mean PV 
at 50 m depth in summer (not shown) 
has lower Kuroshio PV advected by the 
cyclonic circulation into the cold dome 
region, consistent with the intrusion of 
saltier subsurface Kuroshio water at 50 m 
depth seen in the summer mean salinity 
(Figure 3e). In winter, the PV showed 
relatively small spatial variability. Unlike 
wind-driven coastal upwelling that 
would bring up colder and fresher shelf 
waters, the modeled upwelling showed 
surface expressions of colder but saltier 
waters with a representative Kuroshio 
water salinity. The standard deviations 
for the modeled temperature, salinity, 
and zonal and meridional velocities for 
summer (June to August) and winter 
(December to February) across the cen-
ter of the cold dome (x–z vertical section 
at 25.5°N, Figure 3a) were also computed 
from the five-year simulation but are not 
shown. The summer salinity variability is 
higher, above 50 m at 122.25°E, reflect-
ing intermittent Kuroshio subsurface 
intrusion. Tang et al. (2000) and Liang 
et al. (2003) describe the Kuroshio as 
stronger in summer than in winter. The 
summer offshore phase of the Kuroshio 
is prone to a stronger topographically 
induced seaward deflection than dur-
ing the winter onshore phase of the 
Kuroshio, which could be responsible 
for more frequent cold dome occur-
rences in summer. Kuroshio transport 
through the ETC is lower during winter 
(Lee et al., 2001), and low ETC trans-
port often triggers Kuroshio intrusion 
onto the ECS shelf northeast of Taiwan, 
and it is less easily deflected seaward 
(Gawarkiewicz et al., 2011), resulting in 
fewer cold dome occurrences.

In order to examine the sensitivity of 
the model solutions to wind forcing, we 

repeated the five-year simulations with 
two different wind products (NCEP/
NCAR-R1 and QuikSCAT SeaWinds) 
and also with zero local wind forc-
ing by setting QuikSCAT SeaWinds 
to zero in the region north of Taiwan. 
The model solutions from these differ-
ent wind experiments yielded compa-
rable statistics, and the spatio-temporal 
evolution and temperature contrast 
of the cold dome were similar in all 
of the experiments.

reSultS aNd diScuSSiON
The MITgcm-TaS simulation reproduced 
realistic Kuroshio circulation patterns 
with seasonal variability of shoreward 
(seaward) movement during winter 
(summer), upwelling or cold dome off 
northeastern Taiwan and associated 
counterclockwise circulation over the 
MHC, and the Taiwan Strait outflow. The 
occurrences of the simulated cold dome 
were more frequent during spring and 
summer when the Kuroshio axis moved 
away from the east coast of Taiwan than 
they were during fall and winter. Cold 
dome occurrences at 50 m depth, with 
a diameter of ~ 100 km, temperature of 
< 22°C, and salinity > 34.5, were mostly 
centered at 25.5°N, 122°E over the five-
year period. Visual analysis of the simu-
lated cold dome events showed a typical 
duration of two weeks, and their centers 
were aligned roughly in the northeast-
ward direction starting from the north-
eastern tip of Taiwan.

cold dome index
A “cold dome index” is a scalar that 
can indicate the presence of upwell-
ing or a cold dome without the need to 
look at three-dimensional temperature 
and salinity maps over time. A com-
mon way to compute an index for a 

dominant phenomenon is to use EOF 
analysis to construct spatial modes, each 
paired with an associated time series. 
This approach is not always successful 
because different types of variability can 
be lumped together in the same EOF. We 
applied an EOF analysis to the simulated 
three-dimensional temperature field in 
the region north of Taiwan. In order to 
isolate the intra-seasonal temperature 
variability, the seasonal cycle was esti-
mated using a least-squares fit to the 
annual cycle and harmonics out to six 
cycles per year (two-month periods) 
and removed from the temperature. The 
resulting first and second EOF modes 
explained 27.3% and 16.8%, respectively, 
of the total variance. The spatial struc-
ture of the second EOF mode at 50 m 
depth had a broad maximum in the 
region centered at 25.5°N, 122.125°E, 
which coincides with the simulated cold 
dome features (Figure 3a), but there was 
significant structure outside of the cold 
dome region, and this index was not 
seen to be perfect.

A heuristic index was designed based 
on the model temperature at 50 m aver-
aged over a 0.5° × 0.5° box (b1) centered 
at 25.5°N, 122°E, 50 m depth. We chose 
the cold dome box based on the visual 
analysis of the location of the cold anom-
alies in the model-simulated temperature 
at 50 m depth (T50) over the five-year 
period. To remove seasonality without 
removing some of the cold dome signa-
ture (which has significant seasonality), 
the box-averaged temperature was dif-
ferenced with either SST in the same box 
or T50 in a distant box. More specifically, 
candidate cold dome indexes (CDI) 
were defined as follows. CDI1 is the 
temperature difference (T50b1 – T50b2) 
between T50 averaged in the cold dome 
box (T50b1) and T50 averaged in a 
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box (b2) centered offshore at 25.5°N, 
124.5°E, 50 m depth (T50b2). CDI2 is the 
temperature difference (T50b1 – SSTb1) 
between T50b1 and SST averaged in the 
cold dome box (SSTb1). These cold dome 
indices were also compared to the tem-
poral variation of the second EOF mode.

The CDI time series from the first 
two methods shown in Figure 5a,b 
have more cold dome events (negative 
peaks with typical values < −5°C and 
durations of about two weeks) during 
spring and summer compared to fall 
and winter. Both time series show high-
frequency fluctuations, and some of the 
negative peaks are likely to be related 
to the impact of extreme events due to 
passage of typhoons. For example, see 
Figure 5a,b where Typhoons Hai-Tang 
(July 18, 2005), Long-Wang (October 2, 
2005), Sepat (August 15, 2007), and 
Fung-Wong (July 27, 2008) (Morimoto 
et al., 2009; Jan et al., 2011) are indi-
cated by solid black circles. The mean, 
standard deviation, minimum and 
maximum values of the CDI1 (CDI2) 
are: –4.7 (–4.0), 3.4 (3.0), –13.9 (–13.3), 
2.2 (0.1). The auto-correlations of 
the CDI1 and CDI2 time series both 
drop to zero within about two weeks, 
with small (0.1) negative peaks at four 
weeks, suggesting a time scale of two 
weeks for the cold dome events with a 
very weak oscillation.

Figure 5c1,c2,c3 shows the correlation 
of T50b1, CDI1, and CDI2 with respect 
to T50. The T50b1 and T50 correlation 
maximum (0.95) is centered in the cold 
dome box, as expected, and shows rea-
sonably strong correlation (> 0.4) over 
much of the domain. CDI1 and T50 also 
show high correlation (maximum 0.90) 
centered in the cold dome box, but the 
correlation is near zero outside a plau-
sible region that covaries with the cold 

dome. Although CDI2 shows reasonably 
good correlation (maximum 0.74) with 
T50 centered in the cold dome box, it 
shows relatively weaker correlation com-
pared to CDI1 and T50b1, and has nega-
tive correlation < −0.30 in some regions. 
This decreased correlation of CDI2 with 
respect to T50 may be due to the SST 
component of CDI2, which is thought to 
be controlled primarily by atmospheric 
forcing and turbulent boundary layer 
processes. Correlations of T50b1, CDI1, 
and CDI2 with SSH (not shown) have 
maximum values of 0.76, 0.78, and 0.60, 

respectively, whereas correlation with 
SST (not shown) decreases, with values 
of 0.64, 0.40, and –0.10, respectively. All 
of these metrics seem to favor CDI1 as 
the most useful cold dome index.

east taiwan channel 
transport analysis
Because the frequency of the simulated 
cold dome events varied with the off-
shore/onshore migration of the core of 
the Kuroshio Current, we explored the 
relationship between Kuroshio transport 
through the ETC and coastal upwelling 
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off northeastern Taiwan. Kuroshio 
transport across the ETC (x-z vertical 
section across 24.3°N between 121.5°E 
and 123.8°E; Figure 6a) was computed 
from the modeled daily velocity field, 
integrated from 0 to 1,000 m. Figure 5a,b 
shows the modeled ETC transport along 

with the candidate CDIs. The similar-
ity in the statistics of the modeled ETC 
transport (mean: 34.7 Sv; standard devi-
ation: 7.2 Sv) to assimilated HYCOM 
ETC transport (mean: 35.1 Sv; standard 
deviation: 6.4 Sv) suggests that MITgcm-
TaS is consistent with its HYCOM open 

boundary conditions and is not signifi-
cantly changed by the different resolu-
tion, topography, and atmospheric forc-
ing used in the downscaling.

During spring and summer, the ETC 
transport showed a pronounced nega-
tive correlation minimum of −0.40 with 
T50 (not shown) and −0.25 with SSH 
(not shown) centered near the cold 
dome region, indicating a weak ten-
dency for increase (decrease) in SSH or 
temperature with a decrease (increase) 
in the ETC transport. The negative cor-
relation of the ETC transport with T50 
and SSH near the cold dome region was 
absent during fall and winter seasons. 
The comparison between ETC trans-
port and CDI shown in Figure 5a,b is a 
simplified way to see statistical relations 
between the ETC transport state and the 
cold dome. During low ETC transport 
events, CDI1 and CDI2 always have 
values > −5°C, indicating absence of a 
cold dome event. Four examples of weak 
correlation, 01/2006, 08/2006, 06/2007, 
and 10/2008, all show relative maxima 
in both CDI time series. In contrast, 
during high ETC transport events, CDI1 
and CDI2 frequently decrease, with 
values < −5°C, indicating a cold dome 
event. Three examples of cold domes 
with strong ETC transport are 07/2004, 
07/2005, and 03/2006, but there are 
several instances where strong ETC 
transport does not lead to a cold dome. 
ETC transport has a negative correla-
tion of −0.25 and −0.11 with CDI1 and 
CDI2, respectively, indicating a weak 
predisposition to cold events during 
high ETC transport.

We also performed composite analy-
ses of ETC transport events with SSH 
and T50, considering both high and low 
ETC transport events. The high and low 
ETC transport events were identified 
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from the ETC transport time series as 
times when the transport anomaly (after 
removing time mean transport) is larger 
or smaller by 1 × standard deviation 
(σETC) of ETC transport (7.2 Sv). Figure 6 
shows the mean and standard deviation 
of T50 and SSH composited for high 
and low-transport events. The model 
time-mean T50 (not shown) revealed 
a significant cold dome feature off 
Northeast Taiwan, but the model mean 
fields for SSH and T50 were removed 
for the composite analysis. During 
high-transport events (16% events with 
transport > 1 × σETC), the composite 
means show low SSH and cold tem-
peratures off northeastern Taiwan with 
values −0.1 m and −0.5°C, respectively. 
The composite standard deviations show 
enhanced variability near the cold dome 
region for SSH and near the northern tip 
of Taiwan for T50.

The composite means for SSH and 
T50 during low-transport events (15% of 
events with transport < −1 × σETC) does 
not show low SSH or cold temperatures, 
except for a weak on-shelf intrusion of 
low SSH over North Mien-Hua Canyon 
(Gawarkiewicz et al., 2011). The com-
posite standard deviations show greatly 
reduced variability near the cold dome 
region compared to high-transport 
events. From the composite analysis, the 
seasonality in the ETC transport with 
high (low) transport during summer 
(winter) (Qiu and Lukas, 1996; Lee et al., 
2001) favors more frequent cold dome 
events in summer (high ETC) and fewer 
or no cold dome events in winter (low 
ETC). This seasonality of ETC transport 
may also relate to offshore (onshore) 
migration of the Kuroshio during spring 
and summer (fall and winter), favoring 
more cold dome events in spring and 
summer than in fall and winter seasons.

For completeness, we also computed 
the Taiwan Strait transport across 24.3°N 
between 118°E and 120.5°E from the 
modeled daily velocity field integrated 
over the water column. The modeled 
mean Taiwan Strait transport (1.5 Sv) 
over the five years is smaller than its 
standard deviation (σTS = 1.8 Sv). This 
result might be due to the seasonal 
reversal of the Taiwan Strait transport 
in response to the seasonal reversal 
of the monsoonal winds. Correlation 
and composite analyses of Taiwan 
Strait transport with SSH and T50 
were done, similar to the ETC trans-
port analysis discussed above. Taiwan 
Strait transport showed a negative cor-
relation minimum of −0.40 with T50 
and −0.3 with SSH near the cold dome 
region during both summer and winter 
(not shown). The correlation analysis 
suggests only weak linear influence of 
Taiwan Strait transport on cold dome 
dynamics, with higher transport slightly 
favoring cold dome events and no 
seasonal dependence.

During high-transport (> 1 × σTS) 
events, the composite means showed low 
SSH and cold temperatures off north-
eastern Taiwan with values −0.1 m and 
−0.1°C, respectively, whereas during 
low-transport (< −1 × σTS) events, the 
composite means showed high SSH and 
warm temperatures, with values 0.05 m 
and 0.8°C, respectively. The composite 
standard deviations for high- and low-
transport events were similar near the 
cold dome region, with higher values 
during low-transport events. The com-
posite analysis suggests high Taiwan 
Strait transport weakly influences cold 
dome formation, and low Taiwan Strait 
transport strongly influences cold 
dome destruction.

SuMMary
We implemented a high-resolution 
regional ocean model based on 
the MITgcm for the Taiwan Seas 
(MITgcm-TaS) to study ocean circulation 
around Taiwan, including the forma-
tion and evolution of the upwelling or 
cold dome near the northeastern Taiwan 
shelf. Simulations for a period of five 
years (2004–2008) were initialized from 
assimilated HYCOM solutions and used 
realistic atmospheric forcing and open 
boundary conditions. The simulations 
showed the expected circulation features 
of the Kuroshio in the region of inter-
est, including upwelling and associated 
cyclonic circulation and Taiwan Strait 
outflow. A cold patch extended to the 
MHC, northeast of Taiwan, with a spatial 
scale of approximately 100 km and tem-
perature at the center about 3°C colder 
than the ambient water at 50 m depth. 
The model also found weak cyclonic 
circulation in the same region. The mod-
eled upwelling or cold dome is primarily 
driven by seaward deflection of the stron-
ger Kuroshio when it negotiates the sharp 
bend of the ECS shelf break northeast 
of Taiwan. The topographically induced 
upwelling or cold dome events were more 
frequent during spring and summer 
when the Kuroshio migrated offshore 
(away from the east coast of Taiwan) than 
in fall and winter when the Kuroshio 
migrated onshore. In the visual analysis 
of the modeled temperature at 50 m 
depth, the cold dome centers were found 
roughly along a northeastward line start-
ing from the northeastern tip of Taiwan.

Several candidate CDIs were tested 
as indicators of upwelling, based on 
the average temperature at 50 m depth 
in a 0.5° × 0.5° box centered at 25.5°N, 
122°E. Three approaches considered for 
CDI and CDI1 (T50b1 – T50b2) showed 
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the most promising results, with posi-
tive correlation with T50, SSH, SST, and 
negative correlation with ETC transport. 
The auto-correlation of all CDI candi-
dates showed a cold dome time scale of 
two weeks. A correlation and composite 
analysis of modeled ETC transport with 
T50 and SSH favored cold domes dur-
ing high ETC transport events (often in 
summer) as opposed to low ETC trans-
port events (often in winter).

The simulations were repeated 
with different wind products (NCEP/
NCAR-R1 and QuikSCAT SeaWinds), 
and both solutions showed compa-
rable statistics and evolution of the 
cold dome. The simulation using 
QuikSCAT SeaWinds was repeated 
with zero local wind forcing by setting 
QuikSCAT SeaWinds to zero in the 
region 120°–124°E and 24°–27°N, north 
of Taiwan. The comparison of T50b1 
with and without local wind forcing 
showed a negligible effect of local wind 
forcing on cold dome dynamics in this 
model configuration.

The model configuration used in this 
study did not include tidal forcing, which 
might play an important role in cold 
dome dynamics as the ECS shelf and 
Taiwan Strait are prone to strong semi-
diurnal tides (Jan et al., 2004). Other 
mechanisms, such as internal tides, 
enhanced ocean mixing, and upstream 
intrusions of the Kuroshio into Luzon 
Strait (Centurioni et al., 2004, 2009), also 
might affect the formation and evolution 
of the cold dome. A detailed analysis of 
these various mechanisms is beyond the 
scope of the present study.
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